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Abstract 

The oat-based drink is a popular dairy alternative made from hydrolysed oat. Commonly 

made from wholemeal oat, the product is considered healthy due to the presence of β-glucan 

dietary fibre. The fibre is stored within the bran and endosperm of the cell wall within the oat 

kernel. Besides the health effect, β-glucan is also a hydrocolloid with stability potential. 

Natural plant-based drinks without additives have less physical stability than cow's milk. 

Nonetheless, the separation phenomena in the oat-based drink is not fully understood. 

Many chemical and physical factors affect product stability. The measurements of these 

parameters are often laborious, lengthy, or change the food matrix, which introduces bias. 

Spectroscopy and low-field NMR methods have the benefit of providing rapid and in-situ 

measurements that give multivariate information. The use of the proper chemometrics 

technique is crucial for interpreting these datasets. This thesis aims to investigate the 

various stability profile in oat-based drinks using spectroscopic and low-field NMR methods 

compared to commonly used profiling methods. Multiple kinds of separation types in oat-

based drinks were achieved using various oat sources (wholemeal, mix and bran), at the 

absence and presence of β-glucan network, neutral or acidified pH conditions, as well as 

different levels of homogenisation (unpressurised, dairy processing level, and high-pressure 

homogenisation level). 

The separation types observed ranged from sedimentation with minor creaming, phase 

separation, and complex formation. Substitution of wholemeal oat with oat bran leads to 

higher protein and β-glucan concentration. However, bran products exhibited lower 

acidification and pressure sensitivity to wholemeal products. Bran products without β-glucan 

network formed complex at pH 4.2 and showed increased aggregation tendency with high-

pressure homogenisation. The intact β-glucan network promoted product stability but 

resulted in an undesirable thick product that is not suitable for beverage application. All the 

rapid methods tested contributed significantly to understanding the separation process. 

FTIR and NIR spectra gave unique chemical fingerprints, with added physical information in 

NIR spectra, allowing for source and other variables grouping. Fluorescence spectroscopy 

identified the high hydrophobicity of bran protein that correlates significantly to the product’s 

stability. Low-field NMR T2 relaxation illustrated the water mobility that shed knowledge on 

the product structure. 
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Sammendrag 

Havre-baseret drikke er et populært mejerialternativ som fremstilles ud fra hydrolyseret 

havre. Normalt fremstilles havredrikke af fuldkornshavre og produktet anses for at være 

sundt på grund af forekomsten af β-glucan-kostfibre. Fibrene findes i klid og endospermen 

i havrekernens cellevæg. Foruden sundhedseffekten er β-glucan også et hydrokolloid med 

potentielle stabiliseringsegenskaber. Naturlige plantebaserede drikke uden 

tilsætningsstoffer har mindre fysisk stabilitet end komælk. Ikke desto mindre er 

separationsfænomenerne i havre-baserede drikke ikke fuldt ud forstået. 

Mange kemiske og fysiske faktorer påvirker produktstabiliteten. Målingerne af disse 

parametre er ofte besværlige, langvarige eller ændrer fødevarematricen, hvilket introducerer 

metodiske fejl. Spektroskopi og lavfelts-NMR har fordelen ved at give hurtige in-situ 

målinger, som indeholder multivariate data. For at kunne fortolke disse data bedst muligt, er 

det afgørende at data behandles med de korrekte kemometriske teknikker. Denne PhD-

afhandling har til formål at undersøge de forskellige stabilitetsprofiler i havre-baserede 

drikke ved hjælp af spektroskopiske og lavfelts-NMR og sammenligne resultaterne med 

almindeligt anvendte profileringsmetoder. Flere separationstyper i havre-baserede drikke 

blev opnået ved brug af forskellige havrekilder (fuldkorn, blanding og klid), ved fravær og 

tilstedeværelse af β-glucan-netværk, neutrale eller sure pH-betingelser, såvel som 

forskellige niveauer af homogenisering (ubehandlet, mejeriproces niveau (200 bar) og 

højtrykshomogeniseringsniveau (1200 bar)). 

De observerede separationstyper spændte fra sedimentering med mindre flødedannelse, 

faseseparation og kompleksdannelse. Udskiftning af fuldkornshavre med havreklid fører til 

højere protein- og β-glucankoncentration. Imidlertid udviste klidprodukter lavere følsomhed 

over for syre og tryk i forhold til fuldkornsprodukter. Klidprodukter uden β-glucan-netværk 

dannede komplekser ved pH 4,2 og viste øget aggregeringstendens ved 

højtrykshomogenisering. Det intakte β-glucan-netværk fremmede produktstabilitet, men 

resulterede i et uønsket tykt produkt, som ikke er egnet som drikkevare. Alle de testede 

hurtigmetoder bidrog væsentligt til at forstå separationsprocessen. FTIR- og NIR-spektre 

gav unikke kemiske fingeraftryk, med yderligere fysisk information i NIR-spektre, hvilket 

muliggjorde gruppering efter kilde og andre variable. Fluorescensspektroskopi identificerede 
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den høje hydrofobicitet af klidprotein, der korrelerer signifikant med produktets stabilitet. 

Lavfelts-NMR T2 relaxation illustrerede vandmobiliteten, der afslørede viden om 

produktstrukturen. 
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1  Introduction 

1.1 Background 

The plant-based drinks category is staple in the market. The market has been continuously 

increasing and valued at € 1.6 billion in 2020 with oat, followed by almond, and soy, leading 

the category and having a 100% growth rate between 2018 and 2020 (Bechtold & Will, 

2020). Oat-based drinks popularity may be derived from the familiar taste, the health, and 

the sustainability of the products. Regarding taste, oatmeal is a traditional breakfast in 

Europe, and thus, the taste of oat products is familiar to most Europeans. Meanwhile, the 

health aspect of oat products is due to the presence of β-glucan, a well-known healthy 

dietary fibre. Oat is also locally produced in Europe. Despite their high popularity, most plant-

based drinks are inherently unstable, including oat-based drinks (OBD) (Jeske, Zannini, & 

Arendt, 2017). The separation process seen is arguably induced by gravity enhanced by the 

polydisperse nature of the products. A look into the ingredients of the commercial product 

shows that hydrocolloid additives are usually employed as thickeners to lessen the 

separation tendency.  

OBD is currently made from wholemeal oat (Inger, Lennart, Rickard, & Ingegerd, 1994). Oat 

kernel is rich in fibre, with the majority consisting of starch (40-50%) concentrated within the 

endosperm and the β-glucan (2-8%) concentrated within the bran (Arendt & Zannini, 2013). 

Starch is undesirable for thin beverage application, and thus, amylase is used to break down 

the starch. On the other hand, β-glucan is a desirable fibre. Besides having a desirable 

health effect, β-glucan is a hydrocolloid with thickening / stabilising potential. We 

hypothesised that an increase in β-glucan may help the stability of the products. The 

thickening potential of β-glucan is associated with its ability to form a gel network. However, 

the effect of β-glucan network loss on the stability of the product has not been investigated. 

There has not been much literature on OBD, with few focusing on the product's nutrition and 

digestion (Bonke, Sieuwerts, & Petersen, 2020; Martínez-Padilla, et al., 2020). Despite that, 

the product’s stability is of great importance for customer adoption. A better understanding 

of this aspect could lead to more diverse product applications and adoption in the future. 
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Various physical and chemical characterisations are needed to understand the instability 

phenomena. Some of the methods used are often time-consuming (storage study), laborious 

(specific chemical investigations), or cause matrix disruption (light scattering study to 

determine particle size or zeta potential), which introduces bias in the measurement. 

Spectroscopic and Low Field Nuclear Magnetic Resonance (LF-NMR) methods offer the 

benefit of a fast, rapid, and in-situ non-invasive approach to characterise the physical and 

chemical aspects of the products. Traditionally, the spectroscopic technique is used 

univariately following a specific treatment, such as UV-VIS spectroscopy, to determine the 

protein content following treatment with Bradford assay reagents. The development of 

chemometrics allows for a more holistic interpretation of the spectra. Each spectroscopy 

technique generates a specific dataset that needs different chemometrics methods. 

Some spectroscopic and NMR methods of interest are Fourier Transfer Infra-Red (FTIR, 

also known as mid-infra-red), Near Infra-Red (NIR), fluorescence spectroscopy, and Low-

Field NMR (LF NMR) relaxometry T2 measurements. FTIR and NIR are both vibrational 

spectroscopy capable of highlighting the chemical fingerprint of the products. The physical 

instability of OBD might be caused by the chemical variation within the product that is 

detectable by FTIR and NIR. In addition to the chemical fingerprint, NIR spectra correlate 

well with the product’s physical parameters such as viscosity, particle size, and gel strength 

(Cozzolino, 2021; Duthen, et al., 2021). Fluorescence spectroscopy is used extensively for 

the quantification of protein hydrophobicity. Amphiphilic protein may act as an emulsifier or 

stabilising agent within the solution. The emulsifying ability of protein might differ due to 

either intrinsic chemical variation between the protein or caused by the change in 

environment, such as different product pH. Protein hydrophobicity measures the protein 

tendency to adhere to each other in a water-based solution, indicative of the protein 

functionality within the product (Zhang, Sharan, Rinnan, & Orlien, 2021). Water is 

predominant within a beverage system, and the product structure may agree with the water 

mobility and distribution within the system. LF-NMR relaxometry T2 measurement measures 

water mobility and distribution. The T2 values have been found to explain food texture well 

(Bi, et al., 2016; Han, Wang, Xu, & Zhou, 2014). This study would like to explore and extend 

the technique application to define a beverage stability tendency. 
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1.2 Aims and scope of the thesis 

This research aims to study the separation phenomena observed in OBD using 

spectroscopy, NMR, and chemometrics. Specifically, the aim is directed to answer several 

research questions, such as: 

 What are the current methods, and how can they be used to characterise a plant-based 

drinks system? 

 What are the effects of oat bran substitution and the loss of the β-glucan network towards 

the stability of oat-based drinks at acidified and neutral product application? 

 What insight can be derived from characterisation using spectroscopic methods, and 

which chemometric method fist best to each spectroscopic technique? 

 What are the effect of homogenisation on the stability of OBD? (side project) 

 

This study only observed the separation phenomena within a natural OBD, i.e., OBD without 

additives. It is preferable to better understand the product itself without introducing external 

influences from the additives. The stability observed is defined as physically observed 

stability or separation observed after storage. The influence of microbial agents is obscured 

by adding anti-microbial agents (0.04% sodium azide) whenever necessary, such as during 

storage studies. 

1.3 Project Overview and thesis outline 

The project was divided into three work packages, with each part corresponding to a 

research question with a corresponding publication. Paper I was the result of an in-depth 

literature study on the general plant-based drink system and the currently available 

measurement methods to characterise the systems. The study on OBD was elaborated in 

Paper II and Paper III. Paper II focused on the instrumentational methods, while paper III 

focused on the spectroscopic and chemometrics insight. In addition to the work packages, 

Katarina Radik and Chen Jia Xi investigated research question four as their master thesis. 

This thesis gives complimentary literature to Paper I and summarise the findings found 

throughout the study. A brief explanation for the followings chapter is given below. The 

publication manuscripts can be found in the appendix. 
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 Chapter II gives the information on oat, OBD food system, production steps, and the 

experimental approach for paper II and paper III. 

 Chapter III gives the background information for the chemometric and spectroscopic 

methods explored in paper III. 

 Chapter IV summarises the main results of Paper II and III. 

 Chapter V summarises the result of the side project regarding the effect of 

homogenisation on OBD. 

 Chapter VI concludes the topic explored throughout the project, and ideas for future 

research are elaborated.
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2 Oat and Oat-based drink system 

This chapter focuses on the essential physicochemical characteristics of oat and oat-based 

drinks (OBD) systems regarding beverage stability. The production steps and description of 

the hydrolysis process will briefly be mentioned. It is hypothesised that the physicochemical 

properties of the products greatly influence the stability of the OBD system.  

2.1 Oat-based drink food system 

A plant-based drink system is not clearly defined. Studies on soy-based drinks refer to it as 

an oil-in-water emulsion (Cruz, et al., 2007; Fujii, 2017). However, a broader look at recent 

products described it as a suspension/dispersion, polydisperse system containing water 

extract of disintegrated plant materials. Commercial plant-based drinks tested also have 

inferior stability than more homogenous dairy milk, with soy-based drinks as an exception 

(Jeske, et al., 2017; Jeske, Zannini, & Arendt, 2018). A simple test showed this trend as well 

Figure 2.1).  A more extensive discussion on the nature of the plant-based drink system is 

provided in paper I.  

 

Figure 2.1. The stability of commercial soy drinks compared to commercial OBD after storage of 8 hours at 

40 °C. The OBD is arranged from the highest fat content to the lowest (barista: 3 % w/w, original: 1.5 % w/w, 

and organic: 0.5 % w/w) 

The earliest publication on OBD, owned by Oatly, defined OBD as a suspension product of 

oatmeal hydrolysis with α- and β-amylase (Inger, et al., 1994). Commercial products typically 

Soy 
Oat 

Barista Original Organic 
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add fat, stabiliser, and fortify the nutrition profile to achieve the desirable creamy mouthfeel 

and nutrition level. The commercial oat-base profile is best matched by the organic type, 

which is oat-based without added fat and additives.  

Figure 2.1 clearly shows that an oat-base is inherently unstable. 

2.2 Separation in beverage system 

Suspension and emulsion are thermodynamically unstable, and phase separation is 

inevitable. The instability is due to the large surface excess-free energy. A plant-based 

beverage system without predominant fat typically would either undergo gravity-based 

separation (creaming or sedimentation) or attractive forces type of separation (coalescence 

and flocculation (Coupland, 2014). A more extensive review of the attraction and the 

repulsion forces are given in paper I. The industry uses hydrocolloids, such as different 

gums, starch and maltodextrin, to increase the product viscosity and thus hinder the 

separation process. 

Another way to describe a plant-based beverage is as a mixture of biopolymers, 

polysaccharides and proteins, in solution. A typical mixed solutions outcome of a food 

biopolymers mixture is presented in Figure 2.2. Attraction forces such as the electrostatic 

interaction may produce soluble or insoluble complexes (system 1 and 2 in Figure 2.2). In 

contrast, repulsion forces might result in a solution with limited co-solubility (system 3) or 

phase separation (system 4). The difference between system 2 and system 4 is in the 

concentration of the separated biopolymer. Complexing would allow the complex to be a 

concentrated sediment phase, while incompatibility allows the presence in different phases 

at different concentrations (Vladimir Tolstoguzov, 2008). Miscibility showed by system 2 and 

system 3 typically occurs at low biopolymer concentration or in a dilute system. The 

threshold limit varied depending on the shape of the polymer and type (Dickinson, 2003; V. 

Tolstoguzov, 2000). Stabile solution due to repulsion is typically achieved at ζ-potential > 

absolute 30 mV (S. Bhattacharjee, 2016). The reported value of natural plant-based drinks 

without additives ranges from an absolute 9.4 – 22 mV (paper I) and is lower than the zeta 

potential threshold value. Hence, some form of separation rather than stability is expected 

in a plant-based drink system. Classical pairing for complexing is an anionic polysaccharide 

with positively charged protein at pH below isoelectric point (IEP) (Cortés-Morales, Mendez-

Montealvo, & Velazquez, 2021) . 
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Figure 2.2. Types of biopolymer solutions (Vladimir Tolstoguzov, 2008). 

2.3 Oat starch and β-glucan 

Starch is the main component in oat located mainly in the starchy endosperm. It is a water-

soluble polysaccharide, which is primarily made of amylose and amylopectin (98-99% dry 

weight), protein (0.3-1 % dry weight), and lipid-bound amylose (5-7.5% dry weight) (Arendt, 

et al., 2013). Amylose is constructed of mainly α (14) glucan, while amylopectin is made 

in the majority of α (16) glucan. The composition of amylose and amylopectin in oat vary 

depending on cultivars, location, and measurement methods. Nonetheless, amylopectin 

seems to be the main component in oat starch, with amylose content ranging from 14-33.6%. 

The amylose to amylopectin ratio and the amylose bound lipid concentration affect the 

functionality and properties of starch, such as swelling, gelatinisation, retrogradation, and 

solubility (Kasturi & Bordenave, 2013). The peak temperature of oat starch gelatinisation 

ranges from 58 °C to 69 °C (Kasturi, et al., 2013). Further holding at a temperature above 

the gelatinisation temperature will lead to pasting, breakage of starch granules, and leaching 

of amylose and amylopectin. Starch is undesirable for a thin beverage application such as 

oat-based drinks, and the enzymatic hydrolysis of starch is one of the main critical steps 

during production. Oat starch granules are insoluble in cold water. Thus, it is imperative to 

do a hydration step before enzymatic hydrolysis in warm water. The hydrolysis temperature 

must also be kept above the gelatinisation temperature for better enzyme access to amylose 

and amylopectin.  

The β-glucan is the main dietary fibre component in oat located in the bran and endosperm 

cell wall (Figure 2.3). It is made of mixed linkage of β (13) and (14) glucan, and 90% of 

the polymer comprises two building blocks: a cellotriosyl and a cellotetraosyl unit. The units 

are made of three or four glucan units joined by two or three (14) links followed by a single 
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(13) link. The other 10% of the polymer comprises longer chain units (5 up to 14 units) 

(Cui & Roberts, 2009). It is generally described as a non-ionic polysaccharide due to its long 

linear structure. However, some find traces of phosphates residues mainly identified as C-6 

carbon-bound phosphomonoester. The zeta potential of β-glucan was also found to be 

slightly negative -1.53 mV in water (2% w/w in Milli-Q water) (Korompokis, Nilsson, & Zielke, 

2018), and thus confirming the slightly anionic tendency.  

β-Glucan is well-known to have health benefits while having texturising and stabilising 

properties. β-Glucan forms a viscous solution or gel at low concentrations, thus improving 

the product’s viscosity and stability. In solution, β-glucan has a shear thinning profile (de 

Souza, et al., 2015). The functional properties of β-glucan depend greatly on the molecular 

weight, influenced by the processing steps taken throughout the production. There are 

currently conflicting reports regarding the effect of β-glucan molecular weight on the health 

effect. The health effect relationship with β-glucan has only been established as a minimum 

of 3 g/day to exhibit a cholesterol-lowering impact (EFSA Panel on Dietetic Products & 

Allergies, 2011). The review by Schmidt (2020) elaborated this. Another study also 

suggested that the food matrix might play a role. Grundy, Fardet, Tosh, Rich, and Wilde 

(2018) suggested that liquid-based food is a more consistent vector than semi-solid or solid 

food in delivering the β-glucan health effect. Furthermore, the author also concludes that β-

glucan rich oat-based food with some intact plant tissue is the more efficient vector. OBD is 

a natural oat-based beverage and has excellent potential to be an effective vector for β-

glucan health benefits. 

 

Figure 2.3. The cross-section of oat (β-glucan: blue, protein: brown). Adapted from Mäkinen, Sozer, Ercili-

Cura, and Poutanen (2017)  

2.4 Wholemeal oat and oat bran 

Oat, Avena sativa, is an ancient cereal grain with a long history of use either as feed or less 

often as food. The nutritional profile of oat is relatively superior with balanced amino acid 



 
 

9 
 

composition, high concentration of carbohydrates, and polyunsaturated fatty acid, minerals 

and phytochemicals (Rasane, Jha, Sabikhi, Kumar, & Unnikrishnan, 2015). Oat health 

benefits are also often associated with the high presence of β-glucan, the well-known 

healthy dietary fibre. β-glucan is recognised by both EFSA (European Food Standards 

Agency) and USDA (United States Department of Agriculture) to have a health effect by 

maintaining normal blood LDL-cholesterol concentrations and reducing post-prandial 

glycaemic response, hence lowering the risk of cardiovascular diseases (EFSA Panel on 

Dietetic Products, et al., 2011). The European Union is among the top three oat exporters 

globally, of which two Nordic countries, Finland and Sweden, are among the top 5 producers 

in the union. Eighty per cent of oats produced in the European Union is used for feed 

(Guerrero, 2021). 

There are multiple types of oat products currently available in the market. This report will 

emphasise two types used in this study: wholemeal oat and oat bran. The processing of oat 

grain is varied, but oat grain is typically dehulled, producing oat groat, heat-treated, and then 

cut or milled. Wholemeal product contains the whole part of the oat groat. While for the 

production of commonly consumed oat flour, the bran part is removed, leaving the bran part 

rich in β-glucan in the waste stream for feed. The American Association of Cereal Chemists 

defined oat bran as a product of milled oatmeal with a minimum β-glucan and total dietary 

fibre of 5.5% and 16% dry weight basis, with at least one-third of the fibre as soluble fibres 

(Welch, 2011). The composition of the oat grain and the two commercial products used in 

this study can be seen in Table 2.1. 

Table 2.1. The composition of oat grain compared to wholemeal oat and oat bran in the market. 

Components 

Oat 

grain(Welch, 

2011) 

Wholemeal 

a 
Bran a 

Water [% w/w] 8.5 12 13 

Protein [% w/w] 14.0 13.5 17 

Lipid [% w/w] 8.0 7 8 

Carbohydrates [% w/w] 67.7 68.7 60 

Starch 58.7 58 43 

fibre 9 10 15 

β-glucan - - 6 

Ash 1.8 - 2 

* the values were taken from the producer (Rubin Mühle, GmbH) specifications 
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2.5 Oat protein  

The protein in the oat is distributed throughout the oat groat, with a high concentration in the 

germ and decreasing concentration towards the direction of the outer layer (Figure 2.3). Oat 

protein can be grouped based on the protein solubility to different solvents (Osborne’s 

classification): albumin (water-soluble), globulin (dilute salt solution), prolamin (70% 

alcohol), and glutelin (dilute acid or alkaline). The oat protein characteristic based on its 

solubility is given in Table 2.2. At the isoelectric point, the protein net charge is zero, and 

the protein is at its lowest solubility and mainly precipitated due to a lack of electrostatic 

forces. Below the isoelectric point, the protein is positively charged, allowing interaction with 

negatively charged particles, e.g. anionic polysaccharides. 

Table 2.2. The oat protein characteristics. Adapted from Mäkinen, et al. (2017) 

Class Protein (function) 

Molecular 

weight of 

subunit (kDa) 

% of 

protein 
IEP 

Globulin 

12 S (storage-

major) 
53-58 

70-80 circa 5.0 
7 S (storage-minor) 50-70 

3 S (storage-minor) 48-52 

Prolamin Avenins 17-34 1-12 5.0-9.0 

Albumin Various (metabolic) 14-47 <10 4.0-7.5 

Glutelin 

unextracted faction 

with minor 

polypeptides 

-  - 

 

OBD is a natural extract of oat that is enzymatically hydrolysed at neutral pH. Hence, the 

protein faction in OBD would naturally contain a combination of globulin and albumin. The 

majority of the protein, globulin, denatured at high temperatures (110 °C) due to strong 

hydrophobic interaction between the subunits. The majority 12S globulin was shown to 

predominantly consist of rigid β-sheet (74 %) with a small proportion of the more flexible α-

helix (19 %) and β-turns (7 %) (Mäkinen, et al., 2017). The solubility of globulin was also 

poor at neutral pH (pH 6-7), while albumin was shown to be soluble at a broad pH range. 

The emulsifying capacity of protein is dependent on solubility. Thus, natural oat protein has 

poor emulsifying capacity at neutral pH (Spaen & Silva, 2021).  
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2.6 Production process 

The OBD utilised throughout the research is a natural OBD without added additives. The 

production scheme to make OBD in this study is given in Figure 2.4. 

 

Figure 2.4. The production steps of OBD 

a hydrolysis was done using a maximum of 0.15 % w/w four of α-amylase and 0.08 % w/w four of β-

glucanase 

b Product was stored at 5 °C overnight and measured as ‘fresh’ sample for physical parameter 

measurements or stored at -20 °C for chemical analysis 

2.6.1 OBD enzymatic hydrolysis 

The earliest patent for oat production used amylases to hydrolysed starch (Inger, et al., 

1994) while leaving the β-glucan network intact. We hypothesised that the β-glucan network 

is one of the main factors influencing product stability. Hence, β-glucanase is added in 

varying concentrations to highlight the effect of the loss of the β-glucan network. 

Amylases can be classified according to the affinity to cleave different linkage types. The 

one used in this research is a microbial α-amylase, EC 3.2 1 1, (Termamyl®, Novozymes, 

Denmark). α-amylase is an endo acting enzyme that cleaves α (14) glycosidic bonds in 

starch, resulting in varying length oligosaccharides. It is calcium sensitive and needs calcium 

Oat + 100 ppm CaCl2 in milliQ 

Hydration 

Hydrolysis 
a
 

Cooling 

Separation 

Pasteurisation 

50 °C, 30 minutes 

80 °C, 120 minutes 

To maximum of 30 °C 

Centrifugation at 7000 g, 5 
minutes, the lipid was re-
incorporated manually back 

85 °C, 30 minutes 

Dry matter adjustment to 10%, 

pH adjustment, and Storage 
b
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to function (van der Maarel, van der Veen, Uitdehaag, Leemhuis, & Dijkhuizen, 2002). The 

specific enzyme used in this research is active at pH 4 – 10 (optimum at around pH 6) and 

85 – 88 °C. It has low activity at temperatures <75 °C.  

