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ABSTRACT:
Techno-functional properties of protein isolates, such as emulsification, foaming and gelling, serve as the key indicators to determine their food applications. Conventional macro-volume techniques used to measure these techno-functional properties are usually time- consuming, require large amounts of protein samples and are impractical when diverse protein samples are handled at the early screening stage. To overcome these issues, we have developed scaled-down miniaturized assays to test the techno-functional properties of protein samples. These assays are simple, efficient and require <400 μL of protein solution. Specifically, the miniaturized foaming assay reduces the sample volume by 100-fold, whereas the miniaturized emulsification and gelling assays require 25-fold less protein than conventional macro-volume techniques. The performance of the developed assays was thoroughly validated using conventional techno-functional tests for emulsification, foaming and gelling. The protocols described herein offer the capabilities of high-throughput screening, accelerating the testing process for protein techno-functional properties and allowing for the quick identification of samples of interest from diverse samples.

Basic Protocol 1: Miniaturized emulsification assay
Alternate Protocol 1: Conventional macro-volume emulsification assay 
Basic Protocol 2: Miniaturized foaming assay
Alternate Protocol 2: Conventional macro-volume foaming assay Basic Protocol 3: Miniaturized gelling assay
Alternate Protocol 3: Conventional macro-volume gelling assay
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INTRODUCTION:
[bookmark: _Hlk165555408]Protein is one of the key macronutrients required in the human diet and has been incorporated as an essential ingredient in different food products (Wang et al., 2024). Due to greater nutritional value than plant-based proteins, animal proteins are usually preferred and often used as primary protein sources. However, with the increased awareness of sustainability and health or ethical issues, food companies and researchers are driven to search for new alternative protein sources as substitutes for animal proteins (Day et al., 2022). Besides nutritional value, techno-functional features of protein sources are also key determining factors in deciding their food applications. The techno-functional properties of proteins are defined as the physiochemical properties that affect the food processing and final food product system. Examples of these properties are emulsification, foaming, gelling, water and oil-holding capacity and solubility (Momen et al., 2021).
In general, the assessment of the emulsification, foaming and gelling properties of proteins is crucial for relevant product formulation. There are numerous conventional methods available for testing the emulsification, foaming and gelling properties (Zhang et al., 2021). In brief, the most commonly used emulsification characterization relies on the measurements of the optical turbidity of the prepared emulsion as it is straightforward, easy and enables quick estimation of emulsion stability (Cameron et al., 1991; Pearce & Kinsella, 1978). Foaming properties are conventionally assessed by measuring the height of the foam formed after short, intense mechanical agitation of the protein aqueous dispersion (García-Vaquero et al., 2017). One of the most widely used methods for gelling properties is the method of inverted tubes (Sun & Arntfield, 2010). In this method, aqueous protein dispersions of varying protein concentrations are prepared in different tubes and subjected to gelling (e.g., heat treatment for heat-set gels). Thereafter, the tubes are inverted, and the gelling capacity is determined by the minimum protein concentration at which the dispersion remains gelled and does not fall.
In most cases, the techno-functional properties of protein samples are tested at a macro-volume scale, using rather large amounts of protein samples. However, techno-functional screening of novel alternative proteins in macro-volume quantities is impractical at an early discovery stage due to its time- and resource-intensive nature. Therefore, screening the protein techno-functional properties at substantially reduced volume scales is necessary to significantly accelerate the process of identifying novel alternative protein-rich materials for new applications. To address these demands, we developed miniaturized assays for the three key techno-functional properties, namely emulsification (Basic Protocol 1), foaming (Basic Protocol 2) and gelling (Basic Protocol 3). The developed miniaturized assays enable the testing of the techno-functional properties of protein samples at a micro-volume scale (<400 μL). The established miniaturized assays allow rapid screening of potential protein sources and streamline the process of identifying novel protein resources.

