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Abstract
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).
Keywords: plant-based drinks, physical stability, methods, spectroscopy

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 environmental aspect
(Rosenfeld, 2018). The plant-based diet is well known to promote health through the presence of healthy
compounds. Meanwhile, 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 performed 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, plantbased 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 allergies 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 healthpromoting compounds not found in milk, such as dietary fibres and antioxidants (Sethi, Tyagi, & Anurag, 2016).
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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. 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 available 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 particles 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 interest, 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 (monodisperse) or consist of a range of particles with different sizes in different
concentrations (polydisperse). From a physical point-of-view, the presence of small particles in a suspension
changes the effective pair potential 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. Soybased 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 to 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
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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 carbohydrates, 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
fortification 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. Hydrocolloids 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 (Fejl!
Henvisningskilde ikke fundet. 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, stabilization 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, 2010). The illustration of
the electric double layer can be seen in Figure 1. The theory emphasizes and explains the role of the solvent
ionic strength in creating an electrochemical potential of particles. The electrochemical 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 signifies the particle’s repulsion behaviour to similarly charged particles. A greater
repulsion is usually associated with better colloidal stability. Measurement of zeta potential is elucidated further
in section 4.2
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Table 1. Overview of commercial plant-based drinks
Plantbased
source
Soy

Oat

Almond

Rice

Coconut
and Rice
Coconut
Hazelnut

Commercial Product
Name

Storage
condition

Alpro Sojadrik Light

Plant composition
[w/w]

Added Hydrocolloids

Fortification

Room
temperature
Room
temperature

Maltodextrin, gellan
gum,
-

4.1%

Room
temperature
Room
temperature

-

Vitamins B2, B12, D2, and
calcium (Calcium carbonate)
Algae Lithothamnium
calcareum (source of
calcium)
-

10%

Alpro Havredrik
Original

Room
temperature

Gellan gum

Naturli’ Økologisk
Havredrik Original
Naturli’ Økologisk
Havredrik

Room
temperature
Refrigerate

-

Alpro Mandel Original

Room
temperature

Gellan gum

Naturli’ Økologisk
Mandeldrik
Naturli’ Økologisk
Mandeldrik

Room
temperature
Refrigerate

Maltodextrin, guar
gum, locust bean gum
Gellan and guar gum,

Rapeseed oil, vitamins B2,
B12, and D2, and calcium
(calcium carbonate and
tricalcium phosphate)
Sunflower oil, vitamins B2,
B12, and D2, calcium
(tricalcium phosphate)
Sunflower oil, chicory roots
(source of inulin)
Sunflower oil, chicory roots
(source of inulin), algae
Lithothamnium calcareum
(source of calcium)
vitamins B2, B12, and D2,
and calcium (calcium
carbonate and tricalcium
phosphate)
-

Levevis Økologisk Ris
Drik
Naturli Økologisk Ris
Drik Original
Alpro Kokos Original

Room
temperature
Room
temperature
Room
temperature
Room
temperature

Naturli’ Økologisk
Soyadrik
Calcium & Vanille
Levevis Økologisk
Soja Drink
Oatly Havredrik

Naturli’ Økologisk
Kokosdrik med
Calcium
Alpro Hasselnøddedrik
Original

Room
temperature

-

Gellan and guar gum

7.2%
8%

10%
12%
8%

2.3%

5.5%

-

algae lithothamnium
calcareum (source of
Calcium)
Sunflower oil

2%
14%

-

Sunflower oil

11%

Gellan gum, guar
gum, xanthan gum
Maltodextrin,
carrageenan, xanthan
gum, guar gum
Locust bean gum,
gellan gum

Vitamin B12 and D2, Ca
(tricalcium phosphate)
Algae (source of Calcium)

5.3% coconut
milk, 3.3% rice
5.3% coconut milk
2.5%

Isola Bio Økologisk
Hasselnøddedrik

Room
temperature

Rice starch

Hemp

Ecomil Økologisk
Hamp Drink

Room
temperature

Tapioca starch

Vitamin B2, B12, E and D2,
calcium (tricalcium
phosphate)
Algae lithothamnium
calcareum (source of
calcium)
-

Quinoa
and Rice
Quinoa

Quinua Real
Okologisk
Ecomilk økologisk
Quinoa Drink

Room
temperature
Refrigerate

-

Sunflower oil

3% hemp seed
3%, 1.3% hemp
oil
10% rice,

Sunflower oil, Inulin

4%

6.5%

*The data are collected from commercial products available in Denmark’s market by the time of writing of this review.

3.1.2 The electrostatic stabilization: The DLVO Theory
DLVO (Derjaguin & Landau, 1993; Overbeek & Verwey, 1948) theory 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 indicates the effect of particle
distance on stability. Van der Waals forces decay more rapidly in comparison to the repulsion force. Thus, Van
4

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. Aggregation 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)
Electric
potential
𝜓0

Stern
plane

Slipping
plane

Bulk of the liquid

𝜓𝑑
𝜁

Stern layer

Diffuse layer

Length from the surface

Debye length

Figure 1. The electric double layer

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 hydration,
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 constituents. 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 Stabilisation
Besides electrostatic stabilization, a colloidal system can be stabilized through a non-ionic steric mechanism.
During steric stabilization, three main phenomena might be observed (Figure 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 surrounding 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 region. 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 emulsifying 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 potential as Pickering stabilizers (F. Liu & Tang, 2013). Further
discussion on protein function as an emulsifier is discussed in section 4.3.2.
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Figure 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)

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
emulsifying 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 separation. 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.