The β-glucanase is a thermostable enzyme that hydrolyses β (13) and β (14) linkage in 

β-glucan. The specific β-glucanase used in this study (Beerzym BG KH4, Erbslöh, Germany) 

shows endo activity to both linkages and can be classified as EC 3.2 1.6 and EC 3.2.1.4. It 

is active at pH 2 – 6.5, with an optimum at pH 4.5. The optimum temperature is at 75 – 85 

°C. Both enzymes used can be deactivated at boiling point. The maximum dose used in this 

thesis is according to the recommended dose by Döhler GmbH as the industrial partner. The 

OBD in this study was only pasteurised, but both enzymes only showed low activity at 

measurement and storage temperature (5 – 20 °C). Hence, negligible enzymatic activity was 

anticipated after production. 

2.7 Design of experiments 

 

Figure 2.5. The design of experiment of OBD (W: Wholemeal, B: bran) 

The OBD elaborated in chapter 4 follow a 23 full factorial design with an added centre point. 

The variables tested are oat source (wholemeal and bran), varying β-glucanase 

concentration (0 and 0.08 % w/w flour) at a maximum α-amylase concentration of 0.15% 

w/w flour, and product’s pH (acidified at 4.2 and neutral at 6.4) (Figure 2.5). The centre point 

was positioned in the middle of the design with a mixed source (1:1  wholemeal: bran ratio), 

50% level of β-glucanase (0.04% w/w flour), and pH of 5.3. 
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3 Chemometrics, Spectroscopy and LF-NMR 

Relaxometry 

3.1 PCA 

Principal Component Analysis (PCA) is one of the most often used multivariate data analysis 

tools. The method reduced a large dataset with multiple variables into a smaller summarised 

dataset, allowing for more straightforward data interpretation. Multiple samples and 

variables are re-arranged or projected to a new set of orthogonal (non-dependent) 

dimensions of selected principal components (PC). The PCs are ordered according to the 

amount of variance of the data it captures. The relationship between samples and variables 

can be investigated in the new sub-space (Cozzolino, Power, & Chapman, 2019). The 

schematics of the PCA method can be seen in Figure 3.1. The data can be pre-processed 

before PCA, depending on the analysis aim. Afterwards, the robustness of the model can 

be investigated by a cross-validation step. 

Several plots are commonly used to explain a PCA result, such as scores and loading plots. 

Scores plot is the projection of sample values into the new PC dimension, and a loading plot 

shows the weight of the original variables used in the projection. A small absolute loading 

value close to zero indicates a lack of influence by certain variables, while a higher absolute 

value indicates a higher impact on the model. 

 

Figure 3.1. The schematic of PCA 

X dataset with I samples and J variables, resulting in T sample scores and P variable loadings with N 

components. 
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3.2 Pre-processing and Cross-Validation 

Data pre-processing typically aims to remove unwanted variation before model construction 

and expose the underlying trend of interest. While cross-validation is done as a test of the 

model’s quality after the model is established. There are multiple kinds of data pre-

preprocessing and cross-validation methods. This section will briefly elaborate on the one 

used throughout the study. The setting used for each of the models is available in the paper. 

A large part of the data analysed in this study is spectroscopic data (spectra). Spectral data 

processing commonly follows several preprocessing steps such as baseline correction, 

scatter correction, noise removal, and scaling (Engel, et al., 2013). 

3.2.1 Baseline and scattering correction 

Baseline drift creates a vertical offset or slope between measurements. The drift is 

commonly found in spectra due to equipment artefacts caused by slight fluctuation in the 

environment (temperature, humidity, vibration, light source, background noise) throughout 

measurements. Baseline correction during measurements can be performed either through 

tedious continuous background noise removal or via mathematical filters (Zhao, Tang, Li, 

Zhang, & Liu, 2015). This study employed the combination of both methods with initial water 

signal removal as background noise (FTIR, Raman, NIR, and Fluorescence spectroscopy) 

and mathematical filters of asymmetric weighted least square (ALS) (also known as 

automatic weighted least square in PLS toolbox). The filter approximates the baseline with 

a second-order polynomial, and the algorithm will do an iterative process to reduce the 

background effect without creating high negative peaks (Vigni, Durante, & Cocchi, 2013). 

Scattering is another phenomenon commonly found in spectra, especially in the NIR 

spectra, causing non-linearities in the data. Light scattering happens when particles within 

the samples scatter the light wave. It can be wavelength (Rayleigh scattering, at particle size 

smaller than the wavelength) or particle’s shape dependent (Lorentz-Mie scattering, at 

particle size bigger than the wavelength). In NIR, Lorentz-Mie scattering is predominant. The 

pre-processing used for scattering correction in this study is Standard Normal Variate (SNV) 

provided in Equation 3.1. In addition, to scatter correction, SNV also allows for baseline 

offset correction. 

Equation 3.1 

𝑋𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =
𝑋𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑎0

𝑎1
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where X is the spectra, a0 is the average value of the sample spectrum, and a1 is the 

standard deviation of the sample spectrum (Rinnan, Berg, & Engelsen, 2009). 

3.2.2 Noise removal and scaling. 

Noise is the unwanted fluctuation of the signal, which is common and may be caused by 

many things, either instrumentation, electrical configuration or fluctuation in the environment. 

It is imperative to maintain a high signal-to-noise ratio. In the NIR and FTIR equipment used 

throughout this study, the high signal-to-noise ratio is maintained by optimising the 

preamplifier gain setting. A small proportion of noise can be further reduced through the 

smoothing procedure. This study used a Savitsky-Golay filter that fits a second-order 

polynomial with 0 derivatives within some data window (Engel, et al., 2013). The data 

window can be enlarged to achieve a smoother profile for noisier spectra, although it will 

increase the risk of removing some important signals. 

Data from different measurements are usually combined to create a large dataset as an 

input for PCA and allows for a holistic comparison of all of the profiles affecting the stability 

of OBD. Due to varying units or differences in the analytical instruments used, data with 

small numerical variation will be considered less important than variables with higher 

numerical variation by the algorithm. To correct this bias, a scaling method of auto-scaling 

was used in which the data is multiplied with 1/sJ. sJ is the standard deviation of each 

measurement (each column J in the dataset illustrated in Figure 3.1). In spectra with the 

same measurement unit, the scaling method of mean-centring is preferred to retain the 

comparison between variables that are unfortunately lost with auto-scaling. In mean-

centring, the average value for each variable data is subtracted from the data (Eriksson, 

Byrne, Johansson, Trygg, & Vikström, 2013).  

3.2.3 Cross-validation 

Cross-validation is an internal validation method in which the model is estimated with fewer 

samples, and the left-out samples are predicted, all in an iterative process. There are various 

ways of implementing cross-validation with varying severity of the test. A good 

cross-validation gave a good evaluation of the robustness of the model. The cross-validation 

used in this study is a Venetian blind with 9 data splits and 3 samples per split. Due to the 

data structure used, the cross-validation translated to removing each product type for every 

iteration. 
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3.3 Vibration spectroscopy 

3.3.1 Infrared and Raman spectroscopy 

Infrared and Raman spectroscopy are both vibrational spectroscopies, which result can be 

considered complementary. Both methods measure the behaviour of molecules vibration 

after being subjected to electromagnetic radiation, resulting in chemical fingerprints of the 

sample. An infra-red active bond needs to change in dipole moment after radiation, while 

Raman active bond requires a change in polarisation. A bond typically favours either Raman 

or infrared active, making the two methods complimentary (Ismail, Cocciardi, Alvarez, & 

Sedman, 2005). 

A comparison of infra-red and Raman spectra is given in Figure 3.2. The maltose and 

cellobiose were chosen to represent the resulting molecules after hydrolysis with α-amylase 

(α-bond oligosaccharides) and β-glucanase (β-bond oligosaccharides). The addition of β-

glucan was hypothesised to influence the stability of OBD by breaking down the β-glucan 

network. The spectroscopy method employed would need to be able to highlight this 

difference. However, the Raman spectra could not highlight the difference between α- and 

β bonds of the same size molecule. Thus, the study proceeds with only infrared 

spectroscopy.  

 

Figure 3.2. The FTIR (A) and Raman (B) spectra of representative α-bond (1% w/w maltose solution) and β-

bond (1% w/w cellobiose solution) compound, after removal of water background, preprocessed with SNV. 

 

 

A B 



 
 

17 
 

3.3.2 Mid (FTIR) and Near Infrared (NIR) spectroscopy 

The infrared region can be further separated into mid-infrared (4000-200 cm-1) and near-

infrared (12800-4000 cm-1). For clarity purposes, the mid-region is referred to as FTIR 

onwards. Both technique comparison has been elaborated in paper I, and some brief 

discussion is provided. The FTIR and NIR spectra of OBD is provided in Figure 3.3. The 

FTIR peak is sharp and varied as expected within the fingerprint carbohydrates region 

(1200-900 cm-1), the protein region (amide I 1700-1600 cm-1, amide II 1570-1510 cm-1, and 

amide III 1350-1200 cm-1), some pronounced fat peaks (2960, 2929, and 1740 cm-1) 

(Carbonaro & Nucara, 2010; Hashimoto & Kameoka, 2008; Lin, A Rasco, G Cavinato, & Al-

Holy, 2009). While, the NIR spectra were broad and presumably caused by overlapping 

overtones of bonds consisting of C, H, O, and N. An increase in light scattering and noise 

was observed in NIR by increasing the β-glucanase level. NIR light source penetrates 

deeper than FTIR, allowing the spectra to contain chemical and physical information. The 

increasing noise was likely caused by particle size’s change in OBD. Both raw spectra were 

preprocessed using baseline correction, noise and scattering reduction, and scaling with 

ALS, SG, and mean-centring. The peak assignment and interpretation of pre-processed 

spectra is provided in paper III. 

 

Figure 3.3. The raw FTIR (A) and NIR (B) spectra of OBD samples grouped by level of β-glucanase added 

(0%: without β-glucanase, 50%: with 0.4% w/w flour, and 100%: with 0.8% w/w flour) after water background 

removal. 

 

A B 
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3.4 Fluorescence spectroscopy 

Fluorescence spectroscopy has been widely used to quantify protein hydrophobicity, either 

by using an extrinsic probe for quantification of surface hydrophobicity or an intrinsic probe 

(autofluorescence) for quantification of total hydrophobicity (C. Bhattacharjee & Das, 2000). 

Protein is the natural occurring emulsifier that may affect the product’s stability. A highly 

hydrophobic protein is rigid, hence, have lower conformational flexibility and lower 

functionality in solution (Tang, 2017). An intrinsic probe typically used is tryptophan, a 

hydrophobic amino acid-sensitive to the local polar environment. A higher polar (hydrophilic) 

environment shifts the emission to higher wavelengths, causing an increase in Stokes shift, 

and the other way around for hydrophobic environment (Christensen, Nørgaard, Bro, & 

Engelsen, 2006). There are many ways to measure auto-fluorescence. This study used the 

generation of Excitation Emission Matrix (EEM) within the tryptophan region for a detailed 

investigation of the tryptophan state in different product types.  

3.4.1 Factors affecting fluorescence intensity  

In addition to the local polar environment mentioned above, some factors affect fluorescence 

intensities in the food system, such as quenching or inner filter effect and the quantum yield 

of fluorophores. The inner filter effect might be caused by either inter and or intra quenchers 

and generally cause the decrease in fluorescence intensity and deviation from Beer’s law. 

The quantum yield of fluorophores is the ability of fluorophores to convert exciting energy to 

emission intensity (Murphy, Stedmon, Graeber, & Bro, 2013). pH and temperature have 

been known to alter the fluorophores quantum yield by changing the proportions of 

quenchers and possibilities for dynamic quenchers (Christensen, et al., 2006).  

OBD is an opaque food matter with a high light reflection and inner filter effect. Front-face 

geometry measurements partly handle these issues (Bevilacqua, Rinnan, & Lund, 2020). 

However, the front-face measurement is a surface measurement that uses a minimal 

amount of sample and introduces sample representation and reproducibility questions. To 

cater for the representation and reproducibility matter, 3 measurement replicates of 

undiluted samples along with 10x and 100x dilution were performed, and the resulting 

fluorescence profile can be seen in (Error! Reference source not found.). The trend shown i

n Figure 3.4 was consistent for all product types, with high sample variabilities on undiluted 

samples. The 10x undiluted sample also showed higher than expected intensity. The lower 

intensity was expected with power according to the dilution magnitude (10x in this case). 
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The high intensity in the 10x diluted sample was due to pronounced inner filter effects in the 

undiluted sample, which was reduced or removed with dilution. The lack of inner filter effect 

was seen in both diluted samples, with the intensity of 100x diluted samples close to one-

tenth of the previous diluted sample. Further data analysis used only the measurement of 

diluted samples, both 10x and 100x. 

 

Figure 3.4. An example of fluorescence EEMa of one sample (A: undiluted, B: 10x diluted, C: 100x diluted) 

a The excitation was plotted at the emission of 360 nm, and emission was plotted at excitation of 290 nm 

3.4.2 EEM data processing: PARAFAC 

EEM of multiple samples is a three-dimensional cuboid dataset that can be solved using a 

three-way method, such as PARAFAC. The schematic for PARAFAC decomposition can be 

seen in Figure 3.5. The method uses three basic assumptions for successful decomposition 

of a dataset such as (1) no two fluorophores can have identical spectra, (2) the data are 

trilinear, same excitation and emission profiles with only varying concentration among 

samples for each fluorophore, and (3) the total signal is due to addition of a fixed number of 

components (Murphy, et al., 2013). Before PARAFAC decomposition, the data were 

preprocessed by using (1) automatic data correction by reference data provided by the 

measuring unit, (2) removal of Rayleigh scattering signal by setting the data ±10 nm away 

from the theoretical scattering line to missing values, and the values below the Rayleigh 

scattering line to zero (Thygesen, Rinnan, Barsberg, & Møller, 2004). The model robustness 

was evaluated based on the core consistency (Murphy, et al., 2013).  

Wavelength (nm) 

A B C 
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Figure 3.5. The Schematic diagram of PARAFAC decomposition. 

X dataset with I samples, J excitation wavelengths, and K emission wavelengths decomposed into A sample 

scores or fluorescence intensities, B Excitation loadings with N components, and C Emission loadings.  

3.5 LF-NMR Relaxometry 

Low-field NMR as a rapid in situ technique has been used extensively to characterise food 

systems. For example, to predict the texture and profiles of potatoes (Povlsen, Rinnan, van 

den Berg, Andersen, & Thybo, 2003) and optimise pectin concentration to stabilise an 

acidified milk system (Salomonsen, Sejersen, Viereck, Ipsen, & Engelsen, 2007). This study 

used the relaxometry method with CPMG (Carr-Purcell-Meiboom-Gill) pulses to quantify 

water mobility (T2, transverse relaxation time) in OBD. It is hypothesised that water exists in 

a different state within the products, which correlates significantly with the product’s 

structures and possibly explains the separation phenomena observed in the product. 

Loosely bound water would signify faster separation, while tightly bound water might signify 

good stability. 

Before T2 modelling, the dataset was pre-processed for faster computation and robust model 

generation and comparison. The steps taken were: every 2nd data point, smoothened with 

Savitsky-Golay (data window used was 3), normalised to the highest value, and manual 

offset reduction using subtraction with the average of last 500 data-points (the baseline). 

The resulting relaxation curves can be seen in Figure 3.6. 

3.5.1 T2 modelling 

The simplest definition articulates T2 as the time of 37% (1/e) signal decay (Chavhan, Babyn, 

Thomas, Shroff, & Haacke, 2009). However, food is a complex system and contains 

multitudes of components that might contribute to the decay, such as fat and water. Thus, 
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the relaxation decay can be seen as the resulting decay of multiple elements in the food 

system.  There are many ways to model T2. This study used the three most commonly used 

modelling techniques: (1) Discrete exponential fitting, (2) Slicing with PARAFAC, and (3) 

Double Slicing with PARAFAC. The basic of PARAFAC has been elaborated in the previous 

fluorescence spectroscopy section, and only the slicing method is elaborated in this section. 

 

Figure 3.6. The relaxation curves of OBD. 

3.5.1.1 Discrete exponential fitting 

Discrete exponential fitting is a one-dimensional classical numerical approach, which 

decomposes each relaxation curve into pure relaxation curves of the components (Equation 

3.2). The simplex algorithm has been shown to give robust curve fitting results (Bechmann, 

Pedersen, Nørgaard, & Engelsen, 1999). 

Equation 3.2 

𝑥(𝑡) = ∑𝑀𝑛𝑒
−

𝑡
𝑇2𝑛

𝑁

𝑛=1

+ 𝑒 

where x is a single relaxation curve which is a function of time t, N is the number of 

components, M is the relative proton concentration of a specific component n, T2n is the 

respective relaxation time constant, and e is the residual error. 
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3.5.1.2 SLICING with PARAFAC 

While the one-dimensional method is considered the standard, it is iterative and time-

consuming. The method also relies heavily on the initial assumption for the number of 

components, leading to an overfitting issue. Two and higher dimensional methods are 

developed to achieve faster and more accurate computation. The SLICING method 

accompanied with PARAFAC is an example of the three-dimensional method. The 

relaxation curves of different measurements are concatenated into a two-dimensional data 

matrix and then sliced into three-dimensional data (Figure 3.7). The SLICING operation 

introduced two parameters, the slab and the lag. The slabs are the number of data layers 

created by the slicing procedure; e.g., Figure 3.7 show two slabs. The lag is the number of 

columns between the slabs. Pedersen, Bro, and Engelsen (2002) has optimised these 

parameters, with the maximum number of slabs as maximum k to satisfy 2k < number of 

columns. While, the lag number varied depending on the slab layer as 2k, with k as the 

number of the slab. After pre-processing, the OBD dataset consists of 90 x 3000 data points 

which were then sliced into a 90 x 953 x 12 cubes dataset (90 samples, 953 time points, 

and 12 slabs). The formation of the cubes would then allow for the implementation of 

multiway techniques such as PARAFAC.  

 

Figure 3.7. The data concatenation and one slicing procedure. Adapted from (Pedersen, et al., 2002). 

The OBD dataset resulted in a degenerate solution of non-exponential loading after 

PARAFAC decomposition with only two components. The degenerate trend persisted even 

with minimal data concatenation of the same product type (Figure 3.8). The unsatisfactory 

result was presumably caused by data variation found at different measurement replicates, 

meaning that there was no general trend with regards to the relaxation times across the 
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samples. T2 values have been known to depend on the temperature of the measurement 

and the inter or intra-molecular interactions that gave rise to local magnetic fields (Andrade, 

Micklander, Farhat, Bro, & Engelsen, 2007). Experimental variations of the molecular 

constituent throughout the replicates are expected in natural products. These data variations 

lead to the non-trilinearity of the dataset, which causes PARAFAC to fail. The non-trilinearity 

failure of PARAFAC seen is not unique and has also been shown with a chemical mixture 

HPLD-DAD dataset by Juan and Tauler (2001). The SLICING model is not elaborated 

further, and further comparison would focus on the discrete exponential fitting and the 

DOUBLESLICING method. 

 

Figure 3.8. Examples of non-exponential loadings of slicing and PARAFAC model (bran products with 0% β-

glucanase at pH 6.4 (A) and pH 4.2 (B)) 

3.5.1.3 DOUBLESLICING with PARAFAC 

The DOUBLESLICING method was developed to handle high data variability among 

measurements while still providing a robust, non-iterative, and faster model. The method 

was reported to be four-time faster than discrete exponential fitting (Andrade, et al., 2007).  

The method utilised two times slicing procedures that convert one-dimensional relaxation 

curve into a two-dimensional matrix (Figure 3.9) and then further into a three-dimensional 

matrix with slicing and concatenation like previously described (Figure 3.7). The OBD curve 

with initial 1x3000 data points has a final dimension of 12x698x9 after DOUBLESLICING. 

The three-dimensional data was then decomposed using the PARAFAC model into pure 

A B 
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components relaxation curves. Consider the PARAFAC decomposition schematic in Figure 

3.5, implemented in the DOUBLESLICING method. The symbol can be interpreted as X 

transformed relaxation curve of a single relaxation, I amount of 1st slicing slab, J variables, 

K amount of 2nd slicing slab, A 1st slab loading, B exponential loading, C 2nd slab loading. 

Each component relaxation curve (X-axis loading or loading B) was then fitted into Equation 

3.2 with n=1 (1 component fitting). 

 

Figure 3.9. The initial slicing operation for the DOUBLESLICING procedure (k: the amount of slab) 

The calculation of the proton concentration was less straightforward with this method. 

Considering Equation 3.2, the proton concentration of each component is the maximum 

number of the intensity. Thus, the proton concentration M of component n is calculated as 

the product of the highest A, B and C PARAFAC loadings for each component located in 

the first row of the loading matrix Equation 3.3. For model comparison purposes, the error 

is calculated using Error! Reference source not found.. 

Equation 3.3 

𝑀𝑛 = 𝐴1,𝑛 × 𝐵1,𝑛 × 𝐶1,𝑛    

Equation 3.4 

𝑀𝑆𝐸 =
∑ ∑ (𝑋𝑗𝑘,𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 − 𝑋𝑗𝑘,𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑)

2𝐽
𝑗=1

𝐾
𝑘=1

𝐾
 

where MSE is the mean square error, Q is the number of data points per curve, X is 

intensities at time t of measured (reference) values, and calculated values from resulting T2 

and proton concentration from the model, and S is the total number of measurements per 

samples.  

3.5.2 Comparison of models 

1 

2 
1 3000 

i-data 
3000-2

k
 

2
k
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The comparison of model performances can be seen in Figure 3.10. The MSE for both 

models are pretty low and the models performed as expected. In general, the double slicing 

model was faster and performed slightly better than discrete exponential fitting. The resulting 

T2 and proton concentration values discussed in chapter 4 are based on the double slicing 

model.  

 

Figure 3.10. The T2 models comparison. 

Product name first part: oat source (W: wholemeal, B: bran, M: mix), second part: level of β-glucanase (0, 

50, and 100%), and third part: product pH. 
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4 Oat-based drink physicochemical properties 

This chapter summarises the experimental results of the OBD physicochemical properties. 

The detailed result from the univariate methods can be seen in Paper II, and the multivariate 

spectroscopic results were discussed thoroughly in Paper III. The general overview shown 

in this chapter was made using the PCA of concatenated data from all methods. The 

measurement replicates for each method are averaged before data concatenation. For the 

multivariate spectra dataset, an initial PCA was made, and the scores were used as an input 

for the overview PCA. The effect of pH was minor and mostly observed as part of interaction 

with the other experimental variables such as the level of β-glucanase and oat source. The 

effect of pH interaction was elaborated briefly within each subsection of major variables. For 

clarity purposes, when appropriate, the product name will be shortened with 3 parts, first 

part represents the source name (W: wholemeal, M: Mix, and B: Bran), the second part as 

the level of β-glucanase (B0, B50 and B100 to 0%, 50%, and 100%), and 3rd part as the 

product pH. 

4.1 The effect of β-glucanase 

The level of β-glucanase is the main variable that affects the physicochemical properties of 

OBD. Less difference is apparent by the level of β-glucanase (B50 and B100), but there is 

a stark difference between products with β-glucanase and without β-glucanase (B0, and 

B50/B100). PC 1 of the overview PCA shown in Figure 4.1 highlighted the properties that 

were affected by the presence and absence of the β-glucan network. The network 

significantly changes the physical and chemical properties.  

Physically, products with intact β-glucan (B0) were viscous with high apparent viscosity and 

had n-value < 1, indicating shear thinning behaviour. A short storage test at 20 °C for 14 

days showed that viscous product was stable (products from oat bran) or phase-separated 

(products from wholemeal) when the viscosity was lower. The thin products were shown to 

phase separate, or cream at lowest viscosity, at pH 4.2 bran product (B_B100_pH4.2) even 

form complexes and sediment. 



 
 

27 
 

 

Figure 4.1. The overview PCA for the effect of β-glucanase towards OBD properties (A: Scores grouped by 

level of β-glucanase, B: Loading, with the variables discussed in the text marked as red). 

The various separation tendency was reflected very well from the T2 values. The T2,1 

explained that the intact β-glucan network trapped the water to be within the network, while 
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thin products have high T2,1 values, and the water exists as free water. During the complex 

formation, bound water was expelled from the aggregates, reflected through the jump in T2,2 

values. In turn, the viscosity affected the D[3,2] (surface area mean) and D[4,3] (volume mean). 

Thicker samples were difficult to dilute and caused larger particle sizes. Nevertheless, all 

acidified products at low pH had larger particle sizes, confirmed with a light microscope. The 

aggregation occurred with varying severity since not all acidified products sediment after 

incubation at 20 °C for 14 days. 