In particular, the development of a miniaturized assay for testing protein emulsification properties (Basic Protocol 1) relies on optical turbidity measurements (Pearce & Kinsella, 1978). Pearce and Kinsella (1978) showed that under certain conditions, the turbidity correlates with the total interfacial area between the continuous and dispersed phases of the emulsion. A stronger emulsifier will stabilize a larger interfacial area; the larger the area, the higher the turbidity. The turbidity measurements can be performed by using microtiter plate format, which provides the potential for miniaturization and high throughput screening.
The miniaturized foaming assay (Basic Protocol 2) is a scaled-down version of the conventional macro-volume assay. It employs the same concept as the common approach, which uses mechanical force to generate air bubbles in the protein solution. The foaming capacity is evaluated by measuring the height of the foam generated on top of the liquid phase, which consists of the bubbles (Drenckhan & Saint-Jalmes, 2015; Tarahi et al., 2024).
For the miniaturized gelling assay (Basic Protocol 3), the inverted tube method was modified for small volumes. The gelling of proteins was induced by heat, similar to the widely-practiced conventional gelling assay, where the mechanism of gelling involves the denaturation and unfolding of protein molecules which exposes reactive sites that allows intermolecular interaction, e.g., hydrophobic, electrostatic, or covalent like disulphide bond formation, etc., leading to the formation of aggregates which develop into a three-dimensional network, entrapping water and other components within the gel network (Ren et al., 2024; Shrestha et al., 2023; Tay et al., 2022). The gelling is tested by a common inversed tube method using small-volume tubes as described in Basic Protocol 3.
The conventional macro-volume assays for emulsification, foaming and gelling are used to validate the miniaturized assays (Basic Protocols 1, 2 and 3). They are described in detail as Alternate Protocols 1, 2 and 3, respectively. As a case study, 4 different protein samples: egg white protein, soy protein isolates, mung bean protein isolates and pea protein isolates were selected, and their techno-functional properties (emulsification, foaming and gelling) were tested by using Basic Protocols 1-3 and Alternate Protocols 1-3. The performance of the miniaturized assays was benchmarked against the conventional macro-volume assays.


BASIC PROTOCOL 1
Basic protocol title: Miniaturized emulsification assay Introductory paragraph:
Basic Protocol 1 describes the methodology to determine the emulsification performance of protein samples by using the concept of turbidity (Pearce & Kinsella, 1978). The protocol provides the steps of evaluating the emulsification property of 1% w/v protein samples at 400 μL scale. This protocol utilizes the microplate reader to determine the absorbance of samples and can accommodate up to 96 different protein samples at a time.

Materials:
50 mM sodium phosphate buffer, pH 7.0 (See Reagent and Solutions) Sunflower Oil (Naturel, Malaysia) 
Egg white protein (MYPROTEIN, UK)
Soy protein isolates (Fuji Oil, China)
Mung bean protein isolate (Fuji Oil, China)
Pea protein isolate (Cosucra, EU)
1.2 mL micronic tube (SSIbio 713A-S0) and cap (SSIbio 7032-00)
96-micronic tube rack
1600 MiniG SPEX® SamplePrep, New Jersey
Sorvall ST40R Centrifuge, Thermo Fisher Scientific, Germany
96‐well clear plate (Grenier Bio‐One, cat. no. 655180) CyBi®-Selma 96/250 μL 96-channel Semi-Automated Multichannel pipette (1000 and 100 μL)
HIDEX Sense microplate reader, Hidex, Finland

Protocol steps with step annotations:

1. Prepare 1 % w/v of protein solution in 50 mM sodium phosphate buffer, pH 7.0.

To produce 1% w/v protein solution, disperse 3.6 mg of protein powder in 360 μL sodium phosphate buffer. The egg white protein (dairy protein) is used as a positive control.
2. Pipette 360 μL of protein solution into a micronic tube. Add 40 μL of sunflower oil into the tube. Seal the tube.

The ratio of protein solution and sunflower oil is set at 9:1. Make sure the tubes are tightly sealed with the cap.

