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ABSTRACT 

The growing demand for plant-based milk underscores the need to enhance its nutritional value 

through fortification and improved protein content. This study introduces the post pH-driven 

method as a solution for curcumin fortification and oat protein solubility enhancement in plant-

based milk. The method was applied to extract curcumin from turmeric, achieving high 

extraction efficiency (96.4 ± 0.5%) and two-in-one efficiency (94.2 ± 1.6%) in soymilk. 

Additionally, it was used to treat oat protein, where a combination of heat treatment at 100°C and 

citric acid acidification significantly improved protein solubility up to 70-75%. These findings 

demonstrate the versatility of the post pH-driven method in developing functional plant-based 

milk products. This study lays a strong foundation for improving plant-based milk formulations 

through innovative extraction and solubilization techniques. Future research should focus on its 

scalability, molecular interactions within food matrices, and sensory evaluation to optimize its 

commercial applications. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW OF PLANT-BASED MILK1 

  

 
1 Suryamiharja, A., Gong, X., and Zhou, H. 2024. Towards more sustainable, nutritious, and affordable plant-based 
milk alternatives: A critical review. Sustainable Food Proteins, 2:250-267. Reprinted here with permission of the 
publisher. 
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Introduction 

The global rise in the adoption of plant-based foods, including plant-derived or -

processed, is a response to growing concerns over environmental sustainability, ethical 

considerations, and the pursuit of better health outcomes. Within the diverse array of plant-based 

foods, PBMAs carve out a unique niche. First, the variety of PBMAs options, including legume, 

nut, seed, cereal, and pseudo-cereal derived milks, offers consumers a broad spectrum of choices 

(Hidalgo-Fuentes et al., 2024). This diversity not only provides different taste preferences and 

nutritional needs but also underscores the adaptability of PBMAs to global dietary patterns. 

Second, PBMAs address the dietary restrictions of individuals with lactose intolerance, milk 

allergies, or hypercholesterolemia, and thus provide a safe and inclusive alternative (Silva et al., 

2020a). Third, the production of PBMAs can be more efficient and scalable by using simple 

processing methods. This process can likely replicate the physicochemical properties of animal-

based milks, unlike the complex procedures needed for the production of many other plant-based 

foods (such as meat alternatives) (McClements and Grossmann, 2021). Beyond catering to these 

needs, PBMAs stand out for their potential as vehicles for nutritional enhancement 

(McClements, 2020). They can be enriched with essential macronutrients or micronutrients, such 

as calcium, vitamins D and B12, and plant-derived bioactive compounds, which benefits the 

development of nutritionally fortified PBMAs. Compared to animal-based milks, the increasing 

availability of PBMAs plays a vital role in enhancing global access to nutritionally rich, plant-

based dietary options. This is largely due to the abundant availability of raw plant materials, 

which is especially beneficial for the countries that have a limited accessibility of dairy milks but 

a high availability of plant sources. 
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Figure 1.1. (A) The number of articles retrieved from the Web of Science Core Collection using 

the query: TS=("plant-based milk*") OR TS=("plant-based drink*") OR TS=("plant-based 

beverage*") OR TS=("milk alternative*") OR TS=("milk analog*"). “TS” stands for the topic 

keyword, and the search was conducted on 08/01/2024. The arrow indicates a significant 

increase in the number of articles published in 2020. (B) The percentage of research articles 

published with the keyword in the abstract within the past two years. The percentage was 

calculated by the ratio of the number of research articles published with an additional keyword, 

e.g., AB=(“sensory*”), to the total number of research articles selected within the past two years.  

 The percentage of research articles with different keywords was calculated to reflect 

current research trends and scientific evolution (Figure 1.1B). It can be observed that keywords, 

such as sensory evaluation, fermentation-based production techniques, environmental impact, 

and nutrition and health, are frequently used in research articles (> 15%). To pave the way for 

the development of PBMAs, this review paper sets out to offer a comprehensive examination of 

the current landscape of PBMAs and provides an in-depth analysis covering various aspects. For 

example, understanding processing strategies is critical for achieving cost-effective production of 
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PBMAs. Delving into the nutritional profile and gastrointestinal digestion helps us understand 

the nutritional and health benefits of PBMAs. Additionally, careful consideration of the 

environmental impacts of PBMAs is necessary. It is noted that several review papers have been 

published to cover some critical aspects, including the flavor (Xie et al., 2023), sensory (Tireki et 

al., 2024), fermentation (Hidalgo-Fuentes et al., 2024; Zhao et al., 2024), and customer’s 

perspectives (Sharma et al., 2024a). Combined with these review articles, important insights and 

recommendations can be provided to accelerate the innovation of milk alternative products that 

not only meet but exceed customer expectations in terms of cost-effectiveness, nutrition and 

health value, taste and flavor, customer acceptance, and environmental friendliness (Figure 1.2). 

 

Figure 1.2. A need for a multi-dimensional strategy to accelerate the innovation of milk 

alternative products aims to not only meet but exceed customer expectations in terms of cost-

effectiveness, nutritional and health value, taste and flavor, customer acceptance, and 

environmental friendliness. Picture was initially created with BioRender.com. 
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Production of plant-based milk alternatives 

Many review papers have detailed the production of PBMAs from various plants (Aydar 

et al., 2020; McClements et al., 2019; Sharma et al., 2024b). However, they often lack a 

comprehensive discussion on how we can improve the stabilization and their fundamental 

principles. Therefore, this section will provide a brief introduction to processing strategies and 

focus on two key questions: how to measure or monitor PBMA stability and how to enhance 

stabilization through strategies such as homogenization, emulsification, and thickening. 

Processing strategies 

 Two prevalent processing strategies are employed to create these dairy alternatives: first, 

the disruption and homogenization of plant materials such as nuts, seeds, or legumes; and 

second, the formation of oil-in-water emulsions through homogenizing oil, water, and 

emulsifiers (McClements et al., 2019). These methods are foundational in transforming solid 

plant materials into fluid systems that mimic the properties of traditional dairy milks.  

 The most common strategy for crafting PBMAs centers on utilizing raw plant materials 

like nuts, seeds, or legumes, which inherently contain oils and proteins as natural emulsifiers 

(Munekata et al., 2020). This method leverages the natural properties of plant sources by 

utilizing their oils for richness and flavor and using plant proteins to stabilize the emulsion. This 

approach eliminates the need for added emulsifiers and is also cost-effective due to the 

utilization of raw materials. However, a tranditional processing strategy potentially encompasses 

various complex processes, including roasting, soaking, blanching, milling, filtration, ingredient 

addition, sterilization, and homogenization. Each of these steps could significantly impact the 

quality of PBMAs. For instance, roasting can enhance flavor but may also lead to some 

nutritional loss (Özdemir et al., 2001). Soaking and blanching can reduce anti-nutritional factors 
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but might also affect the texture and nutrient content (Khandelwal et al., 2010). Milling and 

filtration determine the particle size and nutrition loss, as well as influence both the mouthfeel 

and stability of the final product. Significantly, various processing technologies can be further 

applied to enhance a product's stability, flavor, and nutritional profile by creating a uniform 

mixture. Fermentation involves using beneficial microorganisms to improve the taste, texture, 

and nutritional content of the product while also enhancing its shelf life and stability (Tangyu et 

al., 2019). Enzyme treatments are used to break down complex molecules, improving 

digestibility and nutrient availability, and can also modify the texture and flavor profile (Mehany 

et al., 2024). Homogenization, which involves breaking down fat molecules to create a uniform 

and stable mixture, is essential for preventing separation and improving mouthfeel (Mehany et 

al., 2024). Together, these technologies work synergistically to produce high-quality, stable, and 

nutritious products that meet consumer expectations. All these processes must be carefully 

optimized to balance the nutritional profile, taste, flavor, and overall cost, while also considering 

environmental impacts like CO2 emissions and energy consumption.   

 Another strategy involves formulating oil-in-water emulsions by adding specific oils and 

emulsifiers to achieve a milk-like consistency and nutritional profile (McClements et al., 2019). 

Common oils used include almond, soy, and seed oils, known for their healthful fats and ability 

to blend smoothly into water with the help of emulsifiers such as plant proteins derived from 

plant materials, lecithin derived from soy or sunflowers, and carrageenan extracted from 

seaweed. These emulsifiers are crucial for stabilizing the emulsion, ensuring the oil droplets 

remain dispersed within the water rather than separating (McClements et al., 2019). One 

significant advantage of this strategy is the customized ingredients, for example, a high protein 

content can be effectively formulated into product development. To achieve a homogenous 
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mixture that closely mimics the texture and appearance of dairy milk, a homogenizer is 

employed. This device applies intense mechanical shear to the mixture, breaking down oil 

droplets to microscopic sizes and evenly distributing them throughout the liquid. Thus, the 

principles of PBMA production are a blend of traditional food processing techniques and modern 

technological advancements aimed at delivering a product that meets consumer expectations for 

nutrition, taste, and sustainability. 

Stabilization of plant-based milk alternatives 

 The stabilization of PBMAs is contributed by two main factors which are the behavior of 

dispersed food components inside the system (e.g., oil bodies, fat droplets, or plant fragments) 

and the nature of the aqueous solution (e.g., pH, mineral composition, sugar content, viscosity, 

and density) (McClements, 2020). These two factors are subject to change and control, especially 

when the PBMA is induced with mechanical energy from homogenization and temperature 

change. In terms of destabilization, PBMA destabilization can be divided into physical 

destabilization, chemical destabilization, and microbial deterioration.  For example, physical 

destabilization consists of common emulsion destabilization such as flocculation, coalescence, 

particle coalescence, oiling off, creaming, and sedimentation (Akoh, 2017). It is therefore critical 

to understand the fundamentals of stabilization, which can enable us to develop high-quality 

PBMAs. Thus, four critical aspects will be discussed, including the homogenization, 

emulsification, thickening, and measurement of stabilizing capability. 

Homogenization 

 Homogenization is a critical step to improve the stability of PBMAs (Sherman et al., 

2024). This process involves the application of mechanical forces to create a uniform system of 

the water and substrate phases for preventing potential separation and sedimentation. 
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Homogenization effectively reduces the size of fat globules through the application of large 

mechanical forces. This process allows emulsifiers, such as plant proteins, to adsorb onto the 

surface of oil droplets, preventing rapid coalescence and reducing the average size of oil 

droplets. A variety of mechanical devices can be employed to achieve this, including high-shear 

mixer, high pressure valve homogenizer, microfluidizer, ultrasonic homogenizer, colloid mill, 

etc. (McClements et al., 2019). High-shear mixers generate intense shear forces to create fine 

particles to enhance the creaminess and consistency. High-pressure valve homogenizers pass the 

mixture under extreme pressure through a narrow valve, which breaks down large particles to a 

microscopic level for improved stability (He and Xu, 2024). Microfluidizer can also be applied 

to formulate a homogeneous system by channeling the milk through microchannels at high 

velocities. Ultrasonic homogenizers apply high-frequency sound waves to create cavitation, 

which reduces particle size and improves uniformity (Sarangapany et al., 2022). Lastly, colloid 

mills use rotating discs to finely grind the plant material, which can be used to facilitate 

smoother textures. Both PBMAs and dairy milks will undergo homogenization. For dairy milks, 

a key focus of homogenization is on the oil droplets, as other components, such as casein 

proteins, have high water solubility. In contrast, for PBMAs, homogenization is crucial for the 

plant components as well, many of which, like plant proteins and fibers, have low water 

solubility. Effective filtration and homogenization are therefore essential for the production of 

stable PBMAs. Importantly, some other non-thermal innovative techniques have been used for 

PBMAs, such as fermentation and pulsed electric fields (PEF) (Sharma et al., 2024b; Silva et al., 

2020a). For example, through the metabolic activities of microorganisms, fermentation can 

increase the viscosity and homogeneity of PBMAs due to the exopolysaccharides formation, 

reducing phase separation and settling of insoluble particles (Harper et al., 2022). Additionally, 
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PEF treatment improves the stability of PBMAs by reducing particle size and enhancing the 

content of bioactive compounds (Morales-de la Peña et al., 2023). However, it is critical to 

consider other potential impacts, including nutrition loss, taste and flavor, manufacturing 

expenses and environmental factors (e.g., CO2 emissions and energy use). To develop high-

quality PBMAs, it is essential to consider multiple factors to identify the optimal solution. 

Emulsification 

 Although various homogenizers can create more uniform and smaller particles, the 

absence of sufficient emulsifiers will result in aggregation. This is because plant-derived proteins 

and carbohydrates tend to aggregate due to strong attractive hydrophobic interactions and weak 

repulsive electrostatic interactions (McClements et al., 2019). Emulsifiers are normally used to 

reduce the interfacial free energies of hydrophobic components (e.g., oils) in PBMAs. Therefore, 

effective stabilization of PBMAs critically depends on the careful selection and functionality of 

emulsifiers, which are tasked with forming a robust barrier around oil droplets to prevent their 

aggregation. This barrier is crucial for withstanding environmental stresses encountered during 

storage and use, such as fluctuations in pH, the presence of salts, interactions with other 

ingredients, and variations in temperature (McClements et al., 2019). Optimizing emulsifier 

properties is therefore crucial to ensure the stability of PBMAs. Commonly used emulsifiers 

include the plant proteins (e.g., pea, lentil, and soy) (Vogelsang-O’Dwyer et al., 2021), 

polysaccharides (e.g., gum arabic), and surfactants (e.g., lecithin) (McClements, 2015). 

 Plant proteins are considered natural emulsifiers with varied amino acid compositions 

that can bind both the hydrophilic and hydrophobic sites of the emulsion system (Kim et al., 

2020). However, plant proteins are very sensitive to the pH environment (Li and Xiong, 2021). 

As an example, plant-based proteins, such as pea, lentil, and faba bean, form emulsions that are 
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highly unstable near their isoelectric point (pH 5), high ionic strengths (>50 mM), and high 

temperatures (>70°C) (Gumus et al., 2017). There are also plant-based emulsifiers that can be 

used or combined with protein to provide better emulsion stability such as plant-based saponins 

and polysaccharides (McClements, 2020). Plant-based saponins and polysaccharides are stable 

over most of these conditions (McClements et al., 2019). Phospholipids, such as lecithin 

naturally occurring in plants such as soy and sunflowers, can also be incorporated into PBMAs to 

further improve the overall stability. Additionally, some extra steps can be used to improve the 

performance of plant-based emulsifiers, including the formation of covalent conjugation such as 

using the Maillard reaction, physical complexes using electrostatic attraction, and simple mixing 

(McClements, 2020; Lima et al., 2023). 

Thickening 

 Texture modifiers, such as thickening agents, may be added to increase the viscosity of 

the aqueous phase. Stoke’s law illustrates the velocity (v) of rigid spherical particles or the 

creaming velocity traveling upwards in an ideal liquid because of gravity. 

 (1) 

where	D and η1 are the diameter of particles and the viscosity of solvent respectively, which 

plays a critical role in determining the creaming velocity. A wide range of natural biopolymers 

can be used as thickening agents, including those from land plants (such as starch, pectin, locust 

bean gum, or guar gum), seaweed (carrageenan or alginate), and microbial fermentation (xanthan 

gum) (McClements, 2015). For example, additives such as gums and thickeners are added to 

increase the viscosity of the PBMAs (Mackley et al., 2013). This will also impact the 

organoleptic property of PBMAs, especially if the milk is made for a specific type of product 
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such as plant-based creamers (Theocharidou et al., 2021). Chemically speaking, thickening 

agents are also able to improve the particle stability by retarding gravitational separation like 

creaming and protein sedimentation. When plant-based emulsifiers or plant proteins do not 

function effectively, charged polymers can further form a protective coating around the oil 

bodies. For example, charged carrageenan can adsorb the surface of the protein that is going to 

be positively charged in an acidic environment, thus it prevents aggregation and maintains the 

stability (Guzey and McClements, 2006).  

Quantitative measurement of stabilization 

 To quantify the stabilization of PBMAs, it is key to understand how to measure their 

stabilizing capabilities. Various characterizations can be used to measure the stabilization 

capacities of PBMAs (Guzey and McClements, 2006). For example, particle size distribution and 

zeta potential are critical parameters for assessing the stability of PBMAs. Monitoring changes in 

particle size distribution over time can indicate the presence of aggregates or destabilization 

phenomena. Additionally, zeta potential measures the electrostatic repulsion or attraction 

between particles in a colloidal system. A high zeta potential value indicates strong repulsive 

forces between particles, which helps prevent aggregation and promotes stability. Conversely, a 

low or near-zero zeta potential may lead to particle flocculation or coalescence, resulting in milk 

instability. We analyzed the particle size distributions of three commercial PBMAs, as shown in 

Figure 1.3. It can be observed that the stability of PBMAs could still be significantly different 

from that of homogenized dairy milks (Mäkinen et al., 2015). The results reveal that particle 

sizes predominantly range from 0.1 to 1000 µm. Notably, significant variations were observed 

among almond milk samples from different brands, which indicates that stabilization issues in 

PBMAs have not been effectively addressed in production.  
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Figure 1.3. Particle size distributions of three commercial PBMA products. Data was collected 

from previous studies (Zhou et al., 2021b; Zhou et al., 2021a). 

 The rheological properties (e.g., viscosity) play a crucial role in assessing the stability of 

PBMAs (Silva et al., 2019). Viscosity refers to the resistance of a fluid to flow and is influenced 

by factors such as particle size, concentration, and composition. In PBMAs, viscosity can affect 

stability by influencing the dispersion and movement of particles within the liquid. Higher 

viscosity may impede particle settling and phase separation, leading to improved stability. 

Conversely, low viscosity may result in rapid sedimentation or creaming, compromising the 

uniformity and shelf life of the milk. By measuring viscosity, researchers and manufacturers can 

quantify the flow behavior of PBMAs under various conditions and optimize formulation 

parameters to achieve desired stability characteristics. Additionally, viscosity measurements can 

guide the selection of stabilizers and thickeners to enhance the viscosity profile and stability of 

PBMAs, ensuring consistent quality and consumer satisfaction. Milk products with different 

viscosities can exhibit similar stability. For example, dairy milk has a low mean particle size (d32 

= 0.36 µm) and low viscosity (3.15 mPa·s), while one of the almond milks has a high mean 
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particle size (d32 = 1.10 µm) and high viscosity (19.08 mPa·s) (Jeske et al., 2017). This suggests 

that stability can be resulted from a combination of multiple properties. 

 It should be mentioned that measuring the creaming rate and gravitational separation of 

PBMAs can reflect the stabilization parameters. Gravitational separation is another common way 

to cause the instability of PBMAs and occurs when the dispersed particles within the milk begin 

to separate under the influence of gravity (McClements, 2015). This phenomenon primarily is 

reflected by the inhomogeneity of density,  

 (2) 

where r is the radius of the particle, g is the acceleration of gravity, and ρ1 and ρ2 refer to the 

density of continuous and dispersed phases, respectively. This suggests that heavier components 

tend to migrate towards the bottom of the container (e.g., sedimentation), while lighter 

components rise to the top (e.g., creaming). The rate of gravitational separation is influenced by 

several factors including the size and density of the dispersed particles, the viscosity of the 

continuous phase, and the overall uniformity. Gravitational-induced separation in PBMAs comes 

from the fact that it has different ingredients dispersed in it and each of them has a different 

density. This different density will lead to gravitational separation when the ingredient is no 

longer dispersed into the solution which can either go down or go up depending on the density. 

For example, the gravitational separation of PBMA will tend to 'cream' due to the presence of a 

large amount of oils on the top, which have a lower density than water. However, plant-based 

fragments, protein aggregates, and calcium carbonate particles tend to ‘sediment’ since they have 

higher molecular weight leading to higher density. To counteract gravitational separation, 

manufacturers often add stabilizers or thickening agents to increase the viscosity or refine 

homogenization techniques to decrease particle size. These strategies enhance the colloidal 
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stability of PBMAs, to prevent the separation of layers and ensure a uniform product throughout 

its shelf life. 

Challenges and future directions 

 Unlike dairy milks, stabilizing PBMAs remains a challenge due to the lower water-

solubility of many plant-derived components, such as proteins and carbohydrates. This challenge 

is further exacerbated by the demand for clean-label products, which precludes the addition of 

extra food ingredients like emulsifiers and thickening agents. Apparently, addressing this 

challenge requires a deeper understanding of fundamental science and the introduction of 

innovative processing techniques. Several key questions need to be addressed to achieve this. 

First, we need to understand how different plant components (e.g., proteins, carbohydrates, and 

small compounds) affect stabilization. Unlike a simple oil-in-water emulsion, PBMAs are 

complex colloidal systems due to the diverse plant-derived components required to meet 

nutritional needs. This necessitates a deeper understanding of their structure-property-function 

relationships. For example, increasing the water solubility of plant proteins requires an 

understanding of how structural information determines interactions and influences overall 

stability. Second, we still need to investigate the impact of different innovative processing 

techniques on the stabilization. At present, many food techniques can be used to alter the 

physicochemical properties and structures of plant-derived components. For example, we need to 

know how advanced mechanical techniques (e.g., ultra high-pressure homogenization) can alter 

the native structure of plant components, which suggests that the operating conditions often need 

to be optimized. In addition, several advanced non-mechanical techniques (e.g., enzymatic 

processing and microbial fermentation) can be used to transform their large structures into 

smaller ones (Xie et al., 2023). These treatments can likely significantly increase the water-
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solubility of plant-derived components (Hidalgo-Fuentes et al., 2024). However, we still need to 

know how they change their structures and enhance the stabilization of PBMAs. Importantly, 

current processing strategies often produce insoluble by-products, so it is also critical to develop 

innovative strategies to minimize the food waste. 