Chemically, the presence and absence of β-glucanase during hydrolysis affected the total 

protein content and carbohydrates. Surprisingly, the protein was higher at B0, around 3.7x 

in average of B0 compared to B50 and B100. The intact β-glucan network might assist 

protein extraction by trapping the protein and making it less susceptible to sediment during 

the subsequent separation by the centrifugation process. The high protein content, 

unfortunately, did not directly translate to functionality. Fluorescence spectroscopy 

highlighted this issue by a sharp increase of protein hydrophobicity fraction in B0 products 

(Fluorescence 3rd component). The varying level of β-glucanase also expectedly alter the 

carbohydrate fraction, albeit just slightly (<1 gram on average between B0, B50 and B100). 

However, the FTIR is sensitive enough to detect the increase in the total carbohydrates. The 

loading of for FTIR 1st component showed a signal within the fingerprint area 

(1200-900 cm-1) known for carbohydrate detection. The overview PCA also indicated that 

the increase in total carbohydrates could be correlated with the higher presence of higher 

DP oligosaccharides. Single method analysis of the oligosaccharide samples previously 

showed a lack of significance of the variables. The exposure of this subtle trend reiterates 

the benefit of using a multivariate analysis using multiple methods. 

4.2 The effect of oat source 

The aim of substituting bran as a source compared to wholemeal oat is to increase the β-

glucan content. This expectation was obtained with products from bran having an average 

of around 1.6 times more β-glucan compared to mix or wholemeal products. The wholemeal 

source used in this study also has less fat compared to the bran, which can be seen in the 

resulting OBD. The variation in chemical composition by using different oat sources can be 

seen in the PC 2 and PC 3 of the overview PCA (Figure 4.2). The variation of β-glucan was 
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picked up by NIR 2nd component (negative correlation) and NIR 3rd component (positive 

correlation). The lack of fat was also shown by FTIR 4th component. 

 

Figure 4.2 The overview PCA for the effect of oat source towards OBD properties (A: Scores grouped by oat 

source, B: Loading). 
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The increase in β-glucan in bran products did not directly translate to the product’s stability. 

Bran product was indeed stable when the β-glucan network was intact (B0). However, when 

the network was lost (B50/100), the product readily separated and even formed a complex 

with acidification (B_B100_pH4.2). The complexation was possibly caused by the high 

protein hydrophobicity of bran protein shown by the results of the fluorescence 

spectroscopy. The difference in protein hydrophobicity between wholemeal and bran protein 

was especially pronounced at B100. The wholemeal product had low protein hydrophobicity, 

and the resulting product was relatively stable with only minor creaming at pH 4.2 

(W_B100_pH4.2). 
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5 The Effect of Homogenisation on Oat-based Drinks 

stability 

The homogenisation step forced the product to pass through a small passage at high 

velocity. Depending on the level of the pressure asserted, homogenisation can be classified 

as conventional homogenisation (typically up to 500 bar), high-pressure homogenisation 

(HPH) (500-2000 bar), or ultra-high-pressure homogenisation (up to 4000 bar).  Regarding 

the beverage stability parameters, homogenisation typically resulted in a smaller and 

narrower particle size distribution, potentially improving the product’s stability. 

Homogenisation was expected to also increase the product’s stability by increasing the 

protein solubility and functionality through partial protein denaturation (Levy, Okun, & 

Shpigelman, 2021). The effect of homogenisation has been extensively demonstrated in a 

dairy system or emulsion-based plant-based drink such as soy based-drink (Mukherjee, 

Chang, Zhang, & Mukherjee, 2017; Paquin, 1999; Wang, et al., 2020; Zamora & Guamis, 

2015). However, the effect of homogenisation on the OBD system has not been explored 

before. 

OBD is not an emulsion based-system but rather a dispersion. The cause for instability can 

be numerous, either physically or chemically. But currently, the main cause for the instability 

is presumably due to the high polydispersity of the particles. Therefore, homogenisation’s 

main effect of reducing polydispersity seems suitable for enhancing OBD stability. However, 

as previously mentioned in section 2.5, oat protein is well known to be a rigid and thermally 

stable protein, and the conventional (dairy processing level) homogenisation pressure might 

not be sufficient to induce the partial denaturation desired. The study elaborated in this 

chapter aim to illustrate the effect of using conventional homogenisation and HPH towards 

OBD with various chemical properties. Three products from a different source were chosen 

from the study in chapter 3 and subjected to varied homogenisation pressure.  

This chapter summarised the results of two master student projects performed by Katarina 

Radik and Jiaxi Chen. Their work was a side project of the main work presented in the 

previous chapters. The method and parameters used are the same as previous publications 
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(paper II and III in appendix), and hence, are not repeated in this chapter. The study is 

ongoing, and only the initial results, mainly consisting of the physical parameters, are 

elaborated in this chapter. 

5.1 Design of experiments 

The design (Figure 5.1) followed a 32 factorial design with oat source (wholemeal, mix with 

1:1 ratio, and oat bran) and pressure (0 bar – not pressured, 250/50 bar equivalent to the 

industrial dairy homogenisation pressure, and 1200/50 bar representing ultra-high-pressure 

treatment) as variables. The OBD was made according to the production steps mentioned 

previously (Figure 2.5) with the same α-amylase and maximum β-glucanase concentration 

(0.08 % w/w flour) and product pH of 6.4 with a slight difference in oat ratio and removal of 

final dilution step. 13% flour was used instead of 20% flour, resulting in the desirable 10% 

dry matter without an additional dilution step. The dilution step after pasteurisation was not 

performed to minimise microbial contamination. After pasteurisation, the product was 

homogenised (Lab Homogenizer PandaPLUS 2000, GEA S.p.A, Parma, Italy) to avoid 

introducing bias created by the heat. The homogeniser was cleaned and sanitised before 

each cycle. 0.04% sodium azide was added for samples used in the storage trial. The 

stability parameters measured are particle size, zeta potential, apparent viscosity, the 

power-law index (n-value), water mobility, and FTIR spectra. The chemical parameters such 

as the proximate, the β-glucan, and the protein hydrophobicity profiles are expected to be 

comparable to the results presented in chapter 4. Thus, these chemical profiles are 

summarised from previous publications, and the measurements are not repeated in the 

homogenisation study.  

 

Figure 5.1 The design of experiments for the homogenisation effect towards OBD’s stability. 
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5.2 The chemical properties 

The chemical profile of OBD summarised from the result of Paper I and II can be seen in 

Table 5.1. Wholemeal products had low total protein that was high in hydrophilic fraction 

(measured by fluorescence spectroscopy), high total carbohydrates but low β-glucan, and 

fat. On the other hand, bran products had high total protein with a high level of hydrophobic 

fraction, lower total carbohydrates with a high level of β-glucan, and slightly higher fat 

concentration.  

Table 5.1. The chemical profiles summary of OBD products (Paper I and II)* 

Parameters Unit Wholemeal Mix Bran 

Protein % [W/W 

dry] 

1.7 ± 0.3 3.7 ± 1.0 4.9 ± 1.1 

Hydrophobic/hydrophilic 

protein ratio 

- 0.0 ± 0.0 - 0.3 ± 0.0 

Total Carbohydrate % [W/W 

dry] 

88.4 ± 4.5 86.1 ± 2.1 83.7 ± 4.1 

β-glucan % [W/W 

dry] 

3.8 ± 0.4 5.2 ± 0.3 5.8 ± 0.4 

Fat % [W/W 

dry] 

8.8 ± 4.4 8.8 ± 1.5 9.8 ± 3.3 

* The data were summarised from OBD made with the maximum amount of β-glucanase at the product of pH 

6.4. 

 

In addition to the general chemical profile, the secondary protein structure of OBD after 

homogenisation is provided in Figure 5.2. The low protein concentration of OBD complicated 

the usual secondary protein measurement using FTIR. In a typical 10% dry matter, the 

protein concentration in OBD was around 0.1-0.5% [W/W] and the resulting FTIR spectra 

deviated from the standard Gaussian curve in the amide region due to high noise level. 

Regardless of this issue, PCA of the amide I region (1700-1600 cm-1) of the FTIR spectra 

can still give insight into the secondary protein structure variability.  

PC 1 explained the variation due to the oat source (Figure 5.2A left), and the loading (Figure 

5.2B) of PC1 (84.3% data variance) showed a negative trend of the protein. It can probably 

be related to the low protein values of the product in general. This trend explained the protein 

concentration of the product well. The wholemeal product had the lowest protein 

concentration and corresponded to high PC 1 scores. Meanwhile, the bran products with 
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high protein concentrations had the lowest PC 1 scores. The interpretation of the effect of 

pressure was less straightforward, and only showed weak tendencies. The scores showed 

0 bar products to have the largest data spread (Figure 5.2A right), while homogenisation 

reduced the data variability and allowed for grouping based on homogenisation pressure. 

HPH products (1200/500 bar) had higher PC 2 values than standard homogenisation 

products (250/50 bar). The loading of PC 2 showed that PC 2 explained the rigid β-sheet 

positively and the more flexible α-helix negatively. Thus, the increase in PC 2 value with 

HPH can be correlated with an increased presence of the rigid β-sheet. Wang, et al. (2020) 

showed the same trend with whey protein under HPH, which arguably can be seen as a sign 

of protein denaturation, from globular form rich in α-helix to fibrous form rich in β-sheet 

structure. 

 

Figure 5.2. The PCA of the amide I region of FTIR spectra (A: Scores, B: Loading) 

Preprocessing used were SG smoothing, detrend baseline correction, and mean centering with a CV of 

venetian blind (9 data split per 9 samples corresponds to one product type per iteration). The lines surrounding 

the group in the scores plot represent the most outer data points. 
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5.3 The physical properties 

The summary of the effect of the tested variables on the physical properties of OBD can be 

seen in Table 5.2. Oat source was the predominant factor, while homogenisation pressure 

significantly affected all the parameters except the proton concentration and the zeta 

potential. The interaction effect between the variables is only observed on the particle size 

and the rheology parameters.  

Table 5.2. The p-value summary for the two-way ANOVA (dark yellow: p<0.01, light yellow: p<0.05) 

Parameters Source Pressure Interactions 

Separation after 14 days 0.00 0.03 0.33 

Surface average particle diameter 

(D[3,2]) 0.00 0.00 0.00 

Volume average particle diameter 

(D[4,3]) 0.00 0.00 0.00 

Apparent viscosity (K value) 0.00 0.00 0.01 

Power law index (n value) 0.00 0.00 0.00 

Water mobility 1 (T2,1)  0.00 0.00 0.59 

Water mobility 2 (T2,2) 0.00 0.00 0.18 

Proton concentration 1 (M1) 0.00 0.98 0.52 

Proton concentration 2 (M2) 0.00 0.41 0.36 

Zeta potential 0.00 0.92 0.19 

 

The separation tendency after storage for 14 days at 20 °C (Figure 5.3) showed the diverse 

effect of pressure depending on the oat source used. Wholemeal product was stable with 

almost undiscernible sedimentation by the naked eye, even at 0 bar, and thus the effect of 

pressure was negligible on wholemeal products. The effect of pressure can only be seen in 

mix and bran products. A slight non-significant reduction of sedimentation level was 

observed. OBD is a natural product, and thus batch-by-batch variations are likely. 

Nonetheless, the quantitative observation persists throughout the experiments with 0 bar 

product having more translucent liquid than pressurised product, and bran product having 

phase separation at 0 bar. Pressure seems to promote mixing and interaction between 

OBD’s constituent, leading to higher opacity. 
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Figure 5.3. The separation tendency of the OBD after 14 days at 20 °C (A: appearance, B: separation 

tendency) 

The various effect of homogenisation pressure on each OBD type was more pronounced in 

the particle size distribution (Figure 5.4) and the rheology (Figure 5.5). Regarding particle 

size, the increase in homogenisation pressure generally shifted the distribution curve to a 

smaller size as expected. The shift was reflected with decreasing surface mean diameter 

(D[3,2]), which is sensitive to the presence of smaller particles. However, homogenisation 

at HPH level (1200/50 bar) introduced a shoulder to the particle size distribution of bran 

products. The shoulder caused an increase in the volume average particle size (D[4,3]) 

which is sensitive to the presence of bigger particles. On the other side, the rheology 

parameters behave as expected. Increasing homogenisation pressure reduced the apparent 

viscosity and increased the n-value closer to Newtonian fluid (n-value close to 1). In addition, 

Figure 5.5 also showed bran products to be slightly more viscous than wholemeal products. 

However, the difference in value is minimal (around 5 mPa.s), and the products’ viscosity 

can be considered comparably similar. 
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Figure 5.4. The particle size of OBD (A: distribution, B: surface area average (D[3,2]: left)), and volume average(D[4,3]: right)) 
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Figure 5.5. The flow parameter of OBD (A: Apparent viscosity – K value, B: flow index – n value) 

The water mobility of the products is given in Figure 5.6. T2,1 (the bulk water) grouped the 

component based on source, with wholemeal products being the most mobile (864-956 ms) 

and bran products the least mobile (504-587 ms). The homogenisation pressure affected 

the water mobility of the products differently, according to the source. Higher pressure 

slightly increased the mobility of wholemeal products' first component (bulk water). In 

addition to this shift, the pressure also increased the mobility of the second component of 

bran products. Contrary to the T2 values, wholemeal products have the least proton 

concentration of component 1, while the bran products have the most proton concentration 

of component 1.  

 

Figure 5.6. The water mobility of OBD (A: T2 values, B: Proton concentration of component 1) 

The proton concentration of component 2 was calculated as 100% - proton concentration 1, and thus, the trend 

of proton component 2 can also be explained using only the first component. Product name first part: oat 

source (W: wholemeal, B: bran, M: mix), second part: homogenisation pressure (0, 250/50, and 1200/50 bar). 
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The zeta potential of the products is given in Figure 5.7. In general, the absolute zeta 

potential of the products all fell below the stability threshold of 30 mV, which fit with the 

profile of other plant-based drinks (paper I). It was possible to increase this absolute value 

by increasing the product pH. However, the absolute zeta potential of the product never 

reaches this threshold (data not shown) until pH 8, which reiterates the instability profile of 

plant-based drinks in general. Wholemeal products have minor, though significantly, higher 

absolute zeta potential than some mix and bran products. 

 

Figure 5.7. The zeta potential of OBD at pH 6.5 

5.4 Discussion 

Each oat source created a different type of OBD with distinct profiles that reacted differently 

with added homogenisation pressure. The highest product stability was seen in the 

wholemeal products, even without homogenisation. The majority of the water exists as free 

water, but perhaps the low protein hydrophobicity reduces the aggregation tendency of the 

particles. The observed low aggregation tendency was supported with the highest absolute 

zeta potential profile of wholemeal products. The effect of homogenisation towards 

wholemeal products was minimal. As anticipated, the particle size distribution was shifted to 

the left and the average surface area was reduced. The water mobility slightly increased, 

and the apparent viscosity was decreased minimally. Nonetheless, no significant change 

was observed with the separation tendency. 

On the contrary, the bran product was the least stable, and the effect of homogenisation 

was more pronounced. Physically, an unhomogenised bran product formed a weak gel 

network that phase separated. The gel network was confirmed through similar T2 values as 
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the water inside the cheese gel network (Hansen, van den Berg, & Engelsen, 2011). Upon 

homogenisation, the particles interacted and the product underwent sedimentation. 

Chemically, the bran product stands out by having the highest total protein high in 

hydrophobic protein. The high protein hydrophobicity perhaps explained the aggregation 

seen in bran products which lead to sedimentation. HPH homogenisation promoted protein 

denaturation and increased the presence of rigid β-sheet structure. Potential exposure of 

previously buried hydrophobic amino acids might interact and create bigger particles that 

later precipitated. The bimodal particle size distribution confirmed the formation of 

aggregates after HPH.  

OBD is a dispersion system that did not behave comparably with known emulsion-based 

products. Further study, such as surface hydrophobicity and amino acid analysis, still need 

to be performed to confirm the effect of hydrophobicity on the aggregation tendency. The 

result can also verify the denaturation tendency seen in the amide I region of FTIR spectra.
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6 Conclusion and Perspectives 

OBD is a dispersion with an inherent physical instability. The studies presented in this thesis 

explored the plausible separations in OBD made from various sources of wholemeal, mix 

and oat bran fraction under different enzymatic treatments, product pH, and homogenisation 

pressure. Multiple analysis techniques were used to characterise the system, including the 

conventionally used univariate methods and multivariate spectroscopic and LF-NMR 

methods. In addition, this thesis demonstrated the versatility of several chemometrics 

methods in interpreting the different datasets. 

The substitution of oat bran to wholemeal oat resulted in the desirable proximate or 

nutritional values of increased protein and β-glucan content. However, bran products 

exhibited lower physical stability than wholemeal products, especially with acidification. Thin 

bran products also showed increased sedimentation tendency after HPH. The loss of the β-

glucan network was detrimental to the product’s rheology and physical stability. Products 

with an intact β-glucan network were stable but viscous and unsuitable for a thin beverage 

application. The intact β-glucan network surprisingly increased hydrophobic protein 

extraction. The high ratio of protein hydrophobicity was an important parameter since it was 

shown to be directly correlated with the product’s stability profile. Thin wholemeal product 

with low hydrophobic protein was stable even at acidified conditions and HPH process. HPH 

process was proven to shift the particle size distribution towards smaller particles and induce 

protein denaturation. However, the positive trend observed in these two parameters was not 

directly correlated with increased physical stability in OBD and even promoted protein 

aggregation of the highly hydrophobic bran protein. The author would like to suggest a more 

comprehensive product characterisation before taking a premature conclusion of improved 

product stability with only smaller particle size and signals of protein denaturation in future 

HPH studies. 

Physical stability is an essential aspect of the product’s quality. The studies presented in this 

thesis provide a starting point to understand better the factors leading to the instability of the 

popular OBD. Due to the importance of the β-glucan network to stability, future studies on 

the effect of β-glucan molecular weight on the product’s stability still need to be performed. 
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In addition, the impact of HPH at large on oat protein has neither been investigated before. 

Oat protein is thermally stable and reacts differently compared to other widely used proteins, 

including dairy proteins. A basic study using a simple model system rather than a complex 

OBD might be beneficial to predict the nature of proteins in the product. 

This thesis has elaborated on various parameters that might contribute to the physical 

stability of plant-based drinks. Each measurement provided a piece of information, although 

the complete picture can only be taken after comparing the results of multiple methods. This 

reiterates the importance of the application of multivariate data analysis. Along with the 

conventional techniques, rapid in-situ non-invasive methods consisting of three 

spectroscopic methods and one NMR method were used to characterise the system. These 

rapid methods were shown to be capable of characterising the system. FTIR was shown to 

be superior in explaining the chemical diversity of various OBD tested. NIR has an added 

benefit compared to FTIR spectra to contain the physical information. Nonetheless, NIR 

needs significant routine model calibrations that can be expensive. The fluorescence 

spectroscopy was able to fully quantify the presence of hydrophobic protein compared to 

hydrophilic protein. However, the change in tryptophan quantum yield that accompanies the 

change in pH made the method not suitable for an acidification study. LF-NMR T2 relaxation 

explained the product’s water mobility that gave insight into the product structure, such as 

the presence or absence of a gel network in a product. Regardless, the product structure 

alone could not explain the separation tendency of a product. The homogenisation study 

corroborates this well, with wholemeal products having the highest water mobility but rather 

a stable tendency. Adoption of these methods in an industrial setting would allow for a quick 

initial screening method for the quality of the products with sufficient prior data or model 

library. If the model maintenance cost is not a deterrent, NIR, which consist of both chemical 

and physical information, has the highest potential to be developed into a predictive model. 

Chemometric techniques are versatile and useful in extracting a comprehensive and 

meaningful trend out of the data. Each dataset is unique and thus, requires a targeted 

analysis, including different pre-processing steps. FTIR and NIR spectra suffered from a 

change in baseline and noise, requiring pre-processing with baseline correction and noise 

reduction effect. The three-dimensional nature of the fluorescence dataset needs a three-

way decomposition method such as PARAFAC. This thesis demonstrated DOUBLE 
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SLICING in combination with PARAFAC as the most optimum method to analyse the LF-

NMR T2 relaxation dataset. 
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A B S T R A C T   

Plant-based drinks have increasingly become a regular product in the market. The range of raw materials 
available creates an abundance of products with various properties. For product optimization purposes, it is 
imperative to fully characterize the product, especially in terms of its physical stability. This review aims to 
summarize the techniques currently available to characterize and understand the underlying factors describing 
the physical stability of plant-based drinks. The methods discussed range from general methods that have been 
widely used to specific fingerprinting spectroscopic techniques such as UV-VIS, FTIR, NIR, Raman, Fluorescence 
Spectroscopy, and NMR. The benefit and trade-off of each method is discussed in relation to its application for 
plant-based drink products. In addition, the classic colloid theory (the electric double layer) is mentioned to 
explain the separation phenomena which follow the discussion on available mechanisms to improve the system 
(electrostatic and steric stabilization mechanism).   

1. Introduction 

Plant-based-diet is an ancient practice that recently garners 
increasing attention by the general public. The motivation behind this 
consumer trend is mostly due to ethical reasons, health, and the envi-
ronmental aspect (Rosenfeld, 2018). The plant-based diet is well known 
to promote health through the presence of healthy compounds. Mean-
while, the plant-based-diet also has a lower carbon footprint than a 
meat-rich diet (González-García, Esteve-Llorens, Moreira, & Feijoo, 
2018). Taking an example of plant-based beverages, the study per-
formed by Mikkola and Risku-Norja (2008) in Finland estimated 4–8 
times higher greenhouse gas emissions for cow’s milk than oat soy-based 
beverages. 

Plant-based drinks are among the products gaining benefit from this 
trend. Markets and Markets (2020) predicted the Compound Annual 
Growth Rate for plant-based drinks of 11% from 2020, reaching USD 
36.7 billion in 2025. The drinks are an extract of plants and have a 
“milky” consistency and appearance. Hence, it is often marketed as a 
dairy replacer. There are various plants currently used, such as soy, 
almond, rice, coconut, oat, peas, etc., with oat-based products as the 
most recent rising-star. In the aspect of health, plant-based drinks are 
especially helping those who either have a cow’s milk allergy or lactose 
intolerance. Cow’s milk allergy is a condition in which the immune 

system reacts with one of the cow’s milk proteins; either whey or casein, 
or both; which causes an inflammatory response in the patient. Cow’s 
milk allergy has the highest prevalence among other types of food al-
lergies among children globally (Loh & Tang, 2018). Lactose intolerance 
is a lactase deficiency condition, an enzyme that breaks down lactose, 
causing abdominal pain, bloating, and flatulence in the patient. The 
prevalence of lactose intolerance varies based on ethnicities ranging 
from 20% in white Europeans to almost 100% among Asian and Native 
American (Mäkinen, Wanhalinna, Zannini, & Arendt, 2014). 

Nonetheless, the nutrition content of these plant-based drinks varies, 
and in general, these products have lower protein content compared to 
milk, with soy-based products as an exception. Therefore, these drinks’ 
usage as a “milk” replacer might be risky, especially when given to 
children who need a high protein diet (Tanja Kongerslev et al., 2016). 
The plant-based beverages also lack other nutrients found in milk, such 
as calcium, iodine, vitamin B12, and riboflavin. Thus, the products are 
usually fortified with these micronutrients. Regardless of its nutrition 
deficiency compared to milk, plant-based beverages also contain other 
health-promoting compounds not found in milk, such as dietary fibres 
and antioxidants (Sethi, Tyagi, & Anurag, 2016). 

Regarding stability, the product quality of plant-based drinks varies 
greatly (Jeske, Zannini, & Arendt, 2017). The quality of the products 
depends not only on the raw materials used but also on the processing. 
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Previous reviews have focused on the processing (Sethi et al., 2016), 
nutritional aspect (Jeske et al., 2017; Munekata et al., 2020) and the 
design and performance aspect (McClements, Newman, & McClements, 
2019). Along with the increasing demand of such products came the 
need to completely characterize them, and this review aim to summarize 
and highlight the classical stability parameters and link it towards either 
common methodologies or fingerprinting spectroscopic method avail-
able to characterize plant-based beverages. 

2. The physical stability of plant-based drinks as a colloid 

2.1. The nature of a colloidal dispersion system 

A colloid solution is mostly distinguishable from other solutions by 
the Tyndall effect it exhibits. A colloid consists of small-dispersed par-
ticles in a medium. These particles scatter the light the solution is 
exposed to and thus produce the Tyndall effect (Alice, Fernanda, & 
Teresa, 2018). A colloid consists of a dispersing medium and a dispersed 
phase. Beverages and drinks are a colloid with liquid as a dispersing 
medium, and based on the dispersed phase of gas, liquid and solid, it can 
be classified as a foam, emulsion, and sol or suspension, respectively. 
The term sol is usually used to define a nanoparticle suspension (Ross & 
Morrison, 2002). In regards to plant-based beverages, an emulsion or 
suspension might best represent the system. 

An emulsion in its nature is a thermodynamically unstable system 
and will naturally separate over time. It is due to the high surface area 
that leads to a high and positive Gibbs free energy. An exception to this is 
microemulsions. The addition of surfactants lowers the surface tension 
that allows almost spontaneous formation of emulsions with droplet size 
diameters of only a few nm (Flanagan & Singh, 2006; Schramm, 2005). 
These (thermodynamically stable) emulsions are called microemulsions. 
The properties of microemulsions are especially exploited in the 
beverage industry to incorporate a water-immiscible compound of in-
terest, such as colours, flavours, nutrients, and antioxidant to the 
product (Chanamai, 2017). 

