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Abstract

The mycoprotein was obtained from the company, Mycorena. The mycoprotein is a poten-
tial source for alternative protein from the animal origin used as the functional ingredients
in the food industry. In this project, mycoprotein concentrate (MC) and mycoprotein iso-
late (MI) were produced by freeze-drying the biomass and pH-shift processing together
with freeze-drying, respectively. Moreover, the functionality study was focused on the
foaming properties, emulsifying properties, and gelling ability of mycoprotein.

This project was primarily focused on three parts: the mycoprotein isolation, the func-
tionality impacted by factors such as salt, pH, pre-thermal treatment, and protein powder
concentration, and benchmarking of the MC and MI with other plant-based proteins. MI
was isolated using the pH-shift process which allowed the protein to solubilize at pH
10 and recover (precipitated) at pH 4 to reach the overall extraction yield of 37% from
biomass (dry matter basis). The soluble protein content of MC and MI did not show
any significant difference at pH 7. It was found that the salt concentration could affect
the foaming capacity of MC. After a pre-heat treatment at 70◦C of MC solution, the
foaming capacity was significantly improved while the foaming stability was significantly
decreased. At pH 5, 7, and the original pH (5.7), the emulsifying properties (capacity
and stability) did not show any significant difference. Different salt and pH treatments
lead to the different gelling performance of MC. As for benchmarking the functionality of
MC and MI to other plant-based proteins, the foaming stability and emulsifying capacity
of MC displayed the best performance, whereas the MI observed a relatively poor func-
tionality in all foaming, emulsifying, and gelling experiments. It was suggested that such
poor functionality of MI could result from the proteolytic hydrolysis.

In conclusion, the pH-shift processing conducted in this project was not a promising ap-
proach to studying the functionality of mycoprotein. However, the native protein in MC
observed a greater emulsifying capacity which has the potential for further application.
Further research surrounding the optimal protein isolation method without compromising
the functionality of mycoprotein is worth studying.

Key words: mycoprotein, protein isolation, protein functionalities.

III



Popular Summary

Protein is an important macromolecule that works on building new structural and func-
tional proteins for both humans and animals. With the increased global population,
animal protein cannot meet the nutritional demand, therefore, more alternative protein
sources need to be explored. Mycoprotein is a novel protein source gaining more interest
currently due to its complete essential amino acids (EAAs) composition and favorable
protein utilization (NPU) value which is comparable to those of milk. For food appli-
cation, study on the functionality of mycoprotein plays an important role in developing
food formulations.

As the freeze-dried biomass already has a high protein content, it is also called myco-
protein concentrate (MC) which can be used for the functionality study. However, it
would offer a higher protein content and steady performance for functionality study and
further application if the fermentation residue and fiber content are removed by extracting
mycoprotein isolate (MI) with the pH-shift method. The pH-shift method was developed
in the 1990s and it isolates proteins based on the difference in solubility that proteins in
water exhibit at different pH conditions. The conformational changes of protein could
occur during pH shift processing.

The ability of a protein to impart beneficial properties to food in addition to its nutritional
value is protein functionalities. Some factors can influence the functionality performance
of protein such as salt, pH, and preheat treatment of protein solution. Studying these
factors could provide a wider food application in the future. Although the protein struc-
ture changes during the pH-shift process, it is of interest to know both the functionality
performance of MC and MI compared with other plant-based proteins that can be found
on the market today.

As an alternative protein source to functional proteins of animal origin, the function-
ality study of mycoprotein is worth investigating as it impacts the physical and chemical
properties of food products. Understanding the functionality of mycoprotein provides an
overall view of its future applications.
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1 Introduction

The worldwide population reached 7.7 billion in 2019, and it is expected to reach 9 billion
in 2040 (Nations, 2019) (Bertasini et al., 2022). The increasing global population has a
concomitant impact on the demand for food production to meet the population’s nutrition
needs (Tessari et al., 2016). Protein, as a source of nitrogen and essential amino acid,
plays an important role in building new structural and functional proteins in humans and
animals such as enzymes and hormones. Also, under extreme conditions protein can be
used as the energy source (Wu, 2009). Animal proteins have been used as a conventional
protein source in the past and still account for a large portion of food products that have
been highly studied for many decades. However, the large-scale production of animal pro-
tein was reported to be a major driver of biodiversity loss, climate change, and freshwater
depletion (Aiking, 2014). Consequently, the use of alternative protein sources as poten-
tial alternatives to animal-derived proteins has been explored in recent years (Maurya
& Kushwaha, 2019). Using the alternative proteins needs to be characterized according
to their functional and structural properties. Enhanced texture, foaming, emulsifying,
and gelling ability are some of the functional properties that are vital to formulations
(Alonso-Miravalles & O’Mahony, 2018).

Currently, plant-based protein is the primary replacement for animal-based protein within
meat analogues production. However, it still cannot satisfy the market demand. Thus,
some other novel protein sources can be used to fill the gap resulting from growing demand
(Ahmad et al., 2022). Since mycoprotein, a protein source derived from the fermenta-
tion of filamentous fungus, provides all the essential amino acids (EAAs) with better Net
Protein Utilization (NPU) values than milk, it is a desirable alternative protein source to
be used for the production of meat analogues (Sharif et al., 2021) (E. J. Derbyshire &
Delange, 2021).

This master thesis collaborated with a company called Mycorena which aims to pro-
duce a lower environmental impact of a revolutionary source of edible vegan protein made
from filamentous fungi. So far little knowledge is known about the functionalities of my-
coprotein and how those functionalities were influenced by factors such as salt and pH.
Therefore, this study will focus on isolating protein from fungi biomass and evaluate the
functionality of fungi protein on foaming, emulsifying and gelling ability together with
benchmarking.

1.1 Aim

The overall objective of this master thesis was to design a proper process to isolate myco-
protein from fungi biomass and investigate the functionality of mycoprotein isolate (MI)
and mycoprotein concentrate (MC) comparing with other plant-based proteins. Also eval-
uate how some factors influence the functionality of MC such as salt, pH, and pre-heat
treatment. The functionalities in this study include foaming properties, emulsifying prop-
erties, and gelling ability. The following questions were answered in this master thesis:

• What raw material, MC powder or biomass, is better to be used to isolate MI?

• Can different pH and salt treatment, MC powder concentrations, and pre-thermal
treatment affect the foaming properties?
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• Can different pH treatment affect emulsifying capacity?

• Can different pH and salt treatment affect gelling ability?

• How enzyme affect the soluble protein content?

• How does the functionality of MC and MI compare to other plant-based proteins?

1.2 Background

1.2.1 Mycoprotein

Mycoprotein is a type of protein that is derived from filamentous fungus fermentation
which as its name implies is a mycelium (Souza Filho et al., 2019). Similar to Quorn-
mycoprotein, mycoprotein produced at Mycorena has a higher percentage of protein con-
tent which is 52% (dry weight basis) than protein derived from plant and other fungal
protein, but lower than meat (Coelho et al., 2020). All the essential amino acids (EAAs)
comprised in mycoprotein and its net protein utilization (NPU) value is comparable to
that of milk, and the EAAs composition of mycoprotein is higher than most commonly
consumed plant-based protein (E. J. Derbyshire & Delange, 2021). In addition, the Pro-
tein Digestibility Corrected Amino Acid Score (PDCAAS) of mycoprotein is 0.996 which
is not only very close to the maximum score of 1.0 achieved by milk and egg but also higher
than chicken and beef (E. Derbyshire & Ayoob, 2019) (Finnigan et al., 2019). Apart from
protein, fiber is another main component contained in the cell wall of mycoprotein and it
is mostly insoluble, up to about 25%. The fiber in mycoprotein consists of one-third of
chitin and two-thirds of beta-glucan which create a water-insoluble chitin-glucan complex
(Bottin et al., 2016).

1.2.2 pH-shift method for protein isolation

pH-shift protein isolation is also called acid or alkaline solubilization and precipitation
method, or isoelectric precipitation method which was invented and introduced in 1990s
(Arfat & Benjakul, 2012) (Undeland et al., 2002) (Hultin & Kelleher, 2000) (Hultin &
Kelleher, 1999). This method mainly includes two-part, protein solubilization and pro-
tein precipitation at isoelectric point (Zeng, 2021). At the protein solubilization stage,
protein becomes more negatively charged with the addition of base and subsequent dehy-
drogenation. Meanwhile, charged amino acids on the protein repel each other which leads
to individual proteins separating from each other, thereby attracting more water and be-
coming partly unfolded, thus more soluble (Kristinsson & Hultin, 2003). Turning to the
protein precipitation step, the purified protein remains soluble until adjusting pH to the
isoelectric point which was demonstrated at pH 4 (Zeng, 2021). During the second pH
adjustment, unfolded protein at the solubilization step starts to refold, although not nec-
essarily in their native conformation. And at the isoelectric point, the interaction between
water and protein is minimal. Salt bridges are also thought to form between oppositely
charged amino acids. Finally, the precipitated protein is collected from the solution via
centrifugation (Marmon, 2012). A study suggests pH-shift could perform at cold tem-
perature, with a maximum temperature of 10◦C to avoid heat-induced denaturation and
enzymatic degradation of protein (Hultin & Kelleher, 2000).
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1.2.3 Protein isolation yield

Protein isolation yield considers one of the most important factors to evaluate the pH-
shift process. Generally, the isolation yield of 55%-80% is common. Many factors can
affect the isolated yield during the pH-shift process, including water addition, and pH
value used for solubilization and precipitation (Nolsøe & Undeland, 2009). To be more
specific, a higher water addition at the protein solubilization step could lead to s higher
protein yield, while a large amount of water could result in more water waste at the end
of the process (Hultin et al., 2005). More harsh pH conduction contributes to the higher
solubility of the protein, however, it could also cause the structural changes of protein
and thereby change the solubility of protein (Tadpitchayangkoon et al., 2010).