Nutrition and health of plant-based milk alternatives 

Nutrition facts of plant-based milk alternatives and their raw materials 

 It is desirable for PBMAs to provide a nutritious alternative to traditional dairy milk. We 

therefore selected the four most popular PBMAs, such as almond, oat, soy, and coconut, to 

compare their nutrition facts (Table 1.1). A key distinction between PBMAs and traditional daily 

milk lies in their protein content, which follows this trend: low-fat milk ≈ soy >> oat > almond > 

coconut, which is highly associated with the low water-solubility and emulsifying capability of 

plant proteins. An additional emulsifier, sunflower lecithin, is often added to stabilize the 

coconut and almond milks. For the fat content, sunflower oil is often added to enhance the 

properties (e.g., creaminess) of oat milk. Compared to the low-fat milks, most of them have a 

higher amount of total fat derived from intrinsic nut oils and added sunflower oil. For the 

carbohydrates, the oat milks have the highest content for three selected samples, but they are not 

due to the presence of a large amount of sugar, instead due to the larger starches or 

polysaccharides derived from oats. The presence of carbohydrates can increase the viscosity of 

milk systems, so oat milks can be free of the addition of thickening agents. This is different from 

other PBMAs, in which several thickening agents (e.g., cane sugar, locust bean gum, gellan gum) 

are normally added. In addition, both vitamins (e.g., vitamin A, B, E, and D) and minerals (e.g., 

calcium, potassium, and iron) are often included in these milk systems, to increase their nutrition 

value. 
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Table 1.1. Nutrition facts of common commercial plant-based milk alternatives with different 

brands. Data were collected from the label of each food product. Some milk products with 

specific brands, for oats, soy, and coconut, are not available to obtain the data. The low-fat milk 

is considered as a control group. The percentage values in the parentheses are calculated based 

on three major components: fat, carbohydrate, and protein. The symbol (‘-‘) means that data is 

not available. 

 Almond    Oat   Soy  Coconut  Low-fat 
milk 

Name Brand 1 Brand 2 Brand 3 Brand 4 Brand 2 Brand 3 Brand 4 Brand 1 Brand 4 Brand 3 Brand 4 Brand 4 
Serving size 
(mL) 240 240 240 240 240 240 240 240 240 240 240 240 
Calories 
(kcal) 60 130 40 40 100 130 120 80 100 80 50 110 

Total fat (g) 2.5 (22%) 11 (58%) 
3.5 
(54%) 3 (50%) 3 (13%) 7 (32%) 5 (21%) 

4.5 
(27%) 4 (21%) 5 (33%) 5 (71%) 

2.5 
(11%) 

Saturated fat 
(g) 0 1 0 0 0 0.5 0.5 0.5 0.5 4.5 5 1.5 
Trans Fat (g) 0 0 0 0 0 0 0 0 0 0 0 0 
Polyunsatura
ted fat (g) 0.5 - - - - - - 2.5 - - - - 

Monounsatur
ated fat (g) 1.5 - - - - - - 1 - - - - 
Cholesterol 
(mg) 0 0 0 0 0 0 0 0 0 0 0 15 
Total 
carbohydrate
s (g) 8 (70%) 3 (16%) 

<1 
(<15%) 2 (33%) 17 (74%) 14 (64%) 16 (67%) 4 (24%) 8 (42%) 9 (60%) <1 (14%) 12 (53%) 

Dietary fiber 
(g) 0 1 0 1 3 2 2 2 1 0 0 0 
Total sugars 
(g) 7 1 0 <1 1 3 7 <1 6 7 <1 12 
Added sugar 
(g) 7 0 0 0 0 3 7 0 6 5 0 0 
Proteins (g) 1 (9%) 5 (26%) 2 (31%) 1 (17%) 3 (13%) 1 (5%) 3 (13%) 8 (48%) 7 (37%) 1 (7%) <1 (14%) 8 (36%) 
vitamin A 
(mcg) 140 - - 90 - - 160 150 90 - 90 170 
Vitamin E 
(mg) 4 - - 7.5 - - - 0 - - - - 
Vitamin D 
(mcg) 2 0 0 5 - 0 3.6 3 5 - 5 2.5 
Vitamin B2 
(Riboflavin) 
(mg) - - - - - - 0.6 0.5 0.4 - - - 
Vitamin B12 
(mcg) - - - 0.6 - - 1.2 3 1.2 - 1.2 - 
Sodium (mg) 150 5 140 150 120 110 140 75 85 110 30 125 
Calcium (mg) 470 60 440 50 22 240 350 300 300 280 140 300 
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Potassium 
(mg) 0 160 60 0 110 380 390 320 280 170 0 360 
Iron (mg) 0.5 1 0.2 0 1 0.2 0 1.1 1 0.4 0 0 

Additional 
emulsifiers 

Sunflower 
Lecithin - 

Sunflowe
r 
Lecithin 

Sunflower 
Lecithin - - - - - 

Sunflowe
r 
Lecithin - - 

Additional 
Oils - - - - - 

Sunflowe
r Oil 

Sunflower 
Oil - - - - - 

Thickening 
agents 

Cane sugar,  
Locust 
bean gum,  
Gellan gum - 

Locust 
bean 
gum,  
Gellan 
gum 

Locust 
bean gum, 
Gellan 
gum - - 

Gellan 
gum 

Gellan 
gum 

Cane 
sugar,  
Locust 
bean 
gum,  
Gellan 
gum 

Gellan 
gum,  
Xanthan 
gum,  
Pectin 

Locust 
Bean 
Gum,  
Gellan 
Gum - 

 

It is noted that insoluble plant residues are typically filtered out during the production of 

PBMAs. These residues contain many valuable insoluble plant components. For example, in 

almond milk production, residues known as 'almond pulp' are rich in insoluble fibers, proteins, 

and other nutrients. Thus, it is necessary to discuss the nutrition facts of raw plant materials, to 

provide a clear picture of potential nutrition loss due to the use of processing strategies. Table 

1.2 compares the nutritional content of almond, oat, soybean, and coconut materials. Almonds 

are rich in fats (49.9%), contributing to their creamy texture and flavor, while coconuts have high 

water (47%) and saturated fat content (33.5%), offering unique consistency and flavor. Both 

almonds and coconuts have higher fat content compared to oats and soybeans, but the types of 

fats differ (Table 1.3). For example, almond fats are primarily monounsaturated (66.2%) and 

polyunsaturated (25.8%), whereas coconut fats are predominantly saturated (94.3%), mainly 

medium-chain fatty acids like SFA 12:0 (47.3%). In contrast, whole dairy milk fats consist 

mostly of long-chain saturated fatty acids (43.9%), including SFA 16:0 (32.3%) and SFA 18:0 

(11.6%). It has been reported that plant-derived medium-chain saturated and unsaturated fats can 

provide various health benefits (Daryani et al., 2024). For example, these include improved lipid 

profiles and enhanced energy metabolism. Medium-chain fats, such as those found in coconuts, 
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are rapidly metabolized and can be used as a quick energy source, potentially aiding in weight 

loss (Daryani et al., 2024). Additionally, unsaturated fats, like those found in almonds, can 

support cardiovascular health by reducing bad cholesterol levels and increasing good cholesterol 

levels (Kalita et al., 2018). 

 In addition, oats are high in carbohydrates (66.3%), which provides natural sweetness and 

energy (Table 1.2). This is also consistent with the observation in the oat milks, in which the 

total carbohydrates contribute 68.3 ± 2.4% of major components (proteins, fats and 

carbohydrates). One potential reason is the presence of soluble carbohydrates. For example, most 

oats contain the soluble fiber, β-glucan, which forms a viscous solution in the digestive tract. It 

lowers postprandial glucose and insulin levels, and potentially enhances insulin sensitivity in 

diabetic and nondiabetic patients (Behall et al., 2006). The FDA recognizes that 3 g of β-glucan 

daily reduces coronary heart disease risk (Jenkins et al., 2002). Thus, the addition of oats can 

provide natural and health-promoting texturing agents for the development of high-quality 

PBMAs. Soybeans are notable for their high protein content (36.5%) (Table 1.2), which is also 

reflected in PBMAs (Table 1.1). Table 1.4 provides the amino acid profiles of various plant and 

animal sources. The dispensable/indispensable amino acid profile of soybeans (41.7/58.3%) 

closely resembles that of daily milk (44.0/56.0%) and human muscle (52.3/47.7%). However, 

these plant proteins still contain lower amounts of indispensable amino acids, such as lysine and 

leucine (Table 1.4). Overall, the total amount of indispensable amino acids in plant materials is 

generally lower compared to dairy milk (Table 1.4). Additionally, plant proteins typically have 

much lower water-solubility than animal-based proteins (Grossmann and McClements, 2023). 

This indicates that a greater amount of PBMAs must be consumed to achieve a balanced intake 

of essential amino acids, compared to dairy milks. 
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Table 1.2. The nutrition facts of plant materials collected from USDA FoodData Central 

database (https://fdc.nal.usda.gov). The percentage values in the parentheses are calculated based 

on three major components: fat, carbohydrate, and protein. The symbol (‘-‘) means that data is 

not available. 
 

Almond Oat Soybean Coconut 
Total mass (g) 100 100 100 100 
Energy (kcal) 579 389 446 354 

Water (g) 4.41 8.22 8.54 47 
Fat (g) 49.9 (53.8%) 6.9 (7.7%) 19.9 (23.0%) 33.5 (64.4%) 

Fatty acids, total saturated (g) 3.8 1.22 2.88 29.7 
Fatty acids, total 

monounsaturated (g) 
31.6 2.18 4.4 1.42 

Fatty acids, total 
polyunsaturated (g) 

12.3 2.54 11.3 0.366 

Ash (g) 2.97 1.72 4.87 0.97 
Calcium (mg) 269 54 277 14 

Potassium (mg) 733 429 1800 356 
Sodium (mg) 1 2 2 20 

Carbohydrate (g) 21.6 (23.3%) 66.3 (73.6%) 30.2 (34.9%) 15.2 (29.2%) 
Fiber, total dietary (g) 12.5 10.6 9.3 9 

Total sugars (g) 4.35 - 7.33 6.23 
Protein (g) 21.2 (22.9%) 16.9 (18.8%) 36.5 (42.1%) 3.33 (6.4%) 

 

Table 1.3.  Normalized fat profiles of different plant and animal sources. Raw data are collected 

from the USDA FoodData Central database (https://fdc.nal.usda.gov). The symbol (‘-‘) means 

that data is not available 
 

Almond Oat Soybean Coconut Whole milk 
Fatty acids, total saturated 8.0 20.5 15.5 94.3 70.0 

SFA 4:0 (Butyric acid) 0.0 - - - 2.5 
SFA 6:0 (Caproic acid) 0.0 - - 0.6 2.0 
SFA 8:0 (Caprylic acid) 0.0 - - 7.5 1.3 
SFA 10:0 (Capric Acid) 0.0 - - 5.9 3.2 
SFA 12:0 (Lauric Acid) 0.0 - - 47.3 3.7 

SFA 14:0 (Myristic Acid) 0.0 - 0.3 18.6 11.4 
SFA 16:0 (Palmitic Acid) 6.5 17.3 11.4 9.0 32.3 
SFA 18:0 (Stearic Acid) 1.5 0.0 3.8 5.5 11.6 

https://fdc.nal.usda.gov/
https://fdc.nal.usda.gov/
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Fatty acids, total monounsaturated 66.2 36.7 23.7 4.5 25.9 
MUFA 18:1 (Oleic Acid) 65.6 36.4 23.4 4.5 26.1 

Fatty acids, total polyunsaturated 25.8 42.8 60.8 1.2 4.1 
PUFA 18:2 (Linoleic Acid) 25.8 40.7 53.4 1.2 4.3 
Σ SFA + MUFA + PUFA 100.0 100.0 100.0 100.0 100.0 

 

Table 1.4. Normalized amino acid profiles of different plant and animal sources. Raw data for 

plant sources are collected from the USDA FoodData Central database (https://fdc.nal.usda.gov), 

while raw data for both “Milk” and “Human muscle” are obtained from a previous study 

(Gorissen et al., 2018). Tryptophan, aspartic acid, asparagine, and glutamine are not analyzed 

due to the unavailability of raw data for both 'Milk' and 'Human muscle'. The symbol (‘-‘) means 

that data is not available. 

 
Almond Oat Soybean Coconut Milk Human muscle 

Indispensable Amino Acids 
      

Threonine 3.0 3.8 4.7 3.7 5.1 4.8 
Methionine 0.8 2.1 1.5 1.9 3.0 2.8 

Phenylalanine 5.7 5.9 5.7 5.2 5.1 6.3 
Histidine 2.7 2.7 2.9 2.4 2.7 4.6 

Lysine 2.9 4.6 7.3 4.5 8.5 10.9 
Valine 4.3 6.2 5.4 6.2 5.2 7.1 

Isoleucine 3.8 4.6 5.3 4.0 4.2 5.6 
Leucine 7.5 8.5 8.9 7.6 10.1 10.4 

Tryptophan - - - - - - 
Σ Essential 30.8 38.4 41.7 35.3 44.0 52.3 

Dispensable Amino Acids 
      

Serine 4.6 5.0 6.3 5.3 5.8 3.8 
Glycine 7.3 5.6 5.0 4.8 2.2 5.1 

Glutamic acid 31.5 24.6 21.1 23.3 24.2 21.5 
Proline 4.9 6.2 6.4 4.2 10.6 0.0 

Cysteine 1.1 2.7 1.8 2.0 0.3 0.0 
Alanine 5.1 5.8 5.1 5.2 3.8 6.7 
Tyrosine 2.3 3.8 4.1 3.1 5.5 3.3 
Arginine 12.5 7.9 8.4 16.7 3.8 7.2 

Aspartic acid - - - - - - 
Asparagine - - - - - - 
Glutamine - - - - - - 

https://fdc.nal.usda.gov/
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Micronutrients and health benefits 

 In addition to macronutrients, plant materials are often rich in micronutrients, particularly 

bioactive compounds like polyphenols, which are usually absent in dairy milks. This makes 

PBMAs more competitive in terms of their health benefits. PBMAs offer an ideal medium for the 

presence of various components, including vitamins, minerals, and nutraceuticals (McClements, 

2020). While hydrophilic compounds can be directly incorporated into aqueous phase of PBMA 

systems, hydrophobic compounds pose a challenge due to their poor solubility. However, the 

diverse composition of PBMAs, featuring oil bodies stabilized by plant-based emulsifiers or 

proteins, facilitates the encapsulation of hydrophobic compounds, like oil-soluble vitamins. For 

instance, many PBMAs are fortified with vitamins A, E, and D (Table 1.1). Understanding the 

properties of milk systems and oil phase enables further fortification with essential fatty acids 

like DHA and EPA (McClements and McClements, 2023). Additionally, PBMAs are frequently 

fortified with essential minerals, notably calcium and potassium, to support bone health, muscle 

function, and nerve transmission (Aksoylu Özbek et al., 2023). Calcium fortification typically 

involves incorporating calcium carbonate or tricalcium phosphate into the formulations, to 

ensure adequate mineral levels and meet diverse dietary needs. This fortification strategy 

underscores the roles of PBMAs as viable alternatives to traditional dairy milks, to provide a 

broad spectrum of consumer preferences and nutritional requirements (Aksoylu Özbek et al., 

2023). 

 The bioactive compounds from original plant materials can offer health benefits (Daryani 

et al., 2024). For example, isoflavones in soymilk can reduce memory dysfunction in 

Σ Nonessential 69.2 61.5 58.3 64.6 56.0 47.7 
Σ Essential + Nonessential 100.0 100.0 100.1 100.0 100.0 100.0 



 

22 

Alzheimer’s patients, increase bone mineral density post-menopause, and lower blood pressure 

and insulin levels (Akhlaghi et al., 2020; Sathyapalan et al., 2018). Avenanthramides in oat milk 

show promising chemo-preventive and anticancer effects (Turrini et al., 2019). Sesamin and 

sesamolin in sesame milk provide neuroprotection against cerebral ischemia (Cheng et al., 2006). 

Almond milk, with 6.33 mg of vitamin E per 100 g, offers significant antioxidant benefits 

(Chalupa-Krebzdak et al., 2018). The antioxidant activity in PBMAs, due to the presence of 

polyphenols, plays a crucial role in preventing oxidative damage to nucleic acids, proteins, 

lipids, and DNA (Balsano and Alisi, 2009). 

 Fortifying PBMAs with nutraceuticals like polyphenols, curcuminoids, and carotenoids 

from other plant materials has garnered significant research attention, due to their potential 

health benefits (McClements, 2020). These compounds, sourced from various natural origins, 

contribute to the functional and nutritional profile of PBMAs. Studies have demonstrated the 

efficacy of incorporating hydrophobic compounds like curcumin, which can be seamlessly 

encapsulated within the oil bodies of PBMAs (Zheng et al., 2021). Innovative post pH-based 

methods have been developed to successfully integrate polyphenols into different PBMA 

matrices, to ensure their stability and bioaccessibility (Csuti et al., 2023). Encapsulation within 

oil bodies provides protection against auto-oxidation and chemical degradations, and thus 

safeguard the bioactivity of the incorporated compounds (Sani et al., 2022). It is noted that the 

bioavailability and functionality of fortified compounds is intricately linked to the structural 

attributes of milk systems. For example, the choice of oil type profoundly impacts the delivery 

efficiency of carotenoids in emulsions, with evidence suggesting a preference for long-chain 

fatty acids like corn oil (Qian et al., 2012). Other factors could also play an important role in 
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their gastrointestinal stability and absorptions, including oil droplet size, oil phase composition, 

and emulsifier type (Tan et al., 2022). 

 It is crucial to know how the nutritional profiles of PBMAs can align with dietary 

guidelines and recommendations for various populations, including vegetarians, vegans, athletes, 

and individuals with dietary restrictions (Tso and Forde, 2021). Given that current PBMAs often 

lack protein content, it becomes more important to balance the protein intakes, in particular for 

the athletes who need higher protein content and the presence of amino acids, to support muscle 

repair and recovery. It is noted that many plant materials lack some essential amnio acids, so it is 

important to include more plant sources (Day, 2013). However, plant materials provide other 

essential nutrients, like diverse types of fats, fibers, minerals, vitamin D, and vitamin B12. For 

individuals with dietary restrictions, such as lactose intolerance or milk allergies, PBMAs offer a 

safe and nutritious alternative that avoids common allergens, but they could have other nut-

derived allergens. Importantly, incorporating other plant materials can be a better choice for the 

development of healthier plant diets, which is an effective strategy to increase the diversity of 

nutrients. Moreover, PBMAs can be tailored to enhance specific nutritional needs, such as 

adding omega-3 fatty acids for heart health, including higher levels of iron and zinc for those at 

risk of deficiencies, or fortifying bioactive compounds from different plants. Overall, the 

versatility and fortification potential of PBMAs make them a suitable option to meet the diverse 

dietary needs and recommendations of various population groups. 

Gastrointestinal digestion of plant-based milk alternatives 

 Even if PBMAs have comparable nutritional profiles to dairy milks, their components 

may have a different gastrointestinal fate. It has been widely acknowledged that the digestion 

process differs between PBMAs and dairy milks, and potentially impacts macronutrient 
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absorption rates in the gastrointestinal tract (Sridhar et al., 2023). These differences may stem 

from variations in composition, processing conditions, and structural properties. The gastric 

environment could significantly affect the gastrointestinal fate of PBMAs by influencing their 

structural changes and nutrient release kinetics. Understanding these dynamics is crucial for 

optimizing the nutritional benefits of PBMAs and tailoring products to meet consumer needs. 

Proteins, lipids, and carbohydrates 

 Protein gastrointestinal digestion has a similar pathway to the other macronutrients which 

primarily starts from the stomach with the presence of pepsin, followed up by more digestion in 

the small intestine by proteases such as trypsin and chymotrypsin (Shaghaghian et al., 2022). To 

evaluate the gastrointestinal digestion of plant proteins in the PBMAs, an in vitro and in vivo 

model of gastrointestinal digestion can be made. Recent studies have investigated the digestion 

behavior of PBMAs, including almond, oat and soy milks (Wang et al., 2020; Wang et al., 2021, 

2022). Results revealed distinct behaviors among PBMAs made from almonds, soybeans, and 

oats under gastric conditions. Almond milk exhibited flocculation and rapid layering of oil 

bodies, while soymilk formed sedimented particles and oat milk showed minimal structural 

changes (Wang et al., 2020; Wang et al., 2021, 2022). Another study used the INFOGEST 

method to evaluate the protein quality of milk-, plant-, and insect-based protein materials. Milk-

based protein materials had the highest protein digestibility (86.1–90.8%), followed by soy 

(85.1%) and wheat (82.3%). These materials had significantly higher protein digestibility 

compared with zein (65.1%), cricket (63.6%), and mealworm (69.5%) (Komatsu et al., 2023).  