A colloid suspension, by definition, contains solid particles dispersed 
in a liquid medium. The solid can be the same size and type (mono-
disperse) or consist of a range of particles with different sizes in different 
concentrations (polydisperse). From a physical point-of-view, the pres-
ence of small particles in a suspension changes the effective pair po-
tential between the big particles. In the long term, the presence of these 
smaller particles in a polydisperse system contributes to a depletion 
force, leading to the destabilization of the system (Chu, Nikolov, & 
Wasan, 1996). 

An example of a plant-based drink product that primarily is made out 
of emulsions is soy-based drinks. Soy-based drinks are emulsions and are 
characterized by the presence of oil bodies (200–500 nm in diameter). 
The oil bodies consist of surface proteins that surround the oil droplets 
and thus, stabilize the emulsion. The surface proteins mainly consist of 
oleosins with additional soluble surface protein such as 30 kDa oil body 
membrane-bound proteins and some caleosins family proteins (Zhao, 
Chen, Cao, Kong, & Hua, 2013). A study by Fujii (2017) showed that the 
loss of oleosin, which act as a protective layer, greatly accelerates the 
physical phase separation in soy-based drinks. Other plant-based drinks, 
on the other hand, such as almond, cashew, oat, quinoa and rice drinks, 
behaves more like a suspension and is a polydisperse system with the 
presence of small and big particles (Jeske et al., 2017). 

2.2. The physical stability of plant-based beverage 

In terms of physical stability, plant-based drinks are inferior to cow’s 
milk. Jeske et al. (2017) measured that the separation rate of most 
plant-based beverages was up to 14 times faster than fresh cow’s milk. 
The stability varies greatly depending on the plant source as well as the 
formulation and manufacturing process used. Products with stabilizers 
have shown greater stability compared to products without stabilizers. 

However, this is incompatible with the consumer trend, which prefers 
more natural, clean, free-from-additives products (Asioli et al., 2017). 

Cow’s milk colloidal system contains solubilized whey, spherical 
casein micelles (50–500 nm) and lipid globule emulsion (<1–20 μm) 
stabilized by complex protein and phospholipids (Fox, 2008). However, 
plant-based beverages colloidal systems are not as straight-forward. 
These products are mainly prepared from disintegrated/milled plant 
materials, which later are extracted with water. The extraction process 
may be assisted with liquefying enzymes or by the addition of a strong 
base to increase the pH. After extraction, the liquid part is separated 
from the dry matter, and then additional ingredients may be added, such 
as fortification ingredients and additives. The liquid beverage is then 
homogenized and pasteurized or sterilized (Mäkinen et al., 2014). 

Plant-based drinks do not have a clear definition either on their 
classification or the constituent of the colloidal system. It may contain 
emulsion and most likely other particles such as leftover disintegrated 
plant cell and other soluble and insoluble proteins, lipids, and carbo-
hydrates, making the system into a suspension with a diverse range of 
possible interactions. To enhance product stability, manufacturers 
commonly make adjustments in the formulation, add stability- 
enhancing additives, and employ physical processes. Product fortifica-
tion is also frequently done, for example, with vitamins, minerals, and 
fibres, with the main aim of increasing the nutritional function as well as 
the commercial value. Specific additives, such as hydrocolloids, are also 
used intensively to enhance product stability. Oil may also be added for 
emulsion creation and mouthfeel. In terms of processes, the use of 
harsher or extensive physical processes like extensive milling, high- 
pressure homogenization, and filtration would produce finer particles 
and increase the chances of producing a more homogenous system, 
leading to more stable products (Mukherjee, Chang, Zhang, & 
Mukherjee, 2017; Mäkinen et al., 2014; Valencia-Flores, Hernández--
Herrero, Guamis, & Ferragut, 2013). These are in accordance with the 
product characteristics found in the market nowadays. An overview of 
the commercial products’ properties can be seen in Table 1. Hydrocol-
loids increase stability by having emulsifying, thickening, and gelling 
capability. Commonly known hydrocolloids that act as a thickening 
agent are starch, xanthan, guar gum, locust bean gum, gum karaya, gum 
tragacanth, gum Arabic and cellulose derivatives. While commonly used 
hydrocolloids known for their gelling properties are alginate, pectin, 
carrageenan, gelatin, gellan and agar (Pegg, 2012; Saha & Bhattacharya, 
2010). A look into commercial products (Table 1) showed that current 
plant-based drinks mainly employ thickening agents as the primary 
strategy to maintain product stability. 

3. Factors affecting physical stability of colloids 

3.1. Interparticle forces and stabilization mechanisms 

The colloid consists of a collection of small particles that creates a 
large surface area. Hence, to understand the system better, we have to 
look into the surface and interfacial properties of its constituents. 
Among others, the most important properties highlighted in this review 
are the electric double layer and the zeta potentials. In addition, stabi-
lization mechanisms, either electrochemical or steric stabilization, are 
also discussed in relation to beverage stability. 

3.1.1. The electric double layer and the zeta potentials 
The electric double layer theory has been explained thoroughly by 

Lyklema, Leuwen, Cazabat, van Leuwen, and van Vliet (1991). The 
theory is based on the nature of colloid particles in water (or other 
solvents) that selectively adsorbs charged ions, which defines the overall 
particle charges. The charged particles (with surface potential, ψ0) 
attract the opposite-charged ions available in the medium, called 
gegenions. The gegenions create the electric double layer surrounding 
the particles. The electric potential of gegenions is dependent on the 
distance from the particle (Dukhin & Goetz, 2010; Nutan & Reddy, 

T. Patra et al.                                                                                                                                                                                                                                    



Food Hydrocolloids 118 (2021) 106770

3

2010). The illustration of the electric double layer can be seen in Fig. 1. 
The theory emphasizes and explains the role of the solvent ionic strength 
in creating an electrochemical potential of particles. The electro-
chemical profiles of the particles will then influence the interaction 
between particles within the colloid system, which will be explained in 
the next section. 

In practice, the zeta potential (ζ) is used to give an approximation 
value of the surface potential and thus give an explanation of the colloid 
particle’s electrochemical properties. The zeta potential is the difference 
in electric potential between the shear plane adjacent to the Stern layer 
with the electroneutral region (Nutan et al., 2010). This property sig-
nifies the particle’s repulsion behaviour to similarly charged particles. A 

Table 1 
Overview of commercial plant-based drinks.  

Plant-based 
source 

Commercial Product Name Storage 
condition 

Added Hydrocolloids Fortification Plant composition 
[w/w] 

Soy Alpro Sojadrik Light Room 
temperature 

Maltodextrin, gellan gum, Vitamins B2, B12, D2, and calcium (Calcium 
carbonate) 

4.1% 

Naturli’ Økologisk Soyadrik 
Calcium & Vanille 

Room 
temperature 

– Algae Lithothamnium calcareum (source of calcium) 7.2% 

Levevis Økologisk Soja 
Drink 

Room 
temperature 

– – 8% 

Oat Oatly Havredrik Room 
temperature 

– Rapeseed oil, vitamins B2, B12, and D2, and calcium 
(calcium carbonate and tricalcium phosphate) 

10% 

Alpro Havredrik Original Room 
temperature 

Gellan gum Sunflower oil, vitamins B2, B12, and D2, calcium 
(tricalcium phosphate) 

10% 

Naturli’ Økologisk 
Havredrik Original 

Room 
temperature 

– Sunflower oil, chicory roots (source of inulin) 12% 

Naturli’ Økologisk 
Havredrik 

Refrigerate Gellan and guar gum Sunflower oil, chicory roots (source of inulin), algae 
Lithothamnium calcareum (source of calcium) 

8% 

Almond Alpro Mandel Original Room 
temperature 

Gellan gum vitamins B2, B12, and D2, and calcium (calcium 
carbonate and tricalcium phosphate) 

2.3% 

Naturli’ Økologisk 
Mandeldrik 

Room 
temperature 

Maltodextrin, guar gum, 
locust bean gum 

– 5.5% 

Naturli’ Økologisk 
Mandeldrik 

Refrigerate Gellan and guar gum, algae lithothamnium calcareum (source of Calcium) 2% 

Rice Levevis Økologisk Ris Drik Room 
temperature 

– Sunflower oil 14% 

Naturli Økologisk Ris Drik 
Original 

Room 
temperature 

– Sunflower oil 11% 

Coconut and 
Rice 

Alpro Kokos Original Room 
temperature 

Gellan gum, guar gum, 
xanthan gum 

Vitamin B12 and D2, Ca (tricalcium phosphate) 5.3% coconut milk, 
3.3% rice 

Coconut Naturli’ Økologisk 
Kokosdrik med Calcium 

Room 
temperature 

Maltodextrin, carrageenan, 
xanthan gum, guar gum 

Algae (source of Calcium) 5.3% coconut milk 

Hazelnut Alpro Hasselnøddedrik 
Original 

Room 
temperature 

Locust bean gum, gellan gum Vitamin B2, B12, E and D2, calcium (tricalcium 
phosphate) 

2.5% 

Isola Bio Økologisk 
Hasselnøddedrik 

Room 
temperature 

Rice starch Algae lithothamnium calcareum (source of calcium) 6.5% 

Hemp Ecomil Økologisk Hamp 
Drink 

Room 
temperature 

Tapioca starch – 3% hemp seed 3%, 
1.3% hemp oil 

Quinoa and 
Rice 

Quinua Real Okologisk Room 
temperature 

– Sunflower oil 10% rice, 

Quinoa Ecomilk økologisk Quinoa 
Drink 

Refrigerate  Sunflower oil, Inulin 4% 

*The data are collected from commercial products available in Denmark’s market by the time of writing of this review. 

Fig. 1. The electric double layer.  
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greater repulsion is usually associated with better colloidal stability. 
Measurement of zeta potential is elucidated further in section 4.2. 

3.1.2. The electrostatic stabilization: the DLVO theory 
DLVO (Derjaguin & Landau, 1993; Overbeek & Verwey, 1948) the-

ory explains the result of particle interactions within a colloid system 
that can be used to explain interactions within colloidal systems. Two 
main independent forces are taken into consideration; repulsion due to 
the electrical double layer and attraction due to van der Waals forces. 
The net energy forces are calculated as the sum of all the forces. van der 
Waals forces naturally have a negative value; attraction force dominates; 
for two particles of the same type (Israelachvili, 2011). As a result, when 
the net energy forces are positive, it signifies dominant repulsion forces 
and an indication of a stable colloid. On the other hand, a negative net 
energy force signifies a dominant attraction and lead to destabilization 
by aggregation (Adair, Suvaci, & Sindel, 2001). The DLVO theory in-
dicates the effect of particle distance on stability. van der Waals forces 
decay more rapidly in comparison to the repulsion force. Thus, van der 
Waals attraction is dominant for small distances, whereas the repulsion 
may be dominant at larger distances (Dukhin et al., 2010). This signifies 
the presence of an energy barrier related to the distance that a particle 
has to overcome for aggregation at the minimum energy barrier. Ag-
gregation at short particle distances will create a hard cake (sometimes, 
this point is referred to as the primary energy minimum). Some colloid 
may have more than one energy minimum, and aggregation at greater 
particle distance (at a secondary minimum) will create a loosely packed 
aggregate (Nutan et al., 2010; Okubo, 2015). 

The DLVO theory is mostly valid for a simple two molecule system. 
However, a plant-based drink system is a complex system in which the 
theory does not fully cover. DLVO theory takes into account two major 
forces responsible for the interaction, repulsion (mainly from the double 
layer) and attraction by van der Waals forces. Meanwhile, in a complex 
system, there are other forces affecting the interaction, such as hydra-
tion, hydrophobic and steric, which might be more pronounced in a 
complex plant-based beverage (Mohos, 2010). There are also possible 
electrostatic interactions arising from interactions between its constit-
uents. The discussion on this topic is provided in a later section. Some 
effort has been made to extend the predicting power of the DLVO theory 
in a fruit juice sol system that tries to include hydration forces (Benítez, 
Genovese, & Lozano, 2007). 

3.1.3. Steric stabilization 
Besides electrostatic stabilization, a colloidal system can be stabi-

lized through a non-ionic steric mechanism. During steric stabilization, 
three main phenomena might be observed (Fig. 2): (A) protection of 
particles through a formation of a repulsive protective layer by 

emulsifiers, (B) physical entrapment of particles through the creation of 
a network by stabilizers, and (C) bridging of particles by the help of the 
stabilizing agent which in contrary cause destabilization. A good steric 
stabilization requires a completely covered particle by the strongly 
adsorbed polymer molecules to hinder the activation of van der Waals 
forces and bridging. The thickness of the polymer layers surrounding the 
molecules is also imperative since the thicker layer will reduce the 
amount of energy needed to achieve dominant repulsion effects (G. M. 
Kontogeorgis & Kiil, 2016c; Tadros, 2015). Emulsifier adsorbs at the 
interface between the particles (dispersed phase) and the surrounding 
water (continuous phase) and thus, creates a protective layer sur-
rounding the particles. An emulsifier needs to have a dual affinity 
property (amphiphilic), which allows it to be adsorbed into the 
non-polar molecules while still partly soluble in the polar/solvent re-
gion. Proteins have these properties, and in general, the emulsifying 
capability of protein depends on solubility, surface hydrophobicity, and 
molecular flexibility (Chen, Chen, Ren, & Zhao, 2011). The extent of 
protein aggregation/denaturation until a certain level might also help 
with the emulsifying and foaming ability. As an example, the emulsi-
fying properties of whey protein isolate was found to increase until a 
denaturation degree of 45% (Dapueto, Troncoso, Mella, & Zúñiga, 
2019). While, soy protein isolate aggregate was shown to exhibit po-
tential as Pickering stabilizers (F. Liu & Tang, 2013). Further discussion 
on protein function as an emulsifier is discussed in section 4.3.2. 

Proteins are common emulsifying agents often used and naturally 
occurring in food. In addition to steric stabilization, proteins may also 
offer electrostatic stabilization depending on the pH of the continuous 
phase and the isoelectric point (pI) of the proteins. At pI, the protein will 
precipitate and lose emulsifying properties (Lam & Nickerson, 2013). 
Some plant proteins that have been shown to possess this property are 
proteins from soy, pea, faba, and chickpea (Karaca, Low, & Nickerson, 
2011; Ladjal Ettoumi, Chibane, & Romero, 2016). In regards to 
plant-based drinks, the production processes greatly impacted the 
amount as well as the physicochemical properties of the native protein. 
Taking soy based-drinks as an example, heat treatment is commonly 
used to deactivate growth inhibitors. In the process, the heat treatment 
caused changes such as dissociation, denaturation, and aggregation in 
the soy protein, and resulting in reduced protein solubility and emulsi-
fying properties (Sethi et al., 2016). Manufacturers may choose to either 
optimize the production processes or to add additional emulsifiers, often 
an external protein to help stabilize the product. 

Meanwhile, a stabilizer mainly acts by the formation of a network in 
the continuous phase, which causes a physical hindrance for the sepa-
ration. Hydrocolloids are mainly used in plant-based drinks to create 
this physical hindrance. Some generally used hydrocolloids in the 
products have been discussed previously in section 2.2. 

Fig. 2. Possible scenarios with the addition of steric stabilization. (A: protection through formation of the protective layer by emulsifiers, B: formation of the network 
by stabilizers, C: bridging of particles by stabilizing agent which promote destabilization). 
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3.2. Physical destabilization mechanisms 

A stable system is a system that has a balance between the attractive 
forces (van der Waals forces) and the repulsive forces (either electric or 
steric forces) mentioned in the previous section. However, by the nature 
of colloidal systems having a large surface area, there is a challenge to 
achieve this state. Most often, destabilization still occurs, but managing 
the rate of destabilization is essential to achieve a stable product within 
its shelf-life. 

Common destabilization mechanisms for a colloid system are sedi-
mentation, creaming, flocculation, coalescence, Ostwald ripening, and 
phase inversion (Fig. 3). In a dilute system like a beverage, phase 
inversion is not pronounced when the ratio between the amount of 
dispersed phase to the continuous phase is at a minimum. In addition, 
Ostwald ripening is also not prevalent in a food system with mainly fat as 
the dispersed system. Ostwald ripening is a spontaneous thermodynamic 
process that favours the growth of bigger particles at the expense of the 
disappearance of small particles. It is caused by the increased solubility 
of small dispersed particles as the particle radius decreases, which fa-
vours the diffusion of small particles to big particles. For the phenomena 
to happen, the dispersed phase needs to have a low solubility in the 
continuous phase. It is not the case for most beverage systems as the fat 
solubility in water is negligible (McClements, 2009). 

The most prevalent separations in a beverage are probably due to the 
other mechanisms; sedimentation, creaming, flocculation, and coales-
cence with creaming and sedimentation as the most seen one since these 
are ‘end-points’. The mechanisms are caused by the difference in density 
between the constituents of the system. The probability of creaming 
increases with higher oil content (oil is lighter than water), while sedi-
mentation might be caused by the lack of filtration of heavy plant par-
ticles. For this reason, the beverage’s overall stability is usually 
expressed as creaming rate or sedimentation rate depending on the 
system constituents. Further discussion of the technique commonly used 
to measure this will be discussed in section 4 and 5. 

The density-based separation mechanism is commonly explained by 
the Stoke-Einstein equation, which states that the separation velocity is 
affected by the particle diameter, densities of the dispersed and the 

continuous phase, gravity, and the viscosity of the continuous phase 
(McClements, 2016b). The application of the Stoke-Einstein equation is 
not without limitation, and the use to model system stability may have 
to consider other aspects such as dispersed phase concentration and 
particle size (Georgios M. Kontogeorgis & Kiil, 2016a). An insight from 
the pharmaceutical industry showed that the equation is known to be 
valid up to a maximum of 2% particle suspension (Nutan et al., 2010), 
while plant-based beverages mostly have 9.0 ± 3.1% dry matter 
(calculated from the nutritional information facts of 13 commercial 
products available in Denmark in 2019). For a system with very small 
particles, the Brownian movement might be enough to prevent separa-
tion. A study with a model on bovine milk showed a threshold of 
maximum particle size of 500 nm for the creaming rate to increase 
significantly (McClements et al., 2019). The particle size (D [3,2]) of 
plant-based drinks ranges from 0.8 to 2.1 μm, which signifies that sep-
aration is inevitable in these beverages and stresses the need for addi-
tional stabilization (Jeske et al., 2017). Each colloid system is unique, 
and even though the Stoke-Einstein equation might be used as a rule of 
thumb, detailed characterization is still needed to understand the sys-
tem’s behaviour fully. 

3.3. Protein and polysaccharide plausible interaction 

Plant-based drinks are a mixture of protein and polysaccharide that 
might be extracted or added as a form of fortification (ex: protein as an 
emulsifier, and hydrocolloid as a stabilizer), and interactions among 
them are inevitable. The resulting electrostatic interactions are misci-
bility, thermodynamic incompatibility, and complex coacervation. The 
aim for plant-based drinks system is to achieve greater miscibility, and 
prevention of separation in either form. Factors affecting these in-
teractions are pH, ionic strength (i.e., salt type and concentration), the 
conformation of the biopolymers, biopolymer particle’s charge, and 
concentration of the proteins and polysaccharides. Readers are referred 
to varied literature (Dickinson, 2003; V. B.; Tolstoguzov, 2007; War-
nakulasuriya & Nickerson, 2018). 

Miscibility/co-solubility can be achieved with repulsive interaction 
of biopolymers containing the same charge and by soluble complexes 

Fig. 3. Types of destabilization mechanism in a colloid system.  
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with attractive interaction. Low biopolymer concentration commonly 
leads to miscibility, while high biopolymer concentration leads to sep-
aration either into thermodynamic incompatibility or complex coacer-
vation (Dickinson, 2003). The total biopolymer concentration threshold 
depends on the excluded volume of the macromolecules created by the 
interaction, such as <2% for rigid, linear polysaccharides (ex: gelatin 
and Na-alginate system at pH 6, 40 ◦C), >10% for mixtures of globular 
protein (ex: casein-soybean albumin, at neutral and room temperature) 
(V. Tolstoguzov, 2000). 

The isoelectric point of plant-based proteins is commonly below 
neutral. As an example, pea, faba and soy proteins from northern Spain 
was detected to have an isoelectric point at pH 4–6 (Fernández-Quintela, 
Macarulla, del Barrio, & Martínez, 1997). Hence, the proteins would 
have a negative charge in neutral pH products and positively charged at 
acidified drink products. The use of hydrocolloids needs to consider this 
fact. Examples of hydrocolloid used are galactomannan gum (guar, lo-
cust bean gum, and tara gum are non-ionic), gellan gum (anionic), 
xanthan gum (anionic), maltodextrin (varied), starch (varied depends 
on source). The formation of complexes does not always lead to phase 
separation. It is known to help the solubility of the protein in the acidic 
condition. For example, the addition of high methoxyl pectin to pea 
protein isolate shifts the critical pH from 4.8 (100% pea protein isolate 
solution) to 3 (at the mixture ratio of 1:1 with high methoxyl pectin) 
(Lan, Chen, & Rao, 2018). 

4. Classic stability parameters and the corresponding methods 

There are many ways to characterize the stability of a colloidal 
system. This review aims to highlight the methods most commonly used 
for a beverage system. The list of classical methods commonly used to 
characterize a beverage system is presented in Table 2 below. 

4.1. General stability measurement and stoke equation parameters 

Particle size is traditionally observed with microscopy. Optical mi-
croscopy has a minimum resolution of 2 μm and can be limitedly used to 
observe some beverage systems. Taking milk as an example, fat globules 
in raw milk have a diameter of about 4 μm on average, but conventional 
homogenization reduced it to an average of 0.7 μm (Michalski, Ollivon, 
Briard, Leconte, & Lopez, 2004). Casein micelles are even smaller, 
ranging between 100 and 300 nm (Kalab, 1993). Hence, more sensitive 
methods are needed for common beverage systems, i.e. SEM (Scanning 
Electron Microscopy and TEM (Transmission Electron Microscopy) with 
a resolution of 5–10 nm and 1–2 nm, respectively (Georgios M. Konto-
georgis & Kiil, 2016b). However, these methods require low moisture 
and conductive specimens, thus unsuitable for observing the beverage 
system’s microstructure (Auty, 2019). 

Facing difficulties in measuring the particle size through microscopy, 
beverage systems particle size distribution is usually quantified using a 
static light scattering technique, such as Malvern’s Mastersizer. The 
products need to be diluted to a certain obscuration, thus changing the 
microstructure during measurement. Durand, Franks, and Hosken 
(2003) used it to confirm the particle size in each separated layer of 

bovine milk, oat, rice, and soy drinks, which strengthened the finding of 
other methods regarding the physical stability of each system. While 
Bernat, Cháfer, Rodríguez-García, Chiralt, and González-Martínez 
(2015) used the technique to measure the efficacy and efficiency of 
high-pressure homogenization to influence the physical properties of 
almond and hazelnut drinks. This method exploits the behaviour of 
colloid particles that scatter light and the input parameter chosen 
(refractive index, absorbance and density) need to be representative of 
the samples. The resulting diameter such as Sauter mean diameter, D [3, 
2], and De Broucker mean diameter, D [4,3], are the result of Mie 
scattering principle. Comparison between different product types or 
different experimental results need to consider the difference in the 
input parameters chosen, and the results might not be comparable if 
different parameters are used. Plant-based drinks characteristics are 
varied and unfortunately, a compromise of choosing the same input 
parameters for these inputs decrease the prediction power. Anyhow, the 
resulting trend might still give an insight on how the systems behave in 
comparison to each other. 

Besides the particle sizes and the density of the constituents, the 
viscosity of the product is also an important parameter mentioned in the 
Stoke-Einstein equation. In terms of physical stability, viscosity serves as 
a physical barrier for the separation. Viscosity is the ratio of shear stress 
to shear rate. The typical range of shear rate for draining under gravity, 
chewing and swallowing, and pipe flow respectively are 0.1–10 s− 1, 10- 
100 s− 1, and 10-1000 s− 1 (Rielly (1997)). The viscosity measurement 
can be done according to the intended application. For example, to 
observe shelf stability at 10 s− 1, mouthfeel measurement at 100 s− 1, or 
the viscosity at specific pump pressure during manufacturing (at varying 
shear rate depending on application). Commercial plant-based drinks 
have varied apparent viscosity measured at 10 s− 1 shear rate, ranging 
from 2.6 (soy milk) – 47.8 mPa s (coconut milk) (in comparison, the 
viscosity of cow’s milk is 3.2). The high viscosity in plant-based drinks is 
attributed to the added hydrocolloids (Jeske et al., 2017; J.; Kjeldahl, 
1883). 