1.2.3.1 Protein functionality

Generally, the food protein functionality is viewed in terms of how individual molecules or
protein components function in solution and form simple colloidal structures (Foegeding
& Davis, 2011). In food applications, the three-dimensional structure is rarely as same
as the native protein whose function can be revealed by biological structure-function
relationships, and the Functionality of protein is closely associated with secondary and
tertiary structure changes. A model for protein denaturation can be expressed as:

Native structure ⇀↽ intermediate state → denatured state (1)

The native structure of a protein from many sources of proteins is known, but the fine
structure of its denatured structure is still unknown (Foegeding & Davis, 2011).

1.2.4 Protein functionalities in food system

The solution or dispersion of a single protein is the simplest way to understand the protein
functionality. However, the protein ingredients in the food system are always a mixture
of proteins together with some other molecules such as sugars and fibers. Since proteins
are one of several ingredients in food, they must ”function” in a complex food system
(Foegeding & Davis, 2011).

1.2.5 Foaming properties

Foam is defined as gas in liquid dispersions or gas in solid materials. In its simplest form,
foam is a colloidal system where air bubbles are surrounded by a continuous aqueous
phase (Campbell & Mougeot, 1999). Proteins are dispersed in a continuous phase and at
the interface. The difference between protein and small molecular weight surfactants is
that they can interact with other adsorbed proteins to form films with some properties
including thickness, gas permeability, etc (Dickinson, 1992) (Dickinson, 1999) (Wilde et
al., 2004). When the liquid is agitated, the air is introduced under the stirring part,
causing air bubbles to be trapped by the liquid. The presence of high or low molecular
weight of surface-active constituents contributes to air bubbles formation and stabilization
by influencing the dynamic surface properties of the foam films (Prins, 1988). The foaming
properties of proteins involve two aspects, including the ability to generate large interfacial
areas for the incorporation of a large amount of gas into liquids, and the ability to form
tenacious interfacial films than can withstand internal and external forces (Damodaran,
1997).
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1.2.6 Emulsifying properties

Proteins work as surface-active molecules with good emulsifying and emulsion stability
due to the presence of hydrophobic and hydrophilic amino acids (Lam & Nickerson, 2013).
Food emulsions are defined at the molecular level as complex colloidal systems consisting
of two immiscible phases. It could be more complicated to study food emulsions due to
multiple components being present compared with a dilute solution. Generally, the emul-
sifying properties of proteins depend on two effects including the interfacial tension which
is reduced while the protein is adsorbed at the oil-water interface, as well as the elec-
trostatic which is a structural and mechanical energy barrier caused by interfacial layers
opposing the destabilization process (Méx, 2008). When protein molecules are present at
oil-water emulsions, they preferentially migrate to the oil-water interface and rearrange
themselves, allowing hydrophobic groups to penetrate the oil droplets and hydrophilic
groups to extend into the water phase. Owing to this configuration, proteins could pro-
duce loops structure which effectively slows down the flocculation and coalescence of oil
droplets (Hasenhuettl, Hartel, et al., 2008).

1.2.7 Heat-induced gel

Protein gelation and stable network formation are prerequisites for many applications of
food products. The gelation properties of proteins can be categorized by some mechanism
of gelation including acid, heat, additional salts, etc, or by the morphological properties
of a gel including fine-standard, mixed, or particulate gel (Foegeding et al., 1995). Heat-
induced gel networks composed of globular proteins primarily follow the change in protein
structure, by unfolding in their native state exposed to the solution, hydrophobic patches
are often hidden within protein matrices, which in turn facilitate new protein-protein in-
teractions, thus aggregation and cross-linking occur (Nicolai & Durand, 2013) (He et al.,
2013) (X. Li et al., 2007) (Sun & Arntfield, 2011). For aggregate formation, hydrogen
bonds, hydrophobic interactions, and disulfide bonds were proved to play critical roles
in aggregation (Yamagishi et al., 1983). In addition, many studies, recently, introduced
phase separation and it received considerable attention which can be seen as the last stage
of the protein gelling mechanism (Clark et al., 2001).

The morphological properties of the gel are depending on the mechanisms of binding
between proteins, such as hydrogen bonds hydrophobic interactions, covalent bonds, and
ionic interactions. And these binding between proteins also influences the microstructure,
texture, viscoelasticity, and stability (Mäkinen et al., 2016). High temperature-induced
gels show higher stability compared with low temperature due to disulfide bonds domi-
nating the protein-protein interactions caused by high temperature (Avanza et al., 2005).

1.2.8 Functionality of mycoprotein

The fermentation biomass contains a large number of cell components including nu-
cleotides, the dense network of mycelium debris aggregations, and proteinaceous biomass.
The functional profile plays an important role in converting viscoelastic biomass into
meat-like texture (Lonchamp et al., 2019). Many studies have shown that mycoprotein
is a good source of emulsifying and foaming agents in food application (Murray, 2020).
A study conducted by Lonchamp et al (2019) isolated a range of protein fractions from
mycoprotein biomass and displayed good foaming, emulsifying and rheological properties
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by using 100 kDa ultrafiltration. Besides, the mycoprotein fraction produced by gas-
sparging had a lower surface tension compared with the whey protein fraction favoring
the emulsifying and foaming properties. (Lonchamp et al., 2019). A recent study per-
formed by Lonchamp et al (2020) indicates that the mycoprotein emulsion displayed a
smaller droplet size than the whey protein emulsion (Lonchamp et al., 2020).

1.2.9 Emzymes in mycoprotein

Filamentous fungi were exploited for the production of industrial enzymes due to they
can produce a high capacity of extracellular enzymes in high abundance, and also they
can offer several advantages including low cost of the raw materials, high productivity,
rapid production, easy enzyme modification, and easy enzyme recovery characteristics
(Vishwanatha et al., 2010) (Troiano et al., 2020). Such enzymes secreted by filamentous
fungi include cellulases, xylanase, lignin peroxidase, manganese peroxidase, laccase, pro-
tease, alpha-amylase, beta-xylosidase, amyloglucosidase, and glucoamylase (Troiano et al.,
2020). Proteases, which account for approximately 65% of the global enzyme market, can
be isolated by fungi biomass (Vishwanatha et al., 2010).
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2 Materials & Methods

2.1 Mycoprotein isolation and yield

2.1.1 Non heat-treated biomass preparation

The filamentous fungi were pre-cultured and incubated into the controlled bioreactor
together with substrate and water fermenting for 24h to get a big amount of biomass.
The biomass used in this functionality study was harvested from a bioreactor without
heat treatment. After harvesting the biomass was washed with water to remove the
fermentation residual media to get purified fresh biomass. Finally, the fresh biomass was
stored at a freezer (-18◦C) until further analysis.

2.1.2 Mycoprotein concentrate production

After the non-heat treatment of frozen biomass was received, a freeze-drying process was
conducted to produce mycoprotein concentrate (MC). MC was collected and stored at the
dry ambient temperature for further experiments. The process of mycoprotein production
is shown in the dashed box in Figure 1.

2.1.3 Mycoprotein isolation

To isolate the mycoprotein, a pH-shift method was used which refers to protein solubiliza-
tion and isoelectric precipitation. Based on the previous study investigated by Baohong
Zeng (Zeng, 2021), the isoelectric point of mycoprotein extracted from fungi is around
pH 4, and it was shown a higher solubility from pH 10 to pH 12. In this project, two
raw materials were considered to be used to isolate mycoprotein: (1) MC, and (2) raw
biomass (frozen). The mycoprotein isolate (MI) was obtained from these two origins and
the isolation yield was compared.

2.1.3.1 Mycoprotein isolate production

To isolate protein from frozen biomass, the frozen biomass was defrosted at room temper-
ature for 2 hours before isolation. To ensure biomass dispersed into the water properly
and to remove residual fermentation liquid, the defrosted biomass was squeezed out of
the water and blended into fine dry pieces. Some dry pieces were collected for dry matter
determination for further yield calculation. Then five times of water was added while
mixing. Meanwhile, the 1M sodium hydroxide (NaOH) was added to adjust the pH to
10. The pH was measured using Benchtop pH Meter. The extraction process from an-
other origin, MC, was carried out as same as the extraction process from frozen biomass
after 25% w/w protein concentrate slurry. The supernatant was collected after protein
solubilization together with the supernatant of frozen biomass sample using a BCA assay
kit to evaluate the protein content.

After the first pH adjustment, considering a study show that the protein isolation yield
enhances by a longer alkaline extraction time (Shen et al., 2008), the slurry was stood at
room temperature to incubate for 1 hour to ensure enough protein can dissolve in water.
The pH of the slurry was checked within 1 hour. If the pH was dropped below 9 add more
sodium hydroxide (NaOH). And then the samples were transferred into 50 ml falcon tubes
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and centrifugated at 4000 RPM for 30 min to separate the protein-riched supernatant.

All the supernatant was collected into beakers to conduct the second pH adjustment
by addition of 1 M hydrochloric acid (HCl) to pH 4 which was the isoelectric point of
mycoprotein produced at Mycorena (Zeng, 2021). All the solutions went to centrifugation
and the sediment was collected.

