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Plant protein nanofibrils
Abstract
This thesis explores the potential of protein nanofibrils (PNFs) as an ingredient to
generate structure in food. Proteins from whey and from plants were used to form
PNFs, with particular focus on proteins extracted from plants. PNFs were formed by
heating (85-90 °C) the proteins at pH 2 for 24-96 h. Various microstructural features
were observed on casting whey-based PNFs with nanoscale variations (length,
morphology) into films. Length of the PNFs, rather than morphology, had the
greatest effect on microstructural attributes.
Whey is a well-studied food protein with good ability to form PNFs. Whey-based
and plant-based PNFs were compared to understand better how plant proteins can
be used to form PNFs with similar length. Characterisation of the secondary structure
and morphology of PNFs made from plant-based sources, such as legumes, cereals,
oilseeds and tubers, showed that all proteins could form PNFs, but with some
variation in morphology (curved/straight).
Analysis of extracted protein size and purity to investigate their effects on
formation of PNFs revealed that smaller and purer proteins gave better PNFs
production. Increased pH after fibril formation affected PNF morphology and the
viscosity of fibrillated samples of fava bean, fava bean globular fractions 11S and
7S, and mung bean. Straight PNFs from fava beans and curved PNFs from mung
beans were examined for their ability to form and stabilise foams. At relatively low
concentrations, fibrillated proteins (independent of PNF morphology) generated
more voluminous and more stable foam than the corresponding protein at the same
concentration. At very low concentrations, only curved PNFs gave stable foams at
pH close to the isoelectric point of the protein.
Preliminary results indicated that curved PNFs from mung beans can also be
assembled into microfibres with the help of a flow-focusing method, which has
potential for use in creating meat-like textures in future food applications.
Keywords: amyloids, fava bean, mung bean, lupin, oat, rapeseed, vicilin, legumin,
secondary structure, nanostructure
Author’s address: Anja Herneke, Department of Molecular Sciences, Swedish
University of Agricultural Sciences, Uppsala, Sweden.

Nanofibriller från växtprotein
Sammanfattning
Denna avhandling undersöker möjligheten att använda protein-baserade
nanofibriller (PNF:er) som en ingrediens för att skapa struktur i mat. Protein från
vassle och växter användes för att bilda PNF:er, där störst fokus var på proteiner
extraherade från växter. Fibrillerna bildades genom att värma (85-90 °C) proteinet
vid pH 2 i 24-96 timmar. Mikrostrukturella skillnader kunde observeras när PNF
från vassle med olika nanostrukturer (längd och morfologi) gjöts till filmer. Det var
längden på PNF snarare än morfologin som hade den största påverkan på filmernas
mikrostruktur.
Vassle är det mest studerade livsmedelsrelaterade proteinet för sin förmåga att
bilda PNF:er. Vassle- med växtbaserade PNF:er jämfördes i syfte att bättre förstå
hur växtproteiner kan användas för att bilda PNF:er med liknande längd.
Karakterisering av sekundärstrukturen och morfologin av PNFs tillverkade från
protein extraherat från baljväxter, spannmål, oljeväxter och rotfrukter visade att alla
proteiner kunde bilda PNF:er dock med visa morfologiska skillnader (krulliga/raka).
Analyser av de extraherade proteinernas storlek och renhet visade att mindre och
renare protein förbättrade PNF produktion. Höjt pH efter fibrillering påverkade
fibrillernas morfologi och lösningens viskositet för prover innehållande fibrillerat
protein från åkerböna, åkerböna 11S, åkerböna 7S och mungböna. Raka PNF:er från
åkerböna och krulliga PNF:er från mungböna undersöktes för deras förmåga att
skapa och stabilisera skum. Vid relativt låga koncentrationer genererar fibrillerade
proteiner (oberoende av PNFs morfologi) stabilare skum med större volym än
motsvarande protein vid samma koncentration. Vid mycket låga koncentrationer var
det endast krulliga PNF:er som bidrog till ett stabilt skum vid pH nära proteinets
isoelektriska punkt.
Preliminära resultat visar att krulliga PNF:er från mungbönor också kan linjeras
med hjälp av en flödescell till mikrofibrer, som har potential att användas för att
skapa köttliknande texturer i framtida livsmedelstillämpningar.
Nyckelord: amyloider, åkerböna, mungböna, lupin, havre, raps, vicilin, legumin,
sekundärstruktur, nanostruktur
Författaren adress: Anja Herneke, Sveriges Lantbruksuniversitet, Institutionen för
molekylära vetenskaper, Uppsala, Sverige
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1. Introduction
Food production is one of the major causes of global environmental change.
It is responsible for 30% of global greenhouse gas emissions (Willett et al.,
2019) and 70% of global water use (Graça, Calheiros and Oliveira, 2014).
Lowering intake of animal-based products and instead eating more plantbased foods would decrease the impact of the food supply chain on the
environment (Willett et al., 2019). However, consumption of animal-based
products is deeply rooted in many cultures (Graça, Calheiros and Oliveira,
2014). By developing novel plant-based foods mimicking animal-based
products in appearance and texture, consumers can be encouraged to change
to a more sustainable diet (Lonkila and Kaljonen, 2021).
Food proteins are important in the human diet for supplying essential amino
acids and imparting important structural properties to many foods (such as
meat and cheese) (Foegeding and Davis, 2011). However, the ability to
create these textural properties is highly dependent on protein structure and
ability to interact with other food ingredients. Plant proteins can have a good
amino acid profile, but are usually inferior to animal proteins in creating
texture in food applications, limiting their use. A possible solution to
overcome this limitation of plant proteins is to reassemble these proteins into
stiffer structures such as amyloid-like protein nanofibrils (PNFs).
This thesis work covers assembly and characterisation of plant-based PNFs
from several sources and the functional properties of PNFs in food model
systems such as foams and fibres (Figure 1). The overall aim was to explore
how PNFs can be used to create texture in future sustainable food
applications.
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Figure 1. Plant-based protein nanofibrils from protein source to application.
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2. Background
Protein nanofibrils are well-organised protein aggregates defined by having
DFURVVȕ-sheet diffraction pattern when examined under X-ray (Eisenberg
and Sawaya, 2017). William Astbury first reported this in 1935 when he
studied poached egg white exposed to X-rays (Astbury, Dickinson and
Bailey, 1935). Astbury speculated that all proteins have both a fibrous and a
globular state, a suggestion later confirmed by Goldschmidt et al. (2010)
who concluded that 98.7% of all proteins have the genetic capacity to form
PNFs. This is probably why PNF structures are found in many biological
systems. A well-established association is the involvement of PNF structures
(amyloids) in several pathological conditions such as Alzheimer’s,
Parkinson’s and Jacob-Creutzfeldt disease (Sipe et al., 2016). Many
eukaryotic organisms, from bacteria and yeasts to humans, also use PNF
structures in functional biological systems (Otzen and Riek, 2019).
Functional PNFs have applications as mechanical protection and adhesion in
biofilms, epigenetic transfer and catalytic scaffolds. An ability to form PNFs
with no connection to natural function has been reported for denatured
proteins, including several of food protein origin (Cao and Mezzenga, 2019).

2.1 PNFs from food proteins
The most studied food protein in terms of ability to form PNFs is the bovine
ZKH\ SURWHLQ ȕ-lactoglobulin (Lendel and Solin, 2021). Whey is a sidestream product from the cheese industry, which generates a large amount of
protein that could be suitable for use in creating novel food and materials
(Jelen, 1979). Whey is a mixture of several proteins, among which WKHȕ13

lactoglobulin fraction is most frequently studied for its ability to form PNFs
(Ye et al., 2018; Bolder et al., 2006). The suitability of ȕ-lactoglobulin for
this application is due to its small size (18 kDa (Pereira et al., 2007)) and
high solubility (Lendel and Solin, 2021). Substantial knowledge about the
fibril formation (‘fibrillation’) mechanism by which PNFs are produced has
been gained from studies of whey and other animal-origin proteins.
However, the sustainable and ethical points of view provide an even stronger
motive to study the ability of plant proteins to form PNFs. For this reason,
plant-based PNFs have been a growing research field in recent years.
Research to date on plant proteins has usually focused on plant storage
proteins (Yang and Sagis, 2021). These can be divided according to
solubility using Osborne classification system into: 1) globulins (saltsoluble), 2) albumins (water-soluble), 3) prolamins (alcohol-soluble) and 4)
glutelins (dilute acid/alkali-soluble) (Osborne, 1924). Globulins are usually
the most abundant storage protein in legumes and oilseeds (Yang and Sagis,
2021). The most commonly reported method for plant protein extraction is
isoelectric precipitation (Sari et al., 2015). In this wet-extraction method, the
protein is extracted by first exposing the plant source to alkaline pH to
increase the solubility of globulins and albumins, which are then separated
from the insoluble fraction by centrifugation. The supernatant is adjusted to
the isoelectric point of the globulins, which is usually around pH 4-5. The
globulins aggregate and are collected by centrifugation, while the albumins
remain in the supernatant, which is usually discarded (J. Yang et al., 2022).
Based on their sedimentation coefficient, globulins are usually divided into
two major protein fractions, known as legumin-type (11-12S) and vicilintype (7S-8S) globulins. Legumes usually have both legumin-type and vicilintype globulins, while legumin-type globulins are dominant in brassicas, rice
and oats (Shewry, Napier and Tatham, 1995). Legumin-type globulins from
several plant species are reported to comprise a hexameric structure with
molecular weight between 300 and 380 kDa (Chéreau et al., 2016). Vicilintype globulins are smaller proteins usually found in the shape of a trimer with
molecular weight between 150 and 190 kDa.
Most plant-based PNFs described to date are from either whole or
fractionated globulin proteins from legumes (Akkermans et al., 2007;
Josefsson et al., 2019; Munialo et al., 2014; Li et al., 2020; Li et al., 2019;
14
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Herneke et al., 2021; Liu and Tang, 2013). There are also some reports of
legumin-type globulins from cereals (Herneke et al., 2021; Zhou et al., 2021)
and oilseeds (Herneke et al., 2021; Soon et al., 2022). Gluten from wheat
(Monge-Morera et al., 2021) and patatin and protease inhibitors from potato
(Josefsson et al., 2020) are among the few reported PNFs made from plantbased proteins other than globulins.
2.1.1

In vitro formation of PNFs

Two different pathways for the formation of PNFs have been proposed. One
is denaturation of the native protein’s globular structure, followed by
hydrolysis into peptide fragments where some contribute to formation of the
fibril structure (Akkermans et al., 2008). The other pathway is based on
observations that the core region of the native protein is incorporated directly
into the fibril in some cases, suggesting partial unfolding of the native protein
where redundant peptides are ‘shaved off’ to form a more stable fibril
structure (Mishra et al., 2007). Native proteins are usually relatively stable
and need to be subjected to harsh conditions, such as changes in the chemical
environment and temperature, to unfold and form PNFs. Denaturation
chemicals such as urea and alcohols have been used to form PNFs (Lendel
and Solin, 2021). Many food proteins have been found to form PNFs at low
pH (1.5-3) and high temperature (70-90 °C), conditions that help to speed up
hydrolysis of the native protein into small peptides, which are assembled into
more ordered PNFs structures (Hill et al., 2011). Low pH makes most
proteins positively charged, generating repulsive forces between the
molecules, which prohibits unfavourable aggregation. However, PNFs, with
their highly organised structure, can overcome these repulsive forces by
providing sufficient binding energy.

2.2 PNF structure

2.2.1

Molecular structure

Many factors affect the morphology of PNFs, but at molecular scale all PNFs
are very similar. All PNFs have a large DPRXQWRIȕ-sheets, where the strands
are aligned parallel or anti-parallel to each other (Figure 2). These ȕ-sheets
15

form a so-called cross-ȕ structure in which the strands are orientated
perpendicular to the axis of the fibril and the protein chains are linked
together with a network of hydrogen bonds and van der Waals forces
(Eisenberg and Sawaya, 2017). A hallmark of the cross-ȕ VWUXFWXUH LV the
characteristic X-ray diffraction pattern given by an inter-strand distance of
around 4.8 Å, corresponding to the hydrogen bond between the peptide
backbones and the inter-sheet distance of 6-12 Å, which varies depending on
the size and packaging arrangement of the side groups. The cross-ȕVWUXFWXUH
further elongates into protofilaments, and two or more protofilaments twisted
together form a fibril (Figure 2). Due to variations in the number of
protofilaments that form a fibril and in inter-sheet packing arrangements, the
width of a mature fibril can vary from 8 to 20 nm (Eisenberg and Sawaya,
2017). However, there are reports of mature fibrils being even wider, up to
173 nm (Lara et al., 2011).

Figure 2. (Left) ȕ-strands aligned parallel or antiparallel, (centre) cross-ȕVWUXFWXUH
RI ȕ-sheets along the perpendicular axis of the fibre and (right) two or more
protofilaments twisted together to form a fibril.

2.2.2

Nanostructure

The packing arrangement of the protofilaments defines the final morphology
of the fibril structure (Adamcik and Mezzenga, 2018). Protofilaments are
assembled either in a twisted or helical ribbon manner. In the past, mature
PNFs were classified based on their morphological attributes as long and
straight, or semi-flexible (Lendel and Solin, 2021). However, an additional
16
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shape, namely fibril structures with much higher curvature, has been reported
to assemble from several full-length protein sources (Ye et al., 2018,
Josefsson et al., 2019, Herneke et al., 2021, Josefsson et al., 2020). These
worm-like curly fibrils are usually thinner and shorter and exhibit lower
Young’s modulus than other reported PNF structures. There are several
theories on how this curly structure is built (Lendel and Solin, 2021). It could
be formed from protofilaments that have not yet assembled fully into fibrils,
or from a completely different architecture of the ȕ-sheet core. However, the
latter suggestion is contradicted by findings in fibre diffraction experiments
that some curved fibrils have the characteristic cross-ȕ VWUXFWXUH $ third
theory is that the curly PNFs are assembled ZLWKDVLPLODUȕ-sheet core as
straight PNFs, but have large disordered parts outside the core.
2.2.3

Microstructure

In order to use PNFs as structuring ingredients in food and biomaterials, it is
essential to determine how morphologically different PNFs structures
assemble on microscopic level. This was investigated in this thesis work by
monitoring the assembly of two morphologically different PNFs (curved and
straight) from whey into films. Functional properties such as the foaming
ability of similar curved and straight PNFs from plant-based protein sources
were also explored in this thesis work. The overall aim was to increase
knowledge on the complexity of PNF morphology and on relevant areas of
use.

2.3 PNF detection and characterisation
In addition to detecting PNFs by their characteristic cross-ȕ;-ray diffraction
pattern, several other methods are widely used for structure characterisation.
Among these, thioflavin T (ThT) fluorescence is a convenient method for
detecting PNFs due to the high affinity of this dye for the fibril structure,
leading to increased fluorescence intensity. Complementary methods for
secondary structure characterisation and quantification include circular
dichroism (CD) and Fourier-transform infrared spectroscopy (FTIR). To
capture the morphological characteristics of PNFs, several different
microscopic techniques can be used, such as atomic force microscopy
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(AFM), scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) (Cao and Mezzenga, 2019).

2.4 Are PNFs safe to eat?
If PNFs are to be used in future food applications, it is important to know
that they are safe for humans to eat. One problem is that the fibrillation
process can increase the bioavailability of some allergenic food proteins, due
to denaturation and hydrolysis of the protein (Tavano, 2013). A recent
genetic screening study of several legume storage proteins identified genes
for proteins, especially 7S globulin, that have a high probability of forming
PNFs in the genome (Antonets and Nizhnikov, 2017). The authors
interpreted these results as indicating that the functional PNFs in plants are
probably beneficial for seeds during dehydration, where they can provide
structural support. This would suggest that humans already consume PNFs
when eating legumes. A later study by Antonets et al. (2020) demonstrated
that 7S globulin from pea exhibits PNF-related properties in vivo and in vitro
(Antonets et al., 2020). These PNFs were demonstrated to be toxic to yeast
and human cell cultures in high concentrations, indicating that PNFs may be
part of the defence mechanism of seeds. However, PNFs should be safe for
human consumption because the concentration of PNFs in seeds is much
lower than the level tested in that study. Nevertheless, if PNFs are to be used
in future foods at higher concentrations than found in nature, it is crucial to
investigate the food safety aspect of PNFs.
Some years earlier Lassé et al. (2016), investigated the digestibility and cell
toxicity of PNFs made from whey, soybean, kidney bean and egg white
protein found that a concentration up to 0.25 mg/mL exerted low or no
toxicity on human cell lines (Caco-2 and Hec-1). This concentration is 50
times higher than that in the study by Antonets et al. (2020), on PNFs from
pea 7S globulin, where the highest concentration was 0.5 μg/mL. In the same
study, Lassé et al. (2016) investigated the digestibility of PNFs made from
whey, soybean, kidney bean and egg white protein in an in vitro model, by
incubating the PNFs with three different proteases (Proteinase K, pepsin and
pancreatin). The results showed that some of the PNFs formed from food
protein were able to resist proteolysis in the stomach model. The digestibility
18
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differed depending on the morphology of the PNFs (curly or straight).
Straight PNFs from whey seemed more resistant to pepsin and pancreatin
than curly PNFs from soybean and kidney bean. In conclusion, there is still
a need to investigate whether PNFs are safe for human consumption. Proper
in vivo animal model testing has to be conducted before upscaling PNF
production for food applications.