 The gastrointestinal digestion of fat starts in the stomach which induces a temporary 

digestion or breakdown of by preduodenal lipases and emulsification by peristalsis (Wang et al., 

2013). The primary breakdown occurs in the pancreas by pancreatic lipase and phospholipase A2 
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for phospholipids producing free fatty acids. PBMAs inherit the benefit of plant sources which 

have more unsaturated fat than saturated fat. A recent study has investigated the nutritional value 

of four commercial PBMAs (almond, hemp, oat, and soy), in particular for fatty acid profiles 

(Martínez-Padilla et al., 2020). The fatty acid analysis results showed that most of the products 

predominantly contained oleic acid (C18:1 ω-9) and linoleic acid (C18:2 ω-6). These essential 

fatty acids were reported to bring several health benefits such as anti-inflammatory benefits, 

modulate gene transcription, cell membrane structure, and cytokines precursors (Glick and 

Fischer, 2013). 

 Unlike traditional dairy milks, which primarily contains lactose, the carbohydrate 

composition of PBMAs varies widely depending on the source. For instance, almond milk 

contains primarily carbohydrates from almonds, such as simple sugars (glucose and fructose) and 

fiber, while soy milk contains complex carbohydrates like oligosaccharides and soluble fiber 

from soybeans, and oat milks have the highest content of carbohydrates. During digestion, 

enzymes in the gastrointestinal tract break down these carbohydrates into smaller molecules for 

absorption. However, the presence of fiber and other compounds in PBMAs may affect the rate 

and extent of carbohydrate digestion, impacting blood sugar levels and overall nutrient 

absorption. For example, carbohydrates such as dietary fiber and resistant starches may not be 

absorbed in the small intestine which make them pass over to the large intestine (Grabitske and 

Slavin, 2009). The remaining dietary fibers and resistance starches are going to be broken down 

by gut bacteria by fermentation producing gases and short-chain fatty acids. These short chain 

fatty acids are useful to be used as the fuel for this bacteria which impacts the activities and 

versatility of this bacteria for human health and wellbeing (Carlson and Slavin, 2016). Since 

dietary fiber is less digested in the gastrointestinal tract, they do not increase the glucose blood 



 

26 

level as high as simple sugar which can be beneficial for human health to reduce the risk of 

diabetes type II and cardiovascular disease (Hodge et al., 2004).  

Vitamins, nutraceuticals, minerals, and anti-nutrients 

 Fat-soluble vitamins like A, D, and E in PBMAs undergo distinct digestion kinetics 

influenced by the milk matrix and compounds such as carbohydrates (Tan and McClements, 

2021). Understanding vitamin digestion in PBMAs is crucial for nutritional assessment and 

formulation optimization to enhance bioavailability. Vitamin D is often used to fortify both 

animal-based or PBMAs, in order to enhance the absorption of calcium and phosphorus. Recent 

studies have examined the effect of additives like TiO2, carbohydrate-based nanocellulose, or 

calcium on vitamin D bioaccessibility. It was observed that a low bioaccessibility of vitamin D 

was observed in fortified PBMAs and the presence of calcium could further reduce this effect 

(Figure 1.4) (Zhou et al., 2021a; Zhou et al., 2021b). In addition, fortification with calcium, 

particularly using different calcium forms (CaCl2 versus CaCO3), may further decrease vitamin 

D bioaccessibility due to insoluble calcium soap formation in the small intestine (Zhou et al., 

2021b; Dima and Dima, 2020). This underscores the importance of considering calcium forms in 

PBMA fortification to maintain optimal vitamin absorption. 
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Figure 1.4. Impact of food matrix on vitamin D bioaccessibility. “Tween emulsion” is the 

Tween 20-stablized nanoemulsions as a control group. Insoluble calcium (CaCO3) was used in 

all samples. Data was collected from a previous study (Zhou et al., 2021b). 

 Furthermore, PBMAs have been recognized as ideal vehicles for fortifying nutraceuticals 

from other plants, as evidenced by a study on curcumin-fortified PBMAs. Curcumin, for 

instance, was effectively incorporated into almond, cashew, coconut, and oat milk analogs 

(Zheng et al., 2021). Lipid digestion and curcumin bioaccessibility were consistent across all 

PBMAs and using a post pH-driven method significantly increase the curcumin bioaccessibility 

observed in milk analogs (>60%) compared to its free form (5%). This highlights the potential of 

PBMAs as effective carriers for enhancing the bioavailability of nutraceutical compounds like 

curcumin. Besides, a previous study showed that the fortification of multiple polyphenols can be 

used to not only change the appearance of PBMAs, but also enhance the bioaccessibility of 

hydrophobic polyphenols (Figure 1.5). 
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Figure 1.5. Effects of polyphenol fortification on the visual appearance of plant-based milk 

alternative and the bioaccessibility of polyphenols. "(CQR)M" represents a plant-based milk 

alternative fortified with multiple polyphenols, specifically a blend of curcumin, resveratrol, and 

quercetin, while the “Crystals” is a mixture of their crystalline forms. Data was collected from a 

previous study (Zheng et al., 2023). 

 It is a common practice to fortify PBMAs with various minerals, to enhance their 

nutritional value. A comparative elemental analysis of milk from mammals (cow, goat, and 

donkey) and various PBMAs (such as soy, rice, oat, spelt, almond, coconut, hazelnut, walnut, 

cashew, hemp, and quinoa) revealed notable differences in mineral composition (Astolfi et al., 

2020). For example, PBMAs, compared to goat and cow milks, showed variations in the sources 

of major minerals, like calcium, potassium, magnesium, sodium, and phosphorus. For other 

minerals, soy milk contained notable amounts of copper and iron, coconut milk had chromium 

and selenium, and hemp milk contained molybdenum. Importantly, toxic trace elements such as 

arsenic, cadmium, mercury, and lead were found to be negligible in all samples. Additionally, a 

separate study examined mineral content in various plant-based beverages (rice, cashew nut, 

almond, peanut, coconut, oat, soy milks), and revealed wide-ranging mineral concentrations 

(Silva et al., 2020b). For instance, calcium content ranged from 10 to 1697.33 mg/L for rice and 
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coconut milk, respectively, while magnesium content varied from 6.29 to 268.43 mg/L for rice 

and cashew nut beverages. Iron content ranged from 0.76 mg/L to 12.89 mg/L in rice samples, 

while zinc content varied from 0.57 mg/L to 8.13 mg/L in oat and soya milk samples, 

respectively.  

 The presence of antinutrients such as protease inhibitors, phytates, lectins, and trypsin 

inhibitors in PBMAs poses significant challenges to nutritional digestion and absorptions 

(Sharma et al., 2024b). These antinutrients are known to inhibit nutrient absorption and digestion 

but can be denatured and inactivated through heat. Phytates, which serve as storage forms of 

phosphorus and inositol in cereals, pulses, nuts, and seeds, can form soluble complexes with 

divalent cations like zinc, iron, and calcium in the acidic pH of the stomach, thus reducing the 

bioavailability of these essential nutrients (López-Moreno et al., 2022; Kumar et al., 2010). The 

effectiveness of reducing phytates can be enhanced with the use of phytase enzymes. Common 

antinutrients include lectins in cereals and nuts, trypsin inhibitors in legumes, tannins in legumes, 

and saponins in legumes (Daryani et al., 2024). Effective elimination methods include 

microwave treatment for lipoxygenase, and high hydrostatic pressure treatment for trypsin 

inhibitors (Kubo et al., 2021).  

Challenges and future directions 

 At present, concerns have been raised regarding substituting dairy milk with PBMAs. For 

example, the labeling of PBMAs as “milk” has been a contentious issue. It seems like the term 

“milk” should either refer to products as currently defined by the FDA or to those providing 

comparable nutritional value to standard dairy milk, from a pediatric medical and nutritional 

standpoint (Laudon and Diamantas, 2022). It is desirable for PBMAs to have a competitive or 

even superior nutritional profile compared to dairy milks. Achieving this goal requires further 
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research. For example, we need to understand the nutrient flow from raw plant materials, PBMA 

products, to digestion and absorption. Plant materials used in PBMAs offer valuable ingredients, 

such as medium-chain saturated and unsaturated fats, fiber-rich carbohydrates, and bioactive 

compounds. However, a significant challenge is how to maximize their utilization from raw 

materials in the development of PBMAs. Many valuable plant components (e.g., proteins, fibers, 

and bioactive compounds) can be often discarded, due to their low water-solubility. We therefore 

need more data evidence to highlight the potential waste or new processing strategies for better 

food development. Another challenge is how to increase the protein content, in particular 

essential amnio acids. Blended PBMAs can be a promising direction for constructing a more 

balanced protein profile (Lee et al., 2024). The presence of anti-nutritional factors could hinder 

nutrient absorption. Future efforts can therefore focus on their impacts on the nutritional profile 

of PBMAs or introducing new techniques, such as enzymatic treatments and fermentation, to 

break down anti-nutritional factors and improve protein solubility. Particularly, fermentation 

technology has been used to improve the flavor and quality of PBMAs as well as their nutritional 

properties {Terefe, 2022 #1554}. Additionally, exploring novel plant sources to develop hybrid 

products could provide balanced nutrition and improved health benefits. Currently, there is a 

relatively poor understanding of how different PBMAs affect the human gut microbiome and the 

implications for long-term human health. Ensuring that PBMAs offer comprehensive nutritional 

support while maintaining their appeal as sustainable and health-conscious alternatives is crucial 

for their future success.  
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Environmental impacts 

Life cycle assessments (LCAs) 

 The growing concern over environmental degradation and the ever-increasing threat of 

global warming have put immense pressure on communities worldwide to adopt more 

sustainable practices. One significant contributor to environmental stress is the dairy industry, 

known for its high greenhouse gas emissions and substantial water usage (Guzmán-Luna et al., 

2022). In response to these challenges, there has been a notable rise in the popularity of PBMAs. 

These alternatives, such as almond, soy, oat, and coconut milk, are expected to offer potential 

solutions to mitigate environmental impacts. Currently, many research articles claim that 

producing PBMAs generally results in lower CO2 emissions and requires less water compared to 

conventional dairy milk (Khanpit et al., 2024; Aydar et al., 2020). Generally, the global warming 

potential (GWP) values of PBMAs are often lower than 1 kg CO2-eq per liter of milk, whereas 

dairy milks exceed 1 kg CO2-eq per liter (Khanpit et al., 2024). For instance, a life cycle 

assessment report indicates that almond, oat, and coconut milks have lower CO2 emissions 

compared to dairy milk (Milk > Coconut > Oat > Almond) (Buchan et al., 2022). This report 

categorizes the environmental impact into four contributions: “Crop Production,” “Milk 

Processing,” “Packaging & End-of-Life (EOL),” and “Co-Product Credit.” Notably, the 

“Packaging & EOL” contribution has the largest impact due to the use of recyclable polyethylene 

terephthalate (PET) in the packaging materials, surpassing the contributions from “Crop 

Production” and “Milk Processing” (Figure 1.6A). It is important to note that most PBMAs have 

lower protein content, which can significantly alter the trend when evaluated on a protein basis, 

showing a different order of Coconut > Milk ≈ Almond > Oat for their GWP values (Figure 

1.6B). This is largely due to the lower protein levels in PBMAs, particularly in coconut milk. 
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Figure 1.6. (A) Global warming potential (kg CO2-eq/L milk) of different PBMAs compared to 

dairy milk. The total value is contributed by four parts, including the “Crop production”, “Milk 

Processing”, and “Packaging & End-of-Life”, and “Co-Product Credit”, and their individual 

values are labeled on each bar plot, respectively. (B) Global warming potential (kg CO2-eq/kg 

protein) of different PBMAs compared to dairy milk. Data are obtained from a life cycle 

assessment report (Buchan et al., 2022). 

 The water footprint of PBMAs is another critical factor in assessing their environmental 

sustainability. This life cycle assessment report, which adjusted water use in PBMAs with 

different water scarcity factors, also provided insights into this aspect (Buchan et al., 2022). 

Compared to conventional dairy milk, which requires approximately 41,700 liters of water per 

liter of milk produced after adjustment, PBMAs generally have a lower water footprint, though 

the exact amount varies among different types (Figure 1.7). However, almond milk is an 

exception, with a relatively higher water footprint among PBMAs, needing about 45,600 liters of 

water per liter due to the irrigation demands of almond trees. This observation, highlighted in 

previous studies as well, is mainly due to the significant water required to grow almonds 

(Khanpit et al., 2024; McClements et al., 2019). As expected, the dominant water use for both 
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PBMAs and dairy milk comes from crop or dairy raw milk production, which far exceeds the 

water used in milk processing or ingredient handling. 

 

Figure 1.7. Water footprint results of different PBMAs and dairy milk. Water scarcity factor 

(SF) applied for the calculations of water use. Data and calculations can be obtained from a life 

cycle assessment report (Buchan et al., 2022). 

Challenges and future directions 

 It is crucial to have quantitative models to provide data evidence regarding the 

environmental impacts of PBMAs. However, it should be noted that data obtained from LCAs 

can vary significantly, highlighting the importance of considering data variance (Khanpit et al., 

2024). Although many programs have been developed to conduct LCAs, the calculations rely on 

numerous assumptions, and various factors can influence the results. These factors include the 

origin of raw materials, processing conditions, packaging types, and transportation methods. 

Therefore, a reliable and unified model is needed to provide accurate quantitative measurements. 

To address these challenges, developing a standardized and comprehensive LCA model is 

essential. Such a model should integrate consistent methodologies and account for all relevant 
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variables to ensure comparability and reliability of the data. This could be achieved through the 

use of advanced digital simulation platforms, such as those based on artificial intelligence 

(AI)(De Silva and Alahakoon, 2022). An AI-based digital platform could streamline the data 

collection process, enhance the accuracy of predictions, and allow for real-time adjustments and 

comparisons based on varying conditions. By employing a unified digital simulation platform, 

researchers and industry stakeholders could obtain comparable data, which will facilitate better 

decision-making and policy development. This approach would not only improve the reliability 

of environmental impact assessments but also promote transparency and consistency across 

studies, ultimately contributing to more sustainable practices in the production and consumption 

of PBMAs. 

Conclusions 

 This review has provided a comprehensive overview of current status and challenges of 

PBMAs. We began by exploring the production processes and underlying principles of PBMAs, 

focusing on two key formulation strategies. We then examined the stabilization of PBMAs 

through three fundamental aspects: homogenization, emulsification, and thickening, along with 

quantitative measurements to assess stabilization capabilities. Next, we explored the nutritional 

profiles and health aspects of PBMAs and their raw materials, discussing the gastrointestinal 

digestion of macronutrients and micronutrients in PBMAs. Lastly, the environmental impacts of 

PBMAs are discussed. Importantly, we also provided detailed discussions on their challenges 

and future directions in every aspect. Overall, this review highlights the multifaceted 

considerations involved in the production, stabilization, nutrition, digestion, and environmental 

impacts of PBMAs. It underscores the need for a multi-dimensional optimization strategy to 

design and produce more sustainable, nutritious, tasty, and affordable PBMAs. We particularly 
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need a comprehensive understanding of the structure-property-function relationships of plant 

components. It is essential to understand the flow of nutrients, energy, and carbon emissions 

from raw plant materials to PBMA products, as well as their digestion and absorption, especially 

the impacts of processing technologies. These tasks require collaboration among experts from 

various fields to accelerate the innovation of milk alternatives. Additionally, PBMAs can serve 

as a versatile base for creating various other popular food products, such as cream, ice cream, 

yogurt, cheese, and butter. Therefore, it is crucial to develop various PBMA-derived food 

products to meet different customers’ needs. 
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CHAPTER 2 

ENHANCING THE EFFICIENCY AND SUSTAINABILITY OF PRODUCING CURCUMIN-

INFUSED PLANT-BASED MILK ALTERNATIVES WITH TWO-IN-ONE POST PH-

DRIVEN PROCESSING STRATEGY2 

2 Suryamiharja, A., Gong, X., Akoh, C.C., and Zhou, H. 2025. Enhancing the efficiency and sustainability of 
producing curcumin-infused plant-based milk alternatives with a two-in-one post pH-driven processing strategy.  
Food Frontiers, 6:716-726. Reprinted here with permission of the publisher. 
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Abstract 

Increasing food sustainability and health benefits is essential to meet the demands of a growing 

global population while minimizing environmental impact. This study used a green two-in-one 

post pH-driven processing strategy to develop a sustainable and healthy plant-based milk 

alternative. It achieved both extraction and encapsulation in one step by directly incorporating 

the health-promoting curcumin from turmeric into soymilk. A high processing efficiency was 

observed, 94.2 ± 1.6%, with a high extraction efficiency of 96.4 ± 0.5%. Using raw turmeric 

instead of a purified curcumin significantly enhanced the sustainability in the use of raw 

materials, e.g., reducing the CO2-eq emissions by 22 times and energy use by 10 times, even with 

a very small percentage of curcumin (~0.03 wt%) in the formulation. This strategy underscores 

the importance of using raw materials and minimizing processing steps to develop more 

sustainable foods. Additionally, the incorporation of curcumin was found to impart a yellow 

color to soymilk. No significant changes were observed in other physicochemical properties like 

particle size, zeta potential, and melting behavior, as most curcumin molecules were 

encapsulated within the lipid phase of soymilk. The curcumin-infused soymilk also maintained 

excellent storage stability for one month under freezing temperature. 

Keywords: Food sustainability, health-promoting, plant-based milk, soymilk, turmeric, curcumin, 

carbon emissions  
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Introduction 

 Numerous plant-derived bioactive compounds, such as polyphenols, have applications in 

health and wellness, including their use as antioxidants, anti-inflammatory agents, and anticancer 

agents (Cuevas-Cianca et al., 2023; Salehi et al., 2020). One example is curcumin derived from 

Curcuma longa L. (Turmeric). Curcumin has been employed in managing chronic diseases 

(Aggarwal & Sung, 2009), enhancing immune function (Peng et al., 2021), and promoting 

mental health (Sathyabhama et al., 2022). Additionally, it is increasingly being incorporated into 

functional foods, nutraceuticals, and pharmaceuticals to leverage their therapeutic properties for 

improved health outcomes (Rafiee et al., 2019). However, curcumin has very low water 

solubility and chemical stability, resulting in poor oral bioavailability (Liu et al., 2020). This 

limitation significantly reduces its therapeutic efficacy, as only a small fraction of the ingested 

curcumin reaches the systemic circulation. Consequently, various delivery systems, such as the 

use of nanoparticles, have been developed to enhance the bioavailability and stability of 

curcumin, thereby maximizing its health benefits (Pan-On et al., 2022). 

 Plant-based milk alternatives (PBMAs), such as almond, oat, and soy milks, serve as an 

excellent delivery system for enhancing the bioavailability of curcumin (McClements, 2020). 

PBMA can provide a lipid-rich environment that aids in the solubilization and stabilization of 

hydrophobic curcumin, thereby facilitating its absorption in the digestive tract (Zhou et al., 

2021a, 2021b). Incorporating curcumin into PBMAs is considered a promising functional food 

innovation, which not only harnesses the health benefits of curcumin but also leverages the 

sustainability of plant-based ingredients in PBMAs (Zheng et al., 2021a). Recently, research has 

successfully demonstrated the potential of PBMAs as effective delivery systems for bioactive 

compounds like curcumin (Zheng et al., 2021a, 2023). These studies observed that PBMAs can 
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significantly enhance the solubility and stability of curcumin, leading to greater utilization and 

improved bioavailability. Incorporating curcumin into PBMAs not only enhances their health 

benefits but also provides a convenient way to consume this compound daily. Consequently, 

curcumin-infused PBMAs are gaining attention as functional foods with the potential to greatly 

support overall human health and well-being.  

 However, incorporating curcumin into PBMAs can be challenging due to its poor 

solubility and chemical instability (Manasa et al., 2023). Various formulation techniques have 

been proposed, including mechanical methods (Gökdemir et al., 2020; Shirsath et al., 2021), heat 

treatments (Jiang et al., 2020), and the use of organic solvents (Dhivya & Rajalakshmi, 2018). 

However, many of these incorporation methods face practical challenges, including high 

production costs, complex manufacturing processes, and potential negative environmental 

impacts. The pH-driven method is an emerging technique to increase the solubility and stability 

of polyphenols (e.g., curcumin) in PBMAs (Zheng et al., 2023). By using an alkaline solution, 

curcumin can be transformed into its deprotonated form, which enhances its water-solubility in 

aqueous solution. This curcumin-dissolved solution can then be directly added to PBMA, 

followed by an acidification process (e.g., adding citric acid) to neutralize the curcumin 

molecules. This simple process ensures the effective encapsulation of curcumin within PBMAs, 

offering a promising solution to the challenges of incorporating curcumin by reducing production 

costs and simplifying the manufacturing process. For example, this method has been used to 

encapsulate curcumin into different PBMAs such as almond, cashew, coconut, and oat milk 

(Zheng et al., 2021a). A recent study showed that this method produced a high encapsulation 

efficiency (>86%) and improved the bioaccessibility of curcumin (>60%) compared to its 

crystalline form (~5%) (Zheng, Zhang, et al., 2019). This finding is supported by various studies, 



 

52 

which indicate that curcumin can be incorporated into milk products with relatively high 

encapsulation efficiency (Du et al., 2022; Gao et al., 2022; Zheng, Lin, et al., 2019; Zhou et al., 

2024).  