Eventually, the precipitated protein sediment was washed 3 times with distilled water,
resuspended into the water, and adjusted pH to 7. A magnetic stirrer was used to sus-
pend the protein. Therefore, the protein was recovered, and freeze-dried. The process of
protein isolation is shown in Figure 1.

Figure 1: The mycoprotein isolation process
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2.2 Protein isolation yield

The protein isolation yield was calculated based on how much protein can be extracted
from a total protein of biomass (dry weight). To compare the isolation yield of two raw
materials, BCA analysis was conducted after the first pH adjustment where the protein
was solubilized in the supernatant. The supernatant from raw biomass (frozen) and MC
were collected at the same time after centrifugation.

After deciding which raw material was used for protein extraction, the supernatant was
collected immediately and conducted BCA analysis to determine the protein isolate yield.

2.2.1 Quantification of protein content by BCA analysis

After the first pH adjustment, the supernatant was collected and soluble protein content
was determined by the BCA protein assay kit (Sigma-Aldrich, Germany) aiming for ob-
taining the efficacy protein worked for later functionality study.

Firstly, The Bovine Serum Albumin (BSA) solutions were prepared by diluting 2 mg/ml
BSA solution to obtain the different concentrations of BSA solutions in 5 ml test tubes.
The preparation of the BSA standard is shown in Table A.1 (Appendix). The dilutions of
the standard assay are shown in Table A.1 (Appendix). And BCA working reagent was
prepared by mixing 50 parts of BCA solution with 1 part of 4% Cupric Sulfate.

And then a hundred-fold dilution of supernatant was prepared. And then pipetted 50
µl each standard and sample solution into 5 ml test tubes adding 1ml BCA working agent
and vortexed gently. All the tubes were incubated at 37◦C for 30 min and cooled down
at room temperature. 1 ml distilled water was added to a clean cuvette and adjusted the
absorbance reading at 562 nm to zero was blank.

Finally, measuring all the samples at the absorbance of 562 nm and the protein con-
centrations were calculated based on the equation from the standard curve.

2.2.2 Determination of protein isolation yield

To determine which raw material, raw biomass (frozen) or MC, can be used to extract
MI, the dry matter of the squeezed biomass (”dry” biomass) was needed to calculate the
total protein content. The squeezed biomass sample was torn into small pieces and put
into a dry matter determination machine (Precisa Gravimetrics AG, Switzerland)). The
dry matter, DM(%), of the sample was read on the screen. And protein isolation yield(%)
was calculated as:

Yprotein (%) =
mextracted protein content

mtotal protein content

× 100% (2)

2.3 Protease activity measurement

The protease activity was investigated by measuring the protein content changes with
time. BCA analyses were conducted after the mycoprotein concentrate was dispersed into
the water. The supernatant was collected and placed at room temperature, in the fridge
(4◦C), and freezer (-18◦C). To obtain the protease activity curve, multiple measurements
of protein content were performed.
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2.4 Solubility

To quantify the soluble protein content in MC and MI powders, 0.1 g of MI and MC
powders were dispersed in 10 ml water, and then the suspensions were centrifuged at 4000
rpm for 10 min. After collecting the supernatant, hundred-fold dilutions were prepared
to measure the soluble protein content by BCA protein assay kit as described before. The
protein solubility was calculated as follows:

Protein solubility (%) =
Protein content ofsupernatant (mg/ml)

Total protein content (mg/ml)
× 100% (3)

2.5 Water holding capacity

The water hold capacity (WHC) of MC was measured according to AACC (2000c) method
56-30 (AACC, 2022). 3g MC powder was dispersed into 25 ml distilled water in a 50 ml
falcon tube and centrifuged at 3000× g for 25 min. WHC was calculated as follows:

WHC (%) =
W1 −W2

W1

× 100% (4)

Where W1 is the the weight of dry matter of sample (g), W2 is the weight of supernatant
after centrifugation (g)

2.6 Functionality of Mycoprotein

The functionality of protein was investigated including foaming properties, emulsifying
properties, and gelling ability. The protein solution preparation and functionality deter-
mination methods were present in this section.

2.6.1 Foaming properties

The foaming properties were determined based on measuring foaming capacity (FC) and
foaming stability (FS). MC, MI and other benchmarking plant-based proteins were mea-
sured in triplicate.

2.6.1.1 Protein solution preparation

In order to investigate the foaming properties, the foaming capacity and stability were
measured according to the frothing test described by Tsutsui and Tomoni (1988)(Tsutsui,
1988) with some modifications. To determine how salt and pH influence the FC and FS
of MC, 0%, 0.1%,0.3%, and 0.5% w/w salt were added to pH 5 and pH 7 of 2% w/w
protein solution. The pH of MC solutions was adjusted by adding 1 M hydrochloric acid
(HCl) and 1M sodium hydroxide (NaOH). Based on the foaming properties performance,
the best condition of salt and pH was selected to determine how protein concentration
(1%, 2%, 4%, and 8% w/w) and preheated temperature (20 ◦C, 50◦C, and 70◦C) influence
the foaming properties of MC. The water bath (FALC Instruments S.r.l., Italy) was used
to warm up the prepared protein solution for 10 min and cool down for 20 min at room
temperature before experiments. For benchmarking, 2% w/w of protein solutions were
made without adjusting pH and addition of salt.

After all the solutions were prepared in 50 ml falcon tubes, the dispersions were whipped
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for 2 minutes by using a high shear homogenizer (Ingenieurbüro CAT M.Zipperer, Ger-
many) at 10,000 rpm. The first minute placed the probe of high shear homogenizer in the
bottom of dispersions and then moved the probe to the air-solution interface for whipping
for another minute.

2.6.1.2 Foaming ability and stability measurement

After agitation, the total volume was read off after 30 seconds. The foaming capacity was
calculated as:

Foamcapacity (%) =
V olume after agitiation− V olume before agitation

V olume before agitation
× 100% (5)

The foaming stability was determined by allowing samples to stand for 30 min at room
temperature and the residual foam volumes were measured. The foaming stability was
calculated as:

Foamstability (%) =
Residual foam volume

Total foam volume
× 100% (6)

2.6.2 Emulsifying properties

The emulsifying properties were determined based on measuring emulsifying capacity
(EC) and emulsifying stability (FS). MC, MI, and other benchmarking plant-based pro-
teins were measured in triplicate, except for FS measurement which was conducted in
duplicate.

2.6.2.1 Emulsifying capacity measurement

The protein powders were dissolved in water to make 2ml 10% w/w protein solutions. 1
M hydrochloric acid (HCl) and 1M sodium hydroxide (NaOH) was used to adjust the pH
of MC to 5 and 7. To each protein solution, different aliquots of rapeseed oil (Menigo
Foodservice AB, Sweden) were added. The oil-protein solution mixtures were homoge-
nized using a high shear homogenizer (Ingenieurbüro CAT M.Zipperer, Germany) at a
speed of 16,000 rpm for 1 min. The probe of the homogenizer was placed at the solution-
oil interface while mixing. For benchmarking, 10% w/w of protein solutions were made
without adjusting pH and addition of salt.

The emulsifying capacity was determined according to the method of Guo et al (2021)(Guo
& Xiong, 2021) with some modifications. Different amount of oil was added to protein so-
lutions and the oil/powder ratio was calculated. The variation of oil addition was every 1
g oil/ g of powder. The electrical conductivity of freshly prepared emulsion was measured
immediately using a handheld conductivity meter(VWR International AB, USA). The
phase inversion point occurred when the electrical conductivity (µS/cm) of the emulsions
reached zero. Once the phase inversion point was measured, the oil/powder ratio was
calculated and the nearby concentrations of oil were added to new protein solutions until
the phase inversion point was measured three times. The EC was calculated as follows:

Emulsifying capacity (ml oil/g of powder) =
Voil

m
=

Voil

c V
× 1000 (7)

Where Voil is the amount of oil in emulsion (ml), V is the initial volume of solution
(ml), m is the weight of powder (g), and c is the initial powder concentration in solution
(mg/ml).
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2.6.2.2 Emulsifying stability measurement

The emulsifying stability (ES) was determined according to the method of Capacidade et
al (2015) (Capacidade et al., 2015) with some modifications. The protein suspensions were
prepared in 50 falcon tubes by dissolving 3 g of protein powder in 15 ml of water, and 15
ml of rapeseed oil (Menigo Foodservice AB, Sweden) was added to each suspension. The
mixtures were stirred using a high shear homogenizer (Ingenieurbüro CAT M.Zipperer,
Germany) at speed of 10,000 rpm for 1 min. And then the emulsions were centrifuged
at 4000 rpm for 6 minutes followed by heat treatment in the water bath at 60◦C for 30
minutes. Finally, all samples were cooled at room temperature for 1 hour before being
centrifugated again at 4000 rpm for 6 minutes. The ES was calculated as follows:

ES (%) =
The height of emulsified layer after heating

The height of total content in the tube
× 100% (8)

2.6.3 Gelling ability

The gelling ability was determined by the penetration test analyzing the force (N)-distance
(mm) curve. Three parameters were summarized from the curve and all the measurements
were conducted in duplicate.