2.5 PNFs as texture initiators in food
The hierarchical order and electrostatic forces make PNFs some of the
stiffest protein-based structures known (Smith et al., 2006). This feature,
together with the typical variation in length to diameter ratio of the fibrils
(several μm to some nm), makes PNFs efficient thickeners and stabilisers of
foams and emulsions (Cao and Mezzenga, 2019). These functional properties
have resulted in PNFs becoming a growing field of interest among scientists
during the past decade as they seek to create new functional and sustainable
materials and food applications (Lendel and Solin, 2021, Cao and Mezzenga,
2019).

2.5.1

Foams

Stable bubbles are important in many food products, such as bread and other
baked products, whipped cream, ice cream, cheese and meringues, to
mention a few (Campbell and Mougeot, 1999). Introducing bubbles alters
the texture and rheological properties of food, giving it a different mouthfeel
and appearance (Murray, 2020). There is increasing interest from the food
industry in using proteins to stabilise foams to create new textures
(Amagliani and Schmitt, 2017). The foaming ability of a protein depends on
its ability to reduce surface tension when making interfacial films
encapsulating the bubbles. The surface tension reduction depends in turn on
the protein structure, with hydrophilic and flexible proteins usually being
better foam stabilisers than more rigid and hydrophobic molecules (Lam,
Velikov and Velev, 2014). Foam stability depends on the liquid drainage rate
in the continuous phase located between the bubbles. Liquid drainage is
controlled by capillarity forces and gravity and can be dampened by
increased viscosity in the continuous phase (Weaire and Phelan, 1996).
19

FibrillatHG SURWHLQ IURP ȕ-lactoglobulin (Oboroceanu et al., 2014) and
soybean (Wan, Yang and Sagis, 2016a) has been observed to increase
foaming capacity and stability compared with non-fibrillated protein from
the same sources.
Plant-based PNFs have the potential to be used to stabilise texture in aerated
food applications, such as dairy analogues or gluten-free bread. However,
there is a need for further investigations on the foaming properties of plantbased PNFs, to determine whether differences in PNF morphology, solution
pH and/or concentration affect the ability to stabilise foams. To expand
knowledge in this field, the foaming properties at high and low concentration
of two morphologically different PNF systems, made from mung bean
(curly) and fava bean (straight) protein, were explored in this thesis. For the
mung bean samples, the foams were made at several different pH levels (28), while the fava bean foams were made at a food-related pH (7).

2.5.2

Microfibres

In nature, there are many examples of highly structured protein-based
biomaterials with remarkable mechanical attributes. One example is spider
silk, which is constructed of fibrils aligned along the axis into a strong
microfibre (Qiu et al., 2019). Different spinning techniques, such as wet
spinning, for controlling the assembly of PNFs into fibres have been tested
(Lendel and Solin, 2021). For instance, Kamada et al. (2017) were able to
form microfibres from both curved and straight whey-based PNFs by using
a flow-focusing method without any other additives (Kamada et al., 2017).
The microfibres were formed by flow elongation of the PNFs, with the help
of sheath flows with water and acetate buffer controlling the alignment and
gelation of the PNFs by approaching the isoelectric point of the protein.
Interestingly, only the curved PNFs formed coherent microfibres. The
straight PNFs also formed fibres, but these could not resist the surface
tension of the acetate bath when picked up (Kamada et al., 2017).
The ability of curved mung bean PNFs to form microfibres was explored in
this thesis using a similar flow-focusing technique to that described by
Kamada et al. (2017). To my knowledge, this is first attempt at microfibre
20
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assembly from plant-based PNFs. Microfibres made from plant-based PNFs
have potential for use as a bottom-up method to create similar textured
structures as made by the muscle fibres in meat. The ability to control the
length of the fibres means that a meat analogue made from microfibres could
be a good complement to existing plant-based meat replacement products,
which are mainly made by extrusion cooking (Dekkers, Boom and van der
Goot, 2018).
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3. Objectives and Hypotheses
The overall aim of this thesis was to explore the ability to form PNFs from
different plant-based sources and assess how these can be processed for use
as stabilisers/thickeners in future food applications.
Specific objectives of the work were:
¾ To evaluate the effects of nanostructurally different PNFs
(curved/straight, long/short) on the microstructure of
films/materials. The hypothesis tested was that the
nanostructure of PNFs affects their ability to assemble on
microstructural level (Paper I).
¾ To determine the ability to form PNFs from legumes,
cereals, oilseeds and tubers, by evaluating the secondary
structure and morphology of these PNFs. The hypothesis
tested was that PNFs can be made from a wide range of plant
proteins and that these PNFs are detectable with methods
that determine protein secondary structure and
nanostructure (Paper II).
¾ To evaluate the effect of protein size and purity on PNF
formation. The hypothesis tested was that smaller and purer
protein isolates are superior in their ability to form PNFs
(Papers II, III and VI).
¾ To define the effects of chemical environment on PNF
stability. The hypothesis tested was that PNFs are affected
to some extent by elevated pH, but remain sufficiently stable
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to contribute structuring ability at food-related pH (Paper
IV).
¾ To evaluate the viscosity and foaming properties of plantbased PNFs with different morphology. The hypothesis
tested was that PNFs are better foam stabilisers than native
plant proteins and that curved PNFs form more viscous
samples than straight PNFs and are therefore better foam
stabilisers (Papers III and IV).
¾ To define the effect of chemical environment on the ability
of PNFs to stabilise foams. The hypothesis tested was that
pH affects the ability of PNFs to stabilise foams (Paper IV).
¾ To investigate the ability of plant-based PNFs to form
microfibres. The hypothesis tested was that PNFs can be
aligned into coherent microfibres (work still in progress).
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4. Materials and Methods
This chapter describes how the protein sources used to form PNFs were
collected/extracted, how PNFs were created and evaluated, and how the
PNFs were treated to investigate functional properties. The methods are only
described briefly here; see materials and methods sections in Papers I-IV for
more detailed descriptions.

4.1 Food proteins
Different types of protein were evaluated for their ability to form PNFs,
including five proteins extracted in-house and three obtained as pre-extracted
protein isolate. In-house protein extraction was performed on fava bean
(Vicia faba minor cv. Gloria), mung bean (Vigna radiate), lupin seed
(Lupinus angustifolius cv. Boregine), rapeseed (Brassica napus) and oat
(Avena sativa cv. Mathilda). Protein isolates from soybean (Glycine max),
potato (Solanum tuberosum) and whey (Lacprodan DI-9224) were kindly
provided by Solae (Belgium), Lyckeby Starch AB (Sweden) and Arla Food
Ingredients (Denmark), respectively.

4.1.1

Protein extraction

All protein isolates generated in-house were extracted with pH gradients.
Depending on the raw material, there was some variation in processing steps
before and after the pH alterations (Table 1). The variations in processing
steps were as follows: defatting (only lupin, oat and rapeseed), dehulling
(only fava bean and lupin), air classification (only oat) and addition of salt
(sodium chloride, NaCl) (only mung bean and fava bean). All raw materials
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were milled into flour and dissolved in de-ionised water before being
exposed to pH alterations.
In brief, the protein extraction process was as follows. First, the pH of all
dissolved flours was adjusted to alkaline pH (8-9.2) and insoluble material
was removed. Next, the proteins were collected by lowering the pH (4-5) to
the isoelectric point where the respective proteins exhibit no net charge and
become insoluble. Isoelectric precipitation pH was based either on literature
reports or in-house solubility experiments. Finally, further purification
experiments were performed on some of the raw materials. By adding salt
(NaCl) at different concentrations (Table 1) during the extraction process, a
pure protein isolate from mung bean and the globular fractions 8S (mung
bean), 11S (fava bean), and 7S (fava bean) were collected.

4.1.2

Protein composition analyses

Protein concentration was evaluated as nitrogen content in protein isolates,
using either the Kjeldahl or Dumas method (conversion factor 6.25). In
addition, protein composition was evaluated by size-exclusion liquid
chromatography and sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE).
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A
N/A
A
N/A
N/A
A
A
N/A
N/A

N/A
N/A
A
A
A
N/A
N/A
N/A
N/A

Fava bean (II, III)

Mung bean (II)

Lupin (II)

Oat (II)

Rapeseed (II)

Fava bean (III)

Fava bean (III)

Mung bean (IV)

Mung bean (II, IV)

A

A

A

A

A

A

A

A

A

N/A

N/A

N/A

N/A

N/A

A

N/A

N/A

N/A

8

8

8

8

8

9.2

8

8

9

4.6

4.6

4.8

4.8

5

5

4

4.6

4

0.2

0.6

0.15

0.3

N/A

N/A

N/A

N/A

N/A

N/A

N/A

A

A

A

A

A

A

A

8S

MPI

7S

11S

RPI

OPI

LPI

MPI

FPI

Table 1. General processing steps applied (A) or not applied (N/A) for extracting protein isolates in-house in this thesis. Roman
numerals in brackets refer to the paper (I-IV) in which the protein isolates were used.
Source
Defatted Dehulled Milled AirAlkali Isoelectric
NaCl Freeze- Protein
classified (pH)
precipitation (pH) (M)
dried
isolate

4.2 Protein nanofibrils
4.2.1

Preparation

All PNFs analysed were prepared using approximately the same procedure.
Dissolved proteins were adjusted to pH 2 and passed through a 0.45 μm filter.
Concentration, temperature and heating time varied for the proteins treated
in Papers I-IV (Table 2). The reason for this variation was mainly due to
differences in protein solubility. In Paper I, the PNFs were made at two
different concentrations, to obtain PNFs with distinctly different
morphologies (curly/straight). The protein concentration used in Paper III for
fava bean and its globular fractions 11S and 7S (10 mg/mL) was selected due
to limited access to protein isolates, which restricted the ability to test the
critical pH concentrations. Mung bean PNFs were made at a higher
concentration (25 mg/mL) in Paper IV than in Paper II (10-20 mg/mL). This
was because the protein in Paper III was purer (see protein extraction above)
and did not result in aggregation during heating. Approximately 50% of the
purified mung bean protein was converted to PNFs after fibrillation.
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Table 2. Concentration, temperature and heating time used to form protein
nanofibrils (PNFs) from the proteins reported in Papers I-IV. Roman numerals in
brackets refer to the paper (I-IV) in which the respective protein isolates were used.
Protein Source
Concentration
Temperature
Heating time
(mg/mL)
(°C)
(h)
Whey (I)
40 or 70-80
90
72
Fava bean (II)

20

85

24

Mung bean (II)

10, 12, 15, 20

85

24

Lupin (II)

20

85

24

Oat (II)

20

85

24

Rapeseed (II)

2

85

24

Soybean (II)

14

90

72

Potato (II)

14

90

96

Whey (II)

40

85

72

8S (II)

10

85

24

Fava bean (III)

10

85

24

11S (III)

10

85

24

7S (III)

10

85

24

Mung bean (IV)

25

85

2 , 4, 6, 24, 48

8S (IV)

25

85

2 , 4, 6, 24, 48

4.2.2

Secondary structure

The characteristic secondary structure of PNFs with a high amount of ȕsheets makes it possible to quantify the ability of proteins with a diverse
secondary structure to re-form into PNFs. In all papers, ThT fluorescence
assay was used as a detection method for PNF formation. Thioflavin T is a
fluorescent dye with a high afILQLW\IRUWKHVSHFLILFFURVVȕ-sheet structure of
PNFs, which causes increased fluorescence intensity, making it the standard
method for PNF detection (Figure 3) (Cao and Mezzenga, 2019).
In Papers II and IV, WKHȕ-sheet rich PNFs were also detected with the help
of CD spectroscopy, a method used to measure the absorption of circularly
polarised light (Figure 3) (Greenfield, 2006). Proteins with a well-defined
FURVVȕ-sheet structure have a spectral minimum (negative peak) at 218 nm
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and disordered proteins at 195 nm. To avoid interference from non-fibrillated
proteins and peptides, the fibrillated samples were further purified using a
spin membrane or dialysis membrane with a cut-off at 100 kDa.
In Paper II, the secondary structure of the PNFs from all proteins was further
quantified with the help of FTIR spectroscopy, a method based on sample
absorption of infrared light at several different wavelengths (Figure 3) (S.
Yang et al., 2022). Nine different absorption bands are usually collected for
measurements of protein and peptides (amides A and B, amides I-VII). In
the present case, amide band I gave the most information on the secondary
structure of the protein-based sample. Before starting the FTIR
measurements, the PNFs were purified with a spin membrane or dialysis
membrane with a cut-off of 100 kDa and freeze-dried to remove the
interference of water molecules.
4.2.3

Nanostructure and microstructure of PNFs

The morphology of the PNFs generated was analysed in all papers (I-IV) by
AFM (Bruker device), operating in tapping mode or Scanasyst-air (Figure
3). A drop of 10-15 μL of PNF sample, diluted 1:1000-1:10000 fold, was
allowed to dry for 1 h on a freshly cleaved mica surface. The images were
analysed using Gwyddion 2.45 software.
In Paper I, morphologically different whey PNFs (short curly, long straight,
and short straight) were investigated for their effect on the microstructural
features of cast films. The short and straight PNFs were generated by
sonicating samples containing long PNFs. The microstructural features of the
films were investigated with several microscopic methods, such as light
microscopy, confocal laser scanning microscopy, SEM, AFM and
synchrotron-based X-ray scattering (small- and wide-angle X-ray
scattering). The film was made by pouring fibrillated protein into a glass petri
dish and leaving it to dry, or by spray deposition. Spray deposition of the
PNFs as thin films was used to investigate the effect of reduced evaporation
time on film microstructure.
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Figure 3. Methods used to characterise the nanostructure and secondary structure of
protein nanofibrils (PNFs) generated in this thesis.

4.2.4

Change in pH

In Paper III, the stability of mung bean PNFs was examined over a wide pH
range (2-9), to determine how the PNFs behaved at food-related pH values.
The pH was adjusted by addition of 0.5 M and 4 M NaOH while monitoring
with a pH meter.
4.2.5

Viscosity

Viscosity over increased shear rate was investigated in Papers III and IV, to
determine the ability of PNFs to increase the thickness of a solution and the
impact of PNF morphology on the viscosity behaviour of samples. In Paper
IV, viscosity over increased shear rate was investigated for non-fibrillated
and fibrillated protein in a pH range of 2-8. The same method was applied in
Paper III on fibrillated protein from fava bean and its 11S and 7S globular
fractions at pH 2 and 7.
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4.3 Food model systems
4.3.1

Foams

Fibrillated and non-fibrillated proteins from fava bean, fava bean globular
fractions 11S and 7S (Paper III) and mung bean (Paper IV) were whipped
using an Ultra Turrax t 25 homogeniser at 13,500 rpm for 5 min. Foaming
capacity, foam stability and foam half-life time were investigated for the
mung bean samples at a concentration of 15 mg/mL and pH 2-8, and for the
fava bean, 11S and 7S samples at concentrations of 10 and pH 7. Same
foaming properties were also investigated for fibrillated and non-fibrillated
samples from mung bean and fava bean, fava bean 11S and fava bean 7S at
a concentration of 1 mg/mL at pH 2, 5 and 7.
The foam generated from the mung bean samples (Paper IV) was dyed with
ThT and the microstructure was analysed by confocal microscopy. The
features in the micrographs were analysed to obtain statistical information
about bubble size distribution and area fraction. The foam made from fava
bean and its 11S and 7S globular fractions (Paper III) at a concentration of 1
mg/mL was also dyed with ThT and imaged with confocal microscopy.
4.3.2

Microfibres

Fibrillated mung bean protein prepared according to the same protocol as in
Paper IV was dialysed with a 100 kDa membrane for seven days against 0.01
M HCl. The final concentration of purified mung bean PNFs was
approximately 14 mg/mL. The flow-focusing experiments were performed
according to the method described by Kamada et al. (2017), with some
modifications. Figure 4 provides a schematic overview of the flow-focusing
set-up. Mung bean PNFs were injected into the core flow at a flow rate of
4.0 mL/h. The PNFs were further aligned with the help of sheath flows with
de-ionised water at a flow rate of 9.9 mL/h, and acetate buffer (pH 4.6) at a
flow rate of 24.88 mL/h. Finally, the microfibres were extruded into a bath,
with acetate buffer at pH 4.6. The microfibres were lifted from the acetate
bath with tweezers to collect an image.
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Figure 4. Schematic overview of microfibre formation from protein nanofibrils.
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5. Research outcomes
Whey was used in Paper I in this thesis to explore how PNF morphology
affects microstructural features. The ability of proteins extracted from
legumes, cereals, oilseeds and tubers to form PNFs and the effects of external
factors such as protein size and purity on PNF formation were examined in
Paper II. The plant-based PNFs obtained were then compared with PNFs
from whey, to test the generalisability of the extensive knowledge available
on PNFs from whey.
The PNFs from whole and fractionated fava bean and mung bean were
investigated in detail in Papers III and IV. In both papers, the ability of these
PNFs as foam stabilisers was investigated. In Paper IV, a more in-depth
characterisation of the stability of curved mung bean PNFs at different pH
and an investigation into how changes in pH affect foam properties were
performed. Finally, mung bean PNFs were also explored for their ability to
form microfibres in a flow-focusing set-up (preliminary data).