 Although the pH-driven method is effective for delivering polyphenols like curcumin, it 

faces negative environmental impacts due to the raw materials used. For instance, many studies 

depend on purified curcumin powders extracted with organic solvents, which are costly and 

unsustainable (Jiang et al., 2021). To address this challenge, we propose a two-in-one post pH-

driven (PPD) processing strategy (Csuti et al., 2023). This strategy has two key aims: first, to use 

raw plants directly for developing more sustainable and cost-effective foods, and second, to 

attain high processing efficiency by carefully controlling and optimizing the processing 

conditions. In this study, we demonstrated the feasibility of integrating both extraction and 

encapsulation in one step. Through this strategy, curcumin can be directly incorporated from raw 

turmeric into soymilk. We hypothesize that this two-in-one PPD processing strategy will be more 

sustainable compared to conventional processing strategy, while also demonstrating high 

efficiency in both extraction and encapsulation. This work aims to provide critical insights for 

developing health-promoting PBMAs and serves as a representative example of plant-based food 

innovation by integrating different raw plants to enhance food sustainability and health. 

Materials and Methods 

 Materials 

 Turmeric powder (Georgia Gold Turmeric Powder) was obtained from American 

Turmeric Company (Bainbridge, Georgia), and the curcumin standard (purity > 97.0%) was 

purchased from TCI America (Portland, Oregon). Vanilla silk soy creamer (~10 wt% fat), as an 

example of soymilk, was sourced from Earth Fare in Athens, Georgia. Potassium hydroxide 
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(CAS 1310-58-3) was acquired from Mallinckrodt Chemicals (St. Louis, Missouri), while citric 

acid (CAS 77-92-9) and sodium citrate dihydrate (CAS 6132-04-3) were obtained from Sigma 

Aldrich (St. Louis, Missouri). The sodium phosphate monobasic monohydrate (CAS 10049-21-

5), sodium phosphate dibasic heptahydrate (CAS 7782-85-6), acetic acid glacial J.T. Baker™ 

(CAS 64-19-7), Koptec's pure 200 proof pure ethanol (CAS 64-17-5), and acetonitrile (HPLC 

grade, CAS 75-05-8) were purchased from Fisher Scientific (Waltham, Massachusetts).  

 Formulation of curcumin-infused soymilk using two-in-one PPD method 

 To incorporate curcumin from turmeric powder into soymilk (turmeric-soymilk), 0.5 g 

turmeric powder was dissolved in 10 mL 0.1 M KOH solution. This solution was vortexed at the 

highest speed for 1-min and then centrifuged for 10-min at 2,000 rpm in a closed centrifuge tube 

(15 mL), to minimize oxygen exposure under the alkaline condition. 2.5 mL of supernatant was 

then mixed into 50 mL soymilk, to achieve a loading capacity of 1 mg of curcumin per gram of 

fat in the soy milk, as validated in a previous study (Zheng, Zhang, et al., 2019).  Sequentially, 

the solution was adjusted to pH 7 using a pH 3 citrate buffer. For comparison, curcumin powder 

was also used to formulate curcumin-infused soymilk (curcumin-soymilk). In this process, 10 

mL of 0.1 M KOH solution was used to fully dissolve 20 mg of curcumin crystals, following the 

same formulation process as the curcumin-soymilk. 

Making curcumin-infused soymilk powder 

 To obtain both curcumin- and turmeric-soymilk powders, freeze drying (EPIC Freeze 

Dryer, Millrock Technology, Inc, Kingston, New York) was conducted within a total of 33.5 h, 

which has two freezing steps with ramping rates of 0 and 0.5 °C/min and hold time of 0.5 h and 

4 h subsequently. Primary drying was applied for 18 h to fully sublimate the ice into gas at a 

shelf temperature from -33 to 10 °C. The secondary drying was applied at a shelf temperature of 
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40 ℃ with a total time of 6 h. The storage temperature was maintained at 20 °C and the vacuum 

at 0 mTorr for 4 h. An extra freeze treatment was applied to reach the temperature of -51 °C and 

a hold time of 1 h. The sample was then ground using pastel and mortar immediately to avoid 

moisture from the air. The sample was stored in an Amber container in a freezer (-14 °C) for 

stability study.  

 Concentration of curcumin 

 A UV-vis spectrophotometer (Agilent Cary 60) was used to measure the concentration of 

curcumin. The standard curve obtained was y = 6.2891x − 0.1427 (R2 = 0.998), where x is the 

absorbance value, and y is the concentration of curcumin in ppm (Figure S1A). Pure curcumin 

was dissolved in acidified ethanol (1 wt% acetic acid, v/v), and the absorbance peak was at a 

wavelength of 430 nm. The quantification of curcumin was also compared to the analysis of 

HPLC-DAD/RID (Shimadzu Nexera XS inert series) with a C18 column (ZORBAX Stable Bond 

C18, 4.6 x 250 mm, 5 µm, 80 Å, 400 bar). Pure curcumin crystal was first dissolved in the KOH 

solution (pH 13), and then acidified ethanol. The mobile phase was a mixture of acidified ethanol 

and acetonitrile (55:45, v/v). The HPLC analysis was performed at a flow rate of 1 mL/min, 

ambient temperature (25 °C), injection volume of 20 µL, with a total run time of 8 min. The 

absorbance peak was at a wavelength of 422 nm. The standard curve for HPLC was y = 5.4977x 

− 0.0002 (R2 = 0.999), where x is the area (a.u.) × 1.E-6, and y is the concentration of curcumin 

in ppm (Figure S1B).  

Determination of processing efficiency 

 The two-in-one processing strategy integrates both extraction and encapsulation 

processes in one step, and its efficiency is defined as follows, 
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Two-in-one efficiency = !!	
!"	
	× 	100%,  (1) 

where C0 refers to the ideal concentration of curcumin in curcumin-infused milk, assuming no 

curcumin loss during processing. This ideal concentration is based on the initial curcumin 

concentration in turmeric powder, measured using an ethanol-based method as a reference. In 

this method, 20 mg of turmeric powder was dissolved in 100 mL of ethanol and stirred for 1 h at 

800 rpm. The resulting solution was centrifuged for 5 min at 2,000 rpm to obtain a clear solution, 

which was then used for UV-vis measurement. C1 refers to the measured concentration of 

curcumin in curcumin-infused milk formulated by the two-in-one PPD method. To measure the 

concentration of curcumin in curcumin-infused milk, the samples were centrifuged for 5 min at 

2,000 rpm, diluted with acidified ethanol, vortexed for 30 s, and filtered using Whatman paper 

(11 µm, 9 cm). Both extraction efficiency and encapsulation efficiency were determined as 

follows: 

Extraction efficiency = !#$
!"	
	× 	100%, and 

Encapsulation efficiency = !!	
!#$	

	× 	100%, (2) 

where Cex refers to the concentration of curcumin extracted from turmeric or curcumin powder 

by the PPD method.  

Determination of processing sustainability 

 The energy consumption and carbon emissions were estimated using the Techno-

economic, Energy & Carbon Heuristic Tool for Early-Stage Technologists (TECHTEST) 

provided by the U.S. Department of Energy (IEDO, 2024). We compared two different 

processing strategies to produce curcumin-infused soymilk powders. The first strategy was a 

conventional two-step process that began with extracting purified curcumin, which was then 
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used as the raw material to formulate curcumin-infused soymilk powder. The second strategy 

was the two-in-one PPD processing, which used turmeric as the raw material to directly 

formulate turmeric-infused soymilk powder. The functional unit for comparison is the production 

of curcumin-infused powders with approximately 10 kg of curcumin. More details, including the 

processing flow chart and the parameters used for raw material inputs and manufacturing, can be 

found in the supporting information. 

 Appearance Instrumental Color 

 The colorimetric analysis was conducted using an instrumental colorimeter (ColorFlex 

EZ 45/0 LAV, Hunter Colorimeter, Reston, Virginia). The L*, a*, and b* values were measured 

by pouring 10 mL of the sample into a transparent petri dish. The black and white standardized 

plates were used as the blanks with the standardized light source (D65) and detection angle (10 

degrees). The photos were taken using an iPhone 13 camera with a black background and white 

light.  

Particle size and zeta potential 

 The particle size was analyzed using a Mastersizer 3000 particle analyzer (Malvern 

Panalytical, Westborough, MA). Approximately 2 mL of the sample was introduced into the 

instrument to achieve 24% obscuration, using a refractive index of 1.47. A 60 s equilibration 

period was then applied prior to the actual measurement (Abdo et al., 2023). The zeta potential 

measurement was analyzed using Zetasizer Pro (Malvern Panalytical, Westborough, MA). A 

0.02 mL sample was diluted with 9.98 mL of phosphate buffer (pH 7) and then transferred into 

the specified cuvettes for analysis. The sample was equilibrated for 30 s, and the mean zeta 

potential (mV) was measured.  
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 Differential scanning calorimetry (DSC) 

 Differential scanning calorimetry (DSC 204 F1 Phoenix, NETZSCH Instruments North 

America LLC, Burlington, MA) was used to obtain DSC profiles of all samples, including pure 

curcumin, turmeric powder, soymilk powder, curcumin-soymilk powder, and turmeric-soymilk 

powder. Approximately 10 mg of the sample was placed in a crucible (with an empty crucible as 

a blank). The temperature range was set from 30 to 240 °C, with an increasing rate of 10 °C per 

min. The measurement was conducted under a nitrogen atmosphere, and the results were 

analyzed using built-in software. 

Storage stability 

 Different time intervals (0, 1, 7, 14, and 30 days) were used for the stability test of 

curcumin in both curcumin-soymilk and turmeric-soymilk samples. These samples were put in a 

container and were stored under freezing conditions at -14°C, to assess their stability over time. 

In brief, 0.1 g of the sample was dissolved in 10 mL of acidified ethanol (1 wt% acetic acid) and 

stirred for 20-min, with a saran wrap placed over the top of the beaker. The sample was then 

centrifuged for 10-min at 2,000 rpm and evaluated using a UV spectrophotometer at 430 nm 

wavelength.  

Remaining (%) = #$
#"	
	× 	100%, (3) 

where D0 and Dx is the concentration of curcumin at 0-day and x-day, respectively. 

Statistical analysis  

 At least three measurements were carried out for all experiments, followed with the 

calculations of mean and standard error. One-way ANOVA, followed by a post hoc Tukey HSD 

test (p < 0.05), was used to determine statistical significance (Vasavada, 2016). 
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Results and Discussion 

Two-in-one PPD processing strategy for developing health-promoting PBMAs 

 A schematic of the two-in-one PPD processing strategy is shown in Figure 2.1. This 

processing strategy is designed for the development of polyphenol-powered PBMAs. It leverages 

two key principles. First, it can be sustainably used to incorporate a diverse range of plant-

derived polyphenols into various PBMAs, maximizing their health benefits. Adding health-

promoting polyphenols from various plants can significantly enhance the nutritional and health 

profile of PBMAs (Cosme et al., 2020). For instance, integrating turmeric, known for its 

curcumin content, can create a healthier product and contribute to better public health outcomes 

(Kocaadam & Şanlier, 2017). Second, this strategy shows promise for addressing the challenge 

of processing efficiency by minimizing the chemical degradation of polyphenols in alkaline 

solutions. We focused on controlled operating conditions to enhance processing efficiency. For 

example, minimizing oxygen exposure can significantly reduce chemical degradation, and rapid 

processing can be achieved as polyphenols can be quickly extracted due to their high solubility 

when negatively charged in an alkaline solution (Csuti et al., 2023). Meanwhile, an acidic buffer 

can be readily added to neutralize the alkaline solution when incorporated into the PBMA 

system. Using curcumin-infused soymilk as an example, this study aims to demonstrate the 

practical feasibility of this processing strategy. 
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Figure 2.1. A two-in-one PPD strategy for developing curcumin-infused PBMAs (e.g., soymilk). 

The bioactive curcumin molecules can be directly extracted from raw turmeric and then 

encapsulated into soymilk in one process. 

Increased efficiency of PPD processing strategy 

 One of our research focuses is to determine whether this PPD method maintains high 

operational efficiency when incorporating curcumin from turmeric into soymilk. Results show 

that the two-in-one efficiency is 94.2 ± 1.6%, indicating that the PPD method is highly effective 

in incorporating curcumin from either curcumin or turmeric powder into soymilk (Figure 2.2). 

Regarding the efficacy of the pH-driven method for producing curcumin-enhanced soymilk, a 

previous study demonstrated that the pH-driven method is effective in solubilizing curcumin into 

soymilk, achieving a high processing efficiency of 91.3 ± 2.7% (Zheng, Zhang, et al., 2019). To 

provide a comparable study, this study used the same brand of soymilk product and the initial 

amount of curcumin concentration (1 mg/g fat). A slightly higher processing efficiency (98.6 ± 
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1.1%) was observed in producing the curcumin-soymilk samples (Figure 2.2). This study 

reduced both the operating time and the exposure level to oxygen, which reduces the potential 

chemical degradation of curcumin in alkaline solution and thus result in higher operating 

efficiency.  

 Importantly, one critical point is that the curcumin is less sensitive to the alkaline 

solutions, compared to other polyphenols (e.g., quercetin and resveratrol) (Peng et al., 2019). For 

example, only about 10% of curcumin undergoes chemical degradation within 1 h, while the 

operation of this work can be completed within a few minutes. Consequently, a high extraction 

efficiency (96.4 ± 0.5 %) is also observed in Figure 2.2, which suggests that the curcumin can be 

fully extracted from raw turmeric by using the alkaline solution. Overall, when producing 

curcumin-infused soymilk, the production of turmeric-soymilk yielded similar results to that of 

curcumin-soymilk, demonstrating the effectiveness of the PPD method in both applications. 

Additionally, the PPD method not only successfully replicates the findings of the previous study, 

but also demonstrates slightly higher effectiveness in solubilizing curcumin into soymilk. This 

improvement is attributed to the controlled operating conditions, such as reduced operating time 

and minimized oxygen exposure. 
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Figure 2.2. The extraction efficiency, encapsulation efficiency, and two-in-one efficiency of 

both turmeric-soymilk and curcumin-soymilk. The upper letter (A) represents the significant 

differences between samples (p < 0.05). Their values from left to right are 96.4 ± 0.5, 97.8 ± 1.4, 

94.2 ± 1.6, 98.5 ± 0.4, 100.1 ± 1.1, 98.6 ± 1.1%, respectively. 

 Given the complex system of turmeric powder, which not only includes 2.1 ± 0.1% of 

curcumin, but also other plant components (e.g., proteins and polysaccharides), it raises a 

question whether other components can be co-extracted under the alkaline solutions or not. 

According to the nutrition facts of turmeric powder, it has approximately 1 g protein, 3 g fat, and 

4 g carbohydrates with 1 g fiber included (see Table S1). Some of them can be dissolved in an 

alkaline solution with a high pH value, for example, the protein has the alkaline solubilized 

amino acids (e.g., tyrosine and lysine). Thus, we compared the UV-vis absorption spectra of both 

>97% curcumin and turmeric extract (Figure 2.3). A blue shift (from 430 to 420 nm) can be 

observed in the absorption spectrum of turmeric extract. This could be caused by the presence of 

other plant components, such as proteins or polysaccharides that might interact with curcumin. 

Although identifying the specific component(s) responsible was not the primary focus of this 
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study, it is important to explore whether other plant components can also be effectively extracted 

and contribute to the blue shift. Future studies are therefore needed to investigate this further and 

understand the broader applications and implications of our findings. To exclude the impact of 

other turmeric components on measuring the concentration of curcumin, HPLC was also used to 

determine the curcumin concentration in the turmeric extract (Figure S2). The results indicated 

no significant differences in determining the concentration of curcumin using either a UV-vis 

spectrophotometer or HPLC for both purified curcumin and curcumin extracted from turmeric 

(Figure S2A). This suggests that the UV-vis spectrophotometer can accurately measure the 

curcumin concentration in turmeric powder. Additionally, the chromatograms for both pure 

curcumin and curcumin extracted from turmeric powder show the same retention time at 

approximately 2.6 minutes (Figure S2B). It suggested that the curcumin was effectively 

extracted from turmeric powder and encapsulated into the soymilk. Combined with the high 

processing efficiency, it can be concluded that the two-in-one PPD processing strategy is highly 

effective in developing curcumin-infused PBMAs from the turmeric powder.  
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Figure 2.3. The UV-vis absorption spectrum of >97% curcumin and turmeric extract using 0.1 

M KOH. The absorbance values at the peak positions are labelled. 

Enhanced sustainability of two-in-one PPD processing strategy  

 The two-in-one PPD processing strategy is expected to enhance sustainability by using 

raw turmeric powder as the material input and combining both extraction and encapsulation 

steps. However, the extent of this improvement has not been clearly quantified. This study 

provides a quantitative assessment of the processing sustainability of this new strategy by 

comparing the embodied energy and carbon emissions of raw materials used for producing 

curcumin- or turmeric-soymilk powders with approximately 10 kg of curcumin (Figure 2.4). The 

results clearly showed that both the total embodied energy and carbon emissions of raw materials 

were significantly reduced with the new strategy, particularly in carbon emissions. This 

significant difference can be attributed to the use of different raw materials (curcumin versus 

turmeric). It was reported that 7.55 MMBtu is needed to produce 1 kg of turmeric powder with 

0.7627 kg CO2-eq emissions, while 2,175.59 MMBtu is needed to produce 1 kg of curcumin 

powder with 104,000 kg CO2-eq emissions (Kurniawati et al., 2023; Zerazion et al., 2016). As a 

result, the total embodied energy of raw materials for producing curcumin-soymilk is ten times 

larger than that for producing turmeric-soymilk, with an even more significant difference in total 

embodied carbon emissions, which are 22 times larger. It should be noted that our calculations 

did not include potential manufacturing energy consumption and carbon emissions, as this lab-

scale experiment cannot be directly applied to industrial-scale production and some parameters 

may not fully represent actual conditions. Instead, we provided a rough estimation of 

manufacturing energy consumption based on ideal processing conditions (see Figure S3 and 

Table S6). It was found that the drying process could dominate manufacturing energy 
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consumption, but its total energy use and carbon emissions could be within a negligible range. 

Even so, future work is needed to conduct a more accurate assessment for producing curcumin-

infused soymilk powders. Overall, these results clearly demonstrated the enhanced sustainability 

of the two-in-one PPD processing strategy, suggesting that it can be an effective method to 

improve the sustainability of our food systems by using raw materials and minimizing processing 

steps. 

 

Figure 2.4. (A) Total embodied energy (MMBtu) and (B) carbon emissions (kg CO2-eq) of raw 

materials for producing both turmeric-soymilk and curcumin-soymilk powders with ~10 kg 

curcumin. The "10x" (or "22x") value represents the ratio of the total embodied energy (or 

carbon emissions) of curcumin-infused soy milk compared to that of turmeric-infused soy milk. 

The listed ingredients (e.g., citric acid powder) contribute to the composition of turmeric- or 

curcumin-infused soymilk product. Their specific data and calculations can be found in the 

supporting information (see Table S7 and S8). 
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Impact of adding curcumin on the physicochemical properties of soymilk  

Appearance instrumental color 

 The colors (L*, a*, and b* values) of liquid soymilk, curcumin-soymilk, and turmeric-

soymilk were measured using a colorimeter, and pictures of their liquid or powdered samples can 

be found in Figure 2.5A and 2.5B. Curcumin is a widely used yellow pigment in foods, 

contributing to a higher yellowness (b* value) in curcumin-soymilk or turmeric-soymilk 

compared to regular soymilk. This yellowness can be retained in both powders after a freezing 

drying process. This suggests that the curcumin has been effectively encapsulated in the soymilk. 

However, the b* value of turmeric-soymilk was lower than that of curcumin-soymilk, despite 

having the same concentration of encapsulated curcumin in both samples. This difference is 

observable in the pictures of both liquids, although it appears negligible in the powdered forms 

of curcumin-infused soymilk. This could be attributed to the presence of additional turmeric 

components, which reduces the yellowness of curcumin in solution. Besides, the a* values of 

both curcumin-included samples were more negative than that of soymilk, due to the addition of 

curcumin, but its overall strength is much weaker than those of b* values. Obviously, the L* 

values (darkness/lightness) of the samples were contributed by the presence of soymilk, because 

considerable small oil-droplets can contribute to the lightness of soymilk (Zhou et al., 2021b). 

Overall, the addition of curcumin significantly altered the appearance of soymilk, imparting a 

distinctive yellow hue. This color change could affect customer acceptance, as visual appeal 

plays a crucial role in consumers' perception of food quality and attractiveness (Downham & 

Collins, 2000). A noticeable color shift might lead to preconceived notions about taste and 

overall quality, potentially influencing purchasing decisions and consumer satisfaction. 
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Understanding these visual impacts is essential for product development and marketing strategies 

to ensure positive consumer response in future studies.   

 

Figure 2.5. (A) Appearance (Left: soymilk, Middle: curcumin-soymilk, and Right: turmeric-

soymilk) and (B) colors (L*, a*, b* values) of three samples. Upper letters (A, B, and C) 

represent the significant differences between samples (p < 0.05) for the individual L*, a*, or b*. 