2.6.3.1 Heat-induced gels preparation

To investigate the influence of pH and salt of MC. 0%, 0.5%, and 1% w/w salt were
added into 15% w/w of MC dispersion and adjusted pH to 5 and 7. The pH of protein
solutions was adjusted by adding 1 M hydrochloric acid (HCl) and 1M sodium hydroxide
(NaOH). The samples were prepared into 50 ml beakers. For benchmarking, suspensions
of 25% w/w protein dispersion were prepared in 50 ml beakers from protein powders by
adding water with stirring, and then the suspensions were hydrated for 1 hour at room
temperature, except for MC and MI. The thermal treatment was carried out at 90 ◦C
water bath for 20 minutes and cooled down at room temperature for 3 hours before further
texture analysis.

2.6.3.2 Texture analysis

The penetration measurements were performed using a texture analyzer (Stable Mi-
crosystems, UK) with a 2 mm diameter flat cylinder probe. Force (N) -distance (mm)
curves were generated by collecting 500 data points per second with the test speed of 2
mm/second, post text speed of 10 mm/second, and force trigger of 5 N. Three parameters
were obtained from force-displacement curves: (a) breaking force (gel strength) (N), (b)
deformation (N), and (c) firmness (N · mm). The breaking force is defined as the first
significant break shown in the curve, the deformation is defined as the distance that the
probe penetrate into gel at the initial slope of the curve, and the firmness was described
as the initial slop of the penetration curve within the first 2mm during measurement.
(Galante et al., 2017)

2.7 Benchmarking

To evaluate the functionality of mycoprotein, several plant-based proteins concentrates
and isolates were compared including pea protein isolate 1 (Rawfoodshop, Sweden), pea
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protein isolate 2 (Nutris, Sweden), mung bean protein isolate (Rawfoodshop, Sweden),
hemp protein concentrate (Rawfoodshop, Sweden), pumpkin protein isolate (Rawfood-
shop, Sweden), fava bean protein concentrate (Atura Proteins, UK), and rice protein
isolate (Kebelco AB, Sweden). The protein content are shown as table 1 below:

Name Protein content (%)

Mycoprotein concentrate 52

Pea protein isolate 1 82

Pea protein isolate 2 85

Mung bean protein isolate 71

Hemp protein concentrate 50

Pumpkin protein isolate 63

Fava bean protein concentrate 55

Rice protein isolate 80

Table 1: Protein content

2.8 Statistical analyses

All the experiments were conducted in triplicate if no additional description. The Sta-
tistical software SPSS (IBM, USA) software was used to analyze one-way of variance
(ANOVA) statistically verifying the difference between means with Tukey post hoc. Re-
sults were presented as mean ± standard deviation. Significant differences between means
were done using a confidence interval of 95%.
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3 Results & Discussion

3.1 Mycoprotein isolation

3.1.1 Comparison of extraction yield from different raw material

Freeze-drying is one of the most expensive and energy-consuming steps in processing food
products. So significant efforts within food processes were applied to reduce the freeze-
drying time and decrease the energy consumption (Rybak et al., 2021). In this section,
to investigate an efficient way to extract protein, the isolation yield of using MC and raw
biomass (frozen) was compared by measuring the soluble protein content conducted by
BCA analysis. The isolation yield (%) of two raw materials was calculated by equation2,
and the results are shown in Table 2. The results show that the yield of the isolation
process from frozen biomass was significantly higher (p<0.05) than that of MC.

Raw material
Dry
matter
(%)

Protein content
in supernatant
(mg/ml)

Isolation yield
(%)

Raw biomass (frozen) 52.68 18.37±0.50 20.81±0.57a

Mycoprotein concentrate 100 45.81±0.33 18.25±0.10b

a−b within a column with different lowercase superscript letters are significant different
(p<0.05). The value is present in mean±standard deviation. Standard deviation is displayed
(n=2)

Table 2: Comparison of protein isolation yield from two types of raw materials

The intention of using MC to extract MI was because of the convenience of storage,
and the hypothesis of higher yield result from well grind MC powder could disperse better
than blended biomass. But as the results are shown in the table A.2, show a higher yield of
isolation from raw biomass (frozen). Therefore, from efficiency and sustainability consid-
erations, one freeze-drying process was omitted. Extraction MI from raw biomass (frozen)
was applied to further isolation production. After isolation, the MI powder was collected
and stored in a dry and ambient temperature environment for further functionality study.

3.1.2 Determination of protein isolation yield

Due to the hypothesis of protease presence, BCA analysis was conducted immediately after
protein recovered and the supernatant was collected. The isolation yield was calculated
by equation2. As the results in the table 2, 36.70% of total protein can be isolated from
biomass by the pH-shift method.
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Raw material
Dry
matter
(%)

Protein content
in supernatant
(mg/ml)

Isolation yield
(%)

Raw biomass (frozen) 44.28 22.10±0.53 36.70±0.88

The value is present in mean±standard deviation. Standard deviation is displayed (n=3)

Table 3: Protein isolation yield

Compared with the protein isolation process investigated by Zeng (2021), the isolation
yield from biomass was up to 71-77% which is considerably higher than the isolation yield
obtained in this project (Zeng, 2021). Some possible reasons could be summarized for
this lower yield. Firstly, compared with the protein isolation process conducted by Zeng
(2021), there was no cell wall degradation process performed in this study due to equip-
ment limitations. Hence, some intracellular protein in biomass could not be extracted
which contributes to low protein isolation yield. Secondly, during alkaline extraction,
the high sheer of blending could cause an increase in temperature which is not favorable
for protein extraction. Protein coagulation, denaturation, and amino acid racemization
could happen because of the increased temperature (Tangka, 2003) (Bals & Dale, 2011)
(Zhu et al., 2010). These factors all contribute to the reduction of the protein extraction
yield (Zhang et al., 2014). Although a study indicates that a high temperature acceler-
ates protein recovery and productivity which means more protein can be recovered in a
limited time but it conflicts with the general knowledge that high temperature can cause
protein precipitation (Choi & Markakis, 1981). Thirdly, in the alkaline extraction step,
the volume of solvent and the weight of material ratio, as well as alkaline concentration is
regarded as the important parameter of extraction yield (Shen et al., 2008)(Lestari et al.,
2010)(Harnedy & FitzGerald, 2013). In this study, these parameters did not investigate
to optimize the isolation yield. Finally, the Proteolysis caused by the hypothesis of pro-
tease presence during the protein isolation process could be a key factor that leads to the
reduction of yield. Based on a previous study investigated by Griffen et al (1997), the
proteolytic activity was detected in the supernatant during exponential growth of fungi
if the batch cultures were grown on a medium containing casein. During the stationary
phase of fungi growth, the pH profile of proteases activity broadened and most of it was
in the alkaline pH region(Griffen et al., 1997). In this project, MI stood at pH 10 for 1
hour for solubilizing protein into the water which may cause hydrolysis at the same time.

3.2 Protease activity

SSince the difference performance of gelation observed in pre-experiment (Figure 2). In
short, the 15% w/w of MC can form a weak heat-induced gel (Figure 2b) if the protein-
riched supernatant was transferred into the water bath immediately after it was collected,
while 25% w/w of MC dispersion can not form a heat-induced gel (Figure 2a) if the
protein-riched supernatant was collected and stored in the fridge (4◦C) overnight.
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(a) 25% w/w supernatant of MC af-
ter 90◦C water bath

(b) 15% w/w supernatant of MC af-
ter 90◦C water bath

Figure 2: Gelation performance of 25% and 15% w/w MC supernatant

The hypothesis of protein content decreased over time was brought up, as well as
considering the proteolytic activity described by Griffen (1997) (Griffen et al., 1997),
a protein reduction curve was drawn by recording the time of sample that was placed
at room temperature and the soluble protein determined using BCA analysis. Soluble
protein content (mg/ml) was plotted against the time (h). The result is shown in Figure
3 which proved the hypothesis of soluble protein content decreased by the time put at the
room temperature. As Figure 3 is shown, the protein content decreased by half in around
35 hours.

0324 A means the supernatant collected on 24 March.2022 afternoon, 0324 M means the
supernatant collected on 24 March.2022 morning, and 0323 M means the supernatant collected
on 23 March.2022 morning

Figure 3: Soluble protein content (mg/ml) verse time (hour)

The supernatant that was prepared on the afternoon of the 24 of March was divided
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into three samples, one stored at room temperature (20◦C), one stored in the fridge (4◦C),
and one stored in the freezer (-18◦C). The storage time for these three samples in different
temperatures was 17 hours. The soluble protein content was calculated by plotting the
absorbance into BSA standard curve. The results show as Table 4. The results indicate
that different storage temperatures could lead to different protein content even though all
the samples were divided from the same supernatant. The sample which was measured
protein content using BCA analysis immediately after being collected had the highest
protein content, followed by the sample which was stored in the freezer (-18◦C) for 17
hours, and followed by the sample stored in the fridge (4◦C) for 17 hours and store in the
room temperature (20◦C) for 20 hours.

Sample Protein content in supernatant (mg/ml)

Supernatant measured immediately
after collected

31.8

Supernatant placed at room tem-
perature for 20 hours

20.2

Supernatant placed at room tem-
perature for 3 hours and placed at
fridge (4◦C) for 17 hours

25.9

Supernatant placed at room tem-
perature for 3 hours and placed at
freezer (-18◦C) for 17 hours

27.8

Table 4: Supernatant collected on the afternoon of the 24 of March at different storage tem-
perature

Some studies demonstrate that the protease activity inhibit by the lower temperature
(Otroshi et al., 2014) (Tang et al., 2010). And in this project, the protein decrease could
be slowed down by lower temperature which could speculate it was lower temperature
inhibited the protease activity.