In addition to viscosity, a more in-depth study on rheology could give 
additional insight into how the product behaves during processing, 
stability, and even texture perception (mouthfeel). The texture percep-
tion is out of the scope of this review, and readers are directed to the 
literature (Stokes, Boehm, & Baier, 2013). Flow curve generation 
through either shear stress or shear rate sweep commonly gives a gen-
eral idea of the product’s flow behaviour. Regarding its flow behaviour, 
plant-based drinks are best described using the power law, and no initial 
shear at the beginning is necessary for the product to flow (Silva, 
Machado, Cardoso, Silva, & Freitas, 2020). Plant-based drink products 
have been known to exhibit a non-Newtonian pseudoplastic shear 
thinning behaviour; e.g. oat drinks (Deswal, Deora, & Mishra, 2014), 
nut-based drink (Silva, Machado, Cardoso, Silva, & Freitas, 2020), as 
well as various commercial plant-based drinks (Jeske et al., 2017). The 
addition of hydrocolloids influence the rheology, and above optimum 
concentration, the beverage might turn into a gel and thus no longer 
suitable for a drink. An oscillation test might give an insight into the 
viscoelastic properties of a product, even though this test is not 
commonly done for a low viscous product such as plant-based drinks. 

The overall stability of a product can then be expressed from desta-
bilization mechanisms of the final product, such as creaming rate or 
sedimentation rate. Depending on the system, one can do a simple visual 
observation of the thickness of the layer formed over time. However, in a 
system with small particle sizes like in plant-based drinks, it will be 
impractical to wait for a long period of time for measurement, and 
therefore gravity separation could be accelerated using a centrifuge 
(Georgios M. Kontogeorgis et al., 2016a). To aid visual observation in a 
less transparent product, measurement devices commonly use light 
scattering techniques to measure turbidity. It measures the development 
of turbidity/backscattering intensity of the real product without dilution 
as a function of storage time. For products that need acceleration, optical 
centrifugation systems such as LUMiFuge® and LUMiSizer®, analyze 

Table 2 
Classical methods for beverage system colloid characterization.  

Characteristics Methods 

Visuals Microscopy techniques (light, SEM, TEM) 
Particle Size Static light scattering 
Electrical 

characteristic 
Dynamic light scattering 

Rheology Viscometer, rheometer 
General stability Turbiscan, lumifuge, ultracentrifuge 
Protein analysis Total protein: nitrogen approximation method (Dumas, 

Kjeldahl), HPLC based amino acid method, etc. 
Functions: Emulsifying capacity, Foaming capacity, etc.  
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the accelerated development of phase separation while the product is 
centrifuged. As an example, Cruz et al. (2007) used visual observation to 
quantify the stability of a soy drink during storage, Durand et al. (2003) 
used a turbidity method, and Jeske et al. (2017) used the help of cen-
trifugal force to conclude the stability rank of several commercial 
plant-based products. Meanwhile, Klein, Aserin, Svitov, and Garti 
(2010) used LUMiFuge® to screen the best protein and hydrocolloid 
mixture to create a stable cloudy emulsion for beverage applications. It 
is important to notice that in centrifugation induced separation, there is 
an uneven force (relative centrifugal force) acting on the system in 
comparison to gravity-based separation. Relative centrifugal force is 
dependent on the rotation and the distance from the center of rotation, 
leading to uneven separation rate at a different distance from the center 
(Antonopoulou et al., 2018). A direct translation of the result to the 
shelf-life of a product would need calibration with gravity-based sepa-
ration (Badolato, Aguilar, Schuchmann, Sobisch, & Lerche, 2008). 

4.2. Electrostatic parameter: zeta potential measurement 

Dynamic light scattering can, in addition to measuring light scat-
tering properties, also quantify the zeta potential of the system. As 
previously mentioned, zeta potential values could be a good indication 
of the electrostatic behaviour of a colloid particle. Readers are referred 
to a review on the subject by Cano-Sarmiento et al. (2018) for an 
overview of the topic. 

For a beverage system, the commonly used method is based on the 
electrophoresis movement of a charged particle under the effect of an 
external electric field. The electrophoretic mobility of the particles is 
then converted into the zeta potential using Smoluchowski’s or Henry’s 
equation. Measurements are performed in dilute conditions, and the 
dilution/environment parameters during measurement (the sample 
composition, presence of organic matters, the pH and ionic strength of 
dilution medium) are known to affect the results (McClements, 2016a). 
During the measurement of zeta potential, the solvent ionic strength 
plays a role, and a screening of solvents with varying ionic concentra-
tions is usually performed during a zeta potential measurement to 
optimize the method. The particle concentration is another factor to 
consider. A colloid with big particles might need to be diluted to prevent 
undesirable interference, such as gelling and multiple scattering. 
Because of the need to dilute, the method is criticized for not reflecting 
the actual condition of the product. Nevertheless, it gives additional 
insight into the system’s behaviour and is still widely used. As a rule of 
thumb, the further away from zero the zeta potential is, the higher the 
electrophoretic stability is. Moderate stability can be achieved at zeta 
potential ±30 mV. At absolute values below this limit, the electric 
repulsion was predicted to be weak, and aggregation was preferred, 
leading to separation (A. Kumar & Dixit, 2017). The values of the zeta 
potential of several beverages (Table 3) are examples of such cases, 
explaining the need for steric stabilization in industrial products. 

4.3. Protein characterization of relevance to a beverage system 

Plant-based products are an extract of a plant that will most likely 
contain natural emulsifiers and stabilizers, such as various proteins, 
phospholipids, and hydrocolloids. For example, soy, pea, lentils and 
chickpea protein isolates are known to have excellent emulsifying 
properties (Ladjal-Ettoumi, Boudries, Chibane, & Romero, 2016; Tang, 
2017). Hence, it is imperative to characterize the intrinsic potential of 
the primary raw materials before using additional external additives. 
Some isolates of familiar ingredients are well known to exhibit excellent 
stabilizing properties. In a beverage system, the protein analysis is 
mainly aimed to explain the stabilizing properties. Therefore, only 
fundamental analysis is performed, such as total protein analysis and 
structural analysis, to determine the state of denaturation after pro-
cessing, most often for optimization of the production processes. 

4.3.1. Total protein 
In regards to total protein, plant-based products generally undergo 

intensive processing, including enzymatic treatment in oat drinks, ho-
mogenization, and heat treatment for most and thus, promote the 
release of reducing sugars from the plant. This fact renders colourimetric 
techniques such as Lowry or Bradford less effective, and its adaptation 
needs a protein extraction process (Shen, 2019), which significantly 
influences the results (Mæhre, Dalheim, Edvinsen, Elvevoll, & Jensen, 
2018). A purified product such as protein isolate is a good candidate for 
colourimetric techniques. Nitrogen approximation methods such as 
Kjeldahl or Dumas are commonly employed in food products (Moore, 
DeVries, Lipp, Griffiths, & Abernethy, 2010). Kjeldahl’s method is a 
titrimetric method following the conversion of protein nitrogen to 
ammonium ion by boiling sulfuric acid in the presence of catalysts. 
Meanwhile, Dumas measures the elemental nitrogen of the sample after 
combustion. The resulting protein content might differ according to the 
method employed with Dumas typically showed a higher value due to 
the almost complete inclusion of non-protein nitrogen (Thompson, 
Owen, Wilkinson, Wood, & Damant, 2002). In general, both of the ni-
trogen approximation methods are not without drawbacks as it is an 
indirect measurement method of total nitrogen inside the sample; a 
known trade-off for these methods. 

Total protein based on total nitrogen generally uses a generalized 
conversion factor of 6.25. It is based on the assumption that all nitrogen 
comes from protein, and protein contains 16% nitrogen (J. Kjeldahl, 
1883). It is not the case for all products, where there might be an in-
fluence of non-protein nitrogen such as nitrate, ammonia, urea, nucleic 
acids, free amino acids, chlorophylls, and alkaloids, as well as various 
protein compositions for each product. There are currently other factors 
published, ranging from Jones’s factor (Jones, 1941) (deemed inade-
quate) and quite a recent new factor set that is based on amino acid 
residue analysis. The nitrogen conversion factor based on amino acid 
analysis of some raw materials for milk and plant-based products is: milk 
(5.85), soybean (5.5), barley (5.45), oat (5.34), rice (5.34), pea (5.36) 

Table 3 
Zeta potential values and measurement condition of milk and several plant- 
based drink products.  

Product Zeta 
potential* 
[mV] 

Dilution 
condition 

Measurement 
method 

Literature 

Bovine 
milk 

− 11 0.04% in 
buffer with 
20 mM 
imidazole, 
50 mM NaCl, 
5 mM CaCl2, 
pH 7.0 

Zetasizer 3000, 
Malvern 
Instruments Inc. 
(electrophoresis 
measurement) 

Ménard et al. 
(2010) 

Buffalo 
milk 

− 9.4 

Soy drink 21** 10% diluted 
in water 

Zetasizer nano ZS- 
90, Malvern 
Instruments Inc. 
(electrophoresis 
measurement) 

Mukherjee 
et al. (2017) 

Coconut 
drink 

− 16 0.001% in 
20 mM 
citrate buffer 
pH 6.1 

ZetaPALS, 
Brookhaven 
Instruments 
(electrophoresis 
movement) 

Tangsuphoom 
and Coupland 
(2008) 

Almond 
drink 

− 18*** 0.4% in 0.02 
M phosphate 
buffer 

Zetasizer nano Z, 
Malvern 
Instruments Inc. 
(electrophoresis 
measurement) 

Bernat et al. 
(2015) 

Hazelnut 
drink 

− 22*** 0.4% in 0.02 
M phosphate 
buffer 

*only the average value of pure milk without hydrocolloids is reported. 
** reported as an average of the absolute value of pure products given in the 
journal during a period of five weeks storage at 4 ◦C. 
*** the average value of products treated with different homogenization 
parameters. 
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and dry bean (5.28) (adapted from Mariotti, Tomé, and Mirand (2008)). 

4.3.2. Protein function, solubility and structure 
Besides the protein content, the protein functionality and solubility 

also influences the protein capability to stabilize a colloid system. Any 
changes, either in the protein intrinsic factors (size, amino acid 
composition, structures, etc.) or the environment (temperature, pH, 
ionic strength, the extent of processing, presence of other components 
such as hydrocolloid, minerals, etc.), will change the protein function 
and solubility (Damodaran & Parkin, 2017; Zayas, 1997). Among others, 
the essential functions for a colloid system are the swelling, gelling, 
thickening, emulsification and foaming ability (J. Liu, Ru, & Ding, 2012; 
Weder & Belitz, 2003). Emulsifying and foaming characteristics are 
considered to be proportional to the surface hydrophobicity (up to some 
extend), and the conformational flexibility of a complex quaternary 
protein (Damodaran et al., 2017; Mune & Sogi, 2016; Nakai, 1983). 

Protein stability, including the conformational stability as a whole, 
can be measured using various in-situ techniques aimed to characterize 
not only its structure but also a thermal profile. Some of these techniques 
are circular dichroism (CD) and mid Infrared (or known as FTIR; Fourier 
Transform Infra-Red), fluorescence and differential scanning calorim-
etry (DSC). CD and FTIR are used to predict the changes in the secondary 
structure conformation, while fluorescence is helpful in explaining the 
hydrophobicity of the protein. Thermal stability of a protein as 
measured using DSC could also give an indication of not only the sta-
bility but also the denaturation state of a protein (Deller, Kong, & Rupp, 
2016; Gromiha, 2010; Kristo & Corredig, 2014). Not all techniques 
mentioned above can be used for a direct measurement of proteins 
within the food matrix. DSC works better with an almost pure protein 
fraction. Some techniques like FTIR and fluorescence might need initial 
steps like dilution, which lead to deviations from the food matrix. 
Further discussion on the use of FTIR and fluorescence are available in 
section 5.2 and 5.3. Regardless, basic research with purified protein 
fractions might give an insight into the protein behaviour in the product 
either as naturally occurring or when added as fortification. Besides, 
measurements using the techniques mentioned above, empirical pa-
rameters based on observation could also be measured to complete the 
picture. Some empirical parameters are emulsifying capacity, emulsi-
fying stability, overrun, foaming capacity, foaming stability, and surface 
load (Damodaran et al., 2017). 

The application of the technique above for plant-based proteins can 
be seen in the following literature, protein from cowbean (Mune et al., 
2016), pea (Chao & Aluko, 2018), faba bean, French bean, soybean 
(Kimura et al., 2008), rice (Cheng, Tang, Xu, Wen, & Chen, 2018), oat 
(Jiang et al., 2015) and almond (Amirshaghaghi, Rezaei, & Habibi 
Rezaei, 2017). Plant-based drinks without additional additives would 
logically contain mostly globulins and albumins. In general, nuts and 
cereal proteins are hardly water soluble as it mainly consists of hydro-
phobic prolamin and glutelins. While water and salt soluble, albumin 
and globulin, are more predominant in legumes (peas and beans) 
(Loveday, 2020). The addition of plant proteins (fortification by iso-
lates) to plant-based beverages need to consider that plant-based protein 
are highly unstable near their isoelectric point, high ionic strength (>50 
mM), and high temperatures (>70 ◦C) (McClements et al., 2019). The 
extent of processing will also impact the characteristics heavily. As an 
example, commercial spray dried pea protein only have 20% solubility 
in comparison to laboratory prepared pea protein (Lu, He, Zhang, & 
Bing, 2020). 

5. Spectroscopy/fingerprinting method for colloid system 
characterization 

Spectroscopy is the study of light interacting with matter. The light 
travels in waves as electromagnetic radiation characterized by the 
wavelength, wavenumber, frequency or energy (Planck equation) 
(Dufour, 2009; Malik, Kumar, & Heena, 2016; Penner, 2017). In general, 

spectroscopic techniques are seen as non-destructive and rapid mea-
surements in comparison to other chemical methods that often need 
sample pre-treatment. However, the resulting spectra or so-called ’fin-
gerprints’ are not readily useable without proper data processing tech-
nique or data analysis. The interpretation of the spectrum most often 
need the establishment of a model which needs to be maintained. 
However, the development of chemometrics has helped with the adap-
tation of these methods. Proper chemometrics usage will enable the 
extraction of meaningful conclusions from multivariate data, which is 
the nature of spectra (Kjeldahl & Bro, 2010). There are various spec-
troscopic techniques, and each utilizes different phenomena present at 
different parts of the electromagnetic spectrum. Selected methods are 
elaborated below with an emphasis on the method application in a 
beverage system. 

5.1. UV-VIS spectroscopy 

UV-VIS light is within the range of 200–780 nm. Within a molecule, 
nonbonding electrons and π-bonding (part of double-bonds) electrons 
provide the strongest absorbance (Ebeler, 2017; Malik et al., 2016). 
Examples of molecules currently being exploited by UV-VIS spectros-
copy are aromatic molecules, antioxidants such as flavonoids and other 
phenolic molecules, peptide bonds, aromatic amino acid, and of course, 
pigments such as carotenoids and chlorophyll derivatives (Borello & 
Domenici, 2019; Dobrinas, Soceanu, Popescu, Stanciu, & Smalberger, 
2013; Masek, Chrzescijanska, Kosmalska, & Zaborski, 2012; Shen, 
2019). Among other spectroscopic techniques, UV-VIS spectroscopy was 
considered to be less sensitive due to the intrinsic inability to differen-
tiate different molecules absorbing within the same region. As an 
example, the functional groups of protein predominantly absorb light at 
200–300 nm. However, it is hard to differentiate the specific molecules 
responsible for the signal (Hansen, Jamali, & Hubbuch, 2013; Power, 
Chapman, Chandra, & Cozzolino, 2019; Roberts, Power, Chapman, 
Chandra, & Cozzolino, 2018). 

UV-VIS spectroscopy is also considered incompatible to measure a 
colloid/opaque sample such as plant-based drinks due to high optical 
density and scattering (Power et al., 2019). For opaque sample, the 
recorded absorbance value is usually higher than expected for some of 
the light sources are scattered and unable to reach the detector. An 
integrating sphere attachment can be used to mitigate the scattering 
effect (L.C. Passos & M.F.S. Saraiva, 2019). For example, Aliakbarian, 
Bagnasco, Perego, Leardi, and Casale (2016) used UV-VIS spectroscopy 
with an integrating sphere to predict the age of yoghurts. 

The major biopolymer constituents of plant-based drinks (protein, fat 
and polysaccharie) might be measured with UV-VIS spectroscopy. 
However, the measurements often need some prior extraction method. 
Protein absorbs at far UV 180–230 nm due to the peptide group, and at 
near UV 240–300 nm due to aromatic amino acid (Schmid, 2001)). Fat 
measurement, commonly used after solvent extraction step, used either 
double bonds in the fatty acyl group (205 nm peak), dienes (230 nm 
peak) or trienes (270 nm peak) conjugates from unsaturated fatty acid 
(Xiong, Adhikari, Chen, & Che, 2016). Polysaccharides measurement 
with UV-VIS is commonly preceded by reaction with a reagent, resulting 
in compound with a distinct colour, such as total carbohydrates mea-
surement using anthrone (Haldar, Sen, & Gayen, 2017), and the mea-
surement of total reducing sugar with DNS method (Miller, 1959). 

5.2. Vibrational spectroscopy 

Vibrational spectroscopy is the interaction between light and the 
vibrational states of molecular bonds. Two types of vibrational spec-
troscopy are infrared (IR) spectroscopy and Raman spectroscopy. IR can 
further be divided into mid-IR (often referred to as FTIR (Fourier 
Transform InfraRed) due to the common use of Fourier Transformation 
in the measurements) and near-IR (NIR) (Downey, 2013). For clarity 
purposes, Mid-IR will be referred to as FTIR in this review. 
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5.2.1. Fourier Transform Infra-Red spectroscopy (FTIR) and near infra-red 
spectroscopy 

FTIR and NIR wavelength ranges are 4000–200 cm− 1 (2500–50000 
nm) and 12,800-4000 cm− 1 (780–2500 nm), respectively. Undiluted 
samples can be measured using the transmission and the reflectance by 
using an ATR (attenuated total reflectance) sample holder, allowing for 
accurate measurements of inhomogeneous samples of thick liquids and 
solids (Downey, 2013; Lin, A Rasco, G Cavinato, & Al-Holy, 2009; Malik 
et al., 2016). 

For a plant-based drink system stability analysis, it might be inter-
esting to target important molecules affecting stability, such as fat, 
protein, or polysaccharide. Fatty acid peaks are mainly found around 
2960, 2929, and 1740 cm− 1. Polysaccharides are pronounced in the 
fingerprint region of 1200–900 cm− 1, which corresponds with C–C, C–H, 
C–O, and O–H vibration motions of the saccharides. Traditionally pro-
tein analysis can be performed through the absorbance of amide I (1600- 
1700 cm− 1), amide II (1510-1570 cm− 1), and amide III (1350-1200 
cm− 1). Amide I absorbance is mainly due to the stretching vibration of 
C––O bond of the amide, while Amide II absorbance is related to the 
bending vibration of N–H bonds. Amide III absorbance is a combination 
of N–H in-plane bending and C–N stretching. Amide I and III are deemed 
more suitable for protein structure analysis. The spectra are then 
deconvoluted qualitatively using methods such as second derivative and 
FSD (Fourier Self deconvolution) to expose the absorption spectrum 
corresponding to the specific type of secondary protein structure (Barth, 
2007; Carbonaro & Nucara, 2010; Hashimoto & Kameoka, 2008; Lin 
et al., 2009; Serdyuk, Zaccai, & Zaccai, 2007). 

The penetration depth of NIR is larger than FTIR (Lin et al., 2009), 
while it lacks fine details in the resulting peaks. The peaks within this 
region are often overlapping, caused by bonds containing C, H, O, and N 
(Osborne, 2006). It may make the technique unsuitable for specific 
compound identification, contrary to FTIR. Despite this, NIR spectra 
contain not only chemical information but also physical information. 
Plant-based beverages are especially susceptible to scattering, and thus 
reasonable pre-processing is imperative to mitigate this. Some 
pre-processing technique that helps reduce scattering effects are MSC 
(Multiplicative Scatter Correction), SNV (Standard Normal Variate), and 
normalization (Rinnan, Berg, & Engelsen, 2009). Furthermore, the 
pre-processed data needs to be handled by multivariate data analytical 
tools (e.g., multiple linear regression, partial least squares regression, 
support vector machine, etc.) for meaningful interpretation (Downey, 
2013; Porep, Kammerer, & Carle, 2015). 

Both FTIR and NIR has been widely used in the food industry, such as 
for the determination of food components (either macronutrients or 
micronutrients), and essential quality parameters (proximate values, 
specific parameters such as alcohol content, sugar content, pH, acidity, 
hardness, viscosity, etc.), contaminants/adulterant detection, biological 
origin classification, and grading. The measurements can be performed 
by either using a laboratory-grade instrument, on-line monitoring or 
handheld devices. General applications of these methods have been 
discussed in the literature (Huang, Rasco, & Cavinato, 2009; Manley & 
Baeten, 2018; Porep et al., 2015; Rodriguez-Saona, Giusti, & Shotts, 
2016). 

In respect to colloidal beverage systems, this review would like to 
highlight the vibrational spectroscopy application to representative 
products such as milk. FTIR is commonly used to measure the content of 
fat, protein, and lactose in milk under the reference method of AOAC 
2000, method 972.1.; 33.2.31; IDF, 2000 (Kaylegian, Houghton, Lynch, 
Fleming, & Barbano, 2006). A similar approach can also be performed 
on a plant-based drink system. Rech, Weiler, and Ferrão (2018) build an 
FTIR (fingerprint region) based model to predict total sugar in soy-based 
drinks. Meanwhile, Riu, Gorla, Chakif, Boqué, and Giussani (2020) 
illustrated the use of portable size NIR instruments to classify milk based 
on fat content, lactose presence and to predict the protein content. 

5.2.2. Raman spectroscopy 
For a vibration to be detectable in Raman spectroscopy, the bond 

causing the molecules’ vibration should have some polarizability, with 
the spectrum usually presented as the intensity as a function of wave-
length shift (Raman shift). Since different types of bonds are detected, 
compared to IR Spectroscopy, Raman spectroscopy is considered a 
complementary technique (Jin et al., 2016). The main advantage of 
Raman spectroscopy is the lack of interference of water molecules, 
which is pronounced in FTIR. Previous low sensitivity issue due to the 
dependence of Raman signal to the light source (only 10− 6 of the signal 
intensity of the light source) has to a large extent been solved by the 
recent development of the method. 

Raman spectroscopy has some interferences from fluorescence, 
which can mask the weak Raman signal. Some mechanisms reduce the 
fluorescence effect through the use of lower energy light source (ex: NIR 
with 1064 nm), the use of FT-Raman, SERS that amplifies the Raman 
signal, time-domain methods, phase domain, utilization of quenchers 
and/or application of chemometrics techniques. These methods some-
times come with a trade-off. The usage of a lower energy light source 
will reduce the Raman intensity making it harder to detect and thus, 
introduce the need for more sensitive detectors such as InGaAs. The 
usage of IR wavelength light source commonly used in FT-Raman also 
re-introduces the water spectra, which can be a considerable drawback 
for an aqueous beverage system (Downey, 2013; He, Sun, Pu, Chen, & 
Lin, 2019; Rodriguez-Saona et al., 2016; Wei, Chen, & Liu, 2015; Weng 
et al., 2019). 

Raman spectroscopy detects specific chemical bonds that can be used 
to identify a particular molecule as well as its structure. For the char-
acterization of colloid beverage stability, the method’s capability to 
characterize food components and food additives are especially rele-
vant, among other uses. Some examples of the application of Raman 
spectroscopy are detection of pectin and fructose in apple and apricot 
juices (Camerlingo et al., 2007), β-carotene partitioning in a whey 
protein isolate emulsion system (Wan Mohamad, McNaughton, Augus-
tin, & Buckow, 2018), gluten protein structure in the presence of 
emulsifier (Ferrer, Gómez, Añón, & Puppo, 2011), and changes in the 
secondary structure of whey protein after thermal treatment (Nonaka, 
Li-Chan, & Nakai, 1993). 

5.3. Fluorescence spectroscopy 

Fluorescence is a physical phenomenon in which fluorophore mol-
ecules absorb UV-VIS light and subsequently emit light with a higher 
wavelength (lower energy). The difference in energy between the exci-
tation and the emission is called Stokes shift (sometimes also stated as 
the difference in maximum wavelength/wavenumber of excitation and 
emission). The Stokes shift is dependent on the polarity of the local 
environment. Hence, the fluorescence signal is sensitive to its local 
environment (Christensen, Nørgaard, Bro, & Engelsen, 2006; Faassen & 
Hitzmann, 2015; Lakowicz, 2006). There are two major types of fluo-
rescence spectroscopy: intrinsic and extrinsic. Intrinsic fluorophores are 
naturally occurring in the sample, while extrinsic fluorophores are 
added to label a specific molecule or binding, allowing the researcher to 
track a specific attribute of the given system. Food systems are rich in 
natural fluorophores, i.e. proteins (monitored by the aromatic amino 
acids tryptophan, tyrosine, and phenylalanine), vitamins (A, B6, E), 
cofactors (NADH, FAD, and FMN), porphyrins, chlorophyll, and some 
nucleotides (Dankowska, 2016; Lenhardt Acković, Zeković, Dramićanin, 
Bro, & Dramićanin, 2018). 