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 sedimentation, creaming, flocculation,
coalescence, Ostwald ripening, and phase inversion (Figure 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 favours 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 coalescence 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
sedimentation might be caused by the lack of filtration of heavy plant particles. For this reason, the beverage’s
overall stability is usually expressed as creaming rate or sedimentation rate depending on the system
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constituents. Further discussion of the technique commonly used to measure this will be discussed in section
4 and 5.

Figure 3. Types of destabilization mechanism in a colloid system

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 StokeEinstein 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 separation. 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
0.8-2.1μm, which signifies that separation is inevitable in these beverages and stresses the need for additional
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 system’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 miscibility, 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 interactions 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; Warnakulasuriya & Nickerson, 2018).
Miscibility/co-solubility can be achieved with repulsive interaction of biopolymers containing the same charge
and by soluble complexes with attractive interaction. Low biopolymer concentration commonly leads to
miscibility, while high biopolymer concentration leads to separation either into thermodynamic incompatibility
or complex coacervation (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
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polysaccharides (ex: gelatin and Na-alginate system at pH 6, 40 oC), >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, locust bean gum, and tara gum are nonionic), 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 Fejl! Henvisningskilde ikke fundet. below.

4.1 General stability measurement and Stoke equation parameters
Particle size is traditionally observed with microscopy. Optical microscopy 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 100-300 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. Kontogeorgis & Kiil, 2016b). However, these
methods require low moisture and conductive specimens, thus unsuitable for observing the beverage system's
microstructure (Auty, 2019).
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.

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
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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 plantbased 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 perception 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 general 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, 2019), 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 destabilization 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 plantbased 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 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
centrifugal 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 gravitybased 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
separation (Badolato, Aguilar, Schuchmann, Sobisch, & Lerche, 2008).
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4.2 Electrostatic parameter: Zeta potential measurement
Dynamic light scattering can, in addition to measuring light scattering 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 concentrations 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 ±30mV. 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 (3) are examples of such cases, explaining the need for steric
stabilization in industrial products.
Table 3. Zeta potential values and measurement condition of milk and several plant-based drink products
Product

Zeta
potential*
[mV]

Bovine milk

-11

Buffalo milk

-9.4

Soy drink

Dilution condition

Measurement method

Literature

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)

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

Hazelnut drink

-22***

0.4% in 0.02 M phosphate buffer

Zetasizer nano Z, Malvern Instruments
Inc. (electrophoresis measurement)

Bernat, et al.
(2015)

*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

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 processing, most often for optimization of the
production processes.
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4.3.1 Total protein
In regards to total protein, plant-based products generally undergo intensive processing, including enzymatic
treatment in oat drinks, homogenization, 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 nitrogen 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 influence 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 inadequate) 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) 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 calorimetry (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 stability 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 parameters based on
observation could also be measured to complete the picture. Some empirical parameters are emulsifying
capacity, emulsifying stability, overrun, foaming capacity, foaming stability, and surface load (Damodaran, et
al., 2017).
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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
hydrophobic 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 isolates) to plantbased beverages need to consider that plant-based protein are highly unstable near their isoelectric point, high
ionic strength (>50 mM), and high temperatures (>70 oC) (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 measurements in comparison to other chemical methods that often need sample pre-treatment.
However, the resulting spectra or so-called 'fingerprints' are not readily useable without proper data processing
technique 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 adaptation of
these methods. Proper chemometrics usage will enable the extraction of meaningful conclusions from
multivariate data, which is the nature of spectra (K. Kjeldahl & Bro, 2010). There are various spectroscopic
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 spectroscopy 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 differentiate 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 plantbased 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 UVVIS 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 measurement using anthrone (Haldar, Sen, & Gayen, 2017), and the measurement of total
reducing sugar with DNS method (Miller, 1959).
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5.2 Vibrational Spectroscopy
Vibrational spectroscopy is the interaction between light and the vibrational states of molecular bonds. Two
types of vibrational spectroscopy 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.
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 12800-4000 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 interesting 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 protein 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 cm1). 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 inplane 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 square 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.
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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 wavelength 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 sometimes 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; RodriguezSaona, 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 characterization of colloid beverage stability, the method’s capability to characterize
food components and food additives are especially relevant, 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, Augustin, & 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 molecules absorb UV-VIS light and subsequently
emit light with a higher wavelength (lower energy). The difference in energy between the excitation 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 fluorescence 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 measurement of beer, the protein signal was only discovered in the
diluted beer in comparison to undiluted beer. However, the natural interaction between the fluorophores and
the food matrix is lost with dilution, and 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. Sampling and replicate analysis can be used to mitigate this (Christensen, et al.,
2006).
Traditionally, fluorescence is measured by scanning one of the attributes (excitation or emission) as a function
of one specific wavelength of either excitation or emission (in other words, retrieving an emission/ excitation
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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; performing 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), MCRALS (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 previously
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 (cisparinaric acid). Tryptophan is a hydrophobic aromatic amino acid, while ANS and CPA are fluorescence probes
having an affinity 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 environment, 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 dipoles in a
magnetic field. In general, there are two types of NMR instruments: low-field NMR (LF NMR, measuring timedomain data, also referred to as NMR relaxometry) and high-field NMR (measuring frequency 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 influence of
a homogenous high-intensity superconducting magnet with a 1H resonance frequency above 300 MHz (similar
to a magnetic field strength above 7 Tesla). 1H HR NMR spectroscopy is optimal for the identification 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
15

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 distribution, rheological properties, and compositional changes during processing and storage (Hills,
2006; Topgaard, Martin, Sakellariou, Meriles, & Pines, 2004; van Duynhoven, Voda, Witek, & Van As, 2010).
In general, LF NMR has been used for the evaluation of oil and water content, water mobility in liquid and solid
systems, as well as hydration phenomena (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 increase in demand certainly benefits the development of various kinds of products
made of abundant plant sources. Regardless of some products 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 characterize 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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