(C) Particle size distributions and (D) zeta potentials of raw soymilk, curcumin-soymilk, and 

turmeric-soymilk. The mean particle diameters of soymilk, curcumin-soymilk, and turmeric-

soymilk are 0.854 ± 0.009 µm, 0.856 ± 0.009 µm, and 0.893 ± 0.015 µm, respectively. Upper 

letter (A) represents the significant differences between samples (p < 0.05). 
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Particle size and zeta potential 

 Particle size and zeta potential measurements are critical indicators for evaluating the 

stability of colloidal systems. The particle size distribution provides important insights into the 

uniformity and potential aggregation of particles within the system. A significant increase in 

particle size may indicate aggregation, leading to decreased stability. Figure 2.5C shows the 

particle size distributions of three types of samples. It clearly shows that the soymilk sample had 

three different peaks, located near 0.5, 1.2, and 2.0 µm, and its mean particle diameter was 

approximately 0.854 ± 0.009 µm. After adding either curcumin or turmeric extract, the particle 

size distribution was slightly altered, but the peak positions were not. It is noted that curcumin 

has a low water solubility, so the curcumin molecules must be mostly encapsulated inside the oil 

droplets in the soymilk, rather than in the aqueous phase. For example, the curcumin molecules 

can be hydrophobically driven into the lipid phase of soymilk (Zhou et al., 2021a). It was also 

found that the amount of larger particles was slightly increased, in particular after incorporating 

turmeric extract. This is also consistent with the observation of a slightly higher mean particle 

size of turmeric-soymilk (0.893 ± 0.015 µm) compared to curcumin-soymilk (0.856 ± 0.009 

µm). This is likely due to the presence of large turmeric components.  

 Similarly, zeta potential measures the surface charge of particles, which influences the 

electrostatic repulsion between them. The measurements of all three samples showed negative 

charges, ranging from -28.665 to -29.025 mV (Figure 2.5D). These surface charges could be due 

to the presence of highly negatively charged emulsifiers in soymilk, such as maltodextrin and 

lecithin (see Table S3). These values, being close to -30 mV, indicate that the samples were 

sufficiently stable against aggregation. High absolute zeta potential values suggested strong 

electrostatic repulsion between particles, which prevented them from coming together and 



 

68 

aggregating, thus maintaining the stability of the colloidal system. It also suggested that the 

addition of curcumin did not alter the interfacial properties of soymilk. Overall, the inclusion of 

curcumin or turmeric extract did not result in a significant change of mean particle size and zeta 

potential, which indicates that their inclusion could not lead to a significant change of particle 

stability. 

 It is also essential to investigate the impact of curcumin addition on other 

physicochemical properties of PBMAs, particularly their rheological characteristics. Several 

studies have examined the effects of curcumin on the apparent shear viscosity of various 

PBMAs, noting that these PBMA products generally exhibit shear-thinning behavior—that is, 

their apparent viscosity decreases as shear rate increases. It should be mentioned that our 

previous study introduced curcumin into various PBMAs using the pH-driven method led to 

noticeable changes in flow properties, particularly in more viscous options like oat and cashew 

nut milks (Zheng et al., 2021b). Specifically, these samples exhibited a marked decrease in their 

consistency coefficient, indicating a reduction in thickness or resistance to flow, and an increase 

in their flow behavior index, suggesting a shift toward a more Newtonian flow profile (Zheng et 

al., 2021b). Furthermore, recent research has shown that the addition of turmeric juice, which is 

rich in total solids, increases the viscosity of PBMAs (Basha et al., 2024). This implies that not 

only curcumin but also other solid components in turmeric may influence the overall texture and 

mouthfeel of the final product. These findings underscore the need for a more comprehensive 

analysis of rheological properties to optimize curcumin-fortified PBMAs for the consumer 

acceptance. 
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Differential scanning calorimetry 

 The DSC measurement can be used to determine various thermal properties of a material. 

It provides valuable information on phase transitions such as melting points. Representative DSC 

measurements were conducted to evaluate the melting behavior of curcumin, turmeric, soymilk, 

curcumin-soymilk, and turmeric-soymilk powders (Figure 2.6A). The DSC analysis of curcumin 

powder showed a sharp peak at 187.4 °C, indicating the presence of its crystalline form. A 

previous study indicated the crystalline form of curcumin has an endothermic melting peak due 

to the interactions of curcumin molecules via O-H…O hydrogen bonds along with C-H…O 

bonds (Sanphui et al., 2011). Interestingly, the turmeric powder did not include an endothermic 

peak of curcumin. Instead, it showed a clear endothermic peak at 126.1 °C, which is much lower 

than that of the curcumin crystal. The soymilk showed a clear endothermic peak at 

approximately 216.1°C, which could be attributed to the presence of the maltodextrin as one of 

the major ingredients listed in the soymilk (Elnaggar et al., 2010). Similarly, both curcumin-

soymilk and turmeric-soymilk exhibited a peak similar to that of soymilk, without a distinct peak 

from either the curcumin or turmeric powder. This suggests that the inclusion of curcumin or 

turmeric extract has little impact on the DSC profile of soymilk. Overall, the entire DSC profiles 

of both curcumin-soymilk and turmeric-soymilk were quite similar, indicating that adding 

turmeric extract produces results comparable to those seen with the addition of curcumin. 
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Figure 2.6. (A) Differential scanning calorimetry profiles of curcumin, turmeric, soymilk, 

curcumin-soymilk, and turmeric-soymilk powders. The temperature corresponding to the 

endothermic peak of each sample is labeled nearby. (B) The chemical stability of curcumin in 

both curcumin-soymilk and turmeric-soymilk powders under a freezing condition. The upper 

letter (A) represents the significant differences between all samples, including both curcumin- 

and turmeric-soymilk with different storage days (p < 0.05). 

Storage stability of curcumin in both curcumin- and turmeric-soymilk 

 It is a challenge to maintain the storage stability of curcumin, because the stability of 

curcumin is highly sensitive to environmental stress, including factors such as light exposure, 

temperature fluctuations, and pH levels. These factors can significantly impact the shelf-life and 

effectiveness of curcumin, necessitating careful consideration of storage and formulation 

strategies to maintain its stability (Zheng & McClements, 2020). Storing curcumin powder in 

freezing conditions has been considered as a highly effective strategy to maintain its stability, 

due to reduced light and oxygen exposure, as well as the low temperature. In this study, we 

further investigated whether this storage condition is effective for maintaining the stability of 
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curcumin in both curcumin-soymilk and turmeric-soymilk powders. We also examined whether 

the two different formulations have varying impacts on the storage stability of curcumin. The 

results indicated an insignificant change in curcumin concentration over one month. It was noted 

that a slight decrease in curcumin concentration occurred on the first day, which can be attributed 

to the loss during the freeze-drying process (Figure 2.6B). Both curcumin-soymilk and turmeric-

soymilk samples showed that the curcumin content remained stable throughout the 30-day period 

(Figure 2.6B). This stability verifies that storing these powders under a freezing condition is an 

effective strategy for preserving curcumin, preventing its degradation, and extending its shelf-

life. Additionally, no significant difference was observed in the two different formulations. The 

encapsulation of curcumin in soymilk likely extended its shelf life, protecting it from oxidation 

and chemical degradation. A similar chemical stability test using a different encapsulation 

material showed the same trend, confirming that encapsulated curcumin has improved stability 

during storage (Kharat et al., 2017; Yuan et al., 2022). 

Proposed mechanism for enhancing curcumin solubility, stability, and bioavailability for 

curcumin-infused PBMAs 

Soymilk can serve as an effective delivery system to enhance curcumin’s bioavailability, 

providing a lipid-rich environment that aids in the solubilization and stabilization of this 

hydrophobic curcumin compound, thereby facilitating its absorption in the digestive tract. 

Initially, curcumin molecules become highly soluble in an alkaline solution due to the 

deprotonation of phenolic OH groups. Upon acidification, the negatively charged curcumin 

molecules are neutralized, allowing them to be driven into the lipid phase of soy milk through 

hydrophobic interactions. This solubilization within the lipid phase helps stabilize curcumin over 

extended periods; for instance, previous studies have shown that curcumin’s stability is 
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maintained for up to a month when stored at 4°C (Zheng, Lin, et al., 2019; Zheng et al., 2017). 

As curcumin-infused soy milk passes through the human gastrointestinal tract, the oil droplets 

break down into mixed micelles in which curcumin can remain solubilized, enhancing its 

gastrointestinal absorption in the small intestine. Various gastrointestinal digestion studies have 

demonstrated that curcumin in such systems after using the pH-driven method can achieve high 

bioaccessibility, potentially increasing its oral bioavailability (Gao et al., 2022; Ren et al., 2024; 

Zhou et al., 2021a, 2021b). However, further in vivo and human studies are still needed to 

determine whether this increased absorption translates into enhanced biological effects, such as 

anti-inflammatory and anti-cancer properties. 

Conclusions 

 This study proposed a two-in-one PPD processing strategy for incorporating curcumin 

from turmeric into soymilk, demonstrating increased processing efficiency and sustainability. 

The two-in-one efficiency was 94.2 ± 1.6%, with a high extraction efficiency of 96.4 ± 0.5%. 

Additionally, the use of raw turmeric, rather than purified curcumin, significantly enhanced 

processing sustainability (e.g., reduced CO2-eq emissions), even with a small percentage of 

curcumin (~0.3 mg) included in each gram of curcumin-infused soymilk powder. The success of 

this approach highlights the importance of using raw materials and minimizing processing steps 

to develop practical and sustainable food systems. The study further investigated the impact of 

adding curcumin on the physicochemical properties of soymilk. It was found that curcumin 

imparted a yellow color to soymilk. However, no significant changes were observed in other 

properties, including particle size, zeta potential, and DSC profiles, as most curcumin molecules 

were encapsulated within the lipid phase of soymilk. Curcumin in both curcumin-soymilk and 

turmeric-soymilk maintained excellent storage stability under a freezing condition. These results 
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suggested that the two-in-one PPD strategy was effective to formulate curcumin-infused 

soymilk, which can be used in developing health-promoting PBMAs. Further research is needed 

to apply this processing strategy to other PBMAs, particularly by leveraging the value of 

phenolic compounds. Additionally, sensory testing will be essential to determine if curcumin 

infusion significantly alters the taste and impacts consumer acceptance. Exploring specific 

health-promoting properties—such as antioxidant capacity, anti-inflammatory effects, and anti-

cancer potential—will also be crucial to highlight the health benefits of curcumin-infused 

PBMAs, providing valuable insights for health-conscious consumers. This study provides 

valuable insights for scientists aiming to extend the range of plant-powered novel foods. For the 

food industry, this research represents an innovative step toward utilizing green technology in 

producing more sustainable, healthy, and affordable next-generation foods.  
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Supplementary Information  

 

Figure S1. Standard curves for curcumin using the (A) UV-vis spectrophotometer and (B) 

HPLC. Their linear equations and R2 values are labeled, respectively.  

 

Figure S2. (A) Impact of different measurement methods (HPLC vs. UV-vis spectrophotometer) 

on the concentration of curcumin in either >97% curcumin or turmeric extract sample.  (B) 

HPLC chromatograms of both >97% curcumin and turmeric samples. The upper letter (A) 

represents significant differences between samples (p < 0.05). The “97% Curcumin” was 

considered as a purified curcumin sample, while the “Turmeric-Extracted” sample refers to 

curcumin extracted from turmeric powder using the PPD method. 
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Table S1. Nutrition fact of turmeric powder used in this study. The data was calculated based on 

one serving size (Company, 2024). 

Serving size 12 g 
Calories 15 calories 
Total Fat 3 g 
Total Carbohydrate 4 g 
Protein 1 g 

 

 

Table S2. Nutrition facts and ingredients of Silk vanilla soy creamer (Silk, 2024). 

 

Table S3. Ingredients of Silk vanilla soy creamer (Silk, 2024). 

Main ingredients: Soymilk (Filtered Water and Soybeans), Cane Sugar, Palm Oil, 
Maltodextrin. 
Contains 2% or less of ingredients: Soy Lecithin, Natural Flavor, Tapioca Starch, Locust 
Bean Gum, and Dipotassium Phosphate. 
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S1. Data inputs for assessing environment impacts of PPD processing strategy 

S1.1. Raw material inputs 

Table S4. The inventory of raw material inputs for producing curcumin-soymilk powder. 

Curcumin-Soymilk Total amount Material inputs 
Soymilk 1E5 kg 1E5 kg soymilk 
Turmeric - - 
Curcumin 10 kg 10 kg curcumin 
0.1 M KOH solution 1E3 kg 5.6 kg KOH (s) 

994.4 kg water 
Citric acid (l), 3 wt% 213 kg 6.4 kg citric acid (s) 

206.6 kg water 
 

Calculations 

Soymilk: 1E5 kg. 

Curcumin: It is based on the concentration, 0.1 mg / g soymilk, so we will need 10 kg curcumin. 

0.1 M KOH solution: It is based on 1 mL 0.1 M KOH can dissolve 10 mg curcumin, and its 

density is around 1 g/mL, then we need 1E3 kg 0.1 M KOH solution, so we will need 5.6 kg 

KOH (s) and 994.4 kg water. 

Citric acid (l), 3 wt%: The citric acid is used to neutralize the KOH solution, so we can use an 

acid-based reaction balance to calculate the amount of citric acid (s), 

3 KOH (aq) + H3C6H5O7 (aq) à Na3C6H5O7 (aq) + 3 H2O 

Mass [citric acid (s)] = 0.1E3 mol / 3 × 192.124 g/mol ≈ 6.4 kg. We assume that the 3 wt% citric 

acid buffer is used, then we need 206.6 kg water to prepare the citric acid buffer. 

Table S5. The inventory of raw material inputs for producing turmeric-soymilk powder. 

Turmeric-Soymilk Total amount Material inputs 
Soymilk 1E5 kg 1E5 kg soymilk 
Turmeric 166.7 kg 166.7 kg turmeric 
Curcumin - - 
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0.1 M KOH solution 333.4 kg 1.9 kg KOH (s) 
331. 5 kg water 

Citric acid (l), 3 wt% 70 kg 2.1 kg citric acid (s) 
67.9 kg water 

 

Calculations 

Soymilk: 1E5 kg. 

Turmeric: It is based on 10 kg curcumin we need, and 6 wt% of curcumin is present in the 

turmeric (Hettiarachchi, Dunuweera, Dunuweera, et al., 2021). We then need 166.7 kg turmeric 

powder. 

0.1 M KOH solution: It is based on an estimation: 20 mL 0.1 M KOH can be used to dissolve 0.5 

g turmeric, to fully extract the curcumin. We then need 333.4 kg 0.1 M KOH solution, which 

requires 1.9 kg KOH (s) and 331.5 kg water. 

Citric acid (l), 3 wt%: Using the citric acid is to neutralize the KOH solution, so we can use an 

acid-based reaction balance to obtain the amount of citric acid (s), 

3 KOH (aq) + H3C6H5O7 (aq) à Na3C6H5O7 (aq) + 3 H2O 

Mass [citric acid (s)] = 0.1 × 333.4 mol / 3 × 192.124 g/mol ≈ 2.1 kg. We assume that the 3 wt% 

citric acid buffers used, then 67.9 kg water will be used to prepare the citric acid buffer. 

S1.2. Specific embodied energy, carbon emissions, and cost 

Tap water 

Data source: x`(MFI) database (NREL, 2024) 

Functional unit: 1 kg tap water 

Specific embodied energy: 0.002336 MJ/kg = 2.216 Btu/kg 

Specific embodied carbon: 0.000188 kg CO2-eq/kg 

Price: 0.00007794 USD/kg 
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KOH (s) 

Data source: MFI database (NREL, 2024) 

Functional unit: 1 kg KOH powder 

Specific embodied energy: 22.877194 MJ/kg = 21,684.12 Btu/kg  

Specific embodied carbon: 1.452922 kg CO2-eq/kg 

Price: 0.93 USD/kg (Mike, 2024) 

Soymilk 

Data source: Data of producing soymilk was similarly applied based on the statement “Producing 

one 48 oz. (1.42 L) bottle of unsweetened almond milk uses 14.8 MJ of TPE, consumes 175 kg 

of freshwater, and generates 0.71 kg of CO2-eq.” (Winans, Macam-Somer, Kendall et al., 2020) 

Functional unit: 1 L or kg soymilk 

Specific embodied energy: 14. MJ / 1.42 L = 0.00988 MMBtu / L ≈ 9880 Btu/kg 

Specific embodied carbon: 0.71 kg / 1.42 L = 0.5 kg CO2-eq/L ≈ 0.5 kg CO2-eq/kg 

Price: 1.76 USD/kg 

Citric acid (s) 

Data source: MFI database (NREL, 2024) 

Functional unit: 1 kg citric acid powder 

Specific embodied energy: 85.434304 MJ/kg = 81,009.22 Btu/kg 

Specific embodied carbon: 5.407139 kg CO2-eq/kg 

Price: 0.12 USD/kg (Alibaba, 2024) 

Turmeric powder 
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Data source: Data was based on the statement, “7,963 MJ are needed to manufacture 1 kilogram 

of turmeric powder, with a potential environmental impact of GWP 0.7627 kg CO2-eq” 

(Kurniawati, Supartono, and Saroyo, 2023) 

Functional unit: 1 kg turmeric powder 

Total primary energy (TPE) use: 7963 MJ/kg = 7.55 MMBtu/kg 

Specific embodied carbon: 0.7627 kg CO2-eq/kg 

Price: 3.33 USD/kg (Alibaba, 2024) 

Curcumin powder 

Data source: Data was collected from Table 3 in the supplemental document of the reference 

(Zerazion, Rosa, Ferrari, et al., 2016) 

Functional unit: 1 kg curcumin 

Specific embodied energy: (2.19E6 + 1.05E5) MJ/kg ≈ 2,175.59 MMBtu/kg 

Specific embodied carbon: 1.04E5 kg CO2-eq/kg 

Price: 6.00 USD/kg (Alibaba, 2024) 

Electricity 

Data source: MFI database (NREL, 2024) 

Source-to-Site Ratio: 2.86 

Specific 100-yr GWP: 49.25 kg CO2-eq/MMBtu 

Specific price: 21.04 USD/MMBtu 

S1.3. Flow charts for producing both curcumin-soymilk and turmeric-soymilk powders  

The mass balance flow charts for producing both curcumin-soymilk and turmeric-soymilk 

powders are presented in Figure S3. The data were collected based on Tables S3 and S4. This 

calculation assumes that the material loss during processing is negligible. 
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Figure S3. Mass balance flow charts for producing curcumin-soymilk (A) and turmeric-soymilk 

(B) powders with 10 kg of curcumin. 

S1.4. Manufacturing energy 

Table S6. Approximate energy consumption for producing both curcumin-soymilk and turmeric-

soymilk powders with approximately 1 kg of curcumin. The base-case for the production rate is 

1E4 kg soymilk solution fed to the process during each batch. The following data is estimated by 

a techno-economic analysis of extraction of curcumin from turmeric (Kunta, 2018). 

Energy use (kWh) Curcumin-Soymilk Turmeric-Soymilk 
Homogenizers 6 6 
Centrifugation & Filtration - 40 
Packaging Equipment 4 4 
Dryer 1100 1100 
Total (kWh) 1110 1150 
Total (MMBtu) 3.79 3.92 
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S1.5. The summary of raw material embodied energy, emissions, and costs 

Table S7. A snapshot of raw material inputs to produce the turmeric-soymilk powder with 10 kg 

curcumin. Calculations can be found in section S1.1 and S1.2. 

Material 
Inputs 

Amount of 
Material 
(to 
produce 
reference 
volume) 

Unit 

Specific 
Embodied 
Energy 
(Btu/unit) (for 
this material) 

Specific 
Embodied 
Carbon (kg 
CO2-
eq/unit) (for 
this 
material) 

Specific 
Cost 
($/unit) (for 
this 
material) 

Embodied 
Energy 
(MMBtu) (per 
reference 
volume of 
product) 

Embodied 
Carbon (kg 
CO2-eq) (per 
reference 
volume of 
product) 

Cost ($) 
(per 
reference 
volume of 
product) 

Turmeric 166.7 kg 7,550,000 0.8 3.3 1,258.6 127.1 555.1 

Water 399.4 kg 2.2 0.0 0.0 0.0 0.1 3.2 
KOH 
Powder 1.9 kg 21,684.1 1.5 0.9 0.0 2.8 1.8 

Soymilk 100,000.0 kg 9,880.0 0.5 1.8 988.0 50,000.0 176,000.0 
Citric 
Acid 
Powder 

2.1 kg 81,009.2 5.4 0.1 0.2 11.4 0.3 

Total embodied energy and cost to input materials: 2,246.8 
MMBtu 

50,141.4 kg 
CO2-eq $176,560.4 

 

Table S8. A snapshot of raw material inputs to produce the curcumin-soymilk powder with 10 

kg curcumin. Calculations can be found in section S1.1 and S1.2. 