In addition, a study indicates that enzymatic modification can act as a functionaliza-
tion strategy to improve the properties. For example, the addition of trypsin hydrolyzed
soy protein can improve the gel strength by hydrophobic interactions and ionic bonds
(Huang et al., 2010). However, another study showed that by hydrolyzing oat protein to
a degree of hydrolysis of 5% by adding trypsin and pepsin no gelation was formed below
110◦C at neutral or acidic pH (Nieto-Nieto et al., 2014). The conformational changes
can be assumed to be responsible for no gel formed after enzymatic hydrolysis. More
specifically, conformational changes affect protein solubility and thus affect the formation
of soluble protein aggregates, which play an important role in the formation of gels after
heat treatment proven by the study of Ma et al (2003) (Ma et al., 2003). Thus accord-
ing to the previous studies and along with the proteolysis observed in this study, it can
be concluded that a small amount of enzymatic hydrolysis of proteins can improve the
functionality of protein, whereas the extensive hydrolysis could lead to opposite results.
Furthermore, apart from the impact on functionality, it should also be noticed that ex-
tended enzymatic hydrolysis is producing some small hydrophobic peptides which result
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in bitter taste and astringency (Ishibashi et al., 1988) (Saha & Hayashi, 2001). Therefore,
in order to prevent protein from hydrolysis, for investigating the MC, protein solutions
were used immediately after preparation.

3.3 Protein solubility

Solubility of MC (pH 5.7 and 7) and MI powder (pH7) together with pea protein iso-
late 1 were measured by BCA analysis. After 1% w/w protein solutions were prepared
and centrifugated, the supernatant was collected and diluted 10 times for measurement.
The results are shown in Table 5. The results indicate that the soluble protein content
in MI (pH 7) is not significant differ (p>0.05) from that of MC (pH 7) which are both
significantly higher than MC (pH 5) and pea protein isolate 1 (pH 6.7), containing 2.24
mg/ml and 2.21 mg/ml in the supernatant, respectively. And the soluble protein content
of pea protein isolate 1 (pH 6.7) is significantly lower (p<0.05) than all the other protein
solutions.

The results shown in table 5 indicate at pH 7 the soluble protein content of MC was
significantly higher (p<0.05) than at pH 5. However, MI isolated by pH shift method
does not extract more soluble protein at pH 7 which illustrates by no significant differ-
ence (p<0.05) of soluble protein content measured at these two pH conditions.

Protein pH
Protein content in su-
pernatant (mg/ml)

Soluble protein in powder (%)

Mycoprotein concentrate 5.7 1.87±0.06b 17.94±0.58b

Mycoprotein concentrate 7 2.24±0a 21.46±0a

Mycoprotein isolate 7 2.21±0.05a 20.78±0.44a

Pea protein isolate 1 6.7 1.43±0.16c 13.57±01.48c

a−c within a column with different lowercase superscript letters are significant different
(p<0.05). The value is present in mean±standard deviation. Standard deviation is displayed
(n=3).

Table 5: Soluble protein content in supernatant and powder

According to the similar soluble protein content of MC and MI, three reasonable
explications could be speculated. Firstly, it could result from the changed solubility.
After pH shift more NaCl was introduced to the protein powder which could change
the solubility of the protein. Secondly, the assumption could be proteins extracted by
this method were mostly insoluble at pH 7. Thirdly, since the protein was isolated at
room temperature, protease-caused proteolysis could happen which resulted in decreased
soluble protein content. Additionally, the presence of protease could also be the reason
that changing the solubility of protein which was proved by a study indicating that the
balance between hydrophobic and hydrophilic patches on the proteins’ surface changed
upon enzymatic action (Brückner-Gühmann et al., 2021).
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3.4 Water holding capacity of MC

WHC of protein powder is the ability of the amount of water can be prevented from being
released or expelled from their three-dimensional structure (Hermansson, 1986) (Zayas,
1997). As a result of a large amount of fiber present in MC, the WHC of MC was
determined in duplicate and calculated. The results are present in Table 6.

Protein WHC (%)

MC 170.10±10.22

Table 6: Water holding capacity of MC

3.5 Functionality study

According to the pre-experiments investigated, the MI showed poor functionality. Thus,
the following functionality study decided to use MC instead to determine how salt con-
centration, pH, and pre-thermal treatment affect the functionality of mycoprotein. More
comparisons of the functionality of MC and MC are displayed in benchmarking parts.

3.5.1 Foaming properties

In this section, investigations of FC and FS affected by MC concentration, different salt
concentrations and pH, and different pre-thermal treatments were measured. In addition,
the benchmarking of FC and FS of 2% w/w dispersion of MC, MI, rice protein isolate,
pumpkin protein isolate, fava bean protein concentrate, two pea protein isolates, and
mung bean protein isolate at original pH were compared at the original pH.

3.5.1.1 Foaming capacity and stability of MC with 0, 0.1, 0.3, and 0.5 % w/w
salt at pH 5 and 7

The result on the effects of different salt concentration (0, 0.1, 0.3, and 0.5 % w/w) and
two pH (5 and 7) treatment of 2% MC solution are presented in Figure 4. Both Figure 4a
and Figure 4b indicate that there is no significant difference (p>0.05) among the difference
salt range, as well as between 2 different pH condition.

(a) Foaming capacity (b) Foaming stability

Figure 4: Foaming ability with 0, 1, 3, 5 % w/w salt at pH 5 and 7
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Studies showed that the initial addition of NaCl could enhance the FC because of
the increment of protein solubility and dispersion which enhance the whipability and for-
mation of stable cohesive films around air vacuoles. With continually increasing NaCl
concentration, hydrophobic interaction between protein molecules increases which re-
duces the elasticity of protein molecules and consequently decrease the FC (Ndiritu et
al., 2019)(Lawal, 2004). Also if continually adding NaCl, the FC could decrease resulting
from the salting effect of NaCl (Khalid et al., 2003). These phenomenons are not in line
with the results in this foaming properties test. The possible reason could be the salt
content is not high enough to show the solubility and hydrophobicity changes. Due to
the consideration of food application, a large amount of NaCl addition was not involved
in the experiments.

The FS of protein depends on the cross-linking of protein molecules and the formation
of film (Ohsodi, 1992). As a previous study showed, the FS of some proteins is very
sensitive to ionic strength. With the presence of low NaCl concentration, FS can be en-
hanced concerning the salt-free sample. However, with the increase of NaCl concentration,
the high ionic strength reduces the distance between protein stabilized bubble surfaces
thereby facilitating bubble coalescence and reducing stable volume fraction. In addition,
salt-induced protein aggregation interfaces with the formation of interfering with the for-
mation of the interfacial network, which further destabilizes the foam.(Qiao et al., 2021).
In this study, the FS was not changed significantly among different concentrations of salt
added. We could speculate that MC foam may not be that sensitive to ionic strength
changes or the amount of NaCl added in this study is not high enough to show the FS
changes.

pH-dependent foaming properties for some proteins have been reported by Chel et al, and
Lawal et al. At rather high or low pH, a high FC was observed attributed to the increase of
net charge of protein molecules, which weaken hydrophobic interactions and increases pro-
tein flexibility. Therefore, the protein molecules can spread to the air-water interface more
quickly, thereby encapsulating air particles and facilitating FS formation(Chel-Guerrero
et al., 2002)(Lawal, 2004). The pH condition compared in this study was 5 and 7 which is
around neutral so that could explain there was no significant difference (p>0.05) observed
in FS. The 0.3% salt treatment at pH 7 was chosen following different MC concentrations
and preheat treatment experiments.

3.5.1.2 Foaming capacity and stability of different concentration of MC

Based on the common knowledge, protein is the main surface-active agent that works in
the formation and stabilization of dispersed air while frothing (Paraskevopoulou et al.,
2003). As Figure 5a shows, a significant difference (p<0.05) in samples observed within the
group. There was an increase in FC of the samples with an increase in the concentration
of MC from 1% to 4%, apart from the sample with the highest MC concentration. The FC
of 8% w/w MC has no significant difference (p>0.05) from the other three concentrations
of MC. Only FC of 4% w/w MC is significantly higher (p<0.05) than 1% w/w MC. In
addition, as shown in Figure 5b, there is no significant difference (>0.05) in FS observed
among all concentrations of MC.
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(a) Foaming capacity (b) Foaming stability

a−b illustrate the significant different (p<0.05). The error bars show the standard deviation
(n=3).

Figure 5: Foaming ability of 0, 2, 4, 8% w/w MC

Based on previous foaming ability study described by Lonchamp et al (2019) indi-
cate that the air bubble could be trapped by a dense network of mycelial and cell debris
(Lonchamp et al., 2019). This phenomenon could explain that 4% w/w MC had signifi-
cantly higher FC than 1% whereas 8% MC did not show a significant difference to 1% MC.

Theoretically, with the increase in protein concentration, the foam stability could also
increase because of the formation of stiffer foam which develops from higher viscosity.
The FS is improved by greater protein concentration because it can increases viscosity
and facilitate the formation of multiplayer cohesive protein films at the interface (Lawal,
2004). However, in this study, the result did not show this tendency.

3.5.1.3 Foaming capacity and stability of MC with preheat-treated condition

Figure 6 shows at different pre-heat treatments FC and FS were significantly different
(p<0.05) within the group. In Figure 6, the results of FC and FS two preheat treatment
(50◦C and 70◦C) along with non-thermal treatment (20◦C) is showed. Figure 6a illustrates
that the sample applied 70◦C pre-heated treatment has significantly higher (p<0.05) FC
than the sample applied 50◦C preheated treatment. And no there is no significant differ-
ence (p>0.05) was noticed among other pairwise comparisons.