3. Homogenize the mixture in MiniG SPEX at 1500 rpm for 1 min.

4. Centrifuge the samples at 121 x g for 10 min at room temperature.

5. Using a CyBi SELMA multichannel pipette, transfer 60 μL of the supernatant into a 96-well plate.

Take note to insert the pipette tips very slowly into the mixture at 70 mm to avoid disturbances to the cream formed by the oil phase. Any untreated flat bottom 96-well plate should be acceptable. It is remarkable to point out that the CyBi SELMA allows parallel transfer of 96 samples or even up to 364 samples (364-well plate is required), so the transfer of samples to any specific well can be set prior to the sample transfer.
6. Measure absorbance at 500 nm by using a HIDEX SENSE microplate reader, record and analyse the data (Pearce & Kinsella, 1978).
The blank for this protocol is the protein solution without oil. Measurement performed in triplicates.

ALTERNATE PROTOCOL 1
Alternate protocol title: Conventional macro-volume  emulsification assay Introductory paragraph:
Alternate Protocol 1 describes the macro-volume emulsification assay. This protocol is based on the turbidity measurements following mild centrifugation of the emulsion prepared. Centrifugation is introduced to accelerate the emulsion decay due to creaming, coalescence and flocculation. The resulting turbidity therefore characterizes the emulsifying activity of the protein and the emulsion stability at the same time.

[Additional] Materials:
0.1% Sodium dodecyl sulfate (SDS) solution 50 mM sodium phosphate buffer, pH 7.0 Sunflower Oil (Naturel, Malaysia)
50 mL Labcon SuperClear Centrifuge tube (Product Number: 3181-340-006-9)
IKA Ultraturrax T18 Homogenizer equipped with dispersing tool S18N-19G 1cm thick optical cuvette (plastic disposable)
UV-Vis spectrometer (Avaspec 3648, lamp AVALIGHT-HAL-S-MINI) with 1mm round aperture installed at the entrance of the spectrometer.
Micropipettes 200 µL, 5 mL
Centrifuge (Eppendorf 5810)

Protocol steps with step annotation:
1. Prepare 9 mL of 1 % w/v of protein solution in 50 mM sodium phosphate buffer, pH 7.0. Add 1 mL of sunflower oil in a 50 mL centrifuge tube.
The ratio of protein solution and oil is set at 9:1. Protein isolates are solubilized in the buffer overnight. The egg white protein (dairy protein) is used as a positive control.

2. Shake the mixture gently by hands until forming a coarse emulsion.
Coarse emulsion is formed when the oil bodies (dispersing phase) are no longer visible by naked eyes.

3. Use homogenizer IKA Ultraturrax T18 equipped with dispersing tool S18N-19G to prepare the emulsion. Immerse the dispersing tool into the emulsion, start homogenization at the lowest speed (x1) and gradually increase to the speed of x6. Homogenize for 2 minutes, then reduce the stirring speed to x1 before switching off the homogenizer.
4. Centrifuge the emulsion at 100 x g for 10 min.

Determine the absorbance using protocol as listed:

5. Sample a 163 μL aliquot of the emulsion and dilute it in 5 mL of 0.1% SDS solution, then sample a 163 μL aliquot of this diluted solution and dilute it again in another 5 mL of 0.1% SDS solution to achieve a total dilution of 1/1000.
Take note to withdraw the first aliquot from the volume below the cream minimizing the disturbance of the cream.

6. Measure the absorbance of diluted samples at 500 nm using the UV-Vis spectrometer and 1 cm thick optical cuvette (Cameron et al., 1991; Pearce & Kinsella, 1978). Use pure 0.1% SDS solution without protein/oil in the same type of cuvette as a reference.
Take note to that absorbance should not exceed 2.5; further dilution of the sample is required to achieve absorbance less than 2.5. Measurement performed in triplicates.

BASIC PROTOCOL 2
Basic protocol title: Miniaturized foaming assay Introductory paragraph:
Basic Protocol 2 describes the steps to determine the foaming capacity of protein samples. This protocol enables the testing of foaming properties of 1% w/v of protein samples at 200 μL scale.