5.1 Nanostructure to microstructure - the role of PNF
morphology
Whey protein can form PNFs with different distinct nanostructures
depending on the concentration (Ye et al., 2018). At high protein
concentrations (70-80 mg/mL), the PNFs had a curved worm-like
morphology, while at a low concentration (below 40 mg/mL), the PNFs were
long and straight. These distinct morphological differences in PNF
nanostructure also affect the microscale features (Paper I), which can easily
be observed by casting the fibrillated material into films, as seen in Figure 5.
In this case curved PNFs formed a smooth, transparent film and straight
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PNFs formed heterogeneous film with a mixture of coarse structures and
more homogenous regions. These features were evident even if the nonfibrillated peptides had been removed by dialysis and the curved PNFs had
been diluted to the same concentration as the straight PNFs. These
observations lead to the assumption that PNF nanostructure affects the
microstructural features. The two populations of PNFs identified differed in
morphology, length, and diameter. Curved PNFs were around ~300 nm in
length and had diameter of around 1.7 nm. Straight PNFs were considerably
longer and thicker, around 1 μm in length and 3.4 nm in diameter. Sonicating
the long PNFs resulted in shorter rods, with the majority of the particles
having length below 200 nm. Films generated from the sonicated PNFs had
a homogenous microstructure similar to that of films created from the short
and curved PNFs (Figure 5). This led to the conclusion that it was the length
scale of the PNFs that determined microstructure features.

Figure 5. (Left) Effect of whey protein concentration on protein nanofibril (PNF)
morphology. Atomic force micrographs of curved PNFs generated at high whey
protein concentration and long straight PNFs generated at low whey protein
concentration. Long straight PNFs were shortened by sonication. (Right) Light
microscopy images of cast film from curved, long straight, and short straight PNFs
showing their different microstructural features.
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5.2 Plant-based PNFs
To apply existing knowledge about whey-based PNFs to the more
sustainable resource of plant PNFs, the ability to produce PNFs from seven
different plant-based protein isolates (fava bean (FPI), mung bean (MPI),
lupin (LPI), oat (OPI), rapeseed (RPI), soy (SPI), potato (PPI)) was
investigated (Paper II). The plant-based PNFs were compared against the
long straight PNFs made from whey protein (WPI) (see Figure 5) in terms of
secondary structure and nanostructure. These properties were also
investigated for purified and fractionated protein from fava bean and mung
bean (Papers II-IV).
5.2.1

Secondary structure of plant-based PNFs

All protein isolates tested in Paper II were able to form PNFs. The secondary
structure of these PNFs was analysed using ThT, CD and FTIR spectroscopy.
Figure 6 shows the relative increase in fluorescence for all seven protein
isolates after fibrillation. After heating, all protein isolates except those from
oat and rapeseed showed an increase in fluorescence. This is in line with
previous findings on ThT fluorescence of plant-based PNFs from soy
(Akkermans et al., 2007) and pea (Munialo et al., 2014) protein. The lack of
increase in fluorescence after heat treatment of oat and rapeseed protein
isolates is not fully understood, but it could be due to limitations with the
ThT assay. There have been reports that the ThT dye can interact with native
protein structures; for example, serum albumin has been seen to bind to the
ThT dye (Sen et al., 2009). Many plant storage proteins have a high density
RIȕ-sheets, (Marcone, Kakuda and Yada, 1998) which is the case for oat and
rapeseed proteins (Liu et al., 2009; Perera, McIntosh and Wanasundara,
2016). Undissolved native protein rich in ȕ-sheets might also explain the lack
of increase in fluorescence for the oat and rapeseed isolates. These domains
may bind to the ThT dye, generating high initial ThT fluorescence, but may
be destroyed during the fibrillation process due to protein unfolding and
hydrolysis, together with low turnover from proteins to PNFs, generating
lower ThT fluorescence after fibrillation. To summarise, these results
indicate that the ThT assay should be used with care as a sole indicator of
PNF structures and use of other complementary methods for secondary
structure characterisation can be recommended.
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Figure 6. Relative increase in thioflavin T (ThT) fluorescence (a.u.) after heat
incubation of protein from fava bean, mung bean, lupin, oat, rapeseed, soybean,
potato and whey.

Figure 7 shows some examples of CD spectra for non-fibrillated, fibrillated,
and purified fibrillated protein from mung bean, oat, rapeseed and whey (for
CD spectra of all proteins investigated, see Figure 2 in Paper II). After being
purified through 100 kDa spin or dialysis membranes, all fibrillated plantbased proteins had a spectrum minimum that moved to the right on the
horizontal axis, becoming FORVHUWRWKHPLQLPXPIRUȕ-sheet-rich structures
(Greenfield, 2006). These results confirm that all plant-based proteins, after
heating, had an increased amount of ȕ-sheet structures, clearly indicating
presence of PNFs in the samples. However, for the whey protein samples a
shift in spectrum WR WKH ȕ-sheet minimum was observed already after
fibrillation, without any further purification, indicating that the whey
samples had higher protein turnover to PNFs than the plant-based proteins.
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Figure 7. Circular dichroism spectra of nonfibrillated protein (green, squares), fibrils
(yellow, triangles), and purified fibrils (brown, circles) from mung bean, oat,
rapeseed and whey.

Figure 8 shows the secondary structure content of purified PNFs from all
plant proteins investigated in Paper II, which was determined with FTIR
spectroscopy. The secondary structure of the PNFs was divided into four
groups: strongly hydrogen-ERQGHG ȕ-sheets, weakly hydrogen-bonded ȕVKHHWVĮ-KHOL[XQRUGHUHGDQGȕ-turns. The FTIR data were in agreement with
the results obtained from CD spectra, confirming that all the purified and
dialysed plant-based samples had a high ratio RI ȕ-sheet structures. The
fibrillated protein samples from potato and whey were purified with a 100
kDa dialysis membrane, instead of being filtered through a 100 kDa spin
membrane, which might explain why these two samples had more strongly
hydrogen-bonGHGȕ-sheets than the other plant-based samples. However, no
quantification was made of the efficiency of the two different purification
methods.
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Figure 8. Relative size of resolved infrared peaks from purified protein nanofibrils
(PNFs) from fava bean, mung bean, lupin, oat, rapeseed, soybean, potato and whey,
grouped into ȕ-WXUQVĮ-KHOL[XQRUGHUHGȕ-sheets, weakly hydrogen-ERQGHGȕ-sheets
and strongly hydrogen-ERQGHGȕ-sheets.

5.2.2

Nanoscale morphology of plant-based PNFs

Atomic force morphology analysis of all fibrillated proteins investigated in
Paper II confirmed that PNFs were formed in all samples, but that they
differed in length and morphology (Figure 9). Those from fava bean, mung
bean, soybean and potato had a worm-like curved morphology, similar to
that of other reported plant-based PNFs such as pea (Munialo et al., 2014)
and PNFs from high-concentration whey protein (see Figure 4). The curved
PNFs had an average length of ~220-720 nm. The PNFs from lupin, oat and
rapeseed had a straighter, semi-flexible morphology. The longest PNFs in
these samples varied between ~390 and 910 nm in length. None of the plantbased PNFs obtained in Paper II was able to form PNFs as long as those from
whey protein, which were up to several μm in length. The reason why whey
protein is superior in its PNF-forming ability to the plant proteins
investigated in Paper II is not fully understood, but some possible
explanations are discussed in the next section.
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Figure 9. Atomic force microscopy images of protein nanofibrils (PNFs) from fava
bean, mung bean, lupin, oat, rapeseed, soybean, potato and whey. The scale bar is 1
ȝPin all images. Figure adopted from Paper II, with permission.

5.2.3

Protein size matters

Protein size may explain why whey protein is superior to plant proteins in its
ability to form PNFs. The distribution and size of the major proteins
examined in this work are summarised in Table 3. Whey protein consists of
two major small monomeric proteins, which were the smallest (18.3 and 14.2
kDa) proteins investigated for PNF formation in this thesis (Pereira et al.,
2007). Among the plant-based protein isolates investigated, the potato isolate
had the smallest proteins (40-45 kDa and >25 kDa) (Racusen and Weller,
1984; Løkra and Strætkvern, 2009). Purified PNFs from potato and whey
had a KLJK DPRXQW RI ȕ-sheets when investigated with FTIR (Figure 8),
which might be correlated to the small proteins being more easily denatured
and hydrolysed into peptides when exposed to fibrillation conditions (high
temperature and low pH).
The other plant-based proteins investigated in Paper II consist mainly of
globulins, although with some diversity in the distribution of the smaller
vicilin (7-8S) and larger legumin (11-12S) fractions (Table 3). Both oat and
rapeseed protein consist of majority proteins belonging to the 12S protein
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family (Mäkinen et al., 2016; Wanasundara et al., 2012). Extracted protein
from soybean, fava bean and lupin consists of a mixture of 7S (143-260 kDa)
and 11S (353-430 kDa) fractions (Barac et al., 2004; Langton et al., 2020;
Duranti et al., 2008). Among the legumes investigated in Paper II, only mung
bean had a majority (89%) of the smaller (200 kDa) vicilin fraction (8S)
(Mendoza et al., 2001). The 7S and 11S fractions comprise only 3.4 and 7.6
% of total storage protein in mung beans. The fact that the majority of the
mung bean isolate consisted of a smaller protein can explain the high increase
in ThT fluorescence after heating (Figure 6). Of the proteins investigated in
Paper II, only heated fava bean protein isolate showed a greater increase in
fluorescence after fibrillation, but this can be explained by its protein
concentration being twice that of the mung bean isolate.
Table 3. Summary of major protein families present, protein distribution and protein
size for all protein isolates examined in this thesis.
Protein Protein
Protein content
Protein
References
(%) in extract
size (kDa)
isolate
family
11S / 7S
50 / 27
353 / 150 (Langton et al., 2020,
Fava
Warsame et al., 2020)
bean
8S
89
200
(Mendoza et al., 2001)
Mung
bean
11S / 7S
44-45 / 35-37
330-430 / (Duranti et al., 2008)
Lupin
143-260
Oat

12S

80

320

(Mäkinen et al., 2016)

Rapeseed

12S

60

300-360

Soybean

11S / 7S

52 / 32

360 /
150-180

(Wanasundara et al.,
2012)
(Barac et al., 2004)

Potato

Patatin /
protease
inhibitors

35-40 / 25-50

40-45 /
>25

(Racusen and Weller,
1984, Løkra and
Strætkvern, 2009)

Whey

ȕlactoglobulin /
Į-lactalbumin

58 / 20

18.3 /
14.2

(Pereira et al., 2007)

Comparisons of the PNF-forming ability of the 7S and 11S fractions from
fava bean (Paper III) based on ThT fluorescence measurements revealed that
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7S samples displayed a high increase in fluorescence after heating, but the
11S samples showed no increase at all (Figure 10A). On imaging the
fibrillated samples with AFM, straight PNF structures were detected in both
samples (Figure 10B-D). However, the fibrils that originated from 7S
proteins were detected in larger quantities, although the imaged samples had
equal concentrations. These results are in line with findings in a study by
Tang and Wang (2010) on the ability of soybean 7S and 11S to form PNFs,
which showed that 7S had a much greater increase in ThT fluorescence than
11S after heating. There are clear indications that the hypothesis that lower
molecular weight protein is superior in forming PNFs (see Chapter 3) is true.
Smaller size proteins may denature more easily to form small peptides during
the hydrolysis process than proteins with a larger structure.

Figure 10. (A) Average relative fluorescence for non-fibrillated (protein) and
fibrillated (protein nanofibrils, PNFs) samples from fava bean protein isolate and
fava bean fractions 11S and 7S at a concentration of 10 mg/mL. Atomic force
microscopy images of PNFs from (B) fava bean (C), fraction 11S and (D) fraction
7S.
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There are indications that only small segments of the full-length protein
chain contribute to formation of PNFs (Baldwin et al., 2011). In a study by
Josefsson et al. (2019), the PNF-forming segments in soy (identified with
MALDI-TOF) were further explored and compared with PNFs formed from
the native soybean protein. The results showed that peptide fragments
originating from both 7S and 11S could form PNFs. Interestingly, the PNFs
formed from the small synthetic peptides were all several μm long and
straight, whereas the PNFs formed from the native protein were a mixture of
primarily small curved PNFs with some elements of long and straight PNFs.
Based on these results, Josefsson et al. (2019) concluded that it is probably
peptide length, and not the specific sequences, that contribute to PNF
morphology. Since native 7-8S and 11-12S both have PNF-forming
segments in their protein sequence, other factors must contribute to the
difference in PNF formation between these fractions.
One possible explanation for 7-8S more easily forming PNFs than 11-12S
could be the thermal stability of the respective protein. Unfolding protein by
heating enables more efficient hydrolysis, due to exposure of previously
buried residues (Cao and Mezzenga, 2019). The denaturation midpoint
temperature for 11S and 7S proteins from fava bean is reported to be 85 °C
and 76.5 °C, respectively (Kimura et al., 2008). In Paper III, all proteins
fibrillated at 85 °C (see Table 2), which might have resulted in more efficient
denaturation of the 7S fraction than the 11S fraction, resulting in 7S having
more optimal conditions for PNF formation.
5.2.4

Protein purity matters

For soybean protein, a clear correlation has been reported between protein
concentration and amount of PNFs formed (Akkermans et al., 2007). To
scale up PNF production, it is important to be able to form large quantities
of PNFs. In Paper II, it was speculated that extract purity might affect protein
solubility, due to the interaction of non-protein residues. A purer protein
extract will thus form more and longer PNFs.
For the protein isolate produced in-house and extracted with pH alteration
(see Table 1), gel formation was observed at a relatively low concentration
when heated (85 °C) at pH 2. For example, the mung bean protein isolate
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examined in Paper II started to form solid gels at a concentration of around
10 mg/mL. The protein isolate obtained had a yellow colour (Figure 11A),
and the protein content was estimated to be 84.5% (w/w) by Dumas nitrogen
measurements. Previous chemical analyses on mung bean protein isolate
using a similar extraction protocol have shown that it contains a relatively
high amount (8.7%) of carbohydrates (Brishti et al., 2017). The gelling of
mung bean protein isolate during heating in acid conditions was probably
caused by a combination of formation of curved PNFs and carbohydrate
aggregates. These aggregates were evident in the AFM images as particles
still present after filtration (100 kDa spin membranes) of the mung bean PNF
samples (Figure 11B). In Paper IV, an optimised extraction protocol for
mung bean protein was developed. A small modification, involving addition
of 0.6 M NaCl during the extraction process, resulted in a much whiter
protein isolate (Figure 11C). With this purified mung bean protein isolate, it
was possible to generate PNFs up to 25 mg/mL without gel formation during
heating. No aggregates were detected on analysing these PNFs with AFM.
The PNFs formed from purified mung bean protein (Figure 11D) were still
curved, but longer than the PNFs from less pure mung bean protein (Figure
11B). Similar improvements in PNF formation have recently been reported
for the 12S globulin fraction from oat (Zhou et al., 2021). For an oat protein
isolate obtained by adding NaCl in the extraction process, that study reported
formation of PNFs up to 5.3 μm in length. This is five times longer than the
longest fibril observed for oat protein extracted without addition of NaCl in
Paper II (see Figure 9). The fibrils formed from the purified oat protein were
of similar length to those reported for whey protein, confirming the theory
that high-purity protein is important for good PNF formation.