Material 
Inputs 

Amount of 
Material 
(to 
produce 
reference 
volume) 

Unit 

Specific 
Embodied 
Energy 
(Btu/unit) (for 
this material) 

Specific 
Embodied 
Carbon (kg 
CO2-
eq/unit) (for 
this 
material) 

Specific 
Cost 
($/unit) (for 
this 
material) 

Embodied 
Energy 
(MMBtu) (per 
reference 
volume of 
product) 

Embodied 
Carbon (kg 
CO2-eq) (per 
reference 
volume of 
product) 

Cost ($) 
(per 
reference 
volume of 
product) 

Curcumin 
Powder 10 kg 2,175,590,000.0 104,000 6.0 21,755.9 1,040,000.0 60.0 

Water 1201.0 kg 2.2 0 0 0.0 0.2 9.6 
KOH 
Powder 5.6 kg 21,684.1 1.5 0.9 0.1 8.1 5.2 

Soymilk 100,000 kg 9,880 0.5 1.8 988.0 50,000.0 176,000.0 
Citric 
Acid 
Powder 

6.4 kg 81,009.2 5.4 0.1 0.5 34.6 0.3 

Total embodied energy and cost to input materials: 22,744.5 
MMBtu 

1,090,043 kg 
CO2-eq $176,560.1 
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CHAPTER 3 

HEATING AND ACIDIFICATION SIGNIFICANTLY IMPACT PH-SHIFTING 

TREATMENT: A CASE STUDY ON OAT PROTEIN ISOLATE3 
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Abstract 

Oat globulin protein is known for its poor solubility at neutral pH due to its compact hexamer 

structure. Recent studies have demonstrated that combining alkaline treatment with pH shifting 

can significantly alter protein functionalities, including protein solubility. This study examined 

specific processing conditions, such as heating temperature and acidification type, requires 

further investigation using oat protein isolate (OPI) as the protein source. We evaluated the 

effects of different heating temperatures at pH 12 and compared the impact of acidification with 

HCl and citric acid on OPI solubility. Our results showed that simple pH shifting (from pH 7 to 

12 to 7) did not significantly improve protein solubility while, integrating heat treatment (100°C 

for 30 min) with citric acid acidification significantly enhanced and maintained OPI solubility at 

neutral pH, ranging at 70-75%. This finding was supported by additional physicochemical 

characterizations, including nanoscale particle size at neutral pH, the disappearance of the 

thermal denaturation peak in differential scanning calorimetry (DSC) chromatograms, the 

formation of protein peptides ranging from 2–10 kDa in protein electrophoresis, and a reduction 

in β-sheet content with an increase in random coil structures. Furthermore, citric acid, compared 

to HCl, in combination with 100°C heating at pH 12, maintained a higher zeta potential, 

resulting in improved protein solubility stability for up to seven days. These results provide 

valuable insights into the role of non-enzymatic processing methods in modifying plant protein 

functionalities, particularly oat protein, and its potential applications in food formulations. 

Keywords: Oat protein isolate, pH-shifting treatment, protein solubility, thermal processing, 

acidification, citric acid 
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Introduction 

 Oats (Avena Sativa) are one of the most common cereals in the world after maize, rice, 

wheat, barley, and sorghum (Kumar, et al., 2021; Nieto, et al., 2014). Compared to other cereals, 

oat protein has the highest amount of protein, as well as higher digestibility and biological values 

(Mirmoghtadaie, et al., 2009). These nutritional benefits are important for oats utilization in 

different food applications such as plant-based milk, oatmeal, and granola bars (Suryamiharja, et 

al., 2024). Oat proteins primarily consist of oat globulin, exhibiting a poor solubility at neutral 

pH but significantly improves at higher or lower pH levels due to increased electrostatic 

repulsion and enhanced molecular flexibility from protein unfolding (Loponen, et al., 2007). Oat 

globulin protein composition is mainly composed of hexamer, which builds up a compact 

structure that produces a strong protein-protein interaction. Additionally, oat protein amino acid 

composition is predominantly non-polar amino acids such as leucine, proline, and valine, with 

lesser amount of polar and charged amino acids (McLauchlan, et al., 2024). This problem leads 

to a huge challenge to the food industry to produce high protein content oat-based products like 

oat milk. 

 Among the non-enzymatic chemical modification methods, pH-shifting treatment has 

emerged as a simple strategy to extract the proteins from raw materials and alter protein 

functionalities (Jiang, Chen, & Xiong, 2009;  Jiang, Wang, & Xiong, 2018). This process 

involves adjusting the protein solution to either extreme alkaline or acidic conditions, followed 

by neutralization, which induces structural rearrangements and improves functional properties 

(Tang, Ying, & Shi, 2021). The pH-shifting method has been widely applied to plant proteins, 

demonstrating its ability to enhance protein solubility (Jiang, et al., 2017), modify aggregation 

behavior (Li, et al., 2020), and improve emulsifying characteristics (Yu, et al., 2021; Zhang, et 
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al., 2021). A key point is that alkaline or acidic conditions can enhance electrostatic repulsion by 

increasing surface charges through protein residue ionization (Loponen, et al., 2007). This likely 

induces changes in protein conformation, intermolecular interactions, and surface properties, 

ultimately improving dispersibility and processability in food systems. 

 As pH-shifting or pH-driven treatment has become a common approach for modifying 

plant proteins, it is often combined with conventional heat treatment (Wang, Jin, & Xiong, 

2018). From a structural perspective, heating can induce either reversible or irreversible protein 

denaturation, depending on the heating parameters and the inherent thermal stability of the plant 

proteins. This process is crucial for achieving the desired level of protein denaturation, 

particularly when targeting specific functional properties (Bogahawaththa, et al., 2019). The 

combination of pH-shifting and heat treatment can induce structural changes in plant proteins, 

such as protein rearrangement (Wu et al., 2021). This concept also extends to the Post pH-Driven 

(PPD) method, which has been applied in various plant-based milk applications, such as the 

extraction and encapsulation of bioactive compounds of curcumin (Suryamiharja et al., 2025). In 

this context, heating enhances the continuation of the pH-driven modification of the protein 

solution, influencing structural changes in the protein. The combination of heating and pH-

shifting method has been utilized in multiple applications, including inducing protein gelation 

and enhancing plant protein functionalities such as emulsification properties, surface 

hydrophobicity, water-holding capacity, and protein solubility (Yuntao Wang et al., 2020; Yu 

Wang et al., 2024). 

 However, variation in reported parameters make it challenging to apply this method 

consistently across different proteins. For example, inaccurate heating and pH-driven conditions 

may cause excessive denaturation, leading to protein aggregation and misorientation (Zhao, 
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Mine, & Ma, 2004). Achieving balanced control over plant protein modification requires a 

fundamental understanding of how processing conditions influence protein structure. However, 

the specific effects of individual processing parameters remain insufficiently explored. While 

previous studies have primarily focused on overall improvements in protein solubility and 

functionality following pH shifting and heating, detailed investigations into the influence of 

heating temperatures and acidification methods are still lacking. For instance, heating at different 

temperatures during alkaline treatment may induce distinct structural modifications, impacting 

protein aggregation, solubility, and surface properties. Additionally, the choice of acid for 

neutralization—such as strong acids (e.g., HCl) versus organic acids (e.g., citric acid) can lead to 

variations in protein behavior due to differences in ionic strength and interactions with protein 

molecules. Despite the potential of these factors to modulate protein properties, systematic 

research on their combined effects within the pH-shifting process remains limited. A deeper 

understanding of how these processing conditions interact to influence protein structure and 

solubility is essential for optimizing plant protein applications in food formulations.  

 This study examined the effects of heating temperature and acidification methods on the 

pH-shifting treatment of oat protein isolate (OPI), using it as a model plant protein. We 

hypothesized that combining heating with pH shifting under optimal conditions would enhance 

oat protein solubility at neutral pH by inducing structural modifications that promote better 

dispersion. We evaluated different heating temperatures at pH 12 and compared acidification 

with HCl and citric acid to assess their impact on OPI solubility. To gain mechanistic insights, 

we conducted physicochemical characterizations, including particle size analysis, microscopy, 

Differential Scanning Calorimetry (DSC), Sodium Dodecyl Sulfate-Polyacrylamide Gel 

Electrophoresis (SDS-PAGE), and Fourier-transform infrared (FTIR) spectroscopy. These 



 

96 

analyses allowed us to examine how heating and acidification influence protein aggregation, 

surface charge, and structural modifications, ultimately affecting solubility. Our findings provide 

valuable insights into optimizing plant protein processing for food applications. 

Materials and Methods 

Materials 

 Quaker Oats (Old Fashioned, 32650104084) was purchased from Walmart in Griffin, 

GA. Chemicals from Sigma-Aldrich (St. Louis, MO, USA) included fluorescein isothiocyanate 

(FITC, CAS No: 27072-43-3, purity >97.5%, analytical grade), citric acid (C₆H₈O₇, CAS No: 77-

92-9, purity ≥99.5%), and sodium hydroxide (NaOH, CAS No: 1310-73-2, purity ≥97%). 

Chemicals from Fisher Scientific (Hampton, NH, USA) included 1.0 N hydrochloric acid 

solution (HCl, CAS No: 7647-01-0, certified ACS reagent), sodium phosphate monobasic 

anhydrous (NaH₂PO₄, CAS No: 7558-80-7), sodium phosphate dibasic anhydrous (Na₂HPO₄, 

CAS No: 7558-79-4), methanol (MeOH, CAS No: 67-56-1, HPLC grade), acetic acid glacial 

(CH₃COOH, CAS No: 64-19-7, ACS certified), and hexane (C₆H₁₄, CAS No: 92112-69-1, ACS 

certified). The Pierce™ Modified Lowry Protein Assay Kit, including Modified Lowry protein 

assay reagent (480 mL), 2 N Folin-Ciocalteu phenol reagent (50 mL), and albumin standard 

ampules (2 mg/mL, 10 × 1 mL), was purchased from Thermo Scientific (Waltham, MA, USA). 

All experiments were conducted using double-distilled water purified with a Millipore Milli-Q 

7000. 

Preparation of oat protein isolate 

 Oat flour was prepared by grinding Quaker Oats in a coffee grinder (SG-10 Electric 

Spice-and-Nut Grinder, Mini, Ontario, Canada) for 1 min and sieving through a fine mesh 
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strainer (0.841–0.250 mm). OPI was extracted following a modified protocol (Yung Ma, 1983). 

Oat flour was first defatted using hexanes in a 1:4 (w/v) ratio for 1 h, followed by suction 

filtration to separate the oil. The defatting process was repeated twice, and the defatted oat flour 

was left under a fume hood overnight to allow hexane volatilization. The defatted oat flour was 

then mixed with double-distilled water (1:10 g/v), and the pH was adjusted to 10.0 using 1 M 

NaOH. The slurry was stirred at room temperature (21°C) for 1 hour and then centrifuged at 

4,000 × rpm for 15 min. The supernatant pH was lowered to 5.0 using 1 M HCl, followed by 

another centrifugation at 4,000 × rpm for 15 min. The resulting precipitate was washed twice 

with deionized water, neutralized to pH 7 using 1 M NaOH, freeze-dried, and stored in a 

desiccator at room temperature (230C). 

Proximate analysis 

 Moisture content analysis was performed according to the Association of Official 

Analytical Chemists (AOAC) official method (Thiex, 2019). Briefly, the sample weight was 

recorded before and after heating in a vacuum oven at 60°C overnight, and the moisture content 

was determined based on the weight difference. Total crude protein content was measured using 

the Dumas method (Roland, Aguilera-Toro, Nielsen, Poulsen, & Larsen, 2023). OPI was 

analyzed using the N-Cube Elementar (Ronkonkoma, NY, USA), with a nitrogen conversion 

factor of 5.84 to measure the oat protein. Aspartic acid was used as the blank for calibration. Ash 

content was determined by following AOAC official method (Thiex, Novotny, & Crawford, 

2019). Approximately 2 g of the sample was weighed into a crucible and heated overnight in a 

muffle furnace at 600°C. The weight difference before and after heating was used to calculate the 

percentage of ash in OPI. Crude fat content was measured using the Soxhlet extraction method 

(Alemayehu, et al., 2021). Approximately 1 g of the sample was placed in a cellulose thimble, 
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which was then inserted into a Soxhlet apparatus connected to a round-bottom flask. The 

extraction was conducted overnight, and the solvent was subsequently removed using a rotary 

evaporator. The weight difference before and after extraction was used to calculate the 

percentage of crude fat in OPI. The percentage of carbohydrates was determined by subtracting 

the sum of % moisture, % crude protein, % ash, and % crude fat from 100%.  

pH-shifting and heating treatment of OPI 

 The OPI powder was dissolved in a 10 mM phosphate buffer at pH values ranging from 7 

to 12, with a 1% (w/v) protein concentration and stirred overnight using a magnetic stir bar at 

800 rpm at room temperature. Acidification was performed using either 3% citric acid or 0.1 M 

HCl, with a 10-min hydration period for each pH reduction (pH 12 OPI solution to pH 11 OPI 

solution (10 min) to pH 10 OPI solution (10 min) until the target pH). Heating was applied using 

a water bath with gentle shaking at 50 rpm, at either 25°C, 50°C or 100°C for 30 min. The 

solution was immediately cooled in an ice bath until it reached room temperature, which was 

monitored using a thermometer. The agitation was applied during an acidification process and its 

speed was maintained at a high rate (1000-1100 rpm) to ensure rapid pH changes and prevent 

local pH variations that could cause protein aggregation.  

Determination of protein solubility 

 Protein concentration was determined using the Lowry method using a PierceTM 

Modified Lowry Protein Assay Kit (Thermofischer Scientific, Waltham, MA). The OPI solution 

was centrifuged at 5,000 rpm for 10 min prior to measurement. The assay was conducted at 750 

nm by combining 0.2 mL of the oat protein sample, 1 mL of modified Lowry reagent, and 0.1 

mL of 1 N Folin-Ciocalteu reagent. The oat protein sample was first diluted and allowed to sit 

for 15 min, followed by the addition of 1 mL of modified Lowry reagent, with a 10-min 
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incubation. Then, 0.1 mL of 1 N Folin-Ciocalteu reagent was added, and the mixture was 

incubated for 30 min. During the procedure, the samples were vortexed for approximately 15 s 

and kept in a dark drawer with test tube caps on. The pH 12 OPI solution was used to generate 

the standard curve, which was verified by the DUMAS method to measure the % protein with a 

conversion factor of 5.84. The standard curve equation obtained was y = 2.5475x + 0.0685, with 

an R² value of 0.9965, where x-axis represents absorbance (nm), and y-axis represents the protein 

concentration (mg/mL). The % protein solubility was determined as follows: 

%	Protein	Solubility	 = 	$%&'()	&*	+,&)-.(	.(	)/-	012	+,&)-.(	3&4').&(	(6)
$%&'()	&*	+,&)-.(	.(	)/-	012	+&89-,	(6)

	x	100. 

Particle size and zeta potential 

 The particle size was measured using Zetasizer pro (Malvern Panalytical, Westborough, 

MA) in the form of the intensity-weighted mean diameter (Z-average particle size). Samples for 

a solubility test were centrifuged at 10,000 rpm for 15 min prior to measurement to obtain the 

particle size of soluble proteins. The OPI solution at pH 7-12 was diluted using different 

phosphate buffers (pH 7-12) that match its pH to achieve a final protein concentration (0.1 

mg/mL) (Li & Xiong, 2021b). The OPI solution was loaded into DTS0012 (Disposable 10 × 10 

plastic cell) and the parameters were set as follows: protein refractive index of 1.45, water as the 

dispersant, 25 ℃, and 30 s equilibrium time. For zeta potential (ζ) measurement, the same OPI 

solution from particle analysis was loaded into DTS1070 cell, and the measurement was also run 

using the same instrument with the same condition as the particle size analysis. Each 

measurement was run to obtain the Z-average particle size (nm), average Polydispersity Index 

(PDI), and zeta potential (mV). 
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Protein electrophoresis (SDS-PAGE) 

 The SDS-PAGE was run by following a previous method (Sánchez-Velázquez, et al., 

2021). Briefly, it used Mini-Protean 3 Gel Electrophoresis (Bio-Rad) and 4–20% Mini-

PROTEAN® TGX Stain-Free™ Protein Gels (64639831, Bio-Rad Laboratories, Inc., CA, 

USA). Precision Plus ProteinTM standard (10-250 kDa, Bio-Rad Laboratories Inc., CA, USA) 

was used as the molecular marker. OPI solution at pH 12 (heated and unheated), OPI solution at 

pH 7 acidified using citric acid or HCl (after pH 12 OPI solution was heated at 100 ℃, or not), 

and OPI solution at pH 7 (dissolved in phosphate buffer pH 7, heated and unheated) were 

dissolved in running buffer (200 mM Tris-HCl, pH 6.8, 40% glycerol, 2% SDS, 0.04% 

Coomassie Blue G-250) along with ≥98% pure 2-mercaptoethanol (14.2 M) at 5 % (w/v). The 

sample was placed into the water bath at 100 ℃ for 5 min and centrifuged for 15 min at 10,000 

rpm prior to load into the gel (10 µL, 20 µg protein/ well). The gel was run at 150 V for 30 min. 

The gel was stained using Coomassie Blue R250 Dye, followed up by the fixation with 10% 

acetic acid and 50% MeOH (v/v) and three times washes of 10% acetic acid. The picture of the 

gel was then taken using an iPhone 13 camera.  

Differential scanning calorimetry  

 Differential Scanning Calorimetry (DSC 204 F1 Phoenix, NETZSCH Instruments North 

America LLC, Burlington, MA) was used to determine the denaturation temperature of various 

OPI solutions. The tested samples included OPI solutions at pH 12 (heated and unheated), OPI 

solutions acidified to pH 7 using citric acid or HCl after heating the pH 12 solution to 100°C, and 

OPI solutions at pH 7 (dissolved in phosphate buffer, heated and unheated). All solutions were 

prepared at a 10% (w/v) protein concentration, freeze-dried, and approximately 10 mg of each 

sample was loaded into a sealed crucible. The temperature program was set from 50°C to 170°C 
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at a heating rate of 10°C/min, with a nitrogen flow rate of 30 mL/min. Samples were analyzed 

under a nitrogen atmosphere, and the data were extracted using Proteus® thermal analysis 

software. 

Fourier transform infrared spectroscopy 

 The same OPI powder used in DSC analysis was analyzed using Nicolet 6700 FTIR 

Spectrometer (Thermo Fischer Scientific Inc., Waltham, MA) following the method described in 

a previous study (Liu, et al., 2009). The sample was run under ambient condition and 4 cm-1 

resolution. The OPI powder was placed on the Attenuated Total Reflectance (ATR) crystal and 

pressed using the ATR probe accessory. The original FTIR spectrum deconvolution was 

performed in Origin Pro 2021 using gaussian multiple peaks function from region 1600 cm-1 to 

1700 cm-1, which represents the amide 1 peak. The peaks were selected by following a previous 

study, including 1630-1638 cm-1, 1682-1690 cm-1, 1640-1648 cm-1 1650-1659 cm-1, and 1660-

1670 cm-1, which represent β-sheets, antiparallel β-sheets, random coils, α-helixes, and β-turns 

respectively (Ma, Rout, & Mock, 2001; Murayama & Tomida, 2004; Ngarize, Herman, Adams, 

& Howell, 2004). 

Stability of protein solubility  

 The stability of protein solubility test was performed on acidified OPI solutions from pH 

12 OPI solution (unheated, heated at 50 °C, and heated at 100 °C) to pH 7 using either HCl or 

citric acid. The OPI solutions for particle size and ζ measurements were stored in 10 mL test 

tubes, while centrifuged samples used to measure % protein solubility were stored in 1.5 mL 

centrifuge tubes at 4 °C. The stability of each sample was evaluated on day 0, 1, 3, and 7. The % 

protein solubility remaining in the solution was measured by centrifuging the sample at 5,000 

rpm for 10 min, which was only done on day 0. The particle size, polydispersity index (PDI), and 
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zeta potential of the OPI solutions were measured without centrifugation. Photos were taken 

before and after heating, as well as post-acidification, on days 0, 1, 3, and 7.  

Microstructure 

 The microstructure of the sample was measured using A Nikon Eclipse Ti2 widefield 

fluorescence microscope (Nikon, Tokyo, Japan). To obtain microscopy photos, 200 µL of the 1% 

(w/v) OPI solutions were mixed with 0.1% (w/v) Fluorescein Isothiocyanate (FTIC) dissolved 

with 95% proof ethanol. The samples were then vortexed for 5 seconds immediately, and 10 µL 

of the sample was placed on the pre-clean microscope slides covered with the cover glass. The 

protein was visualized at 550 nm and the observation was conducted at 40X objective lens. The 

photos were captured and analyzed using NIS-Elements software from Nikon.  

Statistical analysis  

 All measurements were performed in triplicate, and the mean and standard error 

(represented by error bars) were calculated. Statistical significance was determined using one-

way ANOVA followed by a post hoc Tukey HSD test (p ≤ 0.05) in Statistical Package for the 

Social Sciences (SPSS) Statistics 27, IBM. 

Results and Discussion 

Physicochemical properties of oat protein isolate 

 The proximate composition of OPI was determined to quantify the macronutrient 

distribution, revealing protein as the predominant component, accounting for 67.6 ± 1.0% of the 

total content (Figure 3.1A). The remaining fractions included carbohydrates (21.0 ± 1.1%), 

moisture (8.6 ± 0.5%), fat (1.2 ± 0.0%), and ash (1.4 ± 0.1%), indicating a relatively low lipid 

and mineral contents. DSC was further used to assess its thermal properties. The thermogram 
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(Figure 3.1B) exhibited a sharp endothermic peak at 113.9 °C, corresponding to the denaturation 

temperature of OPI. This transition reflects the unfolding of protein structures upon heating, 

which is consistent with previous observations at approximately 110 ℃ (Brückner-Gühmann, 

Kratzsch, Sozer, & Drusch, 2021). Notably, this thermal denaturation temperature is relatively 

high compared to other widely used plant proteins, such as pea protein (76.5–93°C) and soybean 

protein (79–87°C) (Mession, Sok, Assifaoui, & Saurel, 2013). The higher denaturation 

temperature of OPI suggests enhanced thermal stability, which could be beneficial in high-

temperature food processing applications. The well-defined peak observed in the DSC 

thermogram also indicates that the extracted OPI retains a structured conformation after 

processing. These findings confirm that the native structure of OPI was successfully persevered 

after protein extraction from oat flour, which is well-suited for further investigations into the 

effects of different processing conditions on OPI solubility. 
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Figure 3.1. (A) Proximate composition of oat protein isolate, highlighting the protein content 

(67.6 ± 1.0%) as the major component. (B) Differential scanning calorimetry thermogram of 

OPI, showing a denaturation peak at 113.9 °C.  