The results in Figure 6b have shown that a sharp decrease of FS was observed as 70◦C
preheat treatment applied. The 70◦C preheat treated sample was a highly significant dif-
ference (p<0.001) from the 50◦C preheat treated sample and the non-heat treated sample,
and no significant difference (p>0.05) observed between 50◦C and 20◦C samples.
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(a) Foaming capacity (b) Foaming stability

a−b illustrate the significant different (p<0.05). The error bars show the standard deviation
(n=3).

Figure 6: Foaming ability with non, 50◦C, and 70◦C preheat-treated

In terms of the difference in the temperature dependence on FC, the possible reason
could be temperature dependence on protein molecular structure. At a higher temper-
ature, the surface tension decreased with increased temperature which increases foama-
bility. Also, the heat treatment could cause the unfolding of protein which increase its
hydrophobicity and thus reduce the energy barrier for absorption at the air-water inter-
face. Therefore the overall foaming capacity improved with the increased temperature of
the thermal treatment. Although some detrimental effects result from the decreased vis-
cosity and protein aggregation with temperature, the enhanced effect caused by increased
temperature still predominates over the negative effects (Mitchell et al., 1986) (Indrawati
et al., 2008). Moreover, many studies indicate that the occurrence of partial denatura-
tion of protein by heating can cause the improvement of FC. However, the decrease in FC
could also happen if the heating temperature is too high (DeVilbiss et al., 1974) (Haggett,
1976) (Graham & Phillips, 1979) (Kim et al., 2005). But this decrease in FC caused by
high heating temperature was not observed in this study.

The possible reasons for FS decrease significantly with higher temperature could be due
to the liquid viscosity being lower and the bubble size being larger at a higher tem-
perature which accelerates the liquid drainage (Mita et al., 1977) (Hailing & Walstra,
1981) (Narsimhan & Wang, 2005). And this phenomenon of heating prior to foaming
result in enhancing FC but decreasing FS was in agreement with previous mycoprotein
functionality study conducted by Lonchamp et al (2019) (Lonchamp et al., 2019)

3.5.1.4 Benchmarking of foaming ability

The FC and FS of MC and MI were compared with six other plant-based protein isolates
and concentrate and the results were shown in Figure 7. As Figure 7a and Table A.2
show, the FC of MC has significantly lower (p<0.05) than two types of pea protein iso-
late and fava bean protein concentrate, significantly higher (p<0.05) than hemp protein
concentrate, rice protein isolate, and MI. And the FC of MC had no significant difference
from mung bean protein isolate (p>0.05). The FC of MI and rice protein were no signif-
icant (p>0.05) difference observed which both significantly lower (p<0.05) than all other
proteins. FS shows in 7b, Hemp protein concentrate and MI collapsed in 30 min so both
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FS were zero. MC, rice protein isolate, and pea protein isolate 2 show the highest FS
which is 78.27%, 82.22%, and 72.5%, respectively. Overall, Both FC and FS of MC were
significantly higher than MI (p<0.05). Pea protein isolate shows a good FC but the foam
was not as stable as other proteins except for hemp protein concentrate and MI.

(a) Foaming capacity (b) Foaming stability

a−f illustrate the significant different (p<0.05). The error bars show the standard deviation
(n=3).

Figure 7: Foaming ability benchmarking

A study demonstrates that the presence of a dense mycelial network was responsible
for FS, and particularly the high FS could be due to the concentration of cerato-platanin
in protein fraction (Lonchamp et al., 2019). That could be the reason that MC had out-
performed FS.

Apart from the foaming ability affected by protein, some other cosolutes could also affect
it. A study reported that the presence of sucrose delays the formation and decreases the
foaming powder (Lomakina & Mikova, 2006). It is because sugar affects the adsorption
and aggregation behavior (Dickinson & Merino, 2002). The presence of sugar attributes
to increased continuous phase viscosity, which is detrimental to air incorporation and the
rapid diffusion and unfolding of proteins at the water-air interface. However, the good
performance of FS of MC could partly result in presence of sugar. As sucrose enhances
foam stability by increasing the viscosity of lamellar water and thus delaying liquid ex-
pulsion (Lau & Dickinson, 2005). As a result of the fermentation liquid residue present in
the frozen biomass, MC could contain more sugar than other plant-based proteins which
could result in negative affected FC but positively affected FS.

3.5.2 Emulsifying properties

The EC of 10% MC at pH 5 and 7 was compared with the that at original pH, and the EC
and ES of 10% w/w dispersion of MC, MI, rice protein isolate, hemp protein concentrate,
fava bean protein concentrate, two pea protein isolates, and mung bean protein isolate at
original pH were compared at original pH.

3.5.2.1 Emulsifying capacity at pH 5.7 (original), 5 and 7

The different concentrations of oil were added into MC at different pH (5.7, 5, and 7) of
protein solution to prepare oil-in-water emulsions. The phase invasion point was recorded
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which showed as conductivity reached zero. The emulsion break point of different pH
conditions of the sample is shown in Figure 8. As can be seen, the EC of the original
pH of MC is around 42.67 g oil /g powder and does not show any significant difference
(p>0.05) from that of MC at pH 5 and 7.

Figure 8: Emulsifying capacity at different pH

Generally, protein molecules are constituted of three types of amino acids non-polar
amino acids, charged amino acids, and non-charged polar amino acids. All these amino
acids induce hydrophobic and hydrophilic properties so that proteins can interact with
oil and water acting as emulsifiers. The different performances of emulsifying properties
could attribute to the protein solubility differing under different pH (LIADAKIS et al.,
1998) (Ulloa et al., 2017). Considering the food application only pH 5 and 7 were chosen
to compare with the original pH of MC. The results of EC do not show differences among
these samples could be because of the similarity of solubility at pH 5.7, 5, and 7.

3.5.2.2 Benchmarking of emulsifying ability

To investigate the emulsifying properties of MC and MI, the EC and ES of six types of
plant-based protein were measured to be compared. The results are shown in Figure 9 and
Table A.2. As shown in Figure 9a, the EC of MC was 42.67±1.53 g oil/ g powder which
shows as good performance as pea protein isolate 1 (43.33±0.58), and it is significantly
higher (p<0.05) than fava bean protein concentrate, hemp protein concentrate, mung
bean protein isolate, pea protein isolate 2, rice protein isolate and MI. ES measurements
were conducted after 80◦ heat treatment followed by centrifugation and the results show
in 7b . The EC of MI is significantly lower than all the proteins. There was no emulsion
layer observed on Hemp protein concentrate and MI which means the emulsion of these
two proteins is not stable at all. Besides, no significant difference (p>0.05) of ES was
noticed among all other plant-based proteins which all significantly higher (p<0.05) than
MC.

Generally, the EC of MC was much better than MI and most of the other plant-based
proteins. However, its stability could be a problem when considering the food application.
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(a) Emulsifying capacity (b) Emulsifying stability

a−f illustrate the significant different (p<0.05). The error bars show the standard deviation
(for EC, n=3; for ES, n=2 ).

Figure 9: Emulsifying ability benchmarking

Similar to foaming properties, the presence of sugar also affects the emulsifying prop-
erties due to it can increase the diameter of droplets, and decrease the repulsive force
between protein particles and between droplets. Also, the presence of sugar was proved
to reduce the heat coagulation time, as well as the reducing sugars show faster coagu-
lation which leads to instability of emulsion (Liang et al., 2014). Thus, we can draw
an assumption that the residual sugar in MC could contribute to undesirable thermal
stability.

3.5.3 Gelling ability

The gels made by 15% MC dispersion under different salt concentrations at pH 5 and 7
were presented in this section. The gelling ability of 25% w/w dispersion of MC, MI, rice
protein isolate, pumpkin protein isolate, fava bean protein concentrate, two pea protein
isolates, and mung bean protein isolate were compared at the original pH.

3.5.3.1 Gelling ability of MC with 0, 0.5 and 1% w/w salt at pH 5 and 7

To determine whether salt concentration and pH influence the gel formation, penetration
tests were performed to evaluate the gelling ability of 15% w/w MC dispersion. However,
the tests were not run successfully due to the texture of the samples were not reach the
lowest detection point. So no data was collected from the texture analyzer, and the visual
observation was performed instead. The results shown as the Figure 10. The observation
indicates that adding NaCl improves the texture of gel which showed a more smooth
texture. When no NaCl and 0.5% w/w NaCl added cracks were observed, and as the
NaCl concentration increased, the cracks on the surface of the sample decreased. Besides,
as seen in Figure 10, the particulate structure was noticed at pH 7 while all the samples
still had a paste-like texture after thermal treatment and cooling down which could be
assumed that no gel formed at pH 5.
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0, 0.5, and 1% w/w salt are displayed from left to right. pH 5 and 7 was displayed from the
top down.

Figure 10: Rheology performance of 15% w/w MC with different salt concentration at pH 5
and 7

Based on the knowledge that gel can be made from many native proteins by heating
them in a concentrated aqueous solution at suitable ionic strength and pH, thus adding
NaCl and adjusting pH can influence gel formation (Van der Linden & Foegeding, 2009).
The addition of salt leads to increased ionic strength which reduces the inter-molecular re-
pulsion, thus the aggregation rate increases and it may happen more randomly (Schokker
et al., 2000). However, it should be remarkable that the increased ionic strength by
adding NaCl could result in increased denaturation temperature because of reduced intra-
molecular repulsion, thereby increasing conformational stability. So the protein molecules
are more difficult to unfold, which is the initial reaction causing aggregation. In particu-
lar, this phenomenon is especially noticeable at around denaturation temperature (Clark
et al., 2001). In this project, a more solid gel formed at a higher NaCl concentration (
higher ionic strength) which means the heating temperature (90◦C) was far away from
the denaturation temperature, and therefore, the first effect outweighed the second effect
of MC in this study.