Figure 11. (A) Mung bean protein isolate extracted without NaCl and (B) atom force
microscopy (AFM) image of protein nanofibrils (PNFs) made from the same isolate.
(C) Mung bean protein isolate extracted with NaCl and (D) AFM images of PNFs
made from the same isolate
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5.2.5

Effect of changes in pH on PNFs

Food products usually have higher pH (4-7) than the acidic conditions used
for PNF formation. Fibrils formed at high temperature and acidic pH are
positively charged on the surface, which causes electrostatic repulsion
between the PNFs (Loveday et al., 2012). Theoretically, increasing the pH
will alter the charges on PNFs and cause aggregation and disturbances (Jones
and Mezzenga, 2012). However, it is not fully clear how pH affects PNF
structure in practice. An effect of pH on PNFs of food protein origin has been
reported for ȕ-lactoglobulin and soybean protein, (Kroes-Nijboer et al.,
2012; Wan and Guo, 2019) with the PNFs from both aggregating as the
isoelectric point of the original protein was approached.
Paper IV investigated the impact of increasing the pH from 2 to 9 on the
nanostructure of curved mung bean PNFs (Figure 12). At pH 3 the PNFs still
had their characteristic morphology, but the fibrils had started to disassemble
into shorter fragments. This fragmentation of PNFs increased at pH 4.
Between pH 5 and 6 the PNFs appeared more aggregated, which is in line
with earlier observations for ȕ-lactoglobulin and soybean at similar pH
(Kroes-Nijboer et al., 2012; Wan and Guo, 2019). At pH 7, the mung bean
PNFs were shorter than at the original pH, but the curved morphology
remained. These characteristics persisted at pH 8, but the PNFs seemed to be
more entangled. Finally, at pH 9 the samples contained mostly small
aggregates, without the characteristic curved PNFs.
In Paper III, the pH was altered to 7 for PNF solutions containing fava bean
and the two globular fractions 11S and 7S from the same source. Analysis of
the nanostructure with AFM showed that the straight semi-flexible PNFs
from fractions 11S and 7S were mainly disassembled into small fragments
(see Figure 3 in Paper III). The PNFs made from the less purified protein
isolate from whole fava bean contained mostly globular aggregates that
could be carbohydrates still present in the sample. In contrast, the curved
mung bean PNFs appeared to be more stable at neutral pH than the semiflexible PNFs made from fava bean and its fractions.
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Figure 12. Atomic force microscopy images of mung bean protein nanofibrils
(PNFs) at pH 2-9. Figure adopted from paper IV, with permission from editor.

5.2.6

Viscosity of plant-based PNFs

Viscosity is a critical parameter in understanding an ingredient’s ability to
introduce texture within a food application (Bourne, 1982). It has been
shown that PNFs with curved morphology, similar to those formed at high
concentration in Paper I, can be produced by addition of 80 mM CaCl2 to
whey protein when incubated at low pH and high temperature (Loveday et
al., 2011). Loveday et al. (2012) found that these short curved PNFs were
much more viscous than long straight PNFs from the same source,
temperature and concentration and suggested that curved PNFs could play a
greater role than straight PNFs as a texture-introducing ingredient in future
food applications.
Viscosity profiles of plant-based PNFs with similar morphological
differences were investigated in Papers III and IV (Figure 13). Comparisons
of the straight semi-flexible PNFs made from fava bean, fava bean fraction
11S and fava bean fraction 7S with the more curved PNFs obtained from
mung bean protein at the same pH and concentration showed that the mung
bean PNFs had 6.3 times higher viscosity than fraction 7S PNFs, 3.5 times
higher than fraction 11S PNFs and 1.7 times higher than fava bean PNFs at
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low shear rate (0.1/s). The reason for fava bean PNFs having relatively high
viscosity in this case was probably the less pure protein isolate used, resulting
in PNFs co-existing with carbohydrate aggregates. At increased shear rate,
all PNFs decreased in viscosity, but the initial advantages of the curved PNFs
still persisted.

Figure 13. Viscosity versus shear rate (0.1-500/s) for curved protein nanofibrils
(PNFs) from mung bean and straight PNFs from fava bean and its fractions 11S, and
7S, at a concentration of 10 mg/mL and pH 2.

In Paper IV, viscosity profiles were obtained for non-fibrillated and
fibrillated mung bean protein in the pH range 2 to 8. Figure 14 shows the
increase in viscosity at different shear rates (0.1-500/s) for mung bean
protein after fibrillation at pH 2, 5 and 7 and a concentration of 15 mg/mL.
At low shear rate (0.1/s), the fibrillated samples had 3.3 times (pH 2), 84.6
times (pH 5) and 347.8 (pH 7) times higher viscosity than the native nonfibrillated protein. This large increase in viscosity after fibrillation indicates
that at food-related pH, curved PNFs can be used at low concentrations to
impart texture in future food applications. These results are in agreement
with the conclusion of Loveday et al. (2012), based on their study on the
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viscosity of curved and straight PNFs from whey, that there is a future for
generic curved PNFs to generate samples with high viscosity.

Figure 14. Average increase (%) in viscosity at shear rate 0.1, 1.0, 10, 100 and 500
/s after heat incubation of mung bean protein at pH 2, 5 and 7. The adjustments to
pH 5 and 7 were made after heat incubation.

5.3 Food model systems
5.3.1

Foams

In recent years, numerous studies on the ability of plant proteins to stabilise
foams have emerged (Amagliani et al., 2021). Surface active proteins can
form stable foams by lowering the surface tension and forming an interfacial
film around bubbles (Lam, Velikov and Velev, 2014). Foam stability is
affected by liquid drainage, which causes thinning of the interfacial film and
ultimately rupture (Narsimhan and Xiang, 2018). This rupture can be
hindered by increasing the bulk viscosity of the solution (Apostolidis and
McLeay, 2016). The foaming properties of plant-globulin proteins are
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usually poor due to their large size and rigid structure, making them less
surface active (Amagliani et al., 2021). Some studies have shown that
foaming properties can be improved by modifying proteins into PNFs, e.g.
this has been reported for fibril systems from whey and soybean protein
(Oboroceanu et al., 2014; Peng et al., 2017; Wan, Yang and Sagis, 2016b).
Papers III and IV investigated foaming capacity, foam stability and foam
volume half-life for non-fibrillated and fibrillated protein from fava bean
isolate, fava bean 11S, fava bean 7S and mung bean protein isolate (Figures
15 and 16). Fibrillated fava bean, fava bean 11S and fava bean 7S protein at
pH 7 and a concentration of 10 mg/mL generated more foam volume that
was stable for a longer time than non-fibrillated protein from the same
sources (Figure 15A-C). In particular, the fibrillated samples from fava bean
11S formed very stable foams over time (Figure 15C).

Figure 15. A) Examples of foams made from fava bean 7S protein (green box) and
fava bean 7S protein nanofibrils (PNFs) (yellow box). Fibrillated and non-fibrillated
protein from fava bean, fava bean 11S and fava bean 7S analysed for (B) foaming
capacity and (C) foam half-life at pH 7 and a concentration of 10 mg/mL.

The foaming properties of PNFs are strongly affected by changes in pH, as
demonstrated for long straight PNFs from whey (Peng et al., 2017). Paper
IV further explored the foaming ability of the curved PNFs from mung bean
at pH 2-9 and a concentration of 15 mg/mL (Figure 16 A-B). The increase in
foam volume was 40-110% higher for all fibrillated samples than for nonfibrillated samples at the same pH. At pH 4, 5, 7, 8 and 9, the fibrillated
samples were more stable over time than the non-fibrillated samples. The
low foam stability for fibrillated samples at pH 2 and 3 was probably due to
repulsing forces between the PNFs, which made it difficult to generate a
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stable interfacial film (Loveday et al., 2012). This was confirmed by imaging
the foams with the help of confocal microscopy (Figure 16C). The fibrillated
sample at pH 2 had larger bubbles than the non-fibrillated samples,
indicating faster rupture of the interfacial films. When the pH increased, the
fibrillated samples showed a more significant fraction of small bubbles,
indicating slower liquid drainage and bubble collapse.

Figure 16. A) Foaming capacity and B) foam half-life of non-fibrillated and
fibrillated protein from mung bean at a concentration of 15 mg/mL. C) Confocal
images of bubbles stabilised by non-fibrillated (green boxes) and fibrillated (yellow
boxes) whole mung bean protein isolate at pH 2, 5 and 7 stained with ThT fluorescent
dye (scale bar 50 μm).

The foam experiments reported in Papers III and IV were performed on
samples containing a mixture of PNFs and peptides. It is still not fully
understood whether the small peptides or the larger PNFs contribute most to
the increase in foam volume and stability. A study by Wan, Yang and Sagis
(2016a) investigated this further by comparing the foaming properties of a
mixture of PNFs and peptides, purified PNFs and purified peptides made
from the 11S globular fraction of soybean, and concluded that the pure PNFs
had the poorest foaming properties. This conclusion is supported by
51

observations of decreased VXUIDFH WHQVLRQ RI ILEULOODWHG VDPSOHV RI ȕlactoglobulin consisting of a mixture of PNFs and peptides, which was not
seen for purified PNFs (Jung, Gunes and Mezzenga, 2010). This indicates
that the peptides within the mixed fibrillated samples contributed most to the
formation of a thicker interfacial film that stabilised the bubbles. In contrast,
Peng et al.(2017) IRXQG WKDW SXULILHG 31)V PDGH IURP ȕ-lactoglobulin
generated more stable foams around the isoelectric point compared with
untreated protein in the same conditions.
To further investigate whether the peptides or the curved mung bean-based
PNFs obtained in Paper IV contributed most to the improved foam
properties, fibrillated mung bean protein was purified into two fractions,
containing pure PNFs and pure peptides. Foaming capacity and half-life were
investigated at pH 2, 5 and 7 for the mixed system, pure PNFs and pure
peptides. The mixed system and the pure PNFs both generated more
voluminous foam than the pure peptides at all pH values tested (Figure 17AB). At pH 7, the foams generated from the mixed system and PNFs were
stable for the first 30 min, then the stability dropped to the same level as seen
for the pure peptides. The mixed and pure PNF samples were both more
stable over time at pH 5 than the pure peptides. Based on this result, it was
concluded that the PNFs contributed to the improved foam properties, not
the peptide fraction.
However, it is still not fully understood whether PNFs are small enough to
stabilise foams by forming a thick interfacial film. Instead, they most likely
contribute to stability by creating a gel-like network in the continuous phase,
which will prevent drainage (Oboroceanu et al., 2014). The foams made of
fibrillated samples from mung bean protein discussed above were all made
at 1 mg/mL concentration, showing that the latter explanation probably
applies for mung bean PNFs. At pH 5, close to the isoelectric point for mung
bean protein, the foams generated from mixed and pure protein were much
more stable than at pH 7. This is probably because the PNFs acquire a net
charge around pH 5 and start to aggregate (Figure 13), generating a more gellike viscous sample (see Figure 4 in Paper IV) that hinders the collapse of
the bubbles. Based on the earlier observation that samples with curved PNFs
were more viscous than samples with straight PNFs, it was hypothesised that
curved PNFs have superior foaming properties.
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This hypothesis was tested by diluting the samples containing fibrillated and
non-fibrillated fava bean protein, fava bean 11S and fava bean 7S protein to
the same concentration (1 mg/mL) and examining foaming capacity and
foam volume half-life at pH 2, 5 and 7 (Figure 17C-D). The results showed
that none of the fibrillated samples was able to form stable foams at any pH
value tested, while non-fibrillated samples generated more stable foams at
pH 5 and 7. This was confirmed by confocal microscopy of the foams made
at pH 7, which showed that the non-fibrillated protein had formed thicker
films around the bubbles than the fibrillated samples, indicating that the
protein was superior in creating thick interfacial films (see Figure 6C in
Paper III). These results indicate that the ability to stabilise foams is
concentration-dependent for straight PNFs generated from fava bean and its
globular fractions.
How PNFs with different morphology contribute to foam stability is
complex. Further research still needs to be done but, based on the results
discussed above, curved PNFs seem to be better able to stabilise foams than
straight PNFs at low concentrations, especially at pH close to the isoelectric
point of the original protein.
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Figure 17. A) Foaming capacity and B) volume half-life for fibrillated, purified
PNFs and peptides from mung bean protein. C) Foaming capacity and D) volume
half-life for nonfibrillated and fibrillated protein from fava bean, fava bean fraction
11S and fava bean fraction 7S. All samples were made at pH 2, 5 and 7 and a
concentration of 1 mg/mL.

5.4 Microfibres
Microfibres were formed from purified mung bean PNFs using a flowfocusing technique. With the addition of sheath flows of water and acetate
buffer, the PNFs were aligned and aggregated into microfibres stable enough
to be picked up from the acetate bath (Figure 18). However, these mung
bean-based microfibres were too brittle to persist in drying conditions,
making it impossible to perform any tensile measurements. The reason for
this brittleness is still unknown, but it is probably related to the fact that it is
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difficult to align curved PNFs within the flow channel. Small-angle X-ray
scattering measurements on curved and straight PNFs from whey in a similar
flow set-up have shown that curved PNFs have very poor alignment within
the channel compared with straight PNFs (Kamada et al., 2017). The reason
why the curved PNFs were able to form microfibres strong enough to break
the surface tension was probably because they formed an entangled network
within the channel. A potential explanation for the weak microfibres formed
from the straight PNFs from whey is that high alignment in the flow channel
decreases their ability to interact.
Both these theories probably apply to the curved PNFs from mung beans,
because these were considerably longer (around 20 times longer) than the
curved PNFs formed from whey. The long curved PNFs from mung beans
might have entangled with each other to some extent in the flow channel, but
were too long to interact sufficiently well enough to form stable microfibres
that could resist drying conditions. A possible treatment to improve the
microfibres generated from mung bean PNFs is to shorten the fibrils by
ultrasonication, which was found to be an efficient method to break long
PNFs generated from whey in Paper I. Spinning microfibres from other
plant-based PNFs with less curved structure can be considered, e.g. the
straight and relatively short PNFs that can be generated from fava bean and
its globular fractions are candidates.
Taken together, the results presented in this thesis prove for the first time that
it is possible to spin microfibres based on plant-based PNFs. However, this
work is still in progress and further research will have to be conducted before
plant-based PNF microfibres can be used to create texture in future food
applications.
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Figure 18. Microfibres formed from mung bean protein nanofibrils.
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6. Conclusions
x

Films cast with whey-based PNFs of different length and
morphology had different microstructure. The length distribution of
the fibrils seemed to contribute more to microstructure features than
PNF morphology.

x

A wide range of different plant-based proteins from legumes,
cereals, oilseed and tubers can form PNFs when heated at 85-90 °C
and pH 2 for 24-96 h. Secondary structure characterisation and
detection of these PNFs with ThT assay has limitations, so the
recommendation is to use complementary methods such as CD
spectroscopy and nanostructure imaging by AFM.

x

Small-sized and purified proteins form PNFs more easily than larger,
more rigid and less purified protein structures.

x

Changes in pH affect PNF morphology. Curved PNFs from mung
bean protein form aggregates around pH 4-6. At pH 7 they still have
curved morphology, but are shorter than at the original pH (2).
Straight PNFs from fava bean protein and its major globular
fractions (11S and 7S) degrade into smaller rods at pH 7.
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x

Fibrillated protein from fava bean and its 11S and 7S globular
fractions forms more voluminous foam and more stable foam at pH
7 than non-fibrillated protein from the same source.

x

Curved PNFs create more viscous samples than straight PNFs.

x

Fibrillated protein from mung beans forms more voluminous foams
at pH 2-9 than non-fibrillated protein from the same source. These
foams are more stable over time than those made from nonfibrillated protein at pH 4, 5, 7, 8 and 9.

x

In fibrillated samples from mung bean protein, it is the curved PNFs,
and not the peptides, that contribute to foam stability. At pH 5 and
low concentration (1 mg/mL), the curved PNFs from mung bean
protein form stable foam, which is not the case for straight PNFs
from fava bean protein, fava bean fraction 11S and fava bean fraction
7S. Curved PNFs are probably better at stabilising foams at low
concentrations because of higher viscosity of the continuous phase,
which hinders rupture of the air bubbles.

x

Curved PNFs from mung bean protein can form microfibres that are
stable enough to be picked up by tweezers.
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7. Future work
The intention with the work presented in this thesis was to obtain new
knowledge on the potential of plant-based PNFs in future food applications.
However, some work still remains to be done before PNFs can be used in
food applications. For instance, it is critical to get a broader understanding
of the effect of PNFs generated in vitro on human health, how they are
digested and whether they contribute to the bioavailability of essential
nutrients.
Another factor to take into consideration is the scalability of PNF production
and whether it can be economically sustainable. Plant-based PNFs formed
from raw material/protein sources that represent low-value or side streams
today could be of great interest. These sources include fava beans, which are
mostly used as animal feed (Crépon et al., 2010), and mung bean protein,
which is a large waste stream from production of glass noodles (Charoensuk
et al., 2018). However, production of plant-based PNFs needs to be further
optimised so that PNFs which remain stable within food-related pH intervals
can be generated in large quantities. It would be interesting to investigate
pre-treatment methods for plant proteins to make them more soluble or easier
to hydrolyse into smaller peptides. One option could be to sonicate the
protein before fibrillation, a method that has been reported to improve
protein solubility (Kamada et al., 2021), which might generate higher protein
conversion to PNFs. Pre-treating the protein with hydrolysing enzymes to
generate more available peptides that can form PNFs is another possibility
(Gao et al., 2013; Mohammadian and Madadlou, 2016).
One way to decrease the susceptibility of PNFs to pH changes is to add a
surfactant. A naturally occurring surfactant is lecithin, a zwitterion composed
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of a mixture of phospholipids found in plant cell membranes (Alhajj et al.,
2020). A study by Mantovani et al. (2016) found WKDW 31)V IURP ȕlactoglobulin were more stable at increased pH when a small amount of
lecithin was added during the fibrillation process.