Impact of different processing conditions on the OPI solubility 

Experimental design 

 To investigate the effects of pH-shifting and heating treatments on OPI solubility, a more 

controlled experimental design was implemented, incorporating alkaline treatment, heat 

application, and acidification. As illustrated in Figure 3.2, the process began with an initial pH 

adjustment to 12, followed by different heating conditions (25°C, 50°C, and 100°C) to assess the 

impact of thermal treatment on protein structure. The treated protein solutions were acidified 

using either 3% citric acid or 0.1 M hydrochloric acid (HCl) to assess the impact of different 

acidification methods on protein solubility and aggregation behavior. Citric acid was chosen due 

to its widespread use in the food industry, while HCl is commonly used in experimental research. 

This stepwise treatment approach was designed to examine how varying temperatures during 

alkaline treatment affect protein conformation, aggregation, and solubility. The selection of 50°C 

and 100°C for heating conditions was based on their relevance to food processing applications 

such as pasteurization, while 25°C served as a control condition without heat treatment (Le, 

Hermansen, & Vuong, 2025). The final acidification step using citric acid or HCl was included 

to determine whether the type of acid influences oat protein refolding, charge distribution, or 

aggregation. These two acids were chosen based on the consideration that HCl is the most 

commonly used acid in the acidification process, while citric acid is the one most commonly 

used in the food industry. By systematically varying these processing conditions, this study aims 

to provide deeper insights into the physicochemical changes occurring due to heating and 
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acidification in pH-shifting treatment, thereby optimizing processing strategies for plant protein 

applications. 

 

Figure 3.2. Schematic representation of the pH-shifting and heating treatment process for oat 

protein isolate. The process includes an initial pH adjustment to 12, heating at different 

temperatures (50 °C, and 100 °C) versus no-heat (25 °C), and subsequent acidification using 

either 3% citric acid or 0.1 M HCl. It highlights the structural changes induced by varying 

heating conditions and acid types during the treatment. 

Impacts of different heating temperatures at pH 12 

 To assess the impact of heating temperature at pH 12 on OPI solubility, protein samples 

were subjected to different thermal treatments before acidification. Protein solubility was 

evaluated across a range of pH values, and the results demonstrated that heating plays a critical 

role in maintaining protein solubility upon acidification (Figure 3.3). First, the OPI solubility 

was increased progressively as the pH was raised from 7 to 12, reaching its peak at pH 12. 

However, upon acidification back to neutral, the no-heat condition (25°C) exhibited a sharp 

decline in solubility, whereas the 50°C and 100°C heat-treated samples still maintained 

significantly higher solubility levels at 70-75%. This indicates that heating at alkaline pH could 

promote structural changes that prevent excessive protein aggregation upon acidification. The 

fluorescence microscopy image (inset) also supports this observation, showing large protein 
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aggregates formed in the no-heat condition, which were less prevalent in the heated samples. 

These findings suggest that thermal treatment at pH 12 facilitates protein structural 

modifications, preventing the formation of large insoluble aggregates during subsequent 

acidification. As a result, protein solubility is only slightly reduced despite changes in 

environmental ionic conditions (Tang, Roos, & Miao, 2023). The improved solubility observed 

in the 100°C-treated sample implies that higher temperatures may further enhance these 

structural changes, potentially by increasing protein flexibility or disrupting intermolecular 

interactions.    

 

Figure 3.3 Protein solubility (%) of oat protein isolate at varying pH levels and heating 

conditions. The treatments include (1) no heating (25 °C), (2) heating at 50 °C, and (3) heating at 

100 °C, followed by pH adjustment using 3% citric acid. The inset fluorescence image shows 

protein aggregates formed under the no-heat condition with citric acid, as indicated by the arrow. 

The scale bar is 100 µm. 
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 To further evaluate the stability of soluble OPI after different heat treatments at pH 12, 

samples were stored for up to 7 days, and their stability of protein solubility was analyzed. As 

shown in Figure 3.4A, the remaining soluble protein content varied significantly among the 

different heating conditions (S1: 25 °C, S2: 50 °C, S3: 100 °C) over time. On day 0, all samples 

were set to 100% remaining protein solubility for the comparisons. After 1 day of storage, the S1 

(25 °C) sample showed a sharp decline in solubility, with only approximately 30% of the protein 

remaining soluble by day 7. In contrast, S2 (50 °C) and S3 (100 °C) retained more than 90% of 

their soluble proteins throughout the 7-day storage period, suggesting that heating at alkaline pH 

helps stabilize protein solubility over time. Visual observations of sedimentation behavior also 

verified these solubility trends (Figure 3.4B). The S1 sample (25 °C) exhibited significant 

sedimentation, forming a visible precipitation layer with a height of 1.1 cm after 1 day of 

storage. In contrast, S2 (50 °C) and S3 (100 °C) demonstrated no visible sedimentation after 

being stored up to 7 days. These findings indicate that heating at 50 °C and 100 °C reduces 

protein aggregation and precipitation in the solution. Overall, these results highlight the 

importance of thermal treatment at alkaline pH in maintaining the long-term stability of OPI. 

Heating at 50 °C and 100 °C showed promising results in preventing protein precipitation. This 

insight can be applied to ensure consistent protein solubility in food formulations. 
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Figure 3.4. (A) Remaining soluble proteins (%) of oat protein isolate under different heating 

conditions (S1: 25 °C, S2: 50 °C, S3: 100 °C) over storage periods of 0, 1, 3, and 7 days. (B) 

Visual observations of samples (S1, S2, S3) showing sedimentation behavior over time, with 

sediment heights indicated in red (Letter shows significance at p ≤ 0.05 among different days in 

each sample). 

Impacts of different types of acid for acidification 

 We also evaluated the effect of acid type on protein solubility. Besides citric acid, OPI 

was also subjected to acidification using HCl after undergoing heat treatments at pH 12. The 

solubility trends across varying pH levels and heating conditions are presented in Figure 3.5, 

demonstrating how thermal processing influences OPI solubility upon HCl acidification. Similar 

to previous observations with citric acid, the protein solubility increased along with the increase 

of the pH, reaching its peak at pH 12, followed by a decline upon acidification back to neutral 

(pH 7). As expected, the extent of protein solubility loss varied among different heat treatments, 
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supporting that heating also plays a crucial role in preventing aggregation upon HCl 

acidification. 

 No-heat condition (25 °C) exhibited the most significant solubility loss, showing a steep 

decline as pH was reduced from 12 to neutral among the three treatments. The inset fluorescence 

microscopy image (Figure 3.5) confirms the formation of large insoluble protein aggregates 

under this condition. In contrast, samples heated at 50 °C and 100 °C retained higher solubility, 

suggesting that heat treatment at an alkaline pH promotes protein unfolding, thereby improving 

protein solubility in the solution and making oat protein more resistant to precipitation. 

Compared to citric acid-treated samples (Figure 3.3), the HCl-treated samples exhibited a more 

pronounced drop in solubility upon acidification, suggesting that HCl-induced charge 

neutralization can induce more protein aggregation. In summary, the benefits of heating at pH 12 

remain evident, reinforcing the role of thermal treatment in modulating protein interactions and 

enhancing solubility retention during acidification. Additionally, these results highlight the 

importance of acid selection in pH-shifting treatments, as acid type influenced protein 

aggregation and solubility recovery. 
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Figure 3.5. Protein solubility (%) of oat protein isolates at varying pH levels and heating 

conditions, with acidification using 0.1 M HCl. Treatments include (1) no heating (25 °C), (2) 

heating at 50 °C, and (3) heating at 100 °C. The inset fluorescence image shows protein 

aggregates formed under the no-heat condition with HCl acidification, as indicated by the arrow. 

The scale bar is 100 µm. 

Understanding the mechanism: how heating at pH 12 enhances OPI solubility 

Formation of OPI-based nanoparticles  

  The particle size and appearance analysis were conducted to elucidate the mechanism 

behind the enhanced OPI solubility after heating at pH 12. The visual images in Figure 3.6A 

show OPI dispersions at pH 12 and pH 7 under different heating conditions (25 °C, 50 °C, and 

100 °C) followed by acidification using citric acid. At pH 12, all samples appeared homogeneous 

and well-dispersed, indicating almost maximum solubilization under alkaline conditions. 
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However, after adjusting the pH back to neutral (pH 7), noticeable differences were observed in 

precipitation and turbidity. A noticeable color change from dark yellow at pH 12 to white at pH 7 

was observed, likely due to the presence of phenolic acids (Ha et al., 2025). The no-heat sample 

(25°C) exhibited significant aggregation after acidification, as evidenced by increased solution 

turbidity and visible precipitation after centrifugation. In contrast, the heated samples (50°C and 

100°C) retained turbidity, indicating improved solubility in the solution. This suggests that 

thermal treatment enhance protein solubility upon acidification. To further understand the impact 

of heating on protein structural behavior, the particle size distributions of soluble proteins after 

different heating treatments were analyzed (Figure 3.6B). The results revealed a slight shift in 

particle size depending on the heating condition. The no-heat sample (25 °C) exhibited the 

largest protein particles, while the samples heated at 50 °C and 100 °C displayed even smaller 

particles after acidification. Notably, the 100 °C-heated samples contained a fraction of very 

small particles, measuring just a few tens of nanometers which may come from small soluble 

aggregates (Wouters & Nicolai, 2024). 
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Figure 3.6. (A) Visual observations of oat protein isolate samples at pH 12 and pH 7 after 

treatments with no heat (25 °C), heating at 50 °C, and heating at 100 °C, followed by 

acidification using citric acid. (B) Particle size distribution of the treated samples, measured after 

centrifugation at 10,000 rpm for 15 min, highlighting the impact of heating and pH adjustment. 

Improved electrostatic repulsion interactions due to reduced zeta potential 

 The zeta potential measurements were also conducted to assess changes in surface charge 

and electrostatic interactions across different pH levels. The results, shown in Figure 3.7, 

revealed the impact of heating temperature and acidification method (citric acid vs. HCl) on the 

zeta potential of OPI. Generally, all samples exhibited negative zeta potential values, indicating 

that oat protein carries an overall negative surface charge in the tested pH range because of the 

presence of negatively charged residues on the surface (McLauchlan, et al., 2024). However, the 
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values are less negative than previous reports, which could be due to the different salt 

concentrations, because the ionic environment can affect the zeta potential of proteins in the 

solution (Ercili-Cura, et al., 2015; Li & Xiong, 2021a). As we can see, the extent of surface 

charge varied with heating treatment and acid type, suggesting that thermal processing at pH 12 

modifies the surface chemistry of protein nanoparticles. As observed in Figure 3.7A, when citric 

acid was used for acidification, the no-heat sample (25°C) displayed the least charge recovery 

upon acidification, showing a significant shift towards lower surface potential at neutral pH 

condition. In contrast, samples heated at 50°C and 100°C maintained more negative zeta 

potential values, suggesting that heat treatment at alkaline pH improves electrostatic repulsion 

interactions upon acidification, thereby improving protein stability. A similar trend was observed 

in Figure 3.7B, where samples acidified with HCl exhibited a more negative zeta potential with 

higher heating temperatures. Notably, the 100°C-treated sample displayed the most negative 

surface charge at neutral pH, supporting that thermal processing can lead a minimal protein 

aggregation upon acidification, regardless of the acid types (Cruz-Solis, Ibarra-Herrera, Rocha-

Pizaña, & Luna-Vital, 2023). 

 These results indicate that heating at pH 12 reduces the amount of protein surface charge 

retention, leading to stronger electrostatic repulsion and an improved protein solubility even after 

acidification. The reduced negative charge upon neutralization was expected due to the 

neutralization of some types of protein residues, like tyrosine. This effect was more pronounced 

in citric acid-treated samples, likely due to stronger ionic interactions of citric acid and protein 

compared to HCl. One possible explanation is that citric acid may interact with protein 

nanoparticles by forming complexes or coating their surface, thereby enhancing stability and 

solubility (Jayachandran, Parvin, Alam, Chanda, & MM, 2022; Li, et al., 2018; Reddy, Li, & 
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Yang, 2009; Xu, Shen, Xu, & Yang, 2015). These findings highlight the crucial role of 

electrostatic repulsion interactions in stabilizing OPI during pH shifting, reinforcing the benefits 

of thermal treatment at alkaline pH and emphasizing the importance of acid type in enhancing 

solubility.   

 

Figure 3.7. Zeta potential (mV) of oat protein isolate across varying pH levels and heat 

treatments. (A) Samples acidified with 3% citric acid after no heating (25 °C), heating at 50 °C, 

or heating at 100 °C. (B) Samples acidified with 0.1M HCl after no heating (25 °C), heating at 

50 °C, or heating at 100 °C. 

Surface charges and particle sizes are stable within a week 

 We also assessed the stability of protein solubility up to 7 days according to their particle 

size and zeta potential. The particle size (Z-average) and zeta potential were monitored over a 7-

day storage period for samples treated at 50 °C (S2) and 100 °C (S3) at pH 12. As shown in 

Figure 3.8A, the Z-average particle size remained relatively stable over time for both heated 

samples. The S2 (50 °C) sample exhibited the particle sizes within a range (~170-200 nm) with a 
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slight fluctuation in day 1. Surprisingly, the particle size of S2 sample was first increased on day 

0 and then was decreased after that. In contrast, the S3 (100 °C) sample had a smaller particle 

size (~140-170 nm) across all storage days. Although the particle size was decreased as wellas 

the day increased, they are not significantly different from one and another (p < 0.05). 

 Figure 3.8B shows the zeta potential values over the same 7-day storage period. The S2 

(50°C) sample exhibited a less negative surface charge (~ -16 to -18 mV) throughout storage, 

whereas the sample S3 (100°C) initially had a more negative zeta potential (~ -20 to -22 mV), 

which slightly decreased to ~-20 mV after day 1. This suggests that higher-temperature treatment 

leads to more negative zeta potential, preventing particle size variations that could contribute to 

protein aggregation. The relatively stable surface charge and particle size of S3 (100°C) confirm 

that heat treatment at pH 12 can prevent the oat protein aggregation and maintain relatively 

stable protein stability. These findings support the previous sections on zeta potential, protein 

solubility, and particle size, indicating that appropriate thermal treatment combined with citric 

acid acidification not only enhances immediate solubility but also contributes to long-term 

stability. 



 

116 

 

Figure 3.8. (A) Z-average particle size (nm) of oat protein isolate samples (S2: 50 °C, S3: 100 

°C) over storage periods of 0, 1, 3, and 7 days. (B) Zeta potential (mV) of the same samples over 

the same storage periods, illustrating the effects of heating and storage on particle size and 

surface charge stability. The samples (S2 and S3) are defined in Figure 3.4B (The letters, A, B, 

C, show the significance at p ≤ 0.05 among different days within each sample). 

Structural changes of OPI in solution 

 To investigate the structural modifications induced by heating at pH 12, SDS-PAGE 

analysis was conducted to examine the molecular weight distribution upon different treatments. 

The results, presented in Figure 3.9, highlight the effects of different heating temperatures and 

acid types, alongside samples heated at pH 7 as a control. Overall, all OPI solutions showed clear 

bands at 20-25 kDa and 30-35 kDa which correspond to α-subunits of oat globulin protein and β-

subunits of oat globulin protein respectively (Ercili-Cura, et al., 2015). There is also a few bands 

in between α-subunits and β-subunits which could be due to the presence of prolamin protein 
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fraction (Robert, Nozzolillo, & Altosaar, 1985). Upon exposure to pH 12, notable changes in 

protein bands were observed, particularly after heating. At 25°C (without heat treatment), the 

protein bands of both α- and β-subunits remained visible but appeared slightly smeared, 

suggesting partial structural unfolding. In contrast, heating at 100°C caused a significant 

reduction in distinct protein bands, with a noticeable smear and diminished intensity in the 

predominant bands. This resulted in the appearance of bands in the lower molecular weight 

region (2–10 kDa, highlighted by the red box), indicating hydrolysis due to the combined effects 

of alkaline conditions and heat. These findings suggest that heating at pH 12 promotes the 

formation of protein peptides, aligning with the previously observed nanoscale particle sizes. 

Moreover, these peptides remained stable upon acidification to pH 7, contributing to enhanced 

OPI solubility. This structural transformation explains the improved solubility and stability of 

heat-treated OPI, reinforcing the role of thermal processing under alkaline conditions in 

optimizing protein functionality. 

 

  



 

118 

 

Figure 3.9. SDS-PAGE analysis of OPI under different pH and heating conditions. Samples 

include treatments at pH 7 and pH 12 with no heat (25 °C), heating at 50 °C, and heating at 100 

°C, alongside a protein ladder for molecular weight reference. The red box highlights the heat-

induced changes at pH 12, indicating production of protein peptides. 

 Thermal denaturation temperatures were determined using DSC to analyze peak 

variations across different treatments. As shown in Figure 3.10, the thermograms reveal 

significant differences in denaturation temperature and enthalpy changes, highlighting how pH 

and heat treatment influence protein stability and structural transitions. For samples kept at pH 7, 
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the unheated (25°C) sample exhibited a denaturation peak at 113.4 °C, whereas the 100°C-heated 

sample at pH 7 showed a slight decrease of denaturation temperature to 108.6°C, indicating 

partial protein unfolding due to a heat exposure. Once the pH was shifted to 12, there was a 

significant reduction of ΔH and ΔT1/2 values. Additionally, when heating was applied at this 

alkaline pH, the peak was barely seen anymore, indicating the OPI has undergone a significant 

conformational change such as irreversible denaturation (Ma and Harwalkar, 1985). As expected, 

the pH-shifting treatment (7 to 12 to 7) with heating showed no DSC peaks when samples were 

heated to 100°C at pH 12, followed by acidification with HCl or citric acid. This disappearance 

of the thermal denaturation peak suggests that heating at pH 12 induced an irreversible structural 

change in OPI. Interestingly, even after acidification, the absence of thermal denaturation peaks 

persisted, indicating that certain structural attributes acquired at pH 12 were retained. This 

finding supports the hypothesis that pH-induced structural modifications, enhanced by heat, can 

significantly alter protein conformation, ultimately improving solubility.   
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Figure 3.10. DSC thermograms of oat protein isolate under different pH and heating conditions. 

Treatments include samples at pH 7 (heated at 100 °C or unheated at 25 °C) and samples 

subjected to pH-shifting (7 to 12 to 7) with no heat (25 °C) or heating at 100 °C, followed by 

acidification using either HCl or citric acid. Denaturation temperatures are labeled as 108.6 °C, 

113.3 °C, and 113.4 °C for the samples with peaks. 

 We further ran an experiment using FTIR spectroscopy to analyze the secondary structure 

content of OPI. The data presented in Figure 3.11 illustrate the relative proportions of β-sheet, α-

helix, β-turns, and random coil structures across different treatments, including OPI powder, pH-

shifted samples with and without heating, and samples subjected to acidification using 3% citric 

acid or 0.1 M HCl. These structural changes offer valuable insights into how pH-shifting and 

thermal treatment impact protein secondary structure, ultimately influencing protein solubility 

and stability. Compared to OPI powder, which had a high β-sheet content, all pH 12-treated 

samples showed a notable decrease in ordered β-sheets and an increase in random coil content, 

suggesting that pH shifting leads to protein unfolding and structural rearrangement. This 

phenomenon can be attributed to the increased surface charges that increased electrostatic 

repulsion and greater flexibility of oat protein compared to that at neutral pH (Tang, et al., 2023). 

Compared to OPI powder, the β-sheet content at pH 12 under no-heat conditions (25°C) 

showed an insignificant decrease (p > 0.05). However, structural transformation became more 

pronounced when heating at 100 °C was applied, leading to a significant reduction in β-sheet 

content (p ≤ 0.05), indicating further protein unfolding. Besides β-sheet, there was an increase 

of random coil content upon the pH shift to 12 and after heating at pH 12. This is because the 

reduction in β-sheet content is often accompanied by the corresponding increase in random coil, 

suggests an unfolding of compact protein structures. As a result, the protein adopts more 
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disordered and flexible conformations, represented by the random coil. This trend is consistent 

with findings from a previous study on kiln roasting parameters (140 °C for 45 min), which 

closely resemble the heating conditions used in our study (He, Wang, & Hu, 2021).  