Measurements are traditionally performed on diluted samples to 
avoid signal artefacts (such as the inner filter effect, scattered light, and 
reflected light) using a right-angle configuration. Apperson, Leiper, 
McKeown, and Birch (2002) found that during the intrinsic measure-
ment of beer, the protein signal was only discovered in the diluted beer 
in comparison to undiluted beer. However, the natural interaction be-
tween the fluorophores and the food matrix is lost with dilution, and 
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some low-intensity fluorophores may be diluted below the detection 
limit. For opaque foods like plant-based beverage, dilution can be 
forsaken by the use of front-face geometry which only measures the 
samples’ surface. Nonetheless, since it only measures the surface, only a 
small portion of the samples contribute to the signal, potentially 
reducing sample representativeness for a heterogeneous system. Sam-
pling and replicate analysis can be used to mitigate this (Christensen 
et al., 2006). 

Traditionally, fluorescence is measured by scanning one of the at-
tributes (excitation or emission) as a function of one specific wavelength 
of either excitation or emission (in other words, retrieving an emission/ 
excitation spectra). However, this can be extended by measuring an 
excitation-emission-matrix (EEM; the emission spectrum at several 
excitation wavelengths) or synchronous fluorescence scan (SFS; per-
forming an excitation scan and measuring the emission at a specific 
offset from the excitation light) (Dankowska, 2016; Sádecká & Tóthová, 
2008). Both SFS landscapes and EEM are multiway in nature. The 
handling of this data requires the use of chemometrics methods such as 
PARAFAC (only EEM, as SFS landscapes are not multi-linear), MCR-ALS 
(Multivariate curve resolution alternating least square), PCA (principal 
component analysis, PLS (partial least squares), and others (Kumar & 
Mishra, 2015; Lenhardt Acković et al., 2018; Y.-Q. Li et al., 2012). 

Fluorescence has been applied to many food systems, and readers are 
directed to additional literature in addition to citations mentioned 
previously (Ahmad, Sahar, & Hitzmann, 2017; Karoui & Blecker, 2011; 
Zhang, Ying, Rao, & Li, 2012). Among many applications mentioned in 
the literature above, this review would like to highlight several functions 
that might be beneficial for a colloid beverage system, such as to monitor 
the effect of processing towards protein’s hydrophobicity and to monitor 
the extent of heat treatment. 

Fluorescence spectroscopy may be used to monitor the effect of 
processing on the unfolding of the protein. Protein unfolding correlates 
to protein hydrophobicity and thus, the emulsifying capacity, as previ-
ously discussed. Protein hydrophobicity can either be monitored 
through the intrinsic fluorescence of tryptophan or the use of extrinsic 
fluorescence probes such as ANS (1-anilino 8-naphthalene sulfonic acid) 
and CPA (cis-parinaric acid). Tryptophan is a hydrophobic aromatic 
amino acid, while ANS and CPA are fluorescence probes having an af-
finity to the hydrophobic areas in a protein (Andersen & Mortensen, 
2008; Bhattacharjee & Das, 2000; Castro, Swanson, Barbosa-Cánovas, & 
Dunker, 2019; Kato & Nakai, 1980; Xiang, Ngadi, Simpson, & Simpson, 
2011). Herbert, Riaublanc, Bouchet, Gallant, and Dufour (1999) shown 
a shift in tryptophan emission to lower wavelength; hydrophobic envi-
ronment, during milk coagulation. 

To monitor the extent of heat treatment, one can use fluorescence 
spectroscopy to track intrinsic fluorophores from Maillard products 
produced as intermediate products during heating or other biomarkers 
(Andersen et al., 2008). Shaikh and O’Donnell (2017) managed to 
associate tryptophan with furosine, heat treatment milk indicators. 
Kulmyrzaev, Levieux, and Dufour (2005) successfully illustrate the 
capability of intrinsic front-face fluorescence to differentiate heat 
treatment level in milk and found that NADH/FADH signal correlates 
well with native ALP (alkaline phosphatase) and native β-lactoglobulin, 
biomarkers for heat treatment in milk. 

5.4. Nuclear magnetic resonance (NMR) spectroscopy 

NMR spectroscopy has gained a lot of attention within the last 
decade. It uses the magnetic properties of certain nuclei with a magnetic 
moment or non-zero nuclear spin, which are, therefore, magnetic di-
poles in a magnetic field. In general, there are two types of NMR in-
struments: low-field NMR (LF NMR, measuring time-domain data, also 

referred to as NMR relaxometry) and high-field NMR (measuring fre-
quency domain data, also referred to as high-resolution NMR – HR NMR) 
(Hatzakis, 2019). In comparison to other spectroscopic methods, the 
sensitivity of NMR is lower, but the time domain data and spectra 
contain a lot of information on the physical and chemical properties of 
the sample. The most common NMR active nuclei used in food analysis 
are 1H, 13C, and 31P. In general, the parameters commonly observed in 
HR NMR spectroscopy are related to the NMR signal characterized by 
intensity, frequency, line shape and relaxation times. The parameters 
obtained in LF NMR are relaxation times. The basic theory of NMR 
spectroscopy has been elaborated in literature, and readers are directed 
to existing material (Cagliani, Scano, & Consonni, 2018; Dais & Spyros, 
2012; Sacchi & Paolillo, 2007; Spyros, 2013). This review will briefly 
elaborate on the types and applications of NMR spectroscopy applicable 
to a colloid beverage system. 

Both 1H HR NMR spectroscopy and 1H LF NMR relaxometry have 
been used for the analysis of colloid beverage systems. 1H HR NMR 
spectroscopy provides the benefit of higher sensitivity under the influ-
ence of a homogenous high-intensity superconducting magnet with a 1H 
resonance frequency above 300 MHz (similar to a magnetic field 
strength above 7 T). 1H HR NMR spectroscopy is optimal for the iden-
tification of specific molecules, such as lipid content and metabolites 
variety (Cagliani et al., 2018). Thus, this type of method is applicable for 
metabolite detection, product classification, origin and fraud detection, 
even correlation to sensory properties (Košir, Kocjančič, Ogrinc, & 
Kidrič, 2001; Q.; Li et al., 2017; Malmendal et al., 2011; Monakhova, 
Kuballa, Leitz, Andlauer, & Lachenmeier, 2012; Rochfort, Ezernieks, 
Bastian, & Downey, 2010). Nonetheless, the use of this method in a 
beverage system would need to incorporate a solvent suppression 
technique, such as using, e.g. the pre-saturation or the WATERGATE 
technique, due to the intense signal from protons in water, which 
convolute the spectrum near the water signal (Marcone et al., 2013). 
Despite the higher sensitivity that HR NMR spectroscopy offers, the 
trade-off comes in the form of high instrumentation cost and skilled 
expertise in spectral interpretation, which is often the main hurdle for 
industrial application (Hatzakis, 2019). 

The solution to the high cost of an HR NMR spectrometer comes in 
the form of LF NMR relaxometry with a typical 1H resonance frequency 
of 5–60 MHz. LF NMR relaxometry suffers from lowered sensitivity due 
to the lower and often inhomogeneous magnetic field strength. The 
development of pulse sequences such as the Carr-Purcell-Meiboom-Gill 
(CPMG) pulse sequence and the inversion recovery pulse sequence 
greatly tackle this issue. LF NMR relaxometry is usually used to observe 
physical phenomena like phase transitions, matrix, and water distribu-
tion, rheological properties, and compositional changes during pro-
cessing and storage (Hills, 2006; Topgaard, Martin, Sakellariou, Meriles, 
& Pines, 2004; van Duynhoven, Voda, Witek, & Van As, 2010). In gen-
eral, LF NMR has been used for the evaluation of oil and water content, 
water mobility in liquid and solid systems, as well as hydration phe-
nomena (Baranowska, Sikora, Krystyjan, & Tomasik, 2012; Capitani, 
Sobolev, Di Tullio, Mannina, & Proietti, 2017; Le Dean, Mariette, & 
Marin, 2004; Mariette, 2009; Salomonsen, Sejersen, Viereck, Ipsen, & 
Engelsen, 2007). These applications are especially useful in a colloid 
system, where the presence of water and its mobility is vital in order to 
understand and prevent phase separation. 

6. Conclusion 

The shift in consumer demand to a plant-based diet has expanded the 
product niche for plant-based drinks to the general population. The in-
crease in demand certainly benefits the development of various kinds of 
products made of abundant plant sources. Regardless of some products 
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being a traditional staple in the country of origin, the products could be 
improved to suit specific market preferences better. One of the main 
challenges of a heterogeneous colloid system like plant-based drinks is 
the physical stability of the products. Thus, it is of importance to char-
acterize the system to gain better understanding and control, which in 
turn would promote even better product acceptance. 

The phenomena behind the colloidal system phase separations along 
with possible factors, have been described in reference to a colloidal 
beverage system, along with various characterization methods ranging 
from traditional and targeted methods to the more recent untargeted 
fingerprinting methods. While there are other methods besides those 
mentioned, this review covers the major techniques and provides a basis 
for how to characterize plant-based drinks, hopefully leading to 
enhanced product quality and increased consumer acceptance. 
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spectroscopy allows the characterization of mild heat treatments applied to milk. 
Relations with the denaturation of milk proteins. Journal of Agricultural and Food 
Chemistry, 53(3), 502–507. 

Kumar, K., & Mishra, A. K. (2015). Multivariate curve resolution alternating least square 
(MCR-ALS) analysis on total synchronous fluorescence spectroscopy (TSFS) data sets: 
Comparing certain ways of arranging TSFS-based three-way array. Chemometrics and 
Intelligent Laboratory Systems, 147, 66–74. 

Ladjal Ettoumi, Y., Chibane, M., & Romero, A. (2016). Emulsifying properties of legume 
proteins at acidic conditions: Effect of protein concentration and ionic strength. 
Lebensmittel-Wissenschaft und -Technologie- Food Science and Technology, 66, 260–266. 

Ladjal-Ettoumi, Y., Boudries, H., Chibane, M., & Romero, A. (2016). Pea, chickpea and 
lentil protein isolates: Physicochemical characterization and emulsifying properties. 
Food Biophysics, 11(1), 43–51. 

Lakowicz, J. R. (2006). Principles of fluorescence spectroscopy. Boston, MA: Boston, MA: 
Springer US.  

Lam, R. S. H., & Nickerson, M. T. (2013). Food proteins: A review on their emulsifying 
properties using a structure–function approach. Food Chemistry, 141(2), 975–984. 

Lan, Y., Chen, B., & Rao, J. (2018). Pea protein isolate–high methoxyl pectin soluble 
complexes for improving pea protein functionality: Effect of pH, biopolymer ratio 
and concentrations. Food Hydrocolloids, 80, 245–253. 

Le Dean, A., Mariette, F., & Marin, M. (2004). 1H nuclear magnetic resonance 
relaxometry study of water state in milk protein mixtures. Journal of Agricultural and 
Food Chemistry, 52(17), 5449–5455. 
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A B S T R A C T   

The popular dairy alternative oat-based drink (OBD) is made from hydrolysed oat. However, natural OBD is 
inherently unstable. OBD is commonly made from wholemeal oat and considered to have health benefits due to 
the β-glucan content. β-glucan is also a hydrocolloid with stabilizing potential and stored mainly in the bran. This 
study investigated the effect of bran substitution, to traditional wholemeal oat on the stability and physico-
chemical properties of OBD. In addition, the effect of the loss of the β-glucan network at neutral and acidified pH 
are also assessed. Products with intact β-glucan from bran were highly viscous and, thus, stable throughout 
storage at 20 ◦C for 14 days, but showed a viscous gel-like tendency that is unsuitable for thin beverage ap-
plications. The loss of the β-glucan network made thin beverage-like products that were unstable. The in-
stabilities observed were phase separation due to thermodynamic incompatibility (bran pH 6.4), gravity 
separation-based creaming (wholemeal pH 6.4 and 4.2), and electrostatic complex formation (bran pH 4.2). 
The complex formation highlighted the slight anionic tendency of hydrolysed β-glucan. The use of bran fraction 
leads to higher protein and β-glucan content. The physicochemical balance of the products greatly influenced the 
stability of the product.   

1. Introduction 

Oat-based drink (OBD) is a popular plant-based beverage with an 
inherent instability profile. The earliest publication defined it is a sus-
pension of disintegrated oat extract made through enzymatic hydrolysis 
with glucanase-free amylases (European Patent No. 0713646B1,1994). 
As a natural product from disintegrated plant material, previous study 
by Jeske et al. (2017) has shown that OBD systems are polydisperse and 
thus suffers from instability. The formulation of commercial drinks 
usually add hydrocolloids such as various gums, e.g. carrageenan or 
xanthan gum, to increase the viscosity, and thus discourage separation 
(Patra et al., 2021). 

OBD is considered a healthy, sustainable alternative to dairy milk 
and the health benefit is associated with the presence of β-glucan. EFSA 
(European Food Standards Agency) approved its health effect to main-
tain normal blood LDL-cholesterol levels when consumed at a minimum 
of 3 g per day (EFSA Panel on Dietetic Products and Allergies, 2009). 
Besides the known health effect, β-glucan is a hydrocolloid, which, as 
mentioned above, potentially may help to prevent inherent separation. 
In oat groat, β-glucan is located within the cell wall of the endosperm 
and bran part of the kernel (Ahmad and Kaleem, 2018). During oat flour 

production, the bran is usually separated from the final product, 
contributing to the lower fibre content in the regular flour. Oat bran 
contains a higher amount of fibre and protein, with less carbohydrates 
(Harasym and Olędzki, 2018). 

There are currently not many publications available on OBD. Some 
limited publications on OBD have focused on the nutritional aspect and 
the digestibility profile (Bonke et al., 2020; Martínez-Padilla et al., 2020; 
Rincon et al., 2020). While, a study by Deswal et al. (2014) tried to 
optimize the enzymatic process with only α-amylase and wholemeal oat. 
Nonetheless, the physical stability aspect of OBD is imperative for 
customer adoption, and an increase in β-glucan concentration might be 
desirable not only for health, but also the product’s stability. This paper 
aims to investigate the effect of substituting wholemeal oat with oat 
bran, towards the physical stability and physicochemical properties of 
oat-based drinks. Product from oat bran is expected to have higher 
β-glucan. Since, β-glucan is hypothesized to be the internal stabilizing 
agent of the product, the product from oat bran is therefore also ex-
pected to have better stability than wholemeal products. The effect of 
the loss of the β-glucan network is investigated by using varying β-glu-
canase concentrations during the hydrolysis process. The products were 
subjected to either neutral or acidified pH to represent product 
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behaviour at dairy product application conditions. All the treatments are 
part of an experimental design, enabling us to study both the main ef-
fects of the three parameters: oat source, amount of β-glucanase and pH. 
In addition, due to the design, we are also able to investigate the possible 
interactions between the three variables. 

2. Material and methods 

2.1. Experimental design 

The study followed a 23 factorial design with oat source, β-glucanase 
level, and product pH as variables, all at two levels. The corner points 
according to each variables are wholemeal oat flour or oat bran, with 
(0.08% w/w flour) or without β-glucanase, and pH 4.2 and 6.4. A centre 
point was added in the middle of the design with a mixed source (1:1 
bran: wholemeal ratio), 50% level of β-glucanase (0.04% w/w flour), 
and pH of 5.3. The oat bran flake (Rubin Mühle GmbH, Lahr, Germany) 
consisted of 13% water, 8% fat, 17% protein, and 45% carbohydrates, of 
which 15% is fibre. The flake was milled using a hammer mill (Labo-
ratory Mill 120 with 0.8 mm sieve, PerkinElmer, Waltham, MA, United 
States) to produce bran flour to obtain a more comparable particle size 
to the wholemeal oat used. An initial sieving test showed that both flours 
passed through a 1 mm sieve. The wholemeal oat (Rubin Mühle GmbH, 
Lahr, Germany) consisted of 12% water, 7% fat, 13.5% protein, and 
58.7% carbohydrates, of which 10% is fibre. 

The production steps of OBD were: a) 1 part oat to 4 parts hydration 
with 100 ppm CaCl2 Mili-Q water (referred to as water onwards) (50 ◦C, 
30 min), b) hydrolysis with α-amylases (0.15% w/w flour, Thermamyl 
classic, Novozymes, Bagsværd, Denmark) and a varying amount of 
β-glucanase (Beerzym BGHK4, Erbslöh Geisenheim GmbH, Geisenheim, 
Germany), c) cooling to 30 ◦C, centrifugation (7000 g, 5 min) with fat 
reincorporated manually, d) pasteurization (85 ◦C) with a water bath, 
and e) dry matter (measured with MA160 Sartorius AG, Göttingen, 
Germany, at 105 ◦C, 1 g) and pH adjustment (with 4M HCl and 4M 
NaOH) to 10% dry matter and pH 4.2, 5.3, and 6.4, respectively. The 
product was stored at 5 ◦C overnight, mixed, and then either measured 
as ‘fresh’ samples or stored frozen at − 20 ◦C. The product was measured 
fresh for physical separation tendency, apparent viscosity, particle size, 
and microstructure. Frozen samples were thawed overnight at 5 ◦C, and 
mixed prior to zeta potentials and measurements of chemical properties. 
The products were made with a batch size of 300 mL for fresh samples 
measurements, and 2 L for frozen samples. All products were made in 
triplicates of the same batch size, and the measurements were, as min-
imum, performed in duplicates. 

2.2. Physical separation tendency 

0.04% sodium azide was added to fresh samples, and 40 mL of the 
product was filled into a sterile bottle. A picture was taken as the day 
0 reference using a photobox and a mobile phone camera (Samsung 
galaxy s10 lite camera, Samsung, Seoul, South Korea), and the product 
was incubated for 14 days at 20 ◦C. The image for each bottle was then 
processed using Matlab 2018b (Mathworks, Waltham, MA, United 
States) into 41-pixel width and maximum liquid length. The RGB spec-
trum was averaged along the width and used as a guide to determine the 
separation height. The separation was calculated as the % height dif-
ference of separation phase to the total liquid height. 

2.3. Physical properties 

Four physical properties were measured, apparent viscosity, particle 
size, microstructure, and zeta potential. The apparent viscosity was 
approximated using the flow parameters generated with a rotational 
cylinder rheometer (Kinexus series, Malvern Panalytical, Worcester-
shire, United Kingdom) fitted with coaxial cylinder geometry. The shear 
rate ramp method was performed at 1–300/s at 20 ◦C, and the shear 

stress was recorded. The resulting flow profile (shear stress vs shear rate) 
was then fitted to a power-law model resulting in an n and K value. The 
curve fitting was done using the curve fitting toolbox in Matlab 2018b. K 
value was taken as apparent viscosity and n value as the flow behaviour 
index. r2 values of the fitting were monitored for model validity, and the 
resulting r2 values range from 0.99 to 1.00 (not shown). 

The particle size of the products was measured using Mastersizer 
3000 (Malvern, Worchestersire, United Kingdom) with Hydro LV 
extension. The device used the light scattering principle to measure 
particle size flowing inside a cell by utilising the Mie Theory. It is then 
diluted using Milli-Q water until an obscuration of 6–7% is reached. For 
zeta potential measurements, the sample was diluted to 1% dry matter 
with 10 mM sodium phosphate buffer filtered through 0.2 μm cellulose 
acetate filter at respective product pH (4.2, 5.3, and 6.4). Zeta potentials 
were measured using Zetasizer Nano SZ (Malvern, Worcestershire, 
United Kingdom). The device measured the electrophoretic mobility 
(velocity) of a particle subjected to an external electric field. The ve-
locity was measured through particle interaction with a light source 
(He–Ne laser 633 nm) and then transformed to a zeta potential value 
using the Henry equation. Product with a zeta potential value of 0 mV is 
considered to be the least stable and either + or − 30 mV to be stable 
(Cano-Sarmiento et al., 2018). The particle size and zeta potential 
measurement were performed at 20 ◦C with the product’s density of 
1.032 g/cm3, a refractive index of 1.35 and an absorption index of 0.01. 
The microstructure was measured with an optical microscope (Leica 
Microsystem, Wetzlar, Germany) fitted with Intralux® 6000-1 light 
source (Volpi, Dietikon, Switzerland), with 80x magnification. 

2.4. Chemical properties 

The chemical properties measured are the proximate profile (protein, 
fat, ash, and carbohydrate), β-glucan, and the oligosaccharides profile. 
Only products at neutral pH and the centre points were subjected to the 
proximate analysis because no change in the results is expected with 
product acidification after the separation process. The proximate profile 
of the products is presented in a dry concentration (% w/w), and the dry 
matter content was used for normalisation of the data measured with 
wet samples (protein and fat measurements). Dry matter was measured 
using the moisture analyser (MA160, Sartorius AG, Göttingen, Germany, 
105 ◦C, 1 g). The protein content was measured using the Dumas method 
(Rapid MAX N exceed, Elementar, Langenselbold, Germany); 500 mg of 
samples in triplicates with 250 mg ascorbic acid as standard in dupli-
cates (conversion factor used was 6.25). The fat content was measured 
using the Low Field Nuclear Magnetic Resonance rapid analyser 
(ORACLE™, CEM Corporation, Matthews, NC, United States), 3–4 g of 
samples in duplicates. Prior to ash measurement, the sample was freeze- 
dried at − 40 ◦C for 48 h (Edwards Modulyo, Buch & Holm, Herlev, 
Denmark). Ash measurement was performed using 1 g of sample in 
duplicates incubated at 525 ◦C for 20 h (Nabertherm, Buch & Holm, 
Herlev, Denmark). The carbohydrates content was obtained by weight 
difference. 

β-glucan concentration was measured using an assay kit for mixed 
linkage β-glucan (AACC Method 32–23.01, Megazyme, Bray, Ireland). 
The samples underwent two steps of ethanol precipitation (70% and 
50%) and were subjected to two-step hydrolysis by lichenase and 
β-glucosidase. The resulting glucose is detected using a glucose deter-
mination reagent containing glucose oxidase, peroxidase and 4-amino-
antipyrine. This reagent reacts with glucose to produce 4-N-(p- 
benzoquinoneimine)-antipyrine, which is detectable using a UV-VIS 
spectrophotometer at 510 nm. The absorbance of the samples was 
compared to the absorbance of the standard 100 μg glucose solution. 

The oligosaccharides profile of DP1-DP8 (degree of polymerization 1 
to 8) was measured using an HPLC. The HPLC system was fitted with 
Aminex HPX-42 column with pre-column of Micro Guard Deashing (Bio- 
Rad Laboratories, Hercules, CA, United States) and RI (refraction index) 
detector at 35 ◦C. The eluent was Milli-Q water at 0.6 mL/min and 
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column temperature of 30 ◦C. The sample was diluted to approximately 
5% dry matter, and filter-centrifuged (50 kDa cut off) for 10 min at 
14,000 g. 10 μL of the filtrate was then injected into the column. The 
resulting data was presented as % w/w dry. 

2.5. Data analysis and statistics 

ANOVA analysis was performed using Matlab 2018b (Mathworks, 
Waltham, MA, United States), and ASCA (Analysis of variance – simul-
taneous component analysis) was performed using PLS Toolbox version 
8.5.1 (EigenVector Research Incorporated, Manson, WA, United States) 

3. Results 

For clarity purposes, product without added β-glucanase are called as 
B0, with maximum β-glucanase as B100, and the one in between as B50. 
The oat source and pH are mentioned with their real values. 

3.1. Physical separation tendency and physical properties 

The combination of oat source, the addition of β-glucanase, and 
different product pH can be seen to alter the separation tendency 
significantly. Based on its separation tendency, the products can be 
classified as stable, undergoing phase separation, creaming or sedi-
mentation (Fig. 1). Bran product was stable at B0 with no (or unob-
servable) phase separation throughout incubation at both pH. On the 
other hand, phase separation occurred at B100 pH 6.4 with complete 
sedimentation at B100 pH 4.2. For wholemeal products, phase separa-
tion was predominant at B0 for both pH, but surprisingly only minor 
creaming was seen at B100 even at acidic pH (Fig. 2). 

The resulting rheology flow parameters can be seen in Fig. 3. The 
effect of β-glucan hydrolysis significantly reduced the apparent viscosity 
and shifted the flow behaviour from shear-thinning fluid (n value < 1 for 
B0 products) to almost Newtonian fluid (n value close to 1 for B50 and 
B100 products). The thick products’ flow profile showed a strong shear- 
thinning behaviour and a gel-like structure under the light microscope 
(Fig. 4C). 

The result of the particle size analysis and the corresponding 
microstructure can be seen in Fig. 4. The particle size is presented as 
surface area mean diameter (D[3,2]) and volume average diameter (D 

[4,3]). Among the three variables tested, oat source and β–glucanase 
was seen to be the main factors, while the pH was seen to only signifi-
cantly affect the D[3,2], and only in bran products with hydrolysed 
β–glucan at D[4,3] (Fig. 4B). D[4,3] was sensitive to the presence of 
large particles. The larger deviation in D[4,3] values were presumably 
due to a lack of homogenization, and thus, possible formation of large 
particles during pasteurization. For both parameters, products with 
intact β-glucan (B0) had larger particles compared to products with 
hydrolysed β-glucan (B100). The larger particle size might be attributed 
to the gel-like network seen in the microstructure of B0 products 
(Fig. 4C). The gel-like network from β-glucan disappeared after addition 
of β-glucanase leaving only suspended particles. These particles aggre-
gated at acidified pH and larger particles were seen in the microstruc-
ture. Meanwhile, products from oat bran were seen to be the most 

Fig. 1. The appearance of products before and after incubation at 20 ◦C made from (A) Wholemeal, (B) Mix and (C) Bran.  