Apart from their potential use as texture initiators in food application, PNFs
could be made into more high-value food ingredients by being used as a
carrier of essential nutrients such as iron. Iron deficiency is a growing health
problem, which has increased interest in producing iron-enriched food
applications. One promising candidate is iron nanoparticles, which have high
bioavailability, but which have been reported to be unstable due to rapid
oxidation and aggregation (Kumari and Chauhan, 2021). According to Shen
et al. (2017) PNFs from ȕ-lactoglobulins are an efficient carrier of iron
nanoparticles by helping to reduce oxidation and aggregation. The authors
investigated this hybrid system of PNFs and iron nanoparticles in vitro and
in vivo models, which demonstrated good digestibility and bioavailability.
Therefore hybrid systems with PNFs and iron nanoparticles could be a
promising candidate for fortifying future food applications with iron. Plantbased iron-enriched PNFs could be used to improve iron intake of people
consuming a vegetarian or vegan diet. Li et al. (2019) generated magnetic
PNFs from fava bean by adding iron nanoparticles during the fibrillation
process. Magnetic plant-based PNFs could thus be a viable method for
introducing stable iron particles into food applications, while exposing them
to a magnetic field might also make it possible to control the alignment of
the PNFs, hence controlling the texture.
To extend the preliminary work presented in this thesis, it would be
interesting to investigate whether it is possible to spin microfibres with better
mechanical attributes. For this to be done, there is a need for a better
understanding of how PNFs with different morphology align in flow and
whether the entanglement of PNFs can be improved by adding foodacceptable cross-linkers.
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Popular science summary
There is a pressing need to produce protein-rich food products that are good
for the environment and for animal welfare. One way to achieve this is to
replace animal products with plant-based alternatives. Despite growing
awareness of the negative impact of animal products on the global climate,
the vast majority of consumers worldwide are unwilling to shift their diet to
plant-based alternatives. Eating meat and dairy products is a deep-rooted
tradition in many cultures worldwide, which raises the question of why
people think that these food products are so good. The answer is quite
complex, but a key factor for a food to be experienced as good lies in the
texture. Creating plant-based alternatives that mimic the structure of highly
valued animal products could be a way to get more consumers to eat more
sustainably.
This thesis presents a solution for creating novel textured foods from plant
protein by exploiting the internal structuring that can be achieved with
formation of plant-based protein nanofibrils (PNFs). These thread-like
protein structures are only a few nanometres wide, but can be up to several
micrometres long. PNFs differ in terms of structure from most proteins found
in plants worldwide. For example, they have a more well-organised chemical
construction, making them incredibly stable and strong, which are important
properties for creating texture in food.
There are several methods available for converting plant protein to PNFs.
The PNFs investigated in this thesis were made by dissolving proteins in
acidic solution (~pH 2), followed by heating. Fibril formation by seven
different plant-based proteins was tested. The seven plant raw materials used
were fava bean, mung bean, lupin, oats, rapeseed, soybean and potatoes. The
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latter two were obtained as pre-extracted protein isolates, while the others
were extracted by hand in the laboratory. The ability of these proteins to form
PNFs was evaluated by different methods that characterised their internal
and the external fibril structure. The results showed that all plant proteins
that was tested here could form fibrils, but with some variation in length and
morphology (either straight or curly) depending on the protein source.
Protein characterisation and extraction optimisation were performed for fava
bean and mung bean protein, to identify components crucial for creating
large quantities of long fibrils. These studies indicate that the purer the
protein and the smaller the protein molecule, the easier it was to form PNFs.
The work continued by comparing how PNFs with different lengths and
appearances are structured and react to a more food-relevant pH, and how
fibril morphology affects sample characteristics. The results showed that
fibril length plays a vital role in the ability to create structure, that the fibrils
formed at neutral pH are stable (although somewhat shorter) and that curly
fibrils form more viscous samples than straight fibrils.
The ability to stabilise air bubbles is an essential property in many wellknown foods, such as whipped cream, meringues and bread. In another part
of the work presented in this thesis, samples with straight PNFs from fava
bean and samples with curly PNFs from mung bean were whipped into foams
to investigate whether fibrils can stabilise air bubbles. The height and
lifetime of the foams were compared to those of foams from samples
containing only dissolved protein from the same raw material. The results
showed that fibrillated samples created foams with larger volume that were
more stable over time and that curly fibrils were better than straight fibrils at
stabilising foams at low concentrations.
Preliminary results on how plant-based fibrils can be aligned into long spider
silk-like threads are summarised at the end of the thesis. These PNF-based
‘spider threads’ could be used in future plant-based meat substitutes to mimic
the texture of muscle fibre. In summary, the results presented in this thesis
provide a deeper understanding of how plant protein can be used to create
PNFs and how these can be used in the future to improve the structure of
plant-based foods.
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Populärvetenskaplig sammanfattning
Det finns ett stort behov att få fram proteinrika livsmedelsprodukter som
både är bra för miljön och värnar om djurens välmående. Ett sätt att
åstadkomma detta är att ersätta animaliska produkter med växtbaserade
alternativ. Trots en ökande medvetenhet om animaliska produkters negativa
påverkan på klimatet, så är det svårt få den breda massan av konsumenter att
genomföra detta skifte till växtbaserade alternativ. Att äta kött och
mejeriprodukter är en djupt rotad tradition i många kulturer världen över. Så
frågan man måste ställa sig är varför tycker vi dessa livsmedel är så goda?
Svaret är ganska komplext, men en nyckelfaktor för att vi ska uppleva maten
vi äter som god är att den har en bra textur. Så en lösning för att få fler
konsumenter att äta mer hållbart är att, även i växtbaserade alternativ,
försöka efterlikna texturen i våra uppskattade animaliska produkter.
I denna avhandling presenteras en möjlig lösning för att skapa nya
texturerade livsmedel från växtprotein. Hypotesen var att denna strukturering
kunde uppnås med växtbaserade protein nanofibriller (PNFs). Vilket är
trådliknande proteinstrukturer som endast är några nanometer breda och kan
bli upp till flera mikrometer långa. Det som särskiljer PNFs från majoriteten
av de proteiner som kan hittas i växter världen över är en kemisk mer
välorganiserad konstruktion, vilket gör dem otroligt stabila och starka,
egenskaper som är viktiga för att kunna skapa textur i ett livsmedel.
Det finns flera metoder för att omvandla växtprotein till PNFs. Alla PNFs
som undersöktes i detta arbete tillverkades genom att lösa upp protein i en
sur lösning (~pH 2) som sedan värmdes. Fibrillerna tillverkades från sju olika
växtbaserade proteiner vars förmåga att bilda PNFs utvärderades med en rad
olika metoder som karakteriserade både den interna och den externa fibrill
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strukturen. Resultaten visade att alla växtproteiner kunde bilda fibriller, dock
med en viss variation i längd och utseende (antingen raka eller krulliga)
beroende på proteinkällan.
De sju olika råmaterialen som användes var åkerböna, mungböna, lupinfrön,
havre, rapsfrön, sojaböna och potatis. De två sistnämnda erhölls som redan
extraherade proteinisolat medan resterande extraherades för hand i labbet.
Grundläggande proteinkarakterisering och extraktionsoptimering gjordes av
protein från åkerböna och mungböna för att undersöka vilka komponenter
som är avgörande för att skapa stora kvantiteter av långa fibriller. Slutsatsen
från denna undersökning var att desto renare proteinet är och ju mindre
storlek proteinmolekylerna har desto lättare är det att bilda PNFs. Detta
arbete omfattar även hur PNFs med olika längd och utseende strukturerar sig,
hur de reagerar i ett mer livsmedels relevant pH samt hur fibrillernas
utseende påverkar provets karaktär. Från dessa undersökningar
konstaterades att längden av fibrillerna spelar en viktig roll i förmågan att
skapa struktur, att fibrillerna är stabila vid neutralt pH (dock lite kortare) och
att krulliga fibriller skapar mer trögflytande prov än raka.
Att kunna stabilisera luftbubblor är en viktig egenskap i många livsmedel så
som vispgrädde, maränger och bröd. Genom att vispa raka PNFs från
åkerböna samt krulliga PNFs från mungböna till skum och jämföra höjden
och livslängden med skum med prover innehållande endast upplöst protein
från samma råmaterial kunde slutsatser dras om hur bra fibriller kan
stabilisera luftbubblor. Resultaten visade att fibrillerade prover skapade
skum med större volym som var stabilare över tid samt att krulliga fibriller
är bättre på att stabilisera skum än raka vid riktigt låga koncentrationer.
I slutet av avhandlingen redovisas även preliminära resultat på hur
växtbaserade fibriller kan linjeras upp till långa trådar, liknade spindeltråd.
Dessa ”spindeltrådar” skulle kunna användas i framtida växtbaserade
köttsubstitut för att efterlikna texturen av muskelfiber. Sammanfattningsvis
så har resultaten som redovisades i denna avhandling givit en djupare
förståelse för hur växtprotein kan användas för att skapa PNFs och hur dessa
i framtiden kan användas för att skapa ökad struktur i växtbaserade
livsmedel.
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Hierarchical propagation of structural features in
protein nanomaterials†
Ayaka Kamada,‡a Anja Herneke,c Patricia Lopez-Sanchez,§c Constantin Harder,d,e
Eirini Ornithopoulou,a Qiong Wu, f Xinfeng Wei,f Matthias Schwartzkopf, d
Peter Müller-Buschbaum, b,e Stephan V. Roth,d,f Mikael S. Hedenqvist,f
Maud Langton c and Christofer Lendel *a
Natural high-performance materials have inspired the exploration of novel materials from protein building
blocks. The ability of proteins to self-organize into amyloid-like nanoﬁbrils has opened an avenue to new
materials by hierarchical assembly processes. As the mechanisms by which proteins form nanoﬁbrils are
becoming clear, the challenge now is to understand how the nanoﬁbrils can be designed to form larger
structures with deﬁned order. We here report the spontaneous and reproducible formation of ordered
microstructure in solution cast ﬁlms from whey protein nanoﬁbrils. The structural features are directly
connected to the nanostructure of the protein ﬁbrils, which is itself determined by the molecular structure of the building blocks. Hence, a hierarchical assembly process ranging over more than six orders of
magnitude in size is described. The ﬁbril length distribution is found to be the main determinant of the
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microstructure and the assembly process originates in restricted capillary ﬂow induced by the solvent
evaporation. We demonstrate that the structural features can be switched on and oﬀ by controlling the
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length distribution or the evaporation rate without losing the functional properties of the protein
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nanoﬁbrils.

Introduction
Nature’s own high-performance materials, such as silks and
muscles, provide inspiration for the development of new
materials with proteins as building blocks. Such materials
could play important roles in a range of applications, from sustainable bioplastics and novel foodstuﬀ to sophisticated biomaterials for e.g. regenerative medicine. The key to utilize the
full potential of the proteins lies in improved knowledge of the

a
Department of Chemistry, KTH Royal Institute of Technology, Teknikringen 30,
SE-100 44, Stockholm, Sweden. E-mail: lendel@kth.se
b
Heinz Maier-Leibniz Zentrum (MLZ), Technische Universität München,
Lichtenbergstraße. 1, D-85748 Garching, Germany
c
Department of Molecular Sciences, SLU, Swedish University of Agricultural Sciences,
BioCentrum, Almas allé 5, SE-756 61, Uppsala, Sweden
d
Deutsches Elektronen-Synchrotron, Notkestr. 85, D-22607 Hamburg, Germany
e
Lehrstuhl für Funktionelle Materialien, Physik-Department, Technische Universität
München, James-Franck-Str. 1, D-85748 Garching, Germany
f
Department of Fibre and Polymer Technology, KTH Royal Institute of Technology,
Teknikringen 56-58, SE-100 44, Stockholm, Sweden
† Electronic supplementary information (ESI) available. See DOI: 10.1039/
d1nr05571b
‡ Present address: Department of Chemistry, University of Cambridge, Lensfield
Road, Cambridge CB2 1EW, UK.
§ Present address: Department of Biology and Biological Engineering, Chalmers
University of Technology, SE-412 96, Gothenburg, Sweden.

2502 | Nanoscale, 2022, 14, 2502–2510

hierarchical assembly of the materials, from the molecular
level to the macroscopic level.1 With this in mind, it is notable
that proteins show a generic ability of self-assembly into
protein nanofibrils (PNF), also referred to as amyloid-like
fibrils.2,3 These species display a highly ordered filamentous
structure up to length scales of a few micrometers. The understanding about how protein molecules are transformed into
PNFs has increased immensely during the last decades,
mainly thanks to the central role of amyloid structures in
many devastating diseases.4,5 Today we have a reasonably good
knowledge about how the PNFs are formed from the molecular
building blocks, but the ways by which the nanoscale components can be arranged into macroscopic structures remains
to a large extent unexplored.6
Amyloid-like PNFs are characterized by a highly ordered
molecular structure, observable through the cross-β pattern in
X-ray fiber diﬀraction studies,7 but the PNFs also possess the
ability to organize into anisotropic structures at higher length
scales. Several studies describe the formation of lyotropic
nematic phases in solution.8–11 Knowles et al.12 demonstrated
that films made from PNFs could display nematic order in the
presence of plasticizer, in their case polyethylene glycol (PEG).
Since then, several studies have explored preparation protocols
for PNF-based films13,14–17 as well as various composite films
with PNFs as one constituent.18–23 However, these studies do

This journal is © The Royal Society of Chemistry 2022

View Article Online

Nanoscale
not address how alterations in fibril nanostructure propagate
to larger length scales. Aligned structures in the form of filaments can also be created through flow-assisted assembly
processes.24,25 Another important route to achieve macroscale
structures is gel formation. For semi-flexible PNFs with high
aspect ratio the critical percolation concentration for sol–gel
transition is in the order of 1–2% (w/w).11 Liquid crystalline
structures in solution phase typically occur at lower concentrations than that.9,11
A frequently studied PNF system is β-lactoglobulin from
bovine whey, either in its pure form or with whey protein
isolate (WPI) as starting material.26 This protein can form
PNFs under various conditions, including the use of additives
such as alcohols27 or urea28 or at low pH.27,29,30 It has been
shown that fibrillation at low pH follows upon hydrolysis of
β-lactoglobulin into peptide fragments that constitute the
building blocks of the PNFs.31,32 Furthermore, β-lactoglobulin
can form PNFs of distinct morphologies depending on the
initial protein concentration.24,32,33 These classes of fibrils
diﬀer in chemical as well as nanomechanical properties and
they seem to be constructed from diﬀerent compositions of
molecular building blocks.32 We have shown that the diﬀerent
classes of fibrils also display distinct behaviors in flow-assisted
assembly of protein microfibers with diﬀerent degree of alignment and substantial diﬀerences in mechanical properties of
the final fibers.24 The present study report the discovery of distinct microscale features of solution cast films that appear as a
consequence of variation in the nanoscale structures of the
β-lactoglobulin PNFs. The process by which the microstructure
is formed could reveal new clues about hierarchical material
design as they connect the molecular building blocks (below
1 nm) with the microscale features (visible by the human eye).

Paper
Careful characterization of the PNF films using microscopy
and synchrotron X-ray scattering reveal that the ordered structures do not originate from nematic order but rather appear as
a consequence of the sol–gel transition and the length distribution of the fibrils. This opens for processing protocols in
which the structural and functional properties of the PNFs can
be adjusted independently.