 Upon acidification, samples treated at 100 °C followed by citric acid or HCl acidification 

showed only a small recovery of β-sheet structures, though the content remained significantly 

lower than that of native OPI powder, suggesting some degree of refolding or reorganization 

upon returning to neutral pH. These two acidified samples exhibited β-turn values 

approximately similar to those of heated pH 12 OPI solutions, indicating that structural 

reorientation may have redistributed β-sheet content into β-turns. This transition could result 

in a more flexible structure, thereby improving solubility. Additionally, the increased random 

coil proportion in the acidified sample with HCl suggests that the higher degree of acidification 

or denaturation may be due to HCl's strong acidic nature, while citric acid may interact more 

with oat protein constituents, potentially forming hydrogen bonds. These findings indicate that 

heating at pH 12 promotes structural flexibility by disrupting ordered secondary structures, 

which may facilitate better solubility by preventing rigid aggregation. Moreover, the differences 

between citric acid and HCl treatments suggest that the choice of acid influences refolding 

behavior, with citric acid-treated samples showing a slightly higher recovery of β-sheet 

structures. This structural transition further supports the hypothesis that heat treatment at pH 12 

alters protein conformation and intermolecular interaction.   
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Figure 3.11. Secondary structure content (%) of OPI under various pH and heating treatments, 

as determined by FTIR spectroscopy. The samples include OPI powder and OPI treated at pH 7 

→ 12 with no heat (25 °C), heating at 100 °C, or after subsequent acidification to pH 7 using 

citric acid or HCl. The contributions of β-sheet, α-helix, β-turns, and random coil structures 

highlight the effects of pH-shifting, heating, and acidification on protein secondary structure 

(The letters, A, B, C, show the significance at p ≤ 0.05 between samples for a specific secondary 

structure). 

Conclusion 

 We investigated the effects of heating temperature at pH 12 and acidification types on the 

solubility and structural properties of OPI, using a combination of pH shifting, thermal treatment, 

and acidification. Our findings demonstrate that a simple pH shift from 12 to 7 does not 

significantly enhance OPI solubility, whereas integrating heat treatment (100 °C for 30 min) with 
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citric acid acidification leads to a substantial improvement in solubility at neutral pH that can be 

retained up to 7 days. Through a series of physicochemical characterizations, including particle 

size analysis, microscopy, DSC, SDS-PAGE, and FTIR spectroscopy, we further investigated the 

mechanism on how heating enhances protein solubility proven by nanoscale particle size, 

disappearance of thermal denaturation peaks, formation of peptides at 2-10 kDa, and reduced 

amount of β-sheet increased number of random coils. Heating at pH 12 promotes the formation 

of protein nanoparticles, improves electrostatic repulsion interactions due to the increased zeta 

potentials, and hydrolyzes the protein structure forming smaller soluble peptide, thereby 

preventing excessive aggregation upon acidification. Furthermore, the use of citric acid, 

compared to HCl, further increases surface charge repulsions, and thus improves protein 

solubility. These findings provide valuable insights into how non-enzymatic processing methods 

can be optimized to improve plant protein functionalities, offering a simple and effective strategy 

to enhance the solubility of oat protein for food applications.  

  



 

124 

 

 

References 

Alemayehu, G. F., Forsido, S. F., Tola, Y. B., Teshager, M. A., Assegie, A. A., & Amare, E. 

(2021). Proximate, mineral and anti-nutrient compositions of oat grains (Avena sativa) 

cultivated in Ethiopia: implications for nutrition and mineral bioavailability. Heliyon, 7, 8. 

https://doi.org/10.1016/j.heliyon.2021.e07722 

Bogahawaththa, D., Chau, N. H. B., Trivedi, J., Dissanayake, M., & Vasiljevic, T. (2019). 

Impact of controlled shearing on solubility and heat stability of pea protein isolate 

dispersed in solutions with adjusted ionic strength. Food Research International, 125, 

108522. https://doi.org/10.1016/j.foodres.2019.108522 

Brückner-Gühmann, M., Kratzsch, A., Sozer, N., & Drusch, S. (2021). Oat protein as plant-

derived gelling agent: Properties and potential of modification. Future Foods, 4, 100053. 

https://doi.org/10.1016/j.fufo.2021.100053 

Cruz-Solis, I., Ibarra-Herrera, C. C., Rocha-Pizaña, M. d. R., & Luna-Vital, D. (2023). Alkaline 

sxtraction–isoelectric precipitation of plant proteins. Green Protein Processing 

Technologies from Plants: Novel Extraction and Purification Methods for Product 

Development (pp. 1-29). Cham: Springer International Publishing. 

Ercili-Cura, D., Miyamoto, A., Paananen, A., Yoshii, H., Poutanen, K., & Partanen, R. (2015). 

Adsorption of oat proteins to air–water interface in relation to their colloidal state. Food 

Hydrocolloids, 44, 183-190. https://doi.org/10.1016/j.foodhyd.2014.09.017 

Ha, S. M. L., de Bruijn, W. J. C., Vreeke, G. J. C., Bruins, M. E., Nieuwland, M., van der Goot, 

A. J., & Keppler, J. K. (2025). Protein extraction from oat: isoelectric precipitation and 

https://doi.org/10.1016/j.heliyon.2021.e07722
https://doi.org/10.1016/j.foodres.2019.108522
https://doi.org/10.1016/j.fufo.2021.100053
https://doi.org/10.1016/j.foodhyd.2014.09.017


 

125 

water-based extraction. Future Foods, 11, 100591. 

https://doi.org/10.1016/j.fufo.2025.100591 

He, T., Wang, J., & Hu, X. (2021). Effect of heat treatment on the structure and digestion 

properties of oat globulin. Cereal Chemistry, 98, 740-748. 

https://doi.org/10.1002/cche.10417 

Jayachandran, B., Parvin, T. N., Alam, M. M., Chanda, K., & MM, B. (2022). Insights on 

chemical crosslinking strategies for proteins. Molecules, 27, 

8124.  https://doi.org/10.3390/molecules27238124 

Jiang, J., Chen, J., & Xiong, Y. L. (2009). Structural and emulsifying properties of soy protein 

isolate subjected to acid and alkaline pH-shifting processes. Journal of Agricultural and 

Food Chemistry, 57, 7576-7583. 1 https://doi.org/10.1021/jf901585n 

Jiang, J., Wang, Q., & Xiong, Y. L. (2018). A pH shift approach to the improvement of 

interfacial properties of plant seed proteins. Current Opinion in Food Science, 19, 50-56. 

https://doi.org/10.1016/j.cofs.2018.01.002 

Jiang, S., Ding, J., Andrade, J., Rababah, T. M., Almajwal, A., Abulmeaty, M. M., & Feng, H. 

(2017). Modifying the physicochemical properties of pea protein by pH-shifting and 

ultrasound combined treatments. Ultrasonics Sonochemistry, 38, 835-842. 

https://doi.org/10.1016/j.ultsonch.2017.03.046 

Kumar, L., Sehrawat, R., & Kong, Y. (2021). Oat proteins: A perspective on functional 

properties. LWT Food Science and Technology, 152, 112307. 

https://doi.org/10.1016/j.lwt.2021.112307 

https://doi.org/10.1016/j.fufo.2025.100591
https://doi.org/10.3390/molecules27238124
https://doi.org/10.1021/jf901585n
https://doi.org/10.1016/j.cofs.2018.01.002
https://doi.org/10.1016/j.ultsonch.2017.03.046


 

126 

Le, M. S., Hermansen, C., & Vuong, Q. V. (2025). Oat milk by-product: a review of nutrition, 

processing and applications of oat pulp. Food Reviews International, 1-38. 

https://doi.org/10.1080/87559129.2025.2450263 

Li, J., Wu, M., Wang, Y., Li, K., Du, J., & Bai, Y. (2020). Effect of pH-shifting treatment on 

structural and heat induced gel properties of peanut protein isolate. Food Chemistry, 325, 

126921. https://doi.org/10.1080/87559129.2025.2450263 

Li, R., & Xiong, Y. L. (2021a). Sensitivity of oat protein solubility to changing ionic strength 

and pH. Journal of Food Science, 86, 78-85. 10.1111/1750-3841.15544 

Li, R., & Xiong, Y. L. (2021b). Ultrasound-induced structural modification and thermal 

properties of oat protein. LWT, 149, 111861. https://doi.org/10.1016/j.lwt.2021.111861 

Li, T., Wang, C., Li, T., Ma, L., Sun, D., Hou, J., & Jiang, Z. (2018). Surface hydrophobicity 

and functional properties of citric acid cross-linked whey protein isolate: the impact of pH 

and concentration of citric acid. Molecules, 23(9), 

2383.  https://doi.org/10.3390/molecules23092383 

Liu, G., Li, J., Shi, K., Wang, S., Chen, J., Liu, Y., & Huang, Q. (2009). Composition, secondary 

structure, and self-assembly of oat protein isolate. Journal of Agricultural and Food 

Chemistry, 57,  4552-4558. 10.1021/jf900135e 

Loponen, J., Laine, P., Sontag-Strohm, T., & Salovaara, H. (2007). Behaviour of oat globulins 

in lactic acid fermentation of oat bran. European Food Research and Technology, 225, 

105-110. 10.1007/s00217-006-0387-9 

Ma, C.-Y., & Harwalkar, V.R. (1985). Studies of thermal denaturation of oat globulin by 

differential scanning calorimetry. Journal of Food Science, 53, 531-534. 

https://doi.org/10.1111/j.1365-2621.1988.tb07749.x 

https://doi.org/10.1016/j.lwt.2021.111861
https://doi.org/10.3390/molecules23092383


 

127 

Ma, C.-Y., Rout, M. K., & Mock, W.-Y. (2001). Study of oat globulin conformation by fourier 

transform infrared spectroscopy. Journal of Agricultural and Food Chemistry, 49, 3328-

3334. 10.1021/jf010053f 

McLauchlan, J., Tyler, A. I. I., Chakrabarti, B., Orfila, C., & Sarkar, A. (2024). Oat protein: 

review of structure-function synergies with other plant proteins. Food Hydrocolloids, 154, 

110139. https://doi.org/10.1016/j.foodhyd.2024.110139 

Mession, J.-L., Sok, N., Assifaoui, A., & Saurel, R. (2013). Thermal denaturation of pea 

globulins (Pisum sativum L.)—molecular interactions leading to heat-induced protein 

aggregation. Journal of Agricultural and Food Chemistry, 61, 1196-1204. 

10.1021/jf303739n 

Mirmoghtadaie, L., Kadivar, M., & Shahedi, M. (2009). Effects of succinylation and 

deamidation on functional properties of oat protein isolate. Food Chemistry, 114, 127-131. 

https://doi.org/10.106/j.foodchem.2008.09.025 

Murayama, K., & Tomida, M. (2004). Heat-induced secondary structure and conformation 

Change of bovine serum albumin investigated by fourier transform infrared spectroscopy. 

Biochemistry, 43, 11526-11532. 10.1021/bi0489154 

Nieto, T.V.N., Wang, Y.X., Ozimek, L., and Chen, L. (2014). Effect of partial hydrolysis on 

structure and gelling properties of oat globulin proteins. Food Research International, 55, 

418-425. https://doi.org/10.1016/j.foodres.2013.11.038 

Ngarize, S., Herman, H., Adams, A., & Howell, N. (2004). Comparison of changes in the 

secondary structure of unheated, heated, and high-pressure-treated β-lactoglobulin and 

ovalbumin proteins using fourier transform raman spectroscopy and self-deconvolution. 

Journal of Agricultural and Food Chemistry, 52, 6470-6477. 10.021/jf030649y 

https://doi.org/10.1016/j.foodhyd.2024.110139


 

128 

Reddy, N., Li, Y., & Yang, Y. (2009). Alkali-catalyzed low temperature wet crosslinking of 

plant proteins using carboxylic acids. Biotechnology Progress, 25, 139-146. 

10.1002/btpr.86 

Robert, L. S., Nozzolillo, C., & Altosaar, I. (1985). Characterization of oat (avena sativa L.) 

residual proteins. Cereal Chem, 62, 276-279. 

Roland, I. S., Aguilera-Toro, M., Nielsen, S. D.-H., Poulsen, N. A., & Larsen, L. B. (2023). 

Processing-induced markers in proteins of commercial plant-based drinks in relation to 

compositional aspects. Foods, 12, 3282.  10.3390/foods12173282 

Sánchez-Velázquez, O. A., Cuevas-Rodríguez, E. O., Mondor, M., Ribéreau, S., Arcand, Y., 

Mackie, A., & Hernández-Álvarez, A. J. (2021). Impact of in vitro gastrointestinal 

digestion on peptide profile and bioactivity of cooked and non-cooked oat protein 

concentrates. Current Research in Food Science, 4, 93-104. 

https://doi.org/10.1016/j.crfs.2021.02.003 

Suryamiharja, A., Gong, X., Akoh, C.C., & Zhou, H. (2025). Enhancing the efficiency and 

sustainability of producing curcumin-infused plant-based milk alternatives with a two-in-

one post pH-driven processing strategy. Food Frontiers, 6, 716-726. 

https://doi.org/10.1002/fft2.534 

Suryamiharja, A., Gong, X., & Zhou, H. (2024). Towards more sustainable, nutritious, and 

affordable plant-based milk alternatives: A critical review. Sustainable Food Protein, 2, 

250-267. https://doi.org/10.1002/sfp2.1040 

Tang, Q., Roos, Y. H., & Miao, S. (2023). Plant protein versus dairy proteins: a pH-dependency 

investigation on their structure and functional properties. Foods, 12, 368. 

https://doi.org/10.3390/foods12020368 

https://doi.org/10.3390/foods12173282
https://doi.org/10.1016/j.crfs.2021.02.003
https://doi.org/10.3390/foods12020368


 

129 

Tang, Z.-X., Ying, R.-F., & Shi, L.-E. (2021). Physicochemical and functional characteristics 

of proteins treated by a pH-shift process: a review. International Journal of Food Science 

and Technology, 56, 515-529. https://doi.org/10.1111/ijfs.14758 

Thiex, N. (2019). Evaluation of analytical methods for the determination of moisture, crude 

protein, crude fat, and crude fiber in distillers dried grains with solubles. Journal of AOAC 

INTERNATIONAL, 92, 61-73. https://doi.org/10.1093/jaoac/92.1.61 

Thiex, N., Novotny, L., & Crawford, A. (2019). Determination of ash in animal feed: AOAC 

Official Method 942.05 Revisited. Journal of AOAC Intetnational, 95, 1392-1397. 

https://doi.org/10.5740/jaoacint.12-129 

Wang, Q., Jin, Y., & Xiong, Y. L. (2018). Heating-aided pH shifting modifies hemp seed 

protein structure, cross-linking, and emulsifying properties. Journal of Agricultural and 

Food Chemistry, 66, 10827-10834. 10.1021/acs.jafc.8b03901 

Wang, Y., Yang, F., Wu, M., Li, J., Bai, Y., Xu, W., & Qiu, S. (2020). Synergistic effect of pH 

shifting and mild heating in improving heat induced gel properties of peanut protein isolate. 

LWT Food Science and Technology, 131, 109812. 

https://doi.org/10.1016/j.lwt.2020.109812 

Wang, Y., Yuan, J., Zhang, Y., Chen, X., Wang, J., Chen, B., Li, K., & Bai, Y. (2024). 

Unraveling the effect of combined heat and high-pressure homogenization treatment on the 

improvement of chickpea protein solubility from the perspectives of colloidal state change 

and structural characteristic modification. Food Chemistry, 442, 138470. 

https://doi.org/10.1016/j.foodchem.2024.138470 

https://doi.org/10.1093/jaoac/92.1.61
https://doi.org/10.5740/jaoacint.12-129
https://doi.org/10.1016/j.lwt.2020.109812
https://doi.org/10.1016/j.foodchem.2024.138470


 

130 

Wouters, A. G. B., & Nicolai, T. (2024). Self-assembly of oat proteins into various colloidal 

states as function of the NaCl concentration and pH. Food Hydrocolloids, 149, 109603. 

https://doi.org/10.1016/j.foodhyd.2023.109603 

Wu, X., Wang, X., Zhang, J., Shen, J., Li, Y., Jin, M., & Wu, W. (2021). Effect of alkaline pH-

shifting combined with heat treatment on the structural and functional properties of rice 

bran protein. Shipin Kexue / Food Science, 42, 23–30. 10.7506/spkx1002-6630-20191223-

273 

Xu, H., Shen, L., Xu, L., & Yang, Y. (2015). Low-temperature crosslinking of proteins using 

non-toxic citric acid in neutral aqueous medium: mechanism and kinetic study. Industrial 

Crops and Products, 74, 234-240. https://doi.org/10.1016/j.indcrop.2015.05.010 

Yu, Y., Guan, Y., Wen, H., Zhang, Y., Liu, J., & Zhang, T. (2021). Mild heating assisted 

alkaline pH shifting modify the egg white protein: The mechanism and the enhancement 

of emulsifying properties. LWT, 151, 112094. https://doi.org/10.1016/j.lwt.2021.112094 

Yung Ma, C. (1983). Preparation, composition and functional properties of oat protein isolates. 

Canadian Institute of Food Science and Technology Journal, 16, 201-205. 

https://doi.org/10.1016/S0315-5463(83)72208-X 

Zhang, W., Liu, C., Zhao, J., Ma, T., He, Z., Huang, M., & Wang, Y. (2021). Modification of 

structure and functionalities of ginkgo seed proteins by pH-shifting treatment. Food 

Chemistry, 358, 129862. https://doi.org/10.1016/j.foodchem.2021.129862 

Zhao, Y., Mine, Y., & Ma, C.-Y. (2004). Study of thermal aggregation of oat globulin by laser 

light scattering. Journal of Agricultural and Food Chemistry, 52, 3089-3096. 

10.1021/jf030735 

https://doi.org/10.1016/j.foodhyd.2023.109603
https://doi.org/10.7506/spkx1002-6630-20191223-273
https://doi.org/10.7506/spkx1002-6630-20191223-273
https://doi.org/10.1016/j.indcrop.2015.05.010
https://doi.org/10.1016/j.lwt.2021.112094
https://doi.org/10.1016/S0315-5463(83)72208-X
https://doi.org/10.1016/j.foodchem.2021.129862


131 

Future Directions 

Future directions for this approach encompass a wide range of applications across 

different food systems. In the context of curcumin extraction and encapsulation from turmeric in 

soymilk, further investigation into the interactions between curcumin and oil molecules or other 

compounds, such as polysaccharides, would be valuable. Understanding these interactions could 

provide insights into curcumin’s behavior in various food matrices, ultimately expanding its 

application as a natural colorant in different food products. Additionally, classifying the 

molecular phase of curcumin in different encapsulation matrices is crucial. While we 

successfully improved curcumin stability for up to 30 days in powder form, it remains unclear 

whether curcumin undergoes conformational changes, leading to byproducts such as ferulic acid, 

vanillin, and feruloyl methane. Scaling up this process would allow us to validate our Life Cycle 

Assessment (LCA) and Techno-Economic Analysis (TEA) calculations, ensuring their industrial 

relevance. Furthermore, since curcumin-fortified soymilk exhibits a yellow color, assessing 

consumer preferences and their willingness to purchase such a product for its health benefits 

would be an important consideration. 

Regarding oat protein isolate study, further investigation is needed to determine its 

application in oat milk production. Assessing whether this method can be scaled up for larger 

manufacturing processes to produce high-protein oat milk efficiently is essential. Based on our 

preliminary data, we believe that this method can be applied before centrifugation and after 

enzymatic treatment to break down complex starches. This approach may improve protein yield 

in oat milk while reducing byproduct waste (oat okara). Additionally, the optimal enzyme 
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concentration for breaking down complex starches still requires further investigation to 

maximize protein retention. 

From a processing perspective, oat milk undergoes two major heating treatments: 

gelatinization (enzymatic deactivation) and sterilization. Since our study suggests that a 

combination of heating and pH shifting improves oat protein solubility, a key question is whether 

or not sterilization could be performed earlier or immediately after pH treatment, so that it also 

functions as a heat treatment. Additionally, indirect heat generated during processes such as 

homogenization may influence oat protein solubility and functionality. Future studies should 

investigate the impact of each heating step on oat protein solubility to better understand how 

thermal processing influences its functional properties. From an energy standpoint, additional 

heat treatments could increase overall energy consumption and production costs. Therefore, if 

this method is finalized, Life Cycle Assessment (LCA) and Techno-Economic Analysis (TEA) 

should be re-evaluated to assess the feasibility and cost-effectiveness of producing high-protein 

oat milk using this approach compared to existing method. 

Lastly, sensory evaluation will be necessary to assess the impact of this treatment on 

plant-based milk’s sensory properties. The pH treatment could lead to salt formation, potentially 

altering flavor and influencing consumer preferences. Additionally, as observed in Chapter 3, pH 

treatment affects oat milk’s color due to the presence of phenolic acids, even when acidification 

has been performed. Further research is needed to determine whether this color change affects 

consumer acceptance, as consumers may prefer a color closer to that of bovine milk. 

Understanding these changes will be essential for optimizing the final product for commercial 

success. Overall, further studies on the scalability and molecular interactions of the post pH-
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driven method are needed to fully understand its applicability across different food matrices, 

particularly in plant-based milk. 

Concluding Statement 

This study explored the application of the post pH-driven method in plant-based milk 

development, focusing on the extraction and encapsulation of curcumin from turmeric in 

soymilk, as well as the enhanced solubility of oat protein through combined heat treatment. We 

demonstrated the method’s effectiveness in extracting the bioactive compound curcumin from 

turmeric, achieving high extraction efficiency (96.4 ± 0.5%) and two-in-one efficiency (94.2 ± 

1.6%). Additionally, the post pH-driven method was applied to oat protein extraction, where its 

combination with heat treatment at 100°C significantly improved oat protein solubility. The 

study also highlighted the role of citric acid in acidification, which helps maintain electrostatic 

repulsion, thereby enhancing protein solubility as a solution for non-enzymatic treatment 

approach. These findings highlight the versatility of the post pH-driven method in developing 

functional, health-promoting plant-based milk. Future research should explore its scalability and 

further applications in plant-based food systems. 

 

 

 