Materials:
50 mM sodium phosphate buffer, pH 7.0 (See Reagent and Solutions) 
Egg white protein (MYPROTEIN, UK)
Soy protein isolates (Fuji Oil, China)
Mung bean protein isolate (Fuji Oil, China)
Pea protein isolate (Cosucra, EU) 
1.2 mL micronic tube (SSIbio 713A-S0) and cap (SSIbio 7032-00)
96-micronic tube rack
1600 MiniG SPEX® SamplePrep, New Jersey Multichannel pipette (1000 and 100 μL) 15cm plastic ruler

Protocol steps with step annotations:

1. Prepare 1 % w/w of protein solution in 50 mM sodium phosphate buffer, pH 7.0.
To produce 1% w/v protein solution, disperse 2 mg of protein powder in 200 μL sodium phosphate buffer. The egg white protein (dairy protein) is used as a positive control.
2. Pipette 200 μL of protein solution into a micronic tube. Seal the tube.

Make sure the tubes are tightly sealed with the cap.

3. Homogenize the mixture in MiniG SPEX at 1500 rpm for 1 min.

4. Measure the foam height of sample using the ruler.

The foam height is described as the total height of foam without the protein solution, as illustrated as Figure 1 (Supplementary material).  Measurement performed in triplicates.

ALTERNATE PROTOCOL 2
Alternate protocol title: Conventional macro-volume foaming assay Introductory paragraph:
Alternate Protocol 2 describes the macro-volume foaming assay for protein samples (García-Vaquero et al., 2017).
[Additional] Materials:
50 mM sodium phosphate buffer, pH 7.0

50 mL Labcon SuperClear Centrifuge tubes (Product Number: 3181-340-006-9)
IKAUltraturrax T18 Homogenizer equipped with dispersing tool S18N-19G
15 cm plastic ruler
Protocol steps with step annotation:
1. Prepare 1% w/v of protein solution in 20 mL of the 50 mM sodium phosphate buffer, pH 7.0, in the 50 mL centrifuge tube.
The egg white protein (dairy protein) is used as a positive control.
2. Use IKA-Ultraturrax T18 homogenizer that attached with dispersing tool S18N-19G to homogenize the sample for 1 min at x 3 rotor speed.
3. Measure the foam and liquid heights using the ruler right after the homogenization and record the data.
Measurement performed in triplicates.
BASIC PROTOCOL 3
Basic protocol title: Miniaturized gelling assay Introductory paragraph:
Basic Protocol 3 details the steps of evaluating the least gelling concentration of protein samples. The protocol utilizes heat treatment to induce the formation of protein gel. The inverted tube method is used to determine if the gel is set at a given protein concentration. This protocol enables testing of the gelling performance of protein samples at only a 200 𝜇L scale. The least gelling concentration is the lowest concentration of protein samples which induces the gel formation.
Materials:
50 mM sodium phosphate buffer, pH 7.0
Egg white protein (MYPROTEIN, UK)
Soy protein isolates (Fuji Oil, China)
Mung bean protein isolate (Fuji Oil, China)
Pea protein isolate (Cosucra, EU)

Axygen® microtube, clear (600 μL) (MCT-060-C-S) 
Water bath (Memmert, WNB10) 
Floating tube rack

Protocol steps with step annotations:

1. Prepare 200 𝜇L of different concentration of protein solution in the 600 μL microtube, ranging from 8% - 16% (interval of 2%).
5 different concentrations (8%, 10%, 12%, 14% and 16%) of protein solution are prepared for each type of protein samples. Weigh the protein powders and disperse them in the sodium phosphate buffer to prepare different concentration of protein solution. Prepare three sets for triplicate measurements. The egg white protein (dairy protein) is used as positive control.
2. Heat the protein solution in a water bath at 90℃ for 10 minutes.

Use a floating tube rack to hold the tubes in a floating manner within the water bath

3. Cool down the protein solution in 4℃ fridge for 2 hours.

4. Invert the tubes at room temperature and leave them to stand overnight.

5. Monitor the formation of gel on the next day.
A success formation of gel is observed when the protein solution is solidified and does not fall/slip after tube being inverted. The least gelling concentration refers to the lowest concentration used to induce gelation. Refer to Figure 2 for illustration of stable solid gel and protein liquid that failed to gel. 