Results and discussion
The PNFs used for film preparation were produced from WPI
at pH 2 and 90 °C as described previously.24,32 Diﬀerent fibril
morphologies were obtained by varying the initial protein concentration; all other parameters were the same.
Concentrations above 60 mg ml−1 resulted in curved PNFs
(Fig. 1h). These fibrils are short (typically below 500 nm), have
a worm-like appearance and a short persistence length (ca.
40 nm).24 Fibril assembly from an initial concentration below
40 mg ml−1 resulted in straight fibrils that can measure several
micrometers in length and have 50 times higher persistence
length (ca. 1.9 μm) (Fig. 1g).24 Both classes of fibrils are
amyloid-like, as the dimensions agree with the typical
numbers for amyloid fibrils, they bind amyloidophilic dyes,
such as thioflavin T and Congo red, and display β-sheet rich
secondary structure and amyloid-associated intrinsic
fluorescence.32
Free-standing films were solution cast by letting the PNF
dispersions dry on a Teflon surface. Reference films were also
prepared from non-fibrillar WPI solution at the same pH. The
dry films display the brittleness that is typical for protein films
without plasticizer, including PNF-based films.12 Inspections

Fig. 1 Films prepared from PNFs with diﬀerent morphologies result in distinct structural features. Photographs (a and b), light microscopy images (c
and d) and confocal laser scanning microscopy images of ThT-stained ﬁlms (e and f ) reveal the presence of domains with apparent aligned structures in ﬁlms made from straight PNFs (top row: a, c, e) while these features are absent in ﬁlms made from curved PNFs (bottom row: b, d, f ). AFM
images of straight (g) and curved (h) ﬁbrils show the nanoscale morphology of the two classes of PNFs in diluted samples (1 : 1000).
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of the diﬀerent films by eye and with light microscopy revealed
some intriguing diﬀerences; while the films made from nonfibrillar WPI or curved PNFs were smooth, transparent and
apparently homogenous, the films made from straight PNFs displayed regions with rough structures interleaved with homogenous regions that are similar to the other films (Fig. 1,
Fig. S1†). The rough parts contain apparently ordered domains
with resemblance of liquid crystalline polymers.34 Nematic
structures were indeed observed previously in plasticized films
by Knowles and co-workers.12 Our films, however, are made
from protein isolate solutions without any additives. The
finding is highly reproducible and substrate independent as the
same results have been observed for many films made from
diﬀerent batches of PNFs and on diﬀerent support materials
(Teflon, mica, glass, plastics, silicon). We have also observed a
similar surface roughness in glycerol-plasticized films cast at
pH 7.23 Film preparations from 2- or 3 times diluted solutions
of curved fibrils (to match the lower WPI concentration in the
straight fibril samples) did not change the appearance of the
films showing that the observed diﬀerences are not an eﬀect of
mass concentration. Moreover, purification of the PNFs by dialysis (100 kDa molecular weight cut-oﬀ) did not change the structural features. Hence, the structures are a result of the PNFs
themselves and not caused in cooperation with non-fibrillar
components. Confocal laser scanning microscopy shows evenly
distributed thioflavin T (ThT) intensity for both curved and
straight PNFs (Fig. 1e and f), without any indications of spots
with extremely high or low local PNF concentration.

Nanoscale
The ordered parts appear to consist of aligned structures
organized in linear parallel patterns on the micrometer scale
(Fig. 1c). These features can also be observed by scanning electron microscopy (SEM) and atomic force microscopy (AFM)
(Fig. 2, S2 and S3†). Both these methods show that the dry
films are compact without larger cavities. The width of the
aligned entities is between 50 and 100 nm, hence they are too
wide to be individual PNFs. Some of the SEM images reveal
fiber-like structures pointing out from the film (Fig. S2†).
However, it is not clear if these ‘fibers’ are the same as the
aligned species as they appear to be wider (>200 nm). To
examine if the ordered domains have any orientational order,
as expected if they originate from a liquid crystalline phase, we
employed polarized optical microscopy but no birefringence
could be observed for any of the investigated films (data not
shown but similar results are shown in Fig. S4 and S5†).
To further characterize the structure of the ordered
domains we performed micro-focused synchrotron X-ray diﬀraction experiments. The employed beam size was 20 μm ×
10 μm, which allows focused measurements within the regions
with anisotropic appearance. Wide angle X-rays scattering
(WAXS) data of both straight and curved fibrils clearly display
the amyloid associated distances of 4.6 Å and 9.1–9.2 Å
(Fig. 3a and b).7 In addition, there are peaks at 3.7–3.8 Å
corresponding to repetitive Cα distances in β-sheets.35,36
However, neither the WAXS nor the small angle X-ray scattering (SAXS) experiments produced diﬀraction patterns with anisotropic features (Fig. 3). Hence, the scattering experiments

Fig. 2 SEM (a and b) and AFM (c and d) images of the structured domains in ﬁlms from straight PNFs. (a) Fracture surface. (b) Top view of the ﬁlm
surface. (c and d) Height and amplitude AFM images of the same surface area, respectively.
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Fig. 3 Synchrotron microfocus X-ray scattering investigation of the PNF ﬁlms. (a and b) WAXS scattering data for ﬁlms from straight (a) and curved
(b) PNFs. The scale bars are 10 nm−1. (c) Radial integration of the WAXS data with the corresponding real space distances indicated. (d and e) SAXS
scattering data for ﬁlms from straight (d) and curved (e) PNFs. The scale bars are 0.2 nm−1. (f ) Azimuthal integration of the SAXS data shows isotropic
arrangements (in the plane of the ﬁlm) of the PNFs in both type of ﬁlms.

confirm the results of the polarized microscopy that there is
no overall directional order of the PNFs (in the horizontal
plane of the film) for any of the films.
To summarize, the results presented so far show that
straight PNFs form distinct macroscopic features in solution
cast films compared to curved fibrils and non-fibrillar protein.
Since the starting material and protein constituents are the
same in all these films, the structural features must originate
from the nanoscale structures. We also found that the structures do not originate from nematic order adopted during
drying.
With a closer examination of the PNF dispersions we
observed the presence of small (on the order of 100 μm in size)
gel domains in the straight PNF samples even though they
appeared homogenous from a macroscopic view (Fig. 4, Fig. S4
and S6a†). These domains cover at least 30% of the image area
in Fig. S6a.† The occurrence of such domains in the dispersion
of the curved fibrils was much less frequent accounting for
less than 3% of the image area (Fig. S5 and S6b†). Following
the drying process of a 100 μl droplet on a glass surface using
light microscopy revealed that the ordered structures appear to
form around these gel domains. However, it is not the gel
domains themselves that are transformed into the aligned
structures; those features instead appear between the domains
(Fig. 4, S4, ESI Video S1†). Essentially no birefringence is
observed during the drying process, except for some of the gel
domains in the starting dispersion (Fig. S4†).
We note that stripe-like patterns with some resemblance of
the ordered structures in the PNF films have previously been

This journal is © The Royal Society of Chemistry 2022

observed in spray-deposited polymer colloids due to flow and
rapid solvent evaporation in confined geometries.37 Although
the time scale for solvent evaporation in the present study is
much longer (hours) it appears from the microscopy experiments that the formation of the ordered structures is associated with the drying process (Fig. 4, S4, ESI Video S1†). Drying
of a colloidal solution will induce capillary flow in the bulk.38
This is the origin of the “coﬀee ring eﬀect” and some accumulation of material in the outer rim can indeed be observed in
the films (see Fig. 1, 5 and S8†). However, far from all PNF
material is transported to the rim during the drying time.
Straight PNFs, with persistence lengths of ca. 2 μm,24 behave
as rods on micrometer length scale with rotational diﬀusion
times on the order of minutes.39 As the solvent evaporation
proceed, the motions will be slowed down by the inter-fibrillar
contacts and the formation of a gel network. A directional
capillary flow will speed up the accumulation of PNFs in
certain areas, in particular if the available diﬀusion volume is
already reduced close to the pre-formed gel domains. Based on
this line of argument, we hypothesized that the appearance of
the ordered structures is related to a sol–gel transition that is
distorted by capillary flow in a confined space.
The sol–gel transition of the two classes of PNFs depends
on their chemical and physical properties. In previous work,
we have found that they do display some diﬀerences in the
chemical properties and probably consist of slightly diﬀerent
peptide segments.32 To explore if the structural diﬀerence of
the films could be related to the surface electrostatics of the
PNFs their zeta-potential as function of pH was investigated.
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Fig. 4 Film formation (solvent evaporation) followed by light microscopy. 100 μl dispersion of straight PNFs were left to dry on a glass surface.
Small gel domains (some indicated by the arrows) can be observed already in the start image. The start image with adjusted contrast can be found in
Fig. S6A.† Scale bar is 500 μm.

Fig. 5 Comparison of ﬁlms made from straight PNFs without (top row) and with (bottom row) sonication. (a and b) AFM images of diluted PNF solutions. (c and d) Photographs of the dry ﬁlms.

The results show that the zeta-potentials, as well as the isoelectric points, are similar for the two classes of PNFs and are not
likely the reason for the observed structural diﬀerences
(Fig. S7†). Moreover, preparation of films from solutions with

2506 | Nanoscale, 2022, 14, 2502–2510

diﬀerent pH values in the range pH 1 to pH 3 shows the same
structural features (Fig. S8†).
Focusing on the physical properties, the straight fibrils are
characterized by diﬀerent length distribution and diﬀerent
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stiﬀness ( persistence length, which also incorporates the
thickness) compared to the curved fibrils. To determine which
of these properties (or both) that define the macro-scale structure, we sonicated the straight fibrils (Fig. 5). This resulted in
substantially shorter fibrils (but with retained internal structure and stiﬀness). Typical lengths before sonication was
500–700 nm with some fibrils extending to a few micrometers.
After sonication, the majority of the fibrils were shorter than
200 nm. To verify that the amyloid-like structure was retained
we compared the ThT fluorescence of sonicated and non-sonicated PNFs. The results show that the fluorescence intensity is
in fact higher in the sonicated sample (Fig. S9†). The explanation for this may be that more surface area becomes
exposed if aggregated fibrils are also to some degree separated
during sonication. We then cast films from non-sonicated and
sonicated straight PNFs. Interestingly; we found that films
made from sonicated fibrils lack the described macroscopic
features. Hence, we conclude that the fibril lengths are the
source for the observed structures.
Finally, we explored if the appearance of the ordered structures could be omitted by applying a fast evaporation protocol
for film formation that would not give the PNFs enough time
to accumulate due of capillary flow. Spray deposition allows
the application of a very thin layer onto the substrate. We here
used a spray device40 and deposited either straight PNFs or
sonicated straight PNFs onto a silicon substrate heated to

Paper
55 °C. Deposition was done in 5 or 20 cycles and the films
were thereafter investigated by light microscopy.
The microscope images in Fig. 6 and S10† show that the
short (sonicated) PNFs form smoother film surfaces than the
long (non-sonicated) PNFs. The color variations in the images
appear when the thickness of the films corresponds to multiples of half the photon wavelength. Hence, the blue color
corresponds to a thickness of ca. n × 200 nm, and the magenta
color is corresponding to a thickness of ca. n × 350 nm, where
n is an integer. Already at 5 pulses, larger patches of homogenous thickness (same color) are visible in the film made
from short PNFs (Fig. 6b) compared to the long PNFs (Fig. 6a).
Fig. S10c† shows the presence of droplets with strong coﬀeering eﬀects confirming that drying occurs at a local scale. At
20 pulses, the color gradients in the film for short PNFs are
reduced compared to long PNFs film (Fig. 6a and b) indicating
a smoother surface for the sonicated material. However, none
of the samples display the ordered microstructures seen in the
solution cast films of long straight PNFs. Hence, a fast evaporation protocol allows manufacturing of thin films without
these structural features, even from long straight PNFs.
To conclude, we demonstrated that the macroscale structure of all-protein films is defined by the nanoscale features of
the building blocks. Surprisingly, polarized light microscopy
and X-ray diﬀraction show no signs of orientational anisotropy
in the apparently ordered domains of the films. Hence, the

Fig. 6 Light microscopy images of the surface of spray deposited PNF ﬁlms on silicon. (a and c) Straight long PNFs. (b and d) Straight short (sonicated) PNFs. (a and b) 5 spray pulses. (c and d) 20 spray pulses.

This journal is © The Royal Society of Chemistry 2022
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structural features do not originate from liquid crystalline
phases. Rather, the results are in agreement with a mechanism
where structural inhomogeneities are created from a local sol–
gel transition facilitated by capillary flow during drying in a
confined space. Applying a fast-drying protocol suppresses the
structural features. The appearance of the macroscale features
is directly related to the length distribution of the PNFs and
can be switched oﬀ by fibril fragmentation. Notably, the
amyloid-associated changes in photophysical properties of
ThT are retained, or even enhanced, in the fragmented fibrils
(Fig. S8†). Hence, controlling the length distribution of the
fibrils can be used to define the macroscopic structure of the
films without losing the functional properties associated with
the surface structure of the PNFs.

Experimental section
Preparation of PNF films

Nanoscale
very dilute regime. The silicon substrate temperature was controlled to 55 ± 3 °C and the spray protocol consisted of a 0.2 s
spraying step followed by 10 s waiting time, repeated for 5 or 20
cycles. This corresponds to deposited average film thickness of d
≈ 0.3 µm and d ≈ 2 µm, for the 5 and 20 spray cycles respectively.
Light microscopy
Microscopy investigations were conducted both on pre-formed
films dried on a poly(tetrafluoroethylene) surfaces, spray deposited on heated siilcon substrate and in situ on samples
drying on glass surfaces. From the pre-formed films, a piece of
approximately 1 cm × 1 cm was cut and placed onto a glass
slide and covered with a glass cover slide. For the in situ experiments, 100 µl droplets from dispersions with straight or curved
PNFs were examined while drying into films under ambient
conditions. A Nikon Eclipse Ni-U light microscope, with a 10×
(0.3 NA) objective was used. Images ( polarized and non-polarized) were captured every 5 min with a Nikon Digital Sight
DS-Fi2 camera with resolution of 2569 × 1920 pixels. The
images were processed with the software NIS-Elements BR
(Nikon Instruments Inc.). Microscope images of the sprayed
samples were obtained with a Keyence VH Z250R at 500× magnification from the sample center.

Whey protein isolate (WPI, Lacprodan Di-9224) was kindly provided by Arla Food Ingredients. Solutions for fibrillation reactions were prepared by dissolving WPI in 0.1 M hydrochloric
acid (HCl) to a final concentration of ca. 100 mg ml−1 and
then dialyze against 0.01 M HCl ( pH 2) using a membrane
with 6–8 kDa molecular weight cut-oﬀ (Spectrum laboratories).
The protein concentrations were then adjusted by addition of
dialysis solution. Straight PNFs were obtained from an initial
WPI concentration of 40 mg ml−1 while curved PNFs were
obtained with a starting concentration of 70–80 mg ml−1.
Fibrils formed during incubation at 90 °C for a period of 3
days. The yield is typically 20–30% (i.e. percentage of the total
protein mass incorporated in the PNFs). Purified PNFs were
obtained by dialysis for 3 days using a membrane with
100 kDa cut-oﬀ (Spectrum laboratories). Films were solution
cast by pouring the PNF dispersions onto a poly(tetrafluoroethylene) surface (BYTAC Type AF-21, Saint-Gobain
Performance Plastics). Other substrates, including glass, mica,
plastics and silicon, were also explored. The films were left to
dry in air at room temperature.

Small pieces of the films (ca. 1 cm × 1 cm) were sputtered with
a platinum/palladium (60/40) alloy using a Cressington 208RH
high-resolution sputter and then investigated in a Hitachi
S-4800 field-emission SEM.

Fragmentation of PNFs by sonication

Atomic force microscopy (AFM)

Solutions of straight PNFs were fragmented using a Qsonica
Q500 sonicator equipped with a 6 mm micro tip. The amplitude was 20–25% and sonication was done in pulses (2 s on,
10 s oﬀ ) for a total eﬀective time of 1 or 2 min. During the
process the sample was emerged in a water bath.

AFM was carried out using a Dimension FastScan AFM instrument (Bruker). PNF morphology was investigated in tapping
mode using samples that were diluted between 1 : 500 and
1 : 10 000 in 10 mM HCl. 25 μl were applied on a freshly
cleaved mica surface and dried in air. Film surfaces were examined on non-diluted samples dried on a mica surface.
FastScan A cantilevers (Bruker) were used for the experiments
and the images were investigated in Nanoscope 1.5 software
(Bruker).