In addition, a study indicated that the moisture loss increased with increased pH, and this
increase in moisture loss with increasing pH may be due to changes in network structure,
from a finer stranded to a more coarse stranded. In a more coarse stranded network,
water can move more freely so this type of network has less ability to trap water, thus
a strong gel strength and more stable protein network could be explained by increased
pH (Johansson, 2019). This phenomenon could also explain that some cracks occur at
pH 7. Therefore, the addition of NaCl and increased pH could result in stronger three-
dimensional network formation, thereby forming a stronger gel.
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3.5.3.2 Benchmarking of gelling ability

To obtain comparable parameters including breaking force (N), deformation (mm), and
firmness (N/m), 25% w/w of protein dispersions were prepared followed by thermal treat-
ment and penetration test. According to these three parameters, the strength of protein
and protein interaction was expressed by the breaking force value, the elasticity of gels
was shown by the deformation of gel at breaking point value, and the potential to against
deform and tendency to flow rather than break (Galante et al., 2017) (Arfat & Benjakul,
2012). As shown in Figure 11, the gelling properties of MC and MI were compared to the
other six plant-based proteins. The force-displacement curves were drawn from proteins
than can form the gels which are shown in 11. Pumpkin protein isolate, rice protein
isolate, and mycoprotein isolate can not form a gel at 25% w/w.

Figure 12a shows the breaking force of the gels which indicates the strength of protein
and protein interactions. The results indicate that the mung bean protein isolate and
pea protein isolate 2 had significantly higher (p<0.05) breaking force than the fava bean
protein isolate, pea protein isolate 1, and mycoprotein concentrate which means stronger
protein and protein bonds established (Arfat & Benjakul, 2012). And among fava bean
protein isolate, pea protein isolate 1, and mycoprotein concentrate, there is no significant
difference (p>0.05) observed. Same results were found in deformation (12b) in which no-
ticed the significantly higher (p<0.05) value in mung bean and pea protein isolate. Figure
12c indicates mung bean had the highest firmness (0.63 N/mm) which was significantly
higher than (p<0.05) mycoprotein concentrate and pea protein isolate 2. Generally, mung
bean isolate showed significantly the highest (p<0.05) value among the measured three
parameters, whereas the mycoprotein was significantly the lowest(p<0.05).

After heat treatment, rice protein isolate, pumpkin protein isolate, fava bean protein
concentrate, pea protein isolate 1, pea protein isolate 2, mung bean protein isolate, and MC
samples are displayed from left to right (the picture of MI was missing).

Figure 11: Gelling performance of 25% w/w proteins
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(a) Breaking force (b) Deformation

(c) Firmness

a−c illustrate the significant different (p<0.05). The error bars show the standard deviation
(n=2).

Figure 12: Breaking force, deformation, and firmness of gels

Except for the protein participant three-dimensional network of gel formation, some
studies show that the addition of fiber with strong hydration is an efficient way to improve
the aggregation of protein network (Zhuang et al., 2018). Meanwhile, with the addition
of fiber content water loss decreased significantly, and the hardness and gel strength were
noticeably enhanced because of the formation of a more uniform and compact microstruc-
ture (K. Li et al., 2020).

In addition, the amount of starch present in different protein samples could also influence
gel formation. After heating and cooling down, the gelatinized granules can create flaws
in the microstructure which result in a weakening gel formation if there is a small amount
of starch present. On the contrary, a higher amount of starch in thermal-induced gel leads
to reinforcement of the gel which indicates an interpenetrating network between protein
and the gelatinized starch is formed (Khan et al., 2020).

Therefore, considering the different content of protein and different fiber and starch in
different gel systems, the breaking force, deformation and firmness were differing.

3.6 Hypothesis of the decreased functionality in MI

Firstly, after the pH-shift process, the structure of protein could be changed to some
extent. A study proposed that both at alkaline and acidic pH, the head of the myosin
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refold happened, and the refolded head is looser than the native structure (Raghavan
& Kristinsson, 2007). Besides, another study demonstrates that traditional alkaline ex-
traction and isoelectric precipitation result in more damaging the native conformation
of protein compared with other protein isolation methods such as extraction by reverse
micelles (Zhao et al., 2008). Consequently, during the pH-shift process in this study,
the refold very likely happened, thus the native protein structure changed. This changed
secondary structure could lead to the changes in hydrophilicity, hydrophobicity, and struc-
tural stability of protein which are all closely associated with the functional properties
(Utsumi et al., 2002) (Zhao et al., 2008).

Secondly, some intracellular proteins could have better functionality but did not extract
in this study. In this study, the protein isolation yield was only around 37% which is
relatively lower than the isolation yield (71-77%) reached by a previous study conducted
by Zeng (2021) using the pH-shift method together with cell wall degradation method
(Zeng, 2021).

Thirdly, the soluble protein content was observed to decrease by half in 35 hours due
to proteolysis. Some protein that has better functionality could be broken down into
amino acid, thereby poor functionalities were shown.

Last but not least, during the pH shift process, sodium hydroxide (NaOH) and hydrochlo-
ric acid (HCl) were added which introduced more salt content to MI. Some researches
indicate that the presence of salt affects the foaming, emulsifying and gelling performance
(Ulloa et al., 2017) (Andualem & Gessesse, 2013). A small amount of salt could increase
the solubility (salting in effect) resulting from the increased ionic strength of salt allowing
dissociation and consequent interaction with proteins. However, at a higher concentration
of salt, it produces a dehydration effect on protein leading to protein aggregation, thereby
decreasing the solubility of the protein.
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4 Conclusion

The objective of this study was to determine the functionality of MC and its foaming,
emulsifying, and gelling ability to evaluate how different factors such as salt, pH and pre-
thermal treatment, and benchmark MC and MI with other plant-based proteins influence
its functionality.

The pH shift method was conducted in this project to extract MI which included alkaline
solubilization, isoelectric precipitation, and neutralization steps. The isolation yield from
two raw materials, MC powder and biomass, were compared. Isolated protein directly
from biomass can reach a significantly higher (p<0.05) yield. The pH-driven isolation
method achieved an overall yield of 36.70% of biomass with 20.78% soluble protein con-
tent (dry matter basis) which is no significant difference (p>0.05) compared with MC if
adjusting the pH of MC to 7.

The soluble protein content of 25% w/w MC solution was decreased in half after 35
hours which was the result from the proteolysis. The protease was speculated present in
MC and active at pH 5.7, and responsible for that protein decrease.

For foaming properties at different concentrations of MC, the results indicated that dif-
ferent concentrations (1%, 2%, 4%, and 8%) of MC affect FC. 4% w/w of MC solution
showed the highest FC which was significantly higher (p<0.05) than that of 1% solution.
The addition of 0, 0.1, 0.3, and 0.5% w/w salt at pH 5 and 7 did not show any signif-
icant difference (p>0.05). It was found that the preheat treatment at 70◦C showed a
significantly higher (p<0.05) FC than the preheat treatment at 50◦C and the non preheat
treatment. The preheat treatment at 70◦C compromised the FS which was significantly
lower (p<0.05) than the other two conditions. Regarding emulsifying properties, the EC
of MC was measured at the original pH of 5.7, pH 5, and pH 7. No significant difference
(p>0.05) was found among these pH conditions. For gelling ability, it was found that 15%
MC dispersion added could not form a gel at pH 5 which displayed a paste-like texture.
At pH 7, the 15% MC dispersion could form a solid-like particulate gel. With the addition
of salt, a smoother texture and fewer cracks were observed which could have implied an
increase in aggregation. This aggregation could have resulted from an increase in ionic
strength that reduced the inter-molecular repulsion.

In terms of benchmarking, the MC only showed significantly higher (p<0.05) FC than
hemp protein concentrate, MI, and rice protein isolate. Its FS had no significant differ-
ence (p>0.05) to the rice protein isolate which displayed the highest FS. Regarding EC,
then the MC and the pea protein isolate 1 presented the significantly highest (p<0.05)
values compared to fava bean protein concentrate, hemp protein concentrate, mung bean
protein isolate, MI, pea protein isolate 2, and rice protein isolate. There was no significant
difference observed between MC and pea protein isolate 2 which were up to 42.67 g oil/
g of powder and 43.33 g oil/ g of powder, respectively. However, the ES of MC was sig-
nificantly lower (p<0.05) than fava bean protein isolate, mung bean protein isolate, pea
protein isolate 1, and rice protein isolate. For gelling ability, MC did not show any signif-
icantly higher breaking force, deformation, and firmness than other plant-based proteins
that can form gel at 25% w/w protein dispersion. In contrast, the MI showed significantly
lower (p<0.05) FC, FS, EC, and ES than MC, and it could not form a detectable heat-
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induced gel at 25% w/w dispersion. Additionally, its FC was only significantly higher
(p<0.05) than hemp protein concentrate. Also, its FS, EC, and ES were not significantly
higher (p<0.05) than any of the proteins.