ALTERNATE PROTOCOL 3
Alternate protocol title: Conventional macro-volume gelling assay Introductory paragraph:
Alternate Protocol 3 describes the steps used to determine the least gelling concentration of protein samples. The protocol
considers macro-volume scale as described in the study reported by Sun and Arntfield (2010). The gelation of protein samples is induced by heat treatment. The inverted tube method is used to determine if the gel is set at a given protein concentration.
[Additional] Materials:
15 mL Labcon SuperClear Centrifuge tubes (Product Number: 3141-870-006-9)
Protocol steps with step annotation:
1. Prepare 5 mL of protein solution, ranging from 8% - 16% in 2% interval in 15 mL centrifuge tube. 
5 different concentrations (8%, 10%, 12%, 14% and 16%) of protein solution are prepared for each type of protein samples. Weigh the protein powders and disperse in the buffer to prepare protein solution with different concentrations. In the case if protein gel is observed at 8%, we will perform gelling testing at lower concentration to obtain the least gelling concentration. Prepare three sets for triplicate measurements. Egg white protein (dairy protein) is used as control.
2. Heat the protein solution in a water bath at 90℃ for 10 minutes.

3. Cool down the samples in 4℃ fridge for 2 hours.

4. Invert the tube at room temperature and leave it inverted overnight.

5. Monitor the formation of gel on the next day.

The formation of gel happens if the gel does not fall or slip. When the tube is inverted, only part of its content may fall. We define the sample to be gelled if less than 20% of its volume falls (refer to the measuring scale marked on the tube). The least gelling concentration refers to the lowest concentration used to induce gelation.

REAGENTS AND SOLUTIONS:
Use deionized, type 1 ultrapure water in all the recipes and protocol steps.

Sodium phosphate buffer, pH 7.0, 50 mM (1L)

0.0377 M (10.107g) of Sodium Phosphate Dibasic Heptahydrate (Sigma-Aldrich, CAT#S0876) 0.0123 M (1.697g) of Sodium Phosphate Monobasic Monohydrate (Sigma-Aldrich, CAT#S0751)
1. Mix the components to a storage bottle of 800 mL water.

2. Adjust the solution to a final desired pH using 1.0 N HCl or NaOH.

3. Top up the solution with water to 1L and keep the storage bottle at room temperature.


COMMENTARY:
A complete commentary section is required of all protocol-style articles and must include each of the sub-sections listed below.
Critical Parameters:
General, applicable for all protocols. Selection of a buffer for a protein dispersion
A buffer itself can possess emulsification, foaming, or gelling components (e.g., Ca2+ ions could cross-link proteins; some salts are known to affect electro-chemical interactions of proteins and other ingredients which affect solubility, particle aggregation, gelation, emulsification, etc. Therefore, the type of buffer should be carefully chosen in accordance with the specific objectives of the study. In our study, the sodium phosphate buffer was chosen for the protein solubilizing buffer because it was reported that the sodium phosphate buffer could be used to protect the protein structure and did not affect the efficacy of absorbance read-out by using UV-spectrometer, as evidenced in the study reported by Pavani et al. (2021). Moreover, the employment of sodium phosphate in food application as