Film formation by spray deposition
Spray deposition was performed by a spray device (Compact
JAU D55000, Spray Systems) onto a piranha-acid cleaned
silicon substrate. The PNF suspension (8 mg ml−1) was supplied by a siphon attached to a spray device using the setup
described in ref. 40. Spray deposition was carried out by atomization of the PNF suspensions with compressed nitrogen at a
gas pressure of 1 bar. The distance between the spray device
and the substrate was 200 mm, which means spraying in the
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Confocal laser scanning microscopy
Films for confocal laser scanning microscopy were prepared by
adding 1 mM ThT solution to the PNF samples before drying
them into films. The same amount of ThT in relation to total
protein content was used in all samples. Fluorescence
microscopy was performed using a Zeiss, LSM 780 confocal
microscope with ×10 or ×63 objectives. An argon laser was
used for excitation at 405 nm and emission was monitored at
450–600 nm.
Scanning electron microscopy (SEM)

Synchrotron X-ray scattering
Wide-angle X-ray scattering (WAXS) and small-angle X-ray scattering (SAXS) were performed at microfocus P03 beamline at
PETRA III41 at DESY, Hamburg, Germany. WAXS intensity was
recorded using a Pilatus 300k detector (Dectris, pixel size 172
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× 172 mm) with the sample-to-detector distance, SDD =
154 mm. SAXS diﬀractogram was obtained using Pilatus 1 M
detector (Dectris, pixel size 172 × 172 mm) with SDD =
6765 mm. X-ray wavelength of λ = 0.95377 Å was used for both
measurements. In order to analyse the structural orientation,
the scattering intensity in the range of q = 0.0335–0.4522 nm−1
was radically integrated as a function of the azimuthal angle.
The data was analysed with DPDAK software.42
Dynamic light scattering and zeta potential
Measurements were carried out using a Zetasizer Nano ZS
dynamic light scattering instrument (Malvern Instruments).
Each sample was measured five times maintaining an attenuation between 7 and 10, and the temperature at 25 °C. The
samples were diluted thirty times (30×) before measurements,
after first validating that dilution between 10–100× did not significantly aﬀect the value of the zeta potential.
ThT fluorescence
Samples for thioflavin T (ThT) fluorescence measurements
were prepared by mixing 0.1 ml PNF solution with 2.4 ml
50 μM ThT solution in PBS buﬀer. Fluorescence was measured
at a Cary Eclipse Spectrofluorometer (Varian) with excitation at
440 nm and emission spectra recorded between 460 and
600 nm.
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ABSTRACT: Protein nanoﬁbrils (PNFs) from plant-based protein sources have great potential for use in new sustainable food
applications or biobased materials. Plant-based proteins from seven diﬀerent sources (fava bean, mung bean, lupin, oat, rapeseed,
soybean, and potato) were evaluated here for their ability for forming PNFs and compared with whey protein PNFs. Formation of
PNFs was studied under incubation at acidic conditions (pH 2) and heat (85−90 °C) for 24−96 h. Presence of PNFs was detected
using thioﬂavin T, circular dichroism spectroscopy, Fourier-transform infrared spectroscopy, and atomic force microscopy. The
results showed that all plant-based proteins were able to form PNFs. For some of the plant protein isolates in this study, nanoﬁbril
formation is reported for the ﬁrst time. We also describe and compare the distinct features associated with each protein source and
the morphological alterations of the nanoscale structures. Finally, we describe how PNF production can be enhanced by purifying
the ﬁbril-forming protein component. Taken together, our study suggests that the structural and functional variation within plant
protein nanoﬁbrils can be exploited in future scaled-up food or material applications.
KEYWORDS: fava bean, mung bean, lupin, oat, rapeseed, amyloid
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INTRODUCTION

are not only linked to pathological diseases but are also found
in a wide span of biologically functional systems from bacteria
and yeasts to humans. They function as mechanical protection
and adhesion in the form of bioﬁlms, transfer epigenetic
information between generations, and can be used as scaﬀolds
for cell growth.11 An ability to form PNFs with no connection
to any natural function has been documented for a wide range
of proteins.12 Goldschmidt et al. reported that the ability to
form PNFs is a generic feature for almost all proteins
(<98.7%),13 which opens the door to endless possibilities for
novel renewable materials (edible or nonedible). To date, no
toxic eﬀect of PNFs not naturally occurring in biological
systems has been reported.14
The mechanical and rheological properties, together with
the absence of documented toxic eﬀects, make PNFs
manufactured from plant proteins good candidates for use in
production of new textured foodstuﬀs or plant-based
biomaterials.12 The majority of published data on plantderived PNFs are on speciﬁc fractions of storage proteins from
cereals and legumes.12 There are a limited number of reports
on plant-based PNFs generated from whole protein isolates,
and to our knowledge, only soybean,15,16 pea,17 potato,18
cowpea, chickpea, lentils,19 and fava bean20 have been studied.
The study made on PNFs from fava bean was focusing on the

With the growing global population, the need for developing
more sustainable foods has been stressed.1 Shifting from eating
animal-based proteins to proteins from plant-based sources is
one way of reducing the pressure on the environment from
food production.2 Meat consumption has a strong cultural
element,3 and this cultural bond makes it diﬃcult for many
people to give up their old meal patterns centered around
meat,3 despite increasing awareness of the eﬀects of meat
production on the environment. One way of encouraging
consumers to choose a more sustainable protein source is to
replace meat with a similar foodstuﬀ in terms of texture and
appearance, such as a meat analogue made from plant
proteins.4 Designing such products has proven to be a
challenging task for material science.
Using amyloid protein nanoﬁbrils (PNFs) made from plant
proteins to create new textured foodstuﬀs is an approach with
good potential.5 PNFs are characterized by a high content of βsheets, packed in a cross-β structure and linked together with a
strong network of hydrogen bonds.6 The chemical properties
of PNFs make them one of the most stable polypeptide
structures.7 The good mechanical properties of PNFs have
attracted the interest of researchers in material sciences,8 with
demonstrated applications in, e.g., water puriﬁcation and
bioorganic electronics. Rheological studies indicate that PNFs
can decrease gelation time and increase the ﬁrmness of a gel
system.9
Naturally occurring PNFs were ﬁrst discovered within the
pathological patterns of several diseases such as Alzheimer’s,
Parkinson’s, Creutzfeldt-Jakob’s disease, and some categories
of type 2 diabetes.10 However, naturally occurring nanoﬁbrils
© 2021 The Authors. Published by
American Chemical Society
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to EtOH) with continuous stirring at 45 °C. The defatting process
was repeated twice. The fat content of the extracted protein isolate
was 3.58% for MPI, 4.44% for FPI, and 0.38% for the defatted LPI,
measured by a Soxtec 8000 Extraction Unit (Foss Analytical A/S
Hilleröd, Danmark).
The extraction of oat protein isolate (OPI) was made according to
the method previously described by Wu et al.,22 with the only
modiﬁcation that the oat ﬂour used was air-classiﬁed. The defatted,
air-classiﬁed oat ﬂour was dispersed in deionized water at a ﬂour to
water ratio of 1:6 (w/v). The pH of the mixture was adjusted to 9.2
with 2 M NaOH, and the mixture was incubated at room temperature
(20 ± 2 °C) for 25 min with stirring, followed by ﬁltration through
cheesecloth. The ﬁltered mixture was centrifuged at 3700 g for 15
min. After centrifugation, the supernatant was collected, and the pH
was adjusted to pH 5.0 with 1 M HCl. The mixture was incubated
with stirring at room temperature for 1 h and then centrifuged at 3700
g (20 °C, 15 min). The pellet was collected and dispersed in
deionized water at a ratio of 1:6 (w/w) with pH adjusted to 5.0,
followed by centrifugation at 3700 g for 15 min. All pellets were then
freeze-dried for 24 h.
The production of rapeseed protein isolate (RPI) was carried out
through mildly alkaline aqueous separation of protein, hulls, and free
oil followed by isoelectric precipitation of the aqueous phase.23
Residual oil in the precipitate was removed with heptane. Whole
rapeseeds were milled in a Krups 75 coﬀee grinder (Krups GmbH,
Germany) at 2 × 10 s, with manual scraping of the bowl between
pulses. Then, 100 g of ground meal were dispersed in 1.5 L of
deionized water and hydrated overnight at 5 °C. The pH of the
dispersion was adjusted to 8 with 1 M NaOH, and the dispersion was
incubated for 1 h at room temperature. The dispersion was mixed for
1 min in a Bosch Clevermixx food processor (Robert Bosch Gmbh,
Germany) in four batches and coarse-ﬁltered through four layers of
surgical gauze. The solids were re-extracted in 500 mL of deionized
water at pH 8 by incubation for 30 min and mixed and ﬁltered as in
the previous step. The combined ﬁltrate was placed in a separatory
funnel, and the quickly sedimenting seed hull particles were
immediately removed with separation proceeding overnight at 5 °C.
After separation, the sediment and liquid phase was removed from the
oleosome containing cream. The liquid phase was centrifuged at
10 000 g for 30 min, and the remaining cream was removed; the liquid
phase was decanted from the remaining solids. A small amount of free
oil remained in the liquid phase, which was removed in a separatory
ﬂask overnight at 5 °C. The resulting liquid was recentrifuged at
10 000 g for 30 min, and the middle phase was removed by siphoning.
The pH of the liquid phase was adjusted to 5 with 1 M HCl, and it
was incubated at room temperature for 30 min and centrifuged 30
min at 10 000 g. The precipitate was redispersed in 250 mL of
deionized water with pH adjusted to 8 and incubated for 60 min,
followed by reprecipitation at pH 5. The supernatant was decanted,
and the precipitate was dispersed in 50 mL of deionized water,
adjusted to pH 7 with 1 M NaOH, and lyophilized. The lyophilized
precipitate was dispersed in 50 mL of heptane and centrifuged at 1500
g for 15 min, and the precipitate was similarly re-extracted twice with
25 mL of heptane and dried in a fume hood at room temperature
overnight.
The protein content of the extracted FPI, MPI, LPI, OPI, and RPI
was determined by the Dumas method (Flash 2000 Analyzer), with a
conversion factor of 6.25. The protein content was FPI 90.8%, MPI
84.5%, LPI 96.2%, OPI 89.0%, and RPI 68.0%. According to the
manufacturers, the potato protein isolate (PPI) had a protein content
of 81%, and the whey protein isolate (WPI) had a protein content of
92%, the soy protein isolate (SPI) had a protein content of 90.0%.
Preparation of PNFs. The FPI, MPI, LPI, OPI, and RPI were
dissolved in 0.01 M HCl, and the pH was adjusted to 2.0 with 2 M
HCl. To improve the solubility of RPI, guanidine chloride (GuCl)
was added to the solution to a ﬁnal molarity of 7 M. The FPI, MPI,
and LPI solutions were stirred for 1 h, while OPI and RPI were stirred
overnight at room temperature, followed by centrifugation at 3700 g
(20 °C, 30 min). The mixture with RPI was dialyzed for 24 h against

interaction between PNFs and nanoparticles. There is still a
great need to understand the characteristics of plant-based
PNFs before adding them to more complex systems such as a
food gel.
Some commonly used methods for detection and characterization of PNFs are thioﬂavin T (ThT) ﬂuorescence, circular
dichroism (CD) spectroscopy, Fourier-transform infrared
spectroscopy (FTIR), and atomic force microscopy (AFM).
ThT is a ﬂuorescent dye with a high aﬃnity to β-sheets and is
one of the most frequently used methods for detection of the
β-sheet-rich PNFs.21 CD and FTIR are used as complementary
methods for detection of the secondary structure, while AFM
is used for morphological characterization of PNFs.12
The aim of this study was to compare the ability of diﬀerent
classes of plant-based protein isolates to form PNFs and to
evaluate the characteristics of these PNFs with relevant
methods (ThT, CD, FTIR, and AFM). We successfully
generated and characterized PNFs from extracted protein
isolates from seven diﬀerent plant sources, mung bean, lupin,
rapeseed, and oat, for which data are reported for the ﬁrst time,
and fava bean, soybean, and potato. The features of the plantbased PNFs were compared with those of well-studied12 foodrelated PNFs made from whey protein.

■
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MATERIALS AND METHODS

Fava bean (Vicia faba minor; cv. Gloria) cultivated in Sweden was
kindly provided by RISE (Research Institutes of Sweden). Mung bean
(Vigna radiate) cultivated in Myanmar was kindly provided by
Lantmännen (Sweden). Lupin seeds (Lupinus angustifolius, cv.
Boregine) were bought from Italy. Milled, defatted, and air-classiﬁed
oat (Avena sativa cv. Mathilda) ﬂour was kindly provided by
Lantmännen (Sweden). Commercial oilseed rape (Brassica napus)
was kindly provided by Gunnarshö gs Gård (Sweden). Potato
(Solanum tuberosum) protein isolate (85043, Batch 1502000052),
was kindly provided by Lyckeby Starch AB (Sweden). Soybean
(Glycine max) protein isolate (SUPRO 120 IP) was kindly provided
by Solae Belgium N.V. Whey protein isolate (Lacprodan DI-9224)
was obtained from Arla Food Ingredients (Denmark). Hydrochloric
acid (HCl, VWR, France), sodium chloride (NaCl, VWR, Belgium),
thioﬂavin T (Sigma, India), heptane (Merck), and guanidinium
chloride (GuCl, Merck, Germany) were purchased from commercial
sources.
Protein Extraction and Isolation. A dehulling machine (Lu Cao
Hi-Tech Machinery Manufacturing Co. Ltd., China) was used to
remove the hulls of fava bean and lupin seed. Mung beans, dehulled
lupin seeds, and fava beans were milled in an Ultra-Centrifugal Mill
(ZM-1, Retsch GmbH, Germany) with a 500 μm mesh. The protein
extractions for the mung bean protein isolate (MPI), fava bean
protein isolate (FPI), and lupin seed protein isolate (LPI) were
obtained according to the following procedure: The ﬂour was
dispersed in deionized water at a ratio of 1:10 (w/w) at 20 °C. The
pH of the mixture was adjusted with 2 M NaOH to 9.0 for fava bean
and 8.0 for mung bean and lupin. The mixture was then incubated
with stirring at room temperature (20 ± 2 °C) for 1 h, followed by
centrifugation at 3700 g for 15 min for lupin, and 30 min for mung
bean and fava bean. The diﬀerence in pH was based on earlier inhouse optimization studies (not shown). After centrifugation, the
supernatant was collected, and the pH was adjusted with 1 M HCl to
pH 4.6 for mung bean and lupin and 4.0 for fava bean (the pH was
chosen based on protein yield). The mixture was incubated with
continuous stirring at room temperature for 2 h for lupin, 1 h for fava
bean, and 40 min for mung bean and then centrifuged at 3700 g (20
°C, 15 min). The pellet was collected and dispersed in deionized
water at a ratio of 1:10 (w/w) with pH adjustment to 4.6 (lupin and
mung bean) and 4.0 (fava bean), followed by centrifugation at 3700 g
for 15 min. All pellets were then freeze-dried for 24 h. Due to its high
fat content, LPI was defatted using 95% EtOH at a ratio of 1:10 (LPI
855
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Figure 1. Proportional increase in average relative ﬂuorescence intensity (ARFI) after incubation (ARFI after incubation/ARFI before incubation)
for fava bean, mung bean, lupin, oat, and rapeseed protein. Proportional increase in ARFI for soybean, potato, and whey protein after incubation is
taken from Josefsson et al.,16 Josefsson et al.,18 and Ye et al.,23 respectively.
0.01 M HCl (pH 2), using a membrane with 6−8 kDa molecular
weight cutoﬀ, before being recentrifuged.
The supernatants were recovered, pH-adjusted to 2.0 if required,
and ﬁltered through a 0.45 μm nylon syringe ﬁlter (Merck Millipore/
Ireland). The ﬁltrates from dissolved FPI, MPI, LPI, OPI, and RPI
were concentrated using a spin ﬁlter with a 10 kDa cutoﬀ (Satorius/
UK). Protein content was estimated by dry weight measurement; 1
mL from each sample containing dissolved and concentrated FPI,
MPI, LPI, and OPI was dried at 105 °C for 3 h. The protein content
was adjusted based on the dry weight measurement to 20 mg/mL for
the dissolved and concentrated FPI, LPI, and OPI samples and to 10
mg/mL for the MPI sample. The diﬀerent protein concentrations
were selected based on earlier studies (not published), to avoid
gelation during heating. RPI concentration was estimated by UV
absorbance at 280 nm, and the concentration was adjusted to 2 mg/
mL. This concentration was selected due to low quantities of RPI.
The pH 2 solutions containing dissolved and concentrated FPI, MPI,
LPI, OPI, and RPI were then incubated at 85 °C in a heating block
without agitation for 24 h.
The PNF preparation method for SPI, PPI, and WPI was as
previously published,16,18,23 where the setup for ﬁbrillation was similar
to the process described above, with some minor diﬀerences in
concentration, incubation time, and temperature during ﬁbrillation.
Dissolved SPI, PPI, and WPI were adjusted to a concentration of 14
mg/mL (SPI and PPI) or 40 mg/mL (WPI) before incubation for 96
h (PPI) or 72 h (SPI and WPI) in an oven at 90 °C. For more details
on the setup used for ﬁbrillation of SPI, PPI, and WPI, see Josefsson
et al.,16 Josefsson et al.,18 and Ye et al.,23 respectively.
Before CD and FTIR measurements and AFM imaging, PNFs
made from FPI, MPI, LPI, OPI, RPI, and SPI were puriﬁed by passage
through a spin ﬁlter with a 100 kDa molecular weight cutoﬀ
membrane (Sartorius/UK) spun at 1500 g, followed by dilution to
initial volume. The PNFs made from PPI and WPI were dialyzed with
a 100 kDa molecular weight cutoﬀ membrane, instead of puriﬁcation
by a spin membrane. The dialyzed WPI and PNFs were only used for
FTIR measurements and AFM imaging.
Thioﬂavin T Fluorescence. Thioﬂavin T ﬂuorescence assay was
used to detect any increase in β-sheet content due to ﬁbril formation.
To measure the content of PNFs made from FPI, MPI, LPI, OPI, and
RPI, the following procedure was used: A ThT stock solution of 1