Fig. 2. The separation at final incubation day with the error bar as standard 
deviation. 
Variable name: (1st part) the level of β-glucanase concentration used, and (2nd 
part) product’s pH. 
Significant multiway ANOVA p value for β-glucanase, oat source,and the in-
teractions between both respectively are 0.00, 0.00, and 0.00. 
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affected by the decrease in pH and most prominent in hydrolysed 
products. 

The zeta potential profile of the products is presented in Fig. 5. 
Fig. 5A shows the breakdown by significant variables, pH and level of 
β-glucanase, and Fig. 5B shows the breakdown per oat source, which 
confirm the lack of oat source effect towards the zeta potential values. 
Nonetheless, products from bran seem to have zeta potential closer to 
zero in comparison to wholemeal, which was mostly pronounced in the 

hydrolysed product at pH 4.2 (B100 pH 4.2) with a p-value close to the 
threshold of 0.05. 

3.2. Chemical properties 

The chemical profiles of the products can be seen in Fig. 6. Oat source 
was the predominant factor as anticipated to affect the chemical profiles, 
with β-glucanase only significantly affecting the total carbohydrates, the 

Fig. 3. The power-law parameter of rheology measurements: (A) Apparent viscosity, (B) n-value with the error bar as the standard deviation. 
Variable name: (1st part) the level of β-glucanase concentration used, and (2nd part) oat source. 
Significant multiway ANOVA p-value for β-glucanase and oat source are 0.00 and 0.0 for both parameters, and β-glucanase x oat source is 0.00 only for n value. 

Fig. 4. The microstructure and the particle size distribution: (A) Surface area mean, and (B) Volume mean diameter. Error bars are given as the standard deviation. 
(C) Microscopic images of the microstructure. The bar represent 100 μm 
Variable name: (1st part) the level of β-glucanase concentration used, and (2nd part) oat source. 
Significant multiway ANOVA p-value for β-glucanase, oat source for both parameters are 0.00 and 0.00, p-value of pH, and pH x oat source are 0.00, and 0.00 only for 
D[3,2], while β-glucanase x oat source was 0.00 only for D[4,3]. 
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protein, and the β-glucan. Products with intact β-glucan (B0) seemed to 
have higher protein concentration, while oat bran products have higher 
protein concentration at the same β-glucan hydrolysis level (Fig. 6A). 
The addition of β-glucanase increased the total carbohydrate, and oat 
bran products seem to generally have lower total carbohydrates at the 
same hydrolysis level (Fig. 6B), higher fat content (Fig. 6C), and higher 
β-glucan (Fig. 6E). The product from a mixed source (1:1 wholemeal/ 
bran flour ratio) has a similar β-glucan concentration as the 100% oat 
bran products. An ASCA (Analysis of variance – simultaneous 

component analysis) (Bertinetto et al., 2020) was performed on the 
oligosaccharide dataset, which showed no significant effect of the var-
iables tested with the corresponding p-value of β-glucanase level and oat 
source effect of 0.3 and 0.4, respectively. Hence, a general oligosac-
charide profile of the products was made and can be seen in Fig. 6F. The 
DP3 and DP6 (degree of polymerization) molecules were seen to be most 
abundant, followed by DP 5, DP2, DP4 and DP7, and the least abundant 
molecules are DP1 and DP8. 

Fig. 5. Zeta potentials of the products (A) averaged value of significant variables, and (B) comparison with different oat source, and the error bar as the standard 
deviation 
Variable name: (1st part) the level of β-glucanase concentration used, and (2nd part) product’s pH. 
A. Significant multiway ANOVA p-value for β-glucanase and pH are 0.00, and 0.00 
B. None of the terms shown are significant. The p-value for B0 pH4.2, B0 pH6.4, B100 pH4.2, and B100 pH6.4 are 0.7, 0.8, 0.05 and 0.8, respectively. 

Fig. 6. The chemical profiles of the products with the error bar as the standard deviation: (A) protein, (B) carbohydrates, (C) fat, and (D) ash, (F) Oligosaccharides. 
Variable name: (1st part) the level of β-glucanase concentration used, and (2nd part) oat source. 
Significant multiway ANOVA p-value for oat source are 0.00 for all except oligosaccharides, and β-glucanase are 0.00 for only protein, carbohydrates and, 
and β-glucan. 
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4. Discussions 

Only bran products with intact β-glucan (Bran B0) exhibited a stable 
tendency regardless of the pH. Thus, high apparent viscosity seems to be 
one of the main factors, which prevent separation. However, the phys-
ical appearance of the viscous product was gel-like, closer to a pudding, 
and not suitable as a thin beverage expected for plant-based milk. 
Thinner products, in the meantime, underwent physical separation, 
creaming, and complex formation. The phase separation probably can 
be explained by thermodynamic incompatibilities that force the sepa-
ration. This phenomenon was not unique and have been observed pre-
viously in milk and β–glucan systems at pH 7 with depletion interaction 
as the suggested driving force for separation (Sharafbafi et al., 2014). 
Physical hindrance such as viscosity might slow the separation, and thus 
bran B100 pH 6.4, which is less viscous, separates more in comparison to 
B0 wholemeal at both pH values. The minor creaming observed for 
products with added β-glucanase was most likely due to stabilizing 
network loss which prevents separation. 

The complexation observed for bran products with hydrolysed 
β-glucan at pH 4.2 (Bran B100 pH 4.2) was unexpected. Complexation is 
typically a result of electrostatic interaction between the protein and the 
anionic polysaccharide (Tolstoguzov, 2003). β-glucan is often classified 
as neutral/non-ionic, owing to its linear structure. The zeta potential 
results also support this since the product with intact β-glucan (B0) was 
shown to have the zeta potential closest to zero at the same pH level. 
Thus, it is counter-intuitive to observe complexation in a β-glucan sys-
tem. Nonetheless, β-glucan has been shown to be slightly anionic, and 
charged by a low amount of the phosphate residues embedded in the 
carbon backbone as a phosphomonoester (Ghotra et al., 2007). The 
destruction of this network by β-glucanase would expose the charged 
area and lead to higher absolute zeta potential. Zielke et al. (2018) 
demonstrated that protein and β-glucan might aggregate as the result of 
electrostatic interaction. The isoelectric point (IEP) of oat protein was 
reported to be in the pH range of 4.9–5.1 (Brückner-Gühmann et al., 
2018). At pH 4.2 below the IEP, the protein was positively charged, 
which allowed interactions with negatively charged particles in the 
products resulting in the complexation observed. 

The complex formation was not seen in the rest of the acidic prod-
ucts, regardless of source and β-glucanase. Nonetheless, the increase in D 
[3,2], as well as the formation of aggregates in the microstructure, was 
observed for all products with acidified pH, not only in Bran B100 pH 
4.2. The increase in particle size indicates that the protein aggregated at 
pH 4.2, more pronounced in bran products, and even at intact β-glucan 
condition (B0). The partial hydrolysis by β-glucanase perhaps increases 
the chances of interaction that exposed the reacting group (Tolstoguzov, 
2003) while significantly reducing the viscosity that acts as the physical 
hindrance. 

The lack of complex formation at pH 4.2 in wholemeal products 
might be caused by possible different protein types from a different 
source or lower total instability-causing biopolymer formation (protein 
+ β-glucan) in wholemeal products. In regards to protein, the distribu-
tion of protein in oat was considered to be the most balanced among 
cereals in which the water-soluble globulin was also found in endosperm 
as well as bran (Klose et al., 2009). However, it was noted that though 
globulin is present in both fractions, the amino acid composition differs 
greatly between bran and endosperm (Hahn et al., 1990; Klose and 
Arendt, 2012). This could change the protein sensitivity to acidification, 
even though further research is needed to confirm the link between 
protein characteristics in different oat fractions and the functional 
properties. Total protein and β-glucan for bran B0 and B100, and 
wholemeal B0 and B100 was 18.95 ± 0.98, 10.69 ± 0.95, 13.45 ± 0.18, 
and 5.47 ± 0.67 %w/w (dry), respectively. Wholemeal B100 pH4.2 was 
a dilute system that might prefer co-solubility. 

The chemical profile expectedly showed that oat bran products had 
higher protein, β-glucan, fat and lower total carbohydrates content. The 
addition of β-glucanase was also expected to increase the total soluble 

solids resulting in higher carbohydrate levels. However, it is interesting 
to note that the addition of β-glucanase (a carbohydrases), reduced the 
protein concentration. It is in contrast to common observations that 
carbohydrases help the extraction of protein (Jodayree et al., 2012). The 
low solubility of oat protein might explain the trend seen in this 
experiment at neutral pH (Mäkinen et al., 2017). The product’s high 
viscosity (in B0 products) seems to help in the protein entrapment. The 
products made resulted in 2.98–5.78% w/w dry β-glucan, approxi-
mately corresponding to 2.16–4.16 g/day (240 mL/serving, 3 ser-
vings/day) and close to the daily recommendation of 3 g/day. Part 
substitution of wholemeal products with oat bran was able to add ~1.5x 
the total β-glucan content. The oligosaccharide fraction analysed was 
ranging only half of the total carbohydrate number detected with the 
proximate analysis, which still marked a significant presence of bigger 
carbohydrates (>50 kDa, the cut off used before the HPLC analysis). The 
enzyme used was an endo-acting amylase without further saccharifica-
tion or secondary hydrolysis, which explains the low DP1 fraction in the 
oligosaccharide profiles, and the abundance of higher DP 
oligosaccharides. 

5. Conclusions 

The physical stability of a plant-based product is the result of a 
delicate balance between its biopolymer constituents. Substitution with 
oat bran led to the desirable higher protein and β-glucan content in 
terms of chemical composition but greatly reduced the physical stability 
during acidification. OBD from oat bran is not suitable for acidified 
product application. On the contrary, the product from wholemeal was 
stable at acidified pH and potentially suitable for acidified product 
application. The intact β-glucan network caused high product viscosity, 
promoting stability, although produced texture and appearance not 
suitable for a beverage. Thin beverage-like products would separate over 
time, and the separation might range from minor creaming, phase sep-
aration or even complex formation at low pH. Optimization taking into 
account stability, acceptable viscosity, and perhaps the link to the 
β-glucan molecular weight still need to be investigated. The mixing of 
oat bran and wholemeal oat seems promising, and should be investi-
gated further since it has comparable β-glucan content with oat bran 
products and an almost similar stability profile with wholemeal products 
at pH 5.3. 
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A B S T R A C T   

The stability of oat-based drinks (OBD) is governed by its physicochemical properties. The measurement of these 
properties is often lengthy, laborious, and most often change the food matrix and introduce bias. Meanwhile, 
spectroscopic methods provide an in-situ rapid measurement of these properties. This study explored the use of 
several spectroscopic methods in combination with multivariate data analysis to describe the physicochemical 
stability of OBD. Samples of OBD with various properties and separation types were prepared from wholemeal 
oat and oat bran, with and without β-glucanase to simulate the presence and absence of the β-glucan network, 
and subjected to neutral and acidic pH. FTIR and NIR spectra gave the chemical fingerprint of the product. The 
first principal components from a PCA for FTIR and NIR both corresponded to the carbohydrates variation in the 
products (60.73% and 91.31% explained variance, respectively). In addition, in the overview PCA, the NIR 
spectra also correlates with the product’s thickness in PC 1 (38.81% explained variance). LF-NMR T2 values of 
the fresh samples were able to describe the product’s physical characteristics. T2,1 represented the bulk water 
which defined the product’s thickness (T2,1 thick and thin products 197–505, and 704–1288 ms). In contrast, T2,2 
represented the state of bound water, which could classify the product separation tendency. T2,2 values for stable, 
phase separation, creaming and complex formation are respectively 35–72, 55–78, 82–117, and 153–178 ms. 
Intrinsic fluorescence spectroscopy of the protein region showed that intact β-glucan network increased hy-
drophobic protein extraction. In the absence of β-glucan network, bran products has higher hydrophobic protein 
fraction than wholemeal products. Hydrophobic protein was sensitive to acidification and led to complex 
coacervation separation at pH 4.2 without β-glucan network.   

1. Introduction 

The plant-based drink is a popular product that suffers from physical 
instability. Many factors possibly affect the product’s stability, both 
physical factors such as particle size, zeta potential, or product’s thick-
ness, and chemical factors such as protein structure (Bernat, Cháfer, 
Rodríguez-García, Chiralt, & González-Martínez, 2015; McClements, 
Newman, & McClements, 2019). Oat-based drink (OBD) is not an 
exception and also suffers from instability. Jeske, Zannini, and Arendt 
(2017) showed that commercial OBD, almond-, cashew-, quinoa and 
rice-based drinks have polydisperse particle size distribution, leading to 
a fast separation rate. Commercial products currently use hydrocolloids 
as thickeners to improve product stability. 

OBD is one of the leading products in the plant-based milk category 
due to the presence of β-glucan, a healthy dietary fibre. Besides the 
health effect, β-glucan is also a hydrocolloid that has stabilising 

potential due to the viscosity inducing profile. Many factors such as the 
solubility, concentration, and the molecular weight of β-glucan are 
known to affect the viscosity of β-glucan (Mäkelä, Maina, Vikgren, & 
Sontag-Strohm, 2017). In addition, β-glucan has also been shown to 
interact with protein, which forms complex aggregates (Yang et al., 
2020; Zielke, Lu, Poinsot, & Nilsson, 2018). Casein micelles and 
β-glucan were shown to phase separate due to depletion mechanism 
(Sharafbafi, Tosh, Alexander, & Corredig, 2014). Literature focusing 
specifically on OBD stability is scarce, and the field is quickly developing 
due to great product demand. Hence, there is currently a great need for 
convenient characterisation-methods. 

Characterisation of the physical stability of a beverage is most 
commonly done using laborious and lengthy storage studies or con-
ventional methods that disrupt the food matrix and create bias, such as 
laser diffraction-scattering measurement of particle size distribution and 
zeta potential. The range of methods currently employed to characterise 
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the plant-based beverage system has been discussed previously (Patra, 
Rinnan, & Olsen, 2021). Within the characterisation method, spectros-
copy techniques investigate the interaction of materials with light, 
allowing for fast in-situ measurement of samples. A successful applica-
tion of rapid methods would be highly beneficial for quick initial 
product quality screening during product development step, as well as 
routine production quality checks. Despite the benefits, spectroscopic 
methods generate multivariate data that sometimes cannot be inter-
preted straightforwardly, but chemometric techniques allow for mean-
ingful interpretation of such data. The spectroscopic methods of interest 
for stability measurements investigated, in this study, are FTIR (Fourier 
Transform Infra-Red or Mid Infra-Red), NIR (Near Infra-Red), Fluores-
cence Spectroscopy and LF-NMR (Low Field Nuclear Magnetic 
Resonance). 

FTIR and NIR are vibrational spectroscopy methods used to generate 
chemical fingerprinting of food matters. In regards to the stability of 
beverages, FTIR spectra consist of regions such as the fingerprinting 
region (1200-900 cm− 1) typically used for carbohydrates detection, 
amide I region (1700-1600 cm− 1) for secondary protein structure 
detection, and fatty acid peaks (2960, 2929, and 1740 cm− 1) (Patra 
et al., 2021). A shift in oat protein secondary structure to a more flexible 
α-helix after a deamidation process was correlated to an increase in 
emulsion stability of oat protein (Jiang et al., 2015). FTIR is superior for 
mapping the chemical variation within the samples, but the technique 
lacks information on the crucial physical factors. NIR waves penetrate 
deeper than FTIR waves but generate overlapping peaks of bonds con-
taining C, H, O, and N. It is not possible to assign peaks in NIR spectra to 
a specific component, in contrast to FTIR spectra. But, the spectra have 
also been known to contain physical information such as particle size, 
firmness, water holding capacity, and others (Porep, Kammerer, & 
Carle, 2015), and NIR compliments FTIR well. Regardless, NIR usage for 
routine checks needs to factor in model maintenance cost. The NIR 
calibration model performance was been shown to decline due to 
product variation, instrumentation, and environmental factors (Qiao, 
Mu, Lu, & Tang, 2021). 

Fluorescence spectroscopy studies the fluorescence phenomena 
exhibited by fluorophores. In food matters, tryptophan is a hydrophobic 
amino acid, which serves as an intrinsic fluorophore probe, and is found 
in most proteins. The fluorescence signal is sensitive to the environment, 
which is used to investigate the protein structure and most often can be 
translated to food structures (Shaikh & O’Donnell, 2017). Oat protein is 
highly thermally stable (denaturation temperature of 110 ◦C of oat 
globulin), which cause it to have low functionality (Spaen & Silva, 
2021). An increase in the hydrophilic protein faction might indicate 
greater product stability. Nonetheless, OBD is an opaque beverage that 
suffers from inner filter effects that typically necessitate undesirable 
dilution and front face geometry for a better quality of fluorescence 
signal. Besides inner filter effects, the signal might also suffer from 
quenching, either intra or intermolecular (Christensen, Nørgaard, Bro, & 
Engelsen, 2006). 

Low Field NMR studies the profile of intrinsic nuclei with magnetic 
moment such as 1H nuclei in food under a low magnetic field. For food 
applications, the technique has been used to describe the variability of 
water mobility inside food, giving insight into the food structure. As an 
example, Salomonsen, Sejersen, Viereck, Ipsen, and Engelsen (2007) 
investigated the water holding capacity of pectin in an acidified milk 
system. While Mortensen, Thybo, Bertram, Andersen, and Engelsen 
(2005) used it to monitor the structural changes of potatoes during 
cooking. OBD consist of predominantly (around 90%) water, and the 
separation process likely involved water movement within the separated 
phase. Hence, the fresh sample’s mobility might shed information on the 
product structure and potentially predict the separation phenomena 
after storage. Nevertheless, an informed guess is needed to assign each 
extracted component, and prior knowledge of the product characteris-
tics is necessary for proper interpretation of the components. It is much 
more difficult, especially in a complex food matrix such as OBD. 

This study aims to use the spectroscopic methods mentioned above to 
describe the physical stability of OBD. A range of OBD with various 
separation types has been made and characterised in a prior study 
(Patra, Axel, Rinnan, & Olsen, 2022). This study used these OBDs to 
explore the capabilities and plausible insight gathered by the multi-
variate rapid methods. An emphasis would be put on commonly used 
chemometrics methods for each dataset, such as discrete exponential 
fitting compared to double slicing and PARAFAC (Andrade, Micklander, 
Farhat, Bro, & Engelsen, 2007; Pedersen, Bro, & Engelsen, 2002) for 
LF-NMR dataset. The results from the analysis of the spectroscopic data 
were compared with the prior existing physicochemical characterisation 
of the product, such as separation type after storage test, product’s 
thickness (based on flow consistency index), particle size, and the pro-
tein content. 

2. Material and methods 

2.1. Experimental design 

A wide range of OBD was prepared using a 23 full factorial design 
(Fig. 1), including a centre point, with the following design parameters: 
oat source, amount of β-glucanase, and pH. Throughout the manuscript, 
the products were named with two or three-part system when appro-
priate. The first part corresponds to oat source (W: wholemeal, M: mix 
(1:1 wholemeal bran ratio), and B: bran), the second part represents the 
level of β-glucanase added (B0: without β-glucanase, B50: 0.04% w/w 
flour, and B100: 0.08% w/w flour), and the third part as the pH level 
(4.2, 5.3, and 6.4). The oat (Rubin Mühle GmbH, Germany) was 
hydrolysed using α-amylase (Thermamyl classic, Novozymes, 
Denmark), and varied level of β-glucanase (Beerzym BGHK4, Erbslöh 
Geisenheim GmbH, Germany). The hydration until the cooling steps 
were performed in a mashing bath (Lochner Labor and Technik GmbH, 
Germany) consisting of 8 cups (350 mL batch per cup). The product was 
then centrifuged and underwent dry matter analysis (MA160 Sartorius 
AG, Germany, at 105 ◦C, 1 g) and pH adjustment (with 4M HCl and 4M 
NaOH) before pasteurisation in a water bath. The physicochemical 
characterisation of the product was performed in advance and was not 
the focus of this study. However, the summary of the proximate content 
of the products is given in Table 1. The details of prior characterisation 
methods are available in the prior publication (Patra et al., 2022), and 
relevant methods are summarised throughout the manuscript as neces-
sary. The products and measurements were made in triplicates. FTIR and 
NIR measurements used frozen samples thawed overnight at 5 ◦C, and 
the LF-NMR and fluorescence measurements used fresh samples. All 
samples were stored at room temperature for 3 h before measurements. 

2.2. Data analysis and statistics 

The data analysis was performed in Matlab 2018b (The MathWorks 
Inc., USA). Analysis of Variance (ANOVA) was performed using the 
statistic toolbox in Matlab. Data pre-processing and principal compo-
nent analysis (PCA) was performed using PLS toolbox 8.2 (EigenVector 
Research Inc, USA) unless otherwise stated. All the measurement rep-
licates are averaged for the PCA shown in the spectroscopic overview, 
and the data were concatenated and autoscaled before PCA analysis. 

2.3. FTIR 

1 mL sample was measured with ABB Bomem MB100 FTIR Spec-
trophotometer (ABB Ltd, Zurich, Switzerland) attached to an ATR 
(Attenuated Total Reflectance) probe (12 bounce Zn–Se Crystal, 45◦

angle of incidence, Spectra-tech), wavenumber range of 900–3000 
cm− 1. The spectra were standardised against Milli-Q® water (Merck, 
Darmstadt, Germany). All the measurements were performed at a res-
olution of 4 cm− 1 and 64 scans. The resulting spectra were pre-processed 
using baseline correction (automated weighted least squares, with a 2nd 
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order polynomial fit) and mean centred. Spectra with wavenumber 
ranging from 2800 to 3000 cm− 1 and 900–1760 were selected for PCA 
cross-validated with Venetian blind (9 data splits, 3 samples per blind). 

2.4. NIR 

10 mL sample was transferred to a 20 mL glass vial. The measure-
ments were performed in triplicates for each sample in diffuse reflec-
tance set up with ABB Bomem FTLA2000-160 NIR spectrophotometer 
(ABB, Ltd, Zurich, Switzerland) attached to a rotating vial holder. The 
spectra were standardised against a polytetrafluorethylene (PTFE) 
diffuse reflectance standard and measured at a resolution of 16 cm− 1, in 
the wavenumber range of 10700–4000 cm− 1, 128 scans, and the gain 
was set at high E. The resulting spectra were pre-processed using 
smoothing (Savitsky-Golay zero-order with a window’s size of 15), 
baseline correction (automated weighted least squares with a 2nd order 
polynomial fitting), and mean centred. 

2.5. LF-NMR 

5 mL of the product was poured into AR-GLAS® tubes (0.6 mm 
diameter), and LF-NMR measurement was performed using 20.75 MHz 
Maran benchtop pulsed 1H NMR analyser (Resonance Instruments Inc., 
UK) at 20 ◦C. The transverse relaxation time constant (T2) were 
measured using a CPMG pulse sequence with a 4 s relaxation delay, 
12000 number of echoes, 16 number of scans, 5 in gain, and τ set to 400 
μs  Before further modelling, the data was pre-processed with the 
following sequence: every 2nd data point was removed, smoothened 
with Savitzky-Golay (data window used was 3), normalised to the 
highest value, and manual offset reduction using subtraction with the 
average of last 500 data-points (the baseline). 

Two methods were used to model the T2 values, discrete exponential 
fitting and double slicing. Discrete exponential fitting decomposes each 
relaxation curve into several components, which describe the typical 
exponential decay equation (Equation (1)) (Pedersen et al., 2002). 

X(t)=
∑N

n=1
Mne−

t
T2n + e (1)  

where X is a single relaxation curve which is a function of time t, N is the 
number of components, M is the relative proton concentration of a 
specific component n, T2n is the respective relaxation time constant, and 
e is the residual error. Double slicing transforms each one-dimensional 
relaxation curve into a three-dimensional tensor. Andrade et al. 
(2007) described the process as ‘cutting data into a number of over-
lapping slices, repeated twice’. The tensor is further decomposed using 
Parallel Factor Analysis (PARAFAC), and the exponential loading can 
subsequently be fitted with equation (1) as a mono-exponential. The 
model error is calculated using equation (2). 

MSE =

∑K
k=1

∑J
j=1

(
Xjk,reference − Xjk,estimated

)2

K
(2)  

where MSE is the mean square error, J is the number of data points per 

Fig. 1. The design of the experiment of OBD (A) and the processing steps of OBD (B) 
* The β-glucanase level B0, B50, and B100 correspond to the enzyme concentration of 0, 0.04, and 0.08% w/w flour. ** The oat source used was W (wholemeal), M 
(Mix 1:1: wholemeal to bran ratio), and B (Bran). *** The hydrolysis was done using 0.15% [g/g four] of α-amylase and varied concentration of β-glucanase. **** The 
product was stored at 5 ◦C overnight before fresh sample measurement or frozen at − 20 ◦C. 