mentioned in the study published by Lampila (2013). Its application as solubilizing media for protein was also reported in the study published by Pearce and Kinsella (1978).
Solubility of protein in solubilizing buffer
One variable is the solubility of proteins in the used buffer. A thing to note is that a large portion of insoluble proteins persist as precipitates and may not exert the desired techno-functional properties for testing. For that, a standardized buffer is recommended to ensure higher solubility and allow fair estimation among the same batch of diverse samples. In our case, we solubilized the samples in 50 mM sodium phosphate buffer that is adjusted to neutral pH (Basic Protocol 1, 2 and 3 and Alternate Protocols 1, 2 and 3). A recommendation is that in the case the sample of testing fails or has relatively low solubility in sodium phosphate buffer at pH 7, consider adjusting the pH to a higher level or solubilize the sample of interest in a different suitable buffer like Tris-HCl buffer for the testing.
Basic Protocol 1 (Miniaturized emulsifying assay) and Alternate Protocol 1 (Conventional macro-volume emulsifying assay): Accuracy of absorbance measurements at 500 nm
A common factor that influences both Basic Protocol 1 and Alternate Protocol 1 is the low accuracy, where the absorbance determination will invariably involve errors and uncertainties. Another drawback and challenge of using absorbance determination is that other components of emulsion can also absorb light, which may affect the results (Olson & Markwell, 2007). Nonetheless, it is undeniable that the determination of absorbance allows quick estimation when processing many samples. It is even more prominent in translating single cuvette format to high-throughput analysis by using microtiter plate format, where a flat bottom 96-well plate or 384-well plate allows rapid estimation of diverse and large numbers of samples at once, as described in Basic Protocol 1.
For Basic Protocol 1, for dispersing samples into a microplate, a multichannel repetitive pipettor or semi-automatic pipettor CyBi®-Selma shall be used to ensure overall consistency of the results. In particular, the use of CyBi®-Selma allows a fixed and uniform aspiration and dispersion of solution, which greatly increases the uniformity and accuracy of results. However, using CyBi®-Selma for aspiration and dispersion is another key factor to which special attention should be paid. The withdrawal of emulsion from the micronic tube must be standardized to compare the same batch of samples. For that, a fixed height setting of 70 mm is recommended.
Basic Protocol 1 (Miniaturized emulsifying assay) and Alternate Protocol 1 (Conventional macro-volume emulsifying assay): Selection of oil for emulsion formation
One of the key factors to be considered for emulsion formation is the selection of oil. Since the proposed assay relies on the determination of turbidity to infer the protein’s emulsifying performance. In this context, the type of oil is an important factor, as different types of oil may have different compositions, which may create emulsions with different levels of turbidity. First, natural oils may inherently contain different amounts of surfactants, which can drastically affect the results. Second, the effect of oil type is readily apparent when an alkaline-based protein solubilizing buffer is used. This is likely due to the possible reactions of oil components, such as fatty acids, in an alkaline environment (when the emulsion is formed). This is the reason why we propose a neutral pH solubilizing buffer (Basic Protocol 1 and Alternate Protocol 1). However, in the case where poor solubility of protein in neutral conditions is observed, the solubilizing buffer with alkaline pH shall be employed. In such case, we recommend the use of sunflower oil as it has been tested to be the least turbid (lowest absorbance value at 500 nm) as compared to other tested oils, including soybean, canola, corn and groundnut oil (results not published).
Basic Protocol 3: miniaturized gelling assay
For the miniaturized gelling assay, 0.6 mL microtube is used. At described in step 5, in addition to monitoring if the gel falls or slips, a tiny hand swirl of the tube is suggested. This is in consideration of small microtube being used, where at smaller volume, capillary action becomes more significant and therefore a small volume of liquid may remain trapped at the tip of the tube (bottom of tube since it is inverted).
In addition, the temperature of the water bath must be maintained at a high temperature to induce gelation. A special note for those who are considering replacing the water bath with a heating block for heat gelation. A trial study using a heating block was performed, and it was found that the gel did not form even by using the same operating conditions for the water bath (heating temperature of 90℃ and heating duration of 10 minutes), probably due to slower heat transfer rate. Perhaps a longer heating duration is required when using a heating block.

Troubleshooting Table:
This section outlines several common issues encountered when performing the techno-functional properties assay as well as the possible solutions to address the potential problems, as tabulated in Table 1.