Conclusively, the MI extracted by the pH shift method in this project performed lower
functionality than MC which means the isolation process compromised the functionality
of the native protein. A better isolation process is worth further research to extract func-
tional protein fractions. Particularly, the proteolysis during the isolation process needs to
be addressed.
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5 Future outlook

This project aimed to measure the functional properties of mycoprotein, including foam-
ing properties, emulsifying properties, and gelling ability. The salt, pH, and pre-heat
treatment were applied to investigate their influence on the functionality of mycoprotein.
The functionality of MC and MI were compared along with other plant-based proteins
for benchmarking.

In this project, the functionality of MI was not shown as better functionalities than
MC and other plant-based proteins. So it would be interesting to further explore a better
protein isolation method without compromising its functionality which also should be
suitable to produce for industrial production. Additionally, It is also worth analyzing the
protein fragments by conducting the gel electrophoresis under different conditions such as
different pH and extract methods. Moreover, the cell wall degradation is necessary to be
applied to reach a higher yield such as enzymatic degradation, ultrasonication, and high
pressure homogenization.

For future application, emulsifying capacity seems the most promising functionality of
mycoprotein produced at Mycorena. But to the time limit in this project, the addition
of salt and pre-heat treatment did not investigate. It could be of interest to know which
external condition is the best for emulsifying applications. And some methods to further
stabilize the mycoprotein emulsion would be of interest. Furthermore, as a lot of fiber is
present in MC, the effect of fiber content on functionality is also worth investigating.

Further investigating about how to reduce or inhabit the proteolysis influence on func-
tionality is another area of interest. Studies in this area should start with detect the
protease activity by more convincing method using protease assay kit.
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A Appendix-tables

A.1 Dilutions of BSA standards

Tube Volume of BSA Volume of diluent Final BSA concentration

1 250 µl from 2 mg/ml solution 250 µl 1000µg/ml

2 250 µl from tube 1 250 µl 500 µg/ml

3 250 µl 250µl 250 µg/ml

4 300 µl 300µl 125µg/ml

5 100 µl 400 µl 25 µg/ml

6 0 400 µl 0 µg/ml

A.2 Foaming and emulsifying properties of different proteins

Summary of the foaming, emulsifying ability of proteins. a−f within a column with different
lowercase superscript letters are significant different (p<0.05). The value is present in
mean±standard deviation. Standard deviation is displayed (for FC, FS, and EC, n=3; for ES,
n=2)

Protein FC (%) FS (%)
EC (g oil/g
of powder)

ES (%)

Fava bean protein con-
centrate

22.37±2.28bc 69.55±7.22bc 34.67±0.58bc 58.5±4.35a

Hemp protein concen-
trate

8.14±1.64f 0e 25.33±1.53e 0c

Mung bean protein iso-
late

19.63±1.23cd 64.90±7.28c 28.00±0.00d 56.45±7.26a

Mycoprotein concentrate 17.42±1.30d 78.27±1.55ab 42.67±1.53a 31.82±10.16b

Mycoprotein isolate 12.60±1.46e 0e 21.33±0.58f 0c

Pea protein isolate 1 30.76±0.92a 41.00±5.20d 43.33±0.58a 59.52±0.00a

Pea protein isolate 2 24.60±0.69b 72.05±1.38abc 33.00±5.20b did not measure

Rice protein isolate 10.87±1.54ef 82.22±1.92a 32.58±7.61c 59.52±0.00a
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A.3 Breaking force, deformation, and firmness of different pro-
teins

Summary of the breaking force, deformation, and firmness. a−c within a column with different
lowercase superscript letters are significant different (p<0.05). The value is present in
mean±standard deviation. Standard deviation is displayed (n=2)

Protein Breaking force (N) Deformation (mm) Firmness (N/mm)

Fava bean protein concentrate 0.95±0.25b 1.66±0.58b 0.47±0.13ab

Pumpkin protein isolate / / /

Mung bean protein isolate 2.06±0.17a 3.30±0.07a 0.63±0.05a

Mycoprotein concentrate 0.32±0.02c 1.67±0.85b 0.17±0.004c

Mycoprotein isolate / / /

Pea protein isolate 1 0.89±0.08bc 3.81±0.35b 0.44±0.06b

Pea protein isolate 2 1.21±0.40b 2.05±0.11a 0.32±0.007bc

Rice protein isolate / / /

B Appendix-figure

B.1 Penetration test result of 25% w/w protein dispersion

The force (N)-distance (mm) curve collected by texture analyzer.
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Méx, B. S. Q. (2008). Emulsifying properties of proteins. Boletıḱn de la Sociedad, 2 (2),
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physico-chemical and functional characterization of a protein isolate from jackfruit
(artocarpus heterophyllus) seeds. CyTA-Journal of Food, 15 (4), 497–507.

Undeland, I., Kelleher, S. D., & Hultin, H. O. (2002). Recovery of functional proteins
from herring (clupea harengus) light muscle by an acid or alkaline solubilization
process. Journal of agricultural and food chemistry, 50 (25), 7371–7379.

Utsumi, S., Maruyama, N., Satoh, R., & Adachi, M. (2002). Structure-function relation-
ships of soybean proteins revealed by using recombinant systems. Enzyme and
Microbial Technology, 30 (3), 284–288.

Van der Linden, E., & Foegeding, E. A. (2009). Gelation: Principles, models and applica-
tions to proteins. Modern biopolymer science (pp. 29–91). Elsevier.

Vishwanatha, K., Rao, A. A., & Singh, S. A. (2010). Acid protease production by solid-
state fermentation using aspergillus oryzae mtcc 5341: Optimization of process
parameters. Journal of Industrial Microbiology and Biotechnology, 37 (2), 129–138.

Wilde, P., Mackie, A., Husband, F., Gunning, P., & Morris, V. (2004). Proteins and
emulsifiers at liquid interfaces. Advances in colloid and interface Science, 108, 63–
71.

Wu, G. (2009). Amino acids: Metabolism, functions, and nutrition. Amino acids, 37 (1),
1–17.

Yamagishi, T., Miyakawa, A., Noda, N., & Yamauchi, F. (1983). Isolation and elec-
trophoretic analysis of heat-induced products of mixed soybean 7s and 11s globu-
lins. Agricultural and Biological Chemistry, 47 (6), 1229–1237.

Zayas, J. F. (1997). Gelling properties of proteins. Functionality of proteins in food
(pp. 310–366). Springer.

Zeng, B. (2021). Single cell protein extraction for protein functional properties study and
food applications.

Zhang, C., Sanders, J. P., & Bruins, M. E. (2014). Critical parameters in cost-effective
alkaline extraction for high protein yield from leaves. Biomass and Bioenergy, 67,
466–472.

Zhao, X., Chen, F., Xue, W., & Lee, L. (2008). Ftir spectra studies on the secondary
structures of 7s and 11s globulins from soybean proteins using aot reverse micellar
extraction. Food Hydrocolloids, 22 (4), 568–575.

Zhu, K.-X., Sun, X.-H., Chen, Z.-C., Peng, W., Qian, H.-F., & Zhou, H.-M. (2010). Com-
parison of functional properties and secondary structures of defatted wheat germ
proteins separated by reverse micelles and alkaline extraction and isoelectric pre-
cipitation. Food Chemistry, 123 (4), 1163–1169.

39



Zhuang, X., Han, M., Bai, Y., Liu, Y., Xing, L., Xu, X.-l., & Zhou, G.-h. (2018). Insight
into the mechanism of myofibrillar protein gel improved by insoluble dietary fiber.
Food Hydrocolloids, 74, 219–226.

40


	Introduction
	Aim
	Background
	Mycoprotein
	pH-shift method for protein isolation
	Protein isolation yield
	Protein functionality

	Protein functionalities in food system
	Foaming properties
	Emulsifying properties
	Heat-induced gel
	Functionality of mycoprotein
	Emzymes in mycoprotein


	Materials & Methods
	Mycoprotein isolation and yield
	Non heat-treated biomass preparation
	Mycoprotein concentrate production
	Mycoprotein isolation
	Mycoprotein isolate production


	Protein isolation yield
	Quantification of protein content by BCA analysis
	Determination of protein isolation yield

	Protease activity measurement
	Solubility
	Water holding capacity
	Functionality of Mycoprotein
	Foaming properties
	Protein solution preparation
	Foaming ability and stability measurement

	Emulsifying properties
	Emulsifying capacity measurement
	Emulsifying stability measurement

	Gelling ability
	Heat-induced gels preparation
	Texture analysis


	Benchmarking
	Statistical analyses

	Results & Discussion
	Mycoprotein isolation
	Comparison of extraction yield from different raw material
	Determination of protein isolation yield

	Protease activity
	Protein solubility
	Water holding capacity of MC
	Functionality study
	Foaming properties
	Foaming capacity and stability of MC with 0, 0.1, 0.3, and 0.5 % w/w salt at pH 5 and 7
	Foaming capacity and stability of different concentration of MC
	Foaming capacity and stability of MC with preheat-treated condition
	Benchmarking of foaming ability

	Emulsifying properties
	Emulsifying capacity at pH 5.7 (original), 5 and 7
	Benchmarking of emulsifying ability

	Gelling ability
	Gelling ability of MC with 0, 0.5 and 1% w/w salt at pH 5 and 7
	Benchmarking of gelling ability


	Hypothesis of the decreased functionality in MI

	Conclusion
	Future outlook
	Appendix-tables
	Dilutions of BSA standards
	Foaming and emulsifying properties of different proteins
	Breaking force, deformation, and firmness of different proteins

	Appendix-figure
	Penetration test result of 25% w/w protein dispersion