Table 1 
The chemical composition of the products (Patra et al. (2022))a.  

Product 
Type 

Protein [% w/ 
w dry] 

Fat [% w/ 
w dry] 

Carbohydrates [% w/ 
w dry] 

Ash [% w/ 
w dry] 

W_B0 10.3 ± 0.1 a 6.8 ± 0.4 b 81.6 ± 0.8 b 1.2 ± 0.2 b 

B_B0 13.7 ± 0.6 b 11.4 ± 0.4 
a 

72.8 ± 0.4 c 2.1 ± 0.2 a 

M_B50 3.7 ± 1.0 c,d 8.8 ± 1.5 b 86.1 ± 2.1 a,b 1.3 ± 0.2 b 

W_B100 1.5 ± 0.1 d 6.3 ± 0.9 b 91.0 ± 0.6 a 1.1 ± 0.2 b 

B_B0 4.9 ± 1.1 c 9.8 ± 3.3 
a,b 

83.7 ± 4.1 b 1.5 ± 0.3 
a,b  

a the chemical compositions were measured using the dumas method (pro-
tein), rapid LF-NMR fat analyser (fat), infrared moisture analyser (water), 
combustion at 525 ◦C for 20 h (ash), and by difference (carbohydrates). The 
chemical composition was derived from the product at pH 6.4 and 5.3 (for the 
centre point) because the pH adjustment was not expected to change the 
chemical composition. The details of each method can be found in Patra et al. 
(2022). 
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curve, X is intensities at each data point j of each measured (reference) k 
values, and estimated values from resulting T2 and proton concentration 
from the model, and K is the total number of measurement points per 
sample. The fitting was performed using the Low-Field NMR toolbox for 
Matlab version 3.0.1 available at www.models.life.ku.dk/lfnmr. The 
PARAFAC decomposition was performed using the N-way toolbox for 
Matlab version 3.30 available at www.models.life.ku.dk/nwaytoolbox. 

2.6. Fluorescence spectroscopy 

The product was brought to 20 ◦C using a water bath and diluted 0x, 
10x, and 100x with 10 mM sodium phosphate buffer at the respective 
sample’s pH. 3.5 mL of sample was poured into a 1 cm squared cuvette 
for measurements using front-face geometry (45◦ angle and 35.9◦

inclination). The samples were measured once with FS920 Edinburgh 
Instruments fluorescence spectrophotometer (Livingston, Scotland, UK) 
with Xe900 lamp as light source, single-photon counting detector (Red 
sensitive photomultiplier, S900), and two Czerny-Turner mono-
chromators (TMS300, one at the excitation and one for the emission). 
The temperature during measurement was maintained at 20 ◦C with an 
external temperature control unit (FL300 Recirculating Cooler, Julabo 
GmbH, Seelbach, Germany) attached to the cuvette holder. Excitation 
and Emission matrix (EEM) was recorded within the tryptophan region 
with excitation wavelengths 250–320 nm (5 nm step) and emission 
wavelengths 260–420 nm (1 nm step), dwell time of 0.3 s, excitation 
bandwidth of 3 nm and emission bandwidth of 2.5 nm, and the iris was 
set at 100. The Rayleigh scattering was removed by setting the data ±10 

nm away from the theoretical scattering line to missing values, and the 
values below the Rayleigh scattering line to zero (Thygesen, Rinnan, 
Barsberg, & Møller, 2004), before PARAFAC decomposition. The PAR-
AFAC decomposition was performed as mentioned in section 2.5. 

3. Results and discussions 

3.1. Spectroscopy results overview 

For clarity purposes, a general overview of all the spectroscopic data 
with the physicochemical characterisation is given. We construct the 
overview using a PCA for each spectroscopic technique, extracting four, 
three, two and three components for the methods IR, NIR, LF-NMR and 
fluorescence, respectively. We subsequently merged all the scores from 
these PCAs with the physicochemical measurements and autoscaled 
each column. This overview of the results is given in Fig. 2, and the 
details for each spectroscopy method is elaborated in a later section. 
Three principal components (PC) of the overview PCA totalling 69.48% 
data variability can be used to explain the spectroscopic results. PC 4 
with 8.64% data variability captured a minor trend for the effect of pH, 
but it is not shown due to repeated trends for the spectroscopic result 
already seen in the previous components. Looking into the PCA scores, 
PC 1 (Fig. 2A) explains the variability caused by the varying level of 
β-glucanase towards protein, total carbohydrates, and the product’s 
thickness. In comparison, PC 2 and 3 (Fig. 2C) showed the effect of oat 
sources on the fat, β-glucan and water content. 

The loadings showed the correlations of the resulting spectroscopy 

Fig. 2. The overview of spectroscopy results* compared to prior characterisation. 
* Scores(A: grouped by β-glucanase level, and: grouped by oat source) and loadings (B and D, with the discussed parameters highlighted in red) of PCA. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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method to the physical and chemical properties. Loadings of PC1 
(Fig. 2B) showed that the high protein level in products with intact 
β-glucan is positively correlated with the scores of NIR 1st component 
and fluorescence 2nd and 3rd component (the hydrophobic protein 
fraction). On the opposite axis, the increases in total carbohydrates at 
the product with hydrolysed β-glucan was seen to be positively corre-
lated with FTIR 1st component and with the abundance of the higher 
degree of polymerisation oligosaccharides (DP 7 and DP 8). Not sur-
prisingly, the product’s thickness was seen to be negatively correlated 
with T2,1 and n values. This signifies that the water mobility was 
decreased (small T2,1) with increases in thickness, and the product flow 
behaviour shifted to the shear-thinning tendency (n < 1). The loadings 
of PC 2 and PC 3 (Fig. 2D) elaborated on the β-glucan, water and fat 
profile of the products. As expected, the β-glucan fraction was higher in 
products from mix or oat bran, and FTIR 3rd component and NIR 3rd 
component correlated positively with this trend. Oat bran products were 
also high in fat, and the lack of it can be explained by FTIR 4th 
component. The abundance of water correlates well with the 2nd 
components of NIR and 1st proton concentration, which further con-
firms the representation of bulk water profile with T2,1 values. 

3.2. FTIR 

The FTIR raw data showed changing baseline conditions, which 
prompted the pre-processing steps of baseline correction and mean 
centring before PCA. The resulting PCA of the FTIR spectra can be seen 
in Fig. 3. The principal component 1 (PC 1, 60.73% explained variance) 
(Fig. 3A) showed the variability based on the addition of β-glucanase, 

which correlates with the product’s thickness. The loadings (Fig. 3D) 
indicates that PC 1 mainly described the variability within the finger-
print region (1200-900 cm− 1), with the prominent peaks at 1024 and 
1151 cm− 1, which corresponds to the pyranose structure of the carbo-
hydrates (Zhi et al., 2019). Hydrolysed β-glucan chains by the addition 
of β-glucanase lead to more exposed and thus pronounced signals of β 
-glucan with high PC 1 scores. The loadings of PC 2 (30.57% explained 
variance) and PC 3 (4.11% explained variance) described variability in 
the fat peak (1745 (C=O stretching of triglycerides), 2925 and 2854 
cm− 1 (asymmetric and symmetric CH2 stretching)) (Luinge, Hop, Lutz, 
van Hemert, & de Jong, 1993) and protein peak (amide I, II and III of 
1700–1600, 1570-1510, and 1350-1200 cm− 1). The addition of bran 
shifted most samples score to positive values of PC 2 and PC 3, which 
confirmed the increase in the protein and fat content by adding bran. 

The effect of pH can be described by PC 2 (30.57% explained vari-
ance) vs. PC 4 (1.92% explained variance) (Fig. 3C). The acidification of 
the product pH close to the protein IEP (isoelectric point) presumably 
altered the protein structure. From the loading, PC 2 represented a low 
value at 1635 cm− 1 (β-sheet), while PC 4 had a high value at 1653 cm− 1 

(α-helix) (Kong & Yu, 2007). The scores of products at acidic pH has high 
PC 2 and PC 4 scores, which are transcribed to lower presence of β-sheet, 
and higher presence of α-helix at acidic pH. Ma, Rout, and Mock (2001) 
has also previously reported the same trend in oat globulin extract of 
reduced β-sheet intensity at acidic pH and correlated it with the for-
mation of the aggregated strand. On the contrary, Zhu, et al. (2018) 
demonstrated that an increase in protein solubility and emulsifying 
property was correlated with a decrease in α-helix content and an in-
crease in β-sheet presence in sonicated walnut protein. Hence, the PCA’s 

Fig. 3. The PCA scores (A, B, C)* and loadings (D) of the FTIR spectra 
* A: grouped by β-glucanase level, B: grouped by oat source, C: grouped by product pH. 
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trend might signal a lower protein functionality at the product pH of 4.2 
and higher protein functionality at neutral pH. The PCA result was also 
supported by increased average particle size D[3,2] with acidification, 
0.9 and 1.3 times bigger in wholemeal and bran products regardless of 
β-glucanase added (Patra et al., 2022), which indicated aggregation. 
While the PCA is not specifically supervised to describe the protein re-
gion, it is still a good indication of the trend within the region provided 
in the loading. PC 4 has also been shown in the previous section (Fig. 2) 
of the spectroscopy overview to negatively correlate with the fat con-
tent. The trend can be explained by the PC 4 values hovering around 
0 near fat peaks. 

3.3. NIR 

An increasing light scattering was seen with the raw data at hydro-
lysed β-glucan condition due to the more significant presence of sus-
pended particles. This prompted the smoothing process and classical 
baseline correction and mean centring for NIR spectra. The result of NIR 
spectra PCA is given in (Fig. 4). In contrast to the FTIR, the NIR region 
consists of overlapping signals from multiple overtones and possible 
combinations arising from the molecule’s vibrations. Hence, the signal 
seen was broad, and the signal assignment attempt (Fig. 4D) was an 
approximation of the most possible bond coupling using the NIR spectral 
catalogue (Workman & Weyer, 2012). The strong influence of protein 

and the high peak of carbohydrates became the major separation factor 
in the PCA results. 

PC 1 separated the level of β-glucanases in the sample scores 
(Fig. 4A), which accounted for 91.31% of the data variation. The cor-
responding loading showed that the signals accountable for PC 1 was 
mainly the protein peak at 6993 cm− 1 and the carbohydrates signal at 
around 10600 cm− 1. The scores of PC1 was also shown in the spec-
troscopy overview section (Fig. 2) to correspond with the product pro-
tein content and thickness. Some minor trends were demonstrated by PC 
2 (8.27% explained variance) and PC 3 (0.35% explained variance, not 
shown). PC 2 explained the oat source at the respective thickness/ 
β-glucanase level. The loading of PC 2 showed negative values at car-
bohydrates peak (2nd and 3rd overtone of –CH stretching signal) around 
8000 cm− 1 and 10600 cm− 1, accompanied with high water and protein 
signal at 5223 and 6897 cm− 1. PC 3 showed an opposite trend compared 
to PC 2, especially in the 9000–6000 cm− 1 region. The overview section 
corroborated this negative correlation with PC 2 correlating positively 
with water and negatively with β-glucan, while PC 3 correlated posi-
tively with β-glucan (Fig. 2). 

3.4. LF-NMR T2 values 

The raw relaxation curves suffered from measurement variation due 
to fluctuation in the environment and instrumentation during 

Fig. 4. The PCA scores (A & C) and loading (B) of the NIR Spectra, along with the interpretation table (D)*. 
* The peak assignment was done using NIR spectral catalogue (Workman et al., 2012). 
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measurement (Appendix A) which necessitates the pre-processing steps. 
The resulting pre-processed relaxation curves (Fig. 5A) showed that the 
products with intact β-glucan (B0) relaxed faster than those with 
hydrolysed β-glucan (B100). The curves were subjected to two different 
modelling methods. The comparison between model performances is 
shown in Fig. 5B. Both models show low error values compared to in-
tensity values and thus was quite accurate. In general, the double slicing 
model gave a slightly better performance with a smaller error than the 
discrete exponential fitting model. In addition, the data was also 
modelled using a power slicing method and subsequent PARAFAC 
(Appendix B) (Pedersen et al., 2002). However, a degenerate solution, 
non-exponential decay of loadings, was produced even with only two 
components, which was a clear sign of the data not meeting the PAR-
AFAC requirement of a trilinear dataset; each sample is made up of a 
sum of a set number of decays. This type of error has also been shown 
using a chemical mixture HPLC-DAD dataset by de Juan and Tauler 
(2001), in which PARAFAC shows very different elution profiles with a 
non-trilinear dataset. Variation in the T2 values even between mea-
surements of the same sample type contributed to the data variability 
and non-trilinearity of the dataset. This issue is evaded in double slicing, 
which only considers the variability of data for every single measure-
ment, and the PARAFAC algorithm was able to give robust results. 

The resulting T2 values and proton concentration are given in Fig. 6. 
The T2 values were grouped based on pre-existing storage tests and 
rheology measurements. The products exhibited different stability pro-
files after storage at 20 ◦C for 14 days, such as stable, phase separation, 
creaming, and complex formation. OBD without β-glucanase (whole-
meal, bran: 1.1 and 5.7 Pa s) were highly viscous, while products with 
β-glucanase were thin (3.3–7.3 mPa s). There were two components 
extracted from the relaxation curves. The T2-ranges were quite broad, 
T2,1 of 197–1288 ms, and the T2,2 of 32–185 ms. T2,1 was the major 
fraction with proton concentration >60% (Fig. 6C). Since only two 
components was chosen, the proton concentration of T2,2 was calculated 
as 100%- T2,1 concentration, and hence, the proton concentration of T2,2 
trend is the opposite of T2,1. 

Both oil and water contribute to the CPMG pulse decay (van Duyn-
hoven, Voda, Witek, & Van As, 2010). However, the OBD tested in this 
study contained very little fat ranging from 0.7% to 1.1% w/w, 
compared to water at about 90% w/w (Table 1). Hence, we could as-
sume that the decay mainly comes from water in the form of either free 
or bound water. No strict convention is available to classify the range of 
T2 values as free and bound water. Although, >100 ms is typically 
assigned as free water and <100 ms as bound water. For example, Wu, 
Zhao, Li, Jin, and Wu (2017) showed that in 1% oat β-glucan solution, T2 
values for free water were 800–1600 ms, and bound water was 10–40 

ms. Hansen, van den Berg, and Engelsen (2011) classified a fraction of T2 
values range 400–500 ms as water fraction within a cheese gel. 

The T2,1 explained the thickness of the products. Bulk water seems to 
exist within a gel structure (T2,1 197–505 ms) in products with intact 
β-glucan, and the loss in structure when the β-glucan was cleaved (B100) 
release the free bulk water (T2,1 704–1288 ms). Meanwhile, the state of 
bound water (either by protein or polysaccharide) represented by T2,2 
explained the product stability profile well. Strongly bounded water 
leads to stable products, while loosely bound water leads to unstable 
products, either phase separation or creaming. The complex coacerva-
tion product had the highest T2,2 values and showed that water was 
expelled from particles when aggregation happened with acidification. 
T2,2 values of B_B100 jump from <80 ms at pH 6.4 to >160 ms at pH 4.2, 
followed by aggregation and complex formation. The decrease of bound 
water at pH close to the isoelectric point is expected due to a decrease in 
polarity in general (Zayas, 1997). As an example, Malik and Saini (2018) 
showed this phenomenon in the sunflower protein isolates. 

3.5. Fluorescence spectroscopy: intrinsic protein region 

Many factors might affect the fluorescence signal, such as the inner 
filter effects and the quenching. These factors are especially pronounced 
in the sampling of intact food matters, and a dilution series is often 
performed to have a proportional fluorescence signal with the concen-
tration (Christensen et al., 2006). The effect of dilution towards OBD’s 
fluorescence signal is illustrated in Appendix B. The samples show high 
variability among undiluted samples that was presumably due to 
different quenching or inner filter effects among the replicates. These 
effects are less pronounced in diluted samples, and the signals are pro-
portional with concentration with 10x and 100x dilution. Based on this 
observation, the PARAFAC model was only made using diluted samples. 

The resulting PARAFAC model can be seen in Fig. 7 and Fig. 8. The 
model reached convergence after 14 iterations with 100% core consis-
tency. There were 4 components selected to represent the data. The 4th 
component is most likely from Maillard products with the typical exci-
tation/emission peak at around 360/440 nm (Birlouez-Aragon et al., 
1998). For this reason, the scores for component 4th was not investi-
gated further. Within the studied region, fluorophores of interest are 
tryptophan, tyrosine and phenylalanine with typical excitation/e-
mission in neutral pH of 280/348, 274/303, 257/282 nm (Ghisaidoobe 
& Chung, 2014). The rest of the components emission peaks are above 
320 nm, accompanied by the classical tryptophan excitation peak at 
around 280 nm. Hence, it is likely that these signals originated from 
protein, most probably from tryptophan (Miquel Becker, Christensen, 
Frederiksen, & Haugaard, 2003). 

Fig. 5. The pre-processed relaxation curves (A), and the comparison of error between models (B).  
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The correlation analysis of the components showed no significant 
correlation among them. Thus, it is likely that each component repre-
sents a distinct state of protein within the products. A shift of tryptophan 
emission peak to lower wavelength signifies a higher hydrophobicity 
(Lakowicz, 2006). Therefore, component 1 was assigned as hydrophilic, 

and component 3 as the hydrophobic faction. There was an intermediary 
state (component 2), which was to be expected from natural products 
such as OBD. 

The normalised sample scores are shown in Fig. 8, and the ratio 
between the buried and exposed protein is shown in Fig. 9. Based on the 

Fig. 6. The resulting T2 values(A: grouped by product’s flow consistency index*, B: product’s stability profile**) and proton concentration*** (C) from the double 
slicing model. 
* Flow consistency index was K-value generated by measurement of flow curve with a rheometer at the shear rate of 0–300 s− 1, 
20 ◦C and fitted into a power-law model. The consistency of thick samples was in the range of Pa⋅s and thin samples in mPa⋅s. ** The product’s stability profile was 
the result of a storage test at 20 ◦C for 14 days. *** The proton concentration of component 2 equals 100% - concentration of component 1. 

Fig. 7. The Excitation (A) and Emission Loadings (B) of the PARAFAC model along with the interpretation table of the loadings (C)*. 
* The correlation coefficients for the pairing of components 1–2, 1–3, and 2–3, respectively are 0.88, 0.58, 0.83 with p-values of 0 for all correlations. 
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maximum intensity value of components 1, 2 and 3 of 4.95, 2.97, and 
2.83 (x106), respectively, component 1 was the dominant state, and the 
majority of the protein was in an exposed hydrophilic state. Neverthe-
less, the addition of β-glucanase greatly affected the type of protein 
extracted from the oat. Products without β-glucanase had a higher 
proportion of hydrophobic or buried state expressed by higher scores 
values of both components 2 and 3 regardless of the oat source. Previous 
dumas analysis also showed that B0 products have about 3.5x higher 
protein content than B100 and B50. 

The β-glucan molecular network possibly helped extract the hydro-
phobic protein fraction, leading to an increased total protein in B0 

products. High molecular weight β-glucan has been shown to exhibit 
higher thickness but has lower solubility that might signify greater 
presence of hydrophobic pockets within the network (Kim & White, 
2013). Hence, it is highly likely for the hydrophobic protein to adhere 
better to the β-glucan network presence in B0 samples, as indicated by 
the significantly higher thickness of B0 products. Thus, an increase in the 
protein concentration and the hydrophobic faction in B0 samples was 
observed. 

Meanwhile, the effect of oat source and pH was less direct towards 
the protein hydrophobicity, and an interaction effect was observed 
(Fig. 8B and D). Oat source dominantly affected products with hydro-
lysed β-glucan to have higher buried proportion. The fluorescence signal 
is proportionally linear to the fluorophore concentration, in this case, 
tryptophan. Protein is distributed unevenly in oat groat, with oat bran 
having higher protein content than the starchy endosperm (Mäkinen, 
Sozer, Ercili-Cura, & Poutanen, 2017). However, the tryptophan content 
between the bran and the rest of the oat after bran removal has been 
shown to be comparable (Hahn, Chung, & Baker, 1990). Hence, the 
higher signal observed was likely to be linearly correlated to the higher 
percentage of protein content in the products regardless of the oat source 
used. It was shown that the combination of wholemeal oat and β-glu-
canase helped with the extraction of hydrophilic protein that was 
beneficial for further emulsification or foaming applications. This 
product also has been shown to have high stability profile and is unaf-
fected by acidification. 

pH was shown to predominantly affect the products with intact 
β-glucan. Products with neutral pH showed higher fluorescence intensity 
and the ratio of buried/exposed tryptophan. This was in contrast to the 
expectation of a higher ratio of buried/exposed tryptophan at acidic pH 
close to the protein isoelectric point. The protein isoelectric point of oat 
protein was previously shown to be close to 5 (Brückner-Gühmann, 
Heiden-Hecht, Sözer, & Drusch, 2018). The zeta potential of the prod-
ucts was also the lowest at pH 4.2, averaging around − 1.83 (B0) and 
− 8.81 (B100) mV. The oat source was found to not significantly affect 

Fig. 8. The normalised* sample scores of the PARAFAC model: grouped by β-glucanase level (A and C), oat source (B), and pH (D) (dashed line indicates a separation 
line according to β-glucanase % added: upper region 0%, lower region 50 &100%) * normalisation was done to the highest value of scores for each component. 

Fig. 9. The scores ratio of buried to exposed protein fraction* 
*all variable terms and interactions are significant with p-value < 0.01. 
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the zeta potential (Patra et al., 2022). Hence, the protein was expected to 
have a higher hydrophobicity tendency at acidic pH compared to neutral 
pH. In return, the lower fluorescence signal and ratio might be due to the 
change in the tryptophan quantum yield. Fluorescence intensity is 
affected by the protein concentration and the fluorophores quantum 
yield; the effectivity of fluorophores to convert the excitation energy to 
emission instead of radiationless transition (Murphy, Stedmon, Graeber, 
& Bro, 2013). Low pH has been shown to lower the intensity of tryp-
tophan by increasing the electron transfer rate to the surrounding 
quenchers such as amides or local peptide carbonyl group (Ghisaidoobe 
et al., 2014; White, 1959). 

4. Conclusions 

The stability of OBD is influenced by not only the physical but also 
the chemical variability of the system. The main variability of the OBD 
tested in this paper is caused by the different levels of β-glucanase added, 
which significantly alters the product carbohydrates profile. FTIR and 
NIR were both able to give a chemical fingerprint of the product and 
capture this trend. In addition to the chemical information, the NIR 
spectra were also found to correlate well with the product’s thickness. 
Compared to FTIR, NIR spectra could differentiate all the oat sources, 
while FTIR showed mixed scores of wholemeal and mix samples. Hence, 
NIR has potential to be developed for prediction or sample classification 
due to its ability to detect both chemical and physical variation. How-
ever, long-term use of any NIR model might need to consider routine 
model maintenance since NIR is known to suffer from measurement 
variation due to environmental and instrumentation fluctuation. 

LF-NMR describes the product’s structure which correlated with the 
stability tendency of the OBD tested. Thus, LF-NMR can also be used for 
the prediction of OBD stability. LF-NMR result also confirms that the 
aggregation observed in bran products with hydrolysed β-glucan at 
acidic conditions was due to water repulsion by the particles. The 
intrinsic fluorescence spectroscopy later supported the aggregation 
behaviour. 

Regarding fluorescence spectroscopy measurement, it is imperative 
to standardise the sample’s pH in addition to dilution and front face 
geometry to measure opaque food matters like OBD. The change in 

quantum yield affects the fluorescence signal significantly at different 
product pH. Regardless, the resulting fluorescence signal at pH 6.4 
proved that the higher protein content at the product with intact 
β-glucan from bran was due to the extraction of hydrophobic protein. 
This hydrophobic protein is easily aggregated at acidic conditions, 
which was confirmed with an increase in particle size, and precipitated 
at the lack of β-glucan network. For a future study, it might be beneficial 
to performed an extrinsic fluorescence measurement with a probe such 
as 8-anilino-1-naphthalenesulfonic acid (ANS), to measure the surface 
hydrophobicity. The extrinsic probe signal might further confirm the 
native protein structure within the sample. 

In conclusion, all the spectroscopic method tested described the 
stability of various kinds of OBD systems well. Multivariate data analysis 
ranging from a typical PCA until three-way PARAFAC unravelled the 
underlying trend within the spectra and allowed for sound in-
terpretations of the data. 
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Appendix A. The LF-NMR raw relaxation curves
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Appendix B. An example of non-exponential loadings of power slicing and PARAFAC model (B_B0_6.4 (A) and B_B0_ 4.2 (B))

Appendix C. A subset of fluorescence EEMa of one sample.(DF 0, 1 and 2 corresponds to dilution factor of 0, 10x and 100x). a Excitation 
was plotted at emission of 360 nm, and emission was plotted at excitation of 290 nm
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