Understanding Results:
In this section, we demonstrated the feasibility of miniaturized assays for protein techno-functional properties testing (Basic Protocols 1, 2 and 3) and compared the results with those generated using the conventional macro-volume assay (Alternate Protocols 1,2 and 3). For this purpose, 4 different types of protein, namely egg white protein (MYPROTEIN, UK), soy protein isolates (Fuji Oil, China), mung bean protein isolate (Fuji Oil, China) and pea protein isolate (Cosucra, EU) were employed and their techno-functional properties, including emulsification, foaming and gelling were tested using the protocols mentioned earlier. Egg white protein (dairy protein) is used as a positive control for all the tests and the result obtained was used to compare with the other plant proteins. Figure 3 and Table 2 presents the emulsifying and foaming test results obtained using the miniaturized assays and the conventional macro-volume assays. Figure 3A shows that the test results obtained by using the miniaturized emulsifying assay correlated well with the results obtained by using the conventional macro-volume emulsifying assay. Both assays ranked the proteins similarly in terms of emulsifying performance: egg white protein > mung bean protein isolates > soy protein isolates > pea protein isolates.
A similar agreement in protein ranking was obtained using miniaturized and macro assays in the case of foaming, as illustrated in Figure 3B. The same ranking of protein isolates in terms of foaming performance was observed for both assays: egg white protein > soy protein isolates > pea protein isolates > mung bean protein isolates, with the mung bean protein isolates being the one with the least foaming capacity. These findings demonstrate that the miniaturized emulsifying and foaming assays are well-validated. The data for the emulsifying and foaming assays are attached as Table 3.
The least gelling concentration of protein isolates was determined by using Basic Protocol 3 and Alternate Protocol 3 and the results were compared. Figure 2 presents the gelling of all the tested protein isolates, ranging from 8-16%. The least gelling concentration is determined by the least protein concentration that forms stable gels that do not slip or fall. Table 3 records the results of gelling tests obtained by both the miniaturized and macro- volume assay. A remarkable observation is that for egg white protein isolates, gelling occurs at our lowest tested protein concentration (8%). Since it forms a gel at 8%, we did a further testing step to determine the least gelling concentration by lowering the protein concentration further and found that the least gelling concentration for egg white protein is at 4%. Overall, the results were in good agreement, indicating that the miniaturized assay is well-validated by the conventional gelling assay.
A unique feature of the miniaturized assays is that they only require a low volume of protein solution (<400 μL) for the techno-functional properties testing. Table 4 presents the volume required for each techno-functional property assay. As shown in Table 4, it is noteworthy that the miniaturized foaming assay reduces the sample volume by 100-fold, while the miniaturized emulsifying and gelling assay requires 25 times less sample compared to the conventional macro-volume assay. This means that similar results can be achieved through the implementation of miniaturized assays to reduce the resources and costs required for testing. The utilization of miniaturized assays, which require only low volumes, is even more advantageous when handling large amounts of diverse protein samples, thus supporting high-throughput screening. Moreover, unlike the conventional emulsification macro-volume assay, which uses single cuvettes for turbidity determination and only supports the measurement of one sample at a time, the microtiter plate format used in miniaturized emulsification assay allows for the testing of diverse protein samples in a single run, significantly reducing the required time.


Time Considerations:
Basic Protocols 1, 2 and 3 can be easily completed by using small amounts of protein samples. For testing only one sample by using the miniaturized emulsification assay (Basic Protocol 1) and miniaturized foaming assay (Basic Protocol 2), the typical time required to complete the testing is around 15 minutes. Miniaturized gelling assay (Basic Protocol 3) can be completed in less than 2.5 hours. It is worth noting that the miniaturized emulsification assay (Basic Protocol 1) employs the use of a microtiter plate format, which allows quick estimation of data for diverse protein samples in a single run. In this context, the determination of absorbance value for many protein samples, e.g., 96 samples (when 96- well plate is used), can be obtained in a single run with the absorbance reading taking approximately 1 minute. Another highlight of the miniaturized assay is that it requires less time to prepare protein samples since the miniaturized assay uses significantly lower amounts of samples for testing. On the other hand, the time required for the conventional foaming and gelling macro-volume assays was similar to that required for the foaming and gelling miniaturized assays, while the emulsification macro assay took significantly longer time due to the tedious preparation steps as compared to its miniaturized version.
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FIGURE LEGENDS:

Figure 1 Measurement of foam height. Replicates samples of soy protein isolates are shown.
Figure 2 Least gelling concentration of protein isolates tested by using miniaturized assay (Basic Protocol 3): A) Egg white protein;
B) Soy protein isolates; C) Mung bean protein isolates and D) Pea protein isolates; From left to right: protein concentration of 8%, 10%, 12%, 14% and 16%. Remark: For soy protein isolate (sample B) and pea protein isolates (sample D), there are transparent liquid slips at the first and second tubes, which may not be obvious in the photo. For both protein isolates, the gelling occurs at 12% protein concentration.
Figure 3 A) Emulsification properties testing by using miniaturized assay (top) and conventional macro-volume assay (bottom) and
B) Foaming properties testing by using miniaturized assay (top) and conventional macro-volume assay (bottom)

TABLES:
Table 1 Troubleshooting Guide for techno-functional properties assay

	Problem
	Possible Cause
	Solution

	


Poor solubility of protein – Basic and Alternate Protocol 1
	


Precipitate and flowing particles may affect the absorbance determination
	A centrifuge to settle the protein precipitates to the bottom of the tube.
Ensure the dispersed solution in the microplate or cuvette is optically clear with no precipitates or floaters.
Estimate the contribution of the insoluble protein to the turbidity by measuring the turbidity without oil.

	Poor percent transmittance of solution – Basic Protocol 1
	For turbid solutions with poor transmittance, the spectrophotometer may not be able to measure the absorbance value
	Keep the absorbance value lower than
2.5. If the value is higher than that, consider diluting the samples with 0.1%
SDS buffer.

	
Aspiration of samples at different heights – Basic and Alternate Protocol 1
	Aspiration of samples at different heights of the tube may result in inconsistent and inaccurate absorbance read-up
	Use a multichannel repetitive pipettor or semi-automatic pipettor CyBi®-Selma, which allows fixed-height aspiration. For macro-volume assays, make sure the emulsion is sampled below the oil cream layer and above any sediments.

	Capillary action of protein liquid – Basic Protocol 3
	Protein liquid trapped at the tip of the tube and not falling/slipping
	Do a tiny hand swirl to ensure gel formation; the trapped liquid will flow.

	Measurement/ processing errors (all protocols)
	
Statistical errors
	
Measure at least triplicates.




Table 2 The absorbance value and foam height of protein isolates obtained by using miniaturized assay and macro-volume assay
	Protein samples
	Miniaturized emulsification assay
(Basic protocol 1)
	Macro-volume emulsifying assay
(Alternate protocol 1)
	Miniaturized foaming assay
(Basic protocol 2)
	Macro-volume foaming assay
(Alternate protocol 2)

	
	Absorbance at 500 nm
	Foam height (cm)

	Egg white protein
	2.03  0.01
	0.18  0.03
	1.20  0.00
	5.20  0.28

	Soy protein isolates
	0.90  0.05
	0.05  0.02
	0.67  0.06
	3.80  0.14

	Mung bean protein isolates
	0.91  0.06
	0.07  0.03
	0.30  0.00
	3.45  0.07

	Pea protein isolates
	0.30  0.04
	0.02  0.00
	0.37  0.06
	3.70  0.57











Table 3 Least gelling concentration of protein isolates, tested by using miniaturized assay and macro-volume assay

	Protein samples
	Miniaturized assay (Basic Protocol 3)
	Macro-volume assay (Alternate Protocol 3)

	Egg white protein
	4%
	4%

	Soy protein isolates
	12%
	12%

	Mung bean protein isolates
	14%
	14%

	Pea protein isolates
	12%
	12%



Table 4 Volume of protein solution required for miniaturized assay and macro-volume assay

	
Functional properties
	Volume required (μL)
	
Differences

	
	Miniaturized assay (Basic Protocols 1, 2 and 3)
	Conventional macro-volume assay
(Alternate Protocols 1, 2 and 3)
	

	Emulsifying (before adding oil)
	360
	9000
	25-folds

	Foaming
	200
	20000
	100-folds

	Gelling
	200
	5000
	25-folds
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