mM was prepared by diluting ThT in phosphate buﬀer (10 mM
phosphate, 150 mM NaCl, pH 7.0). The stock solution was ﬁltered
through a 0.2 μm nylon syringe ﬁlter (VWR, USA) and stored
covered in aluminum foil at −21 °C. On the day of analysis, the stock
solution was diluted in phosphate buﬀer to make a 50 μM working
solution. A 100 μL sample was mixed with 900 μL of the ThT
working solution and incubated for 10 min at room temperature
before testing. Fluorescence intensity was measured using a
multimode microplate reader (Polarstar Omega, BMG Labtech,
Germany) at an excitation wavelength of 440 nm (slit width = 10.0
nm) and an emission wavelength of 480 nm (slit = 10.0 nm). The
ThT working solution without addition of a protein sample was used
as a blank.
A similar method was used for measuring the content of PNFs
made from SPI, PPI, and WPI, with only a few modiﬁcations. For
these, the measurements were made with a Varian Cary Eclipse
Spectroﬂuorometer at emission spectra between 460 and 600 nm,
instead of at a ﬁxed wavelength of 480. For more details about the
ThT measurements on SPI, PPI, and WPI, see Josefsson et al.,16
Josefsson et al.,18 and Ye et al.,23 respectively.
Circular Dichroism Spectroscopy. Conformational changes to
the secondary protein structure during ﬁbrillation were investigated
with CD spectroscopy, using a Jasco J-810 spectropolarimeter (Jasco
Corp., Japan) for the FPI, MPI, LPI, OPI, and RPI samples and a
Chirascan CD spectrometer (Applied Photophysics) for the SPI, PPI,
and WPI samples.
The protein concentration in all samples was adjusted to 0.1 mg/
mL with 0.01 M HCl before analysis. At these conditions, the proteins
are 100% soluble. Spectra were obtained at 25 °C for the range 190−
270 nm (190−260 for Chirascan CD), using a quartz cuvette with an
optical path length of 1 mm. The spectral resolution was 1 nm, with a
response time of 1 s at a bandwidth of 2 nm (spectral resolution 0.5
nm, response time 0.5 s, and bandwidth 1 nm for Chirascan CD). Ten
scans (5 scans for Chirascan CD) were accumulated and averaged,
and the baseline (0.01 M HCl) was subtracted.
Fourier-Transform Infrared Spectroscopy. Puriﬁed PNFs
made from FPI, MPI, LPI, OPI, RPI, SPI, and PPI were ﬂash-frozen
in liquid nitrogen and subsequently freeze-dried for 24 h, while
dialyzed PNFs made from WPI were dried into a ﬁlm at 40 °C for 48
h. The dry powders/ﬁlm were then investigated using a PerkinElmer
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Figure 2. Circular dichroism spectra of nonﬁbrillated protein (blue), ﬁbrils (red), and puriﬁed ﬁbrils/dialyzed (green) from (A) fava bean, (B)
mung bean, (C) lupin, (D) oat, (E) rapeseed, (F) soybean, (G) potato, and (H) whey. The CD spectra for soybean, potato, and whey protein are
taken from Josefsson et al.,16 Josefsson et al.,18 and Ye et al.,23 respectively.
Spectrum 400 FTIR imaging system (PerkinElmer, USA) equipped
with a Specac Golden Gate germanium attenuated total reﬂection
(ATR) crystal (Specac, UK). The IR absorption spectra were
recorded in ATR image mode for the region between 600 and 4000
cm−1, with 16 scans and a resolution of 4 cm−1. The IR spectra were
deconvoluted using the Spectrum 10.5.1 software, with an enhancement factor (γ) of 2 and a smoothing ﬁlter of 70%. Secondary
structures were examined in the amide-I band (1580−1700 cm−1) due
to its sensitivity to CO stretching. Origin software (version 9.1)

was used with the peak analyzer for baseline subtraction and multiple
peaks ﬁt for ﬁtting Gaussian curves to the spectrum. The peak
positions and assignments of the Gaussian curves were based on those
stated by Cho et al.,24 and the height and width of the curves were
iteratively ﬁtted to align with the spectrum. The content of secondary
structures was calculated from the integral of the Gaussian curves,
using the peak analyzer tool. Before the measurements, the puriﬁed
PNFs made from FPI, MPI, LPI, OPI, RPI, SPI, and PPI were dried in
a desiccator containing silica gel for at least 2−3 days.
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Figure 3. Relative size of resolved IR peaks from puriﬁed PNFs from fava bean, mung bean lupin, oat, soybean, potato, and whey, grouped into
those from strongly hydrogen-bonded β-sheets, weakly hydrogen-bonded β-sheets, α-helix/unordered, and β-turns. The IR peaks from puriﬁed
PNFs from potato and whey protein are taken from Josefsson et al.18 and Ye et al.,23 respectively.
Atomic Force Microscopy. AFM imaging was carried out using a
Bruker Dimension FastScan instrument operating in tapping mode.
The samples were diluted between 1:50 and 1:500 in 0.01 M HCl,
and 15 or 25 μL were applied on freshly cleaved mica surfaces and
dried in air. FastScan A cantilevers from Bruker were used for the
experiments, and the micrographs were analyzed with Gwyddion 2.48
(http://gwyddion.net/).
SDS-PAGE. To compare the protein proﬁles of the seven diﬀerent
protein isolates used to form PNFs, one-dimensional SDS-PAGE was
performed on Mini-PROTEAN TXG, 4−20% gels. Each protein
isolate was dispersed in 0.01 M HCl, and the pH was adjusted to 2
with 2 M HCl. The dispersions were ﬁltered through 45 μm sterile
nylon syringe ﬁlters, and the concentration was adjusted to 1 mg/mL
for all protein isolates (estimated with UV-absorbance, 280 nm). The
samples were run under reducing conditions.
Size Exclusion Chromatography. A small amount of extracted
MPI was dissolved in deionized water, and the pH was measured to
be 4.2. To ensure complete dissolution of MPI, NaCl was added to a
ﬁnal concentration of 0.6 M. The protein solution was then
centrifuged at 3500 g for 5 min, and the supernatant was ﬁltered
through a 45 μm sterile nylon syringe ﬁlter. The extracted 8S was
diluted in 25 mM Bicine pH 8.7, 200 mM NaCl. The protein solution
was then vortexed thoroughly and run through a PD-10 column using
the same buﬀer. Each of the prepared protein solutions (0.1 mL) were
loaded onto a Superdex-200 Hiload 10/300 size exclusion column
with 25 mM Bicine pH 8.7, 200 mM NaCl as running buﬀer.

for LPI, 0.5-fold for OPI, 0.7-fold for RPI, 1.8-fold for SPI, 1.0fold for PPI, and 7.5-fold for WPI. There was an increase in
ﬂuorescence after incubation for all plant-based protein isolates
except OPI and RPI, which is in line with previously published
data on detection of PNFs from plant-based protein isolates
with ThT.15,17 However, there was great variation in the
relative change in ﬂuorescence among the diﬀerent protein
isolates after incubation compared with before incubation
(Figure 1). This was due to some protein isolates (LPI, SPI,
and PPI) having a relatively high ﬂuorescence intensity already
before incubation (Supporting Information, SI, Figure
S1C,F,G). The decrease in OPI (0.6-fold) and RPI (0.7fold) was due to the ﬂuorescence peaks being higher before
incubation (Figure S1D,E). Despite the general belief that ThT
dye binds speciﬁcally to PNF structures and should not
interact with soluble proteins in their native or partly unfolded
stage, there are some contradictory ﬁndings.25 For instance,
serum albumin in its native state from several diﬀerent species
has been reported to have a high aﬃnity to ThT dye.26 These
observations indicate that ThT dye should not be used as the
sole method for detection of PNFs but should be used together
with other veriﬁcation methods.
A possible explanation for the high ThT ﬂuorescence peaks
is that reactive native protein or protein aggregates existed
before ﬁbril formation and that the denaturation and hydrolysis
under PNF formation conditions (pH 2, 85 °C) eliminated
these native proteins/aggregates, while PNFs were formed. In
this case, the drop in ThT ﬂuorescence from native protein/
aggregate destruction was larger than the ThT ﬂuorescence
coming from PNF formation, leading to an overall reduction in
ThT ﬂuorescence. Most storage proteins are rich in β-sheets,27
as has been demonstrated with FTIR measurements on oat
protein isolate; e.g., one study found that OPI consisted of
approximately 74% β-sheets.28 Similar studies conducted on
cruciferin (the major storage protein in rapeseed) have found a
45.6% β-sheet content (at pH 7).29 Thus, the native protein/
aggregates that interact with the ThT signaling in these cases
might be due to undissolved storage proteins. In the present
study, FPI was the protein source that showed the highest
increase in ﬂuorescence after incubation (8.0-fold). The high
ThT ﬂuorescence increase for MPI ﬁbrils formed at pH 2 and

■

RESULTS AND DISCUSSION
PNF formation was initiated after the protein isolates were
dissolved at pH 2 and incubated at 85−90 °C for 24−92 h.
The secondary structure of the PNFs was analyzed using ThT
ﬂuorescence, CD spectroscopy, and FTIR spectroscopy. The
morphology was evaluated using AFM.
All Isolates Are Able to Form Amyloid-Like PNFs.
Thioﬂavin T. ThT is a ﬂuorescent dye that has a strong
attraction for mature PNFs, due to the proposed mechanism of
the dye binding to the surface side-chain grooves that run
parallel to the long axis of the ﬁbrils.25 For this reason, ThT
ﬂuorescence spectroscopy is a widely used method for
detection of both naturally occurring and synthetic PNFs.12
Figure 1 shows the relative increase in average ﬂuorescence for
all protein isolates after incubation, compared with before
incubation. The change in ﬂuorescence for the protein isolates
after incubation was 8.0-fold for FPI, 6.9-fold for MPI, 2.1-fold
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Figure 4. Atomic force microscopy images of PNFs from (A) fava bean, (B) mung bean, (C) lupin, (D) oat, (E) rapeseed, (F) soybean, (G)
potato, and (H) whey, the scale bar is 1 μm in all images.

incubation (not ﬁbril) and after incubation (ﬁbril). For
disordered proteins, the minimum in the curve should be
around 195 nm; for α-helix, there are two minima at around
222 and 208 nm, and for β-sheet structures, the minimum
should be around 218 nm.31 The CD spectra containing
proteins and nonpuriﬁed ﬁbrils might have some interactions
with nonprotein molecules; however, these possible interactions should not be applicable for the samples containing
puriﬁed ﬁbrils.
The fava bean, mung bean, lupin, oat, rapeseed, and soybean
samples (Figure 2A−F) before incubation (not ﬁbril) had a
minimum peak between 201 and 206 nm, indicating

85 °C (6.9−fold) is in line with earlier published data in a
study investigating the ability of vicilins (7S/8S globulins)
from mung beans, red beans, and kidney beans to form
PNFs.30 That study concluded that vicilin from mung bean had
the highest maximum ﬂuorescence peak among the three
proteins.30
Circular Dichroism Spectroscopy. CD spectroscopy was
used to analyze the secondary structure for all plant-based
protein isolates before incubation (not ﬁbril), after incubation
(ﬁbril), and after puriﬁcation/dialysis (puriﬁed/ﬁbril + dialys)
(Figure 2). For the WPI samples, the CD spectra are the same
as those published in Ye et al.23 and only contained data before
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Figure 5. Electrophoretic pattern of protein isolates from fava bean
(F), mung bean (M), oat (O), rapeseed (R), lupin (L), soybean (S),
potato (P), and whey (W), separated by SDS-PAGE under reducing
conditions.

disordered secondary structure. This behavior was observed for
all protein samples except potato (Figure 2G), which had a
minimum peak for the “not ﬁbril” sample at 213 nm. Potato
showed a similar pattern for the “not ﬁbril” sample as the CD
analyses on whey (Figure 2H), with a minimum at 209 nm,
indicating that there could have been some ordered structures
in the starting material of PPI. The indication of ordered
structures in oat and rapeseed samples before incubation seen
in ThT ﬂuorescence analysis (Figure 1, Figure S1D,E in SI)
was not conﬁrmed by the CD measurements (Figure 2D,E)
(not-ﬁbril), conﬁrming the need for complementary measurements to ThT dye in PNF detection.
After incubation (ﬁbril), the potato sample (Figure 2G)
shifted to a more disordered structure, with a minimum at 200
nm. This shift was in line with all the other plant-based
samples (Figure 2A−F). For the whey sample, a clear shift to a
spectrum indicating β-sheet structure was observed already
after the incubation (Figure 2H) (ﬁbril), but this was not the
case for any of the plant-based samples (Figure 2A−G).
The proposed mechanism for PNF formation is that the
globular protein is denatured by low pH and high temperature,
which contributes to the formation of PNFs.32,33 Partial
degradation of the polypeptide chain due to acid-induced
hydrolysis is also suggested to occur. Only a small part of the
polypeptide chain is beneﬁcial for constructing PNFs, resulting
in a mixture of PNFs and hydrolyzed peptides in the ﬁbrillated
sample.34 This mixture of PNFs and peptides gave CD curves
with a disordered structure after heat incubation for all the
plant-based proteins studied (Figure 2A−G) (ﬁbril), indicating
that the majority of the samples consisted of disordered
hydrolyzed peptides.
All plant-based samples had curves with a shift to the right
after puriﬁcation with a 100 kDa spin membrane or dialysis
(Figure 2A−G) (puriﬁed/ﬁbril + dialys). This shift was
probably due to small disordered peptides being removed by
the puriﬁcation and to larger ordered structures with a high
amount of β-sheet remaining, which indicates that the samples
contained PNFs.
Fourier-Transform Infrared Spectroscopy. FTIR spectroscopy was used to further analyze the secondary structure of

Figure 6. Electrophoretic pattern of MPI and the puriﬁed 8S fraction
from mung bean protein (A). Size exclusion chromatography of MPI
(B) and the puriﬁed 8S fraction (C) red arrows indicate 8S.

puriﬁed PNFs, and the values were divided into four groups:
strongly hydrogen-bonded β-sheets, weakly hydrogen-bonded
β-sheets, α-helix/unordered, and β-turns (Figure 3, Table S1 in
SI).
All the puriﬁed PNFs made from protein isolate from
legumes (fava bean, mung bean, lupin, and soybean) had a
high content of strongly hydrogen-bonded β-sheets (range
46.4−55.3%). Among the plant-based PNFs, potato had the
highest amount of strongly hydrogen-bonded β-sheets (60.5%)
and had a low amount of weakly hydrogen-bonded β-sheets
(5.4%). These results are similar to the FTIR measurements on
the puriﬁed whey PNFs, which had 71.6% strongly bonded and
3.2% weakly hydrogen-bonded β-sheets. Puriﬁed PNFs from
oat and rapeseed contained, respectively, 44.4 and 40.3%
strongly hydrogen-bonded β-sheets and 13.3 and 8.0% weakly
hydrogen-bond β-sheets. One possible reason why both the
potato and whey samples had high quantities of strongly
hydrogen-bonded β-sheets is that they were dialyzed with a
100 kDa membrane, instead of ﬁltered with a spin membrane
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Figure 7. (A) Average relative ﬂuorescence intensity for nonﬁbrillated (Nonﬁbril) and ﬁbrillated (Fibril) samples from MPI at concentrations of
10, 12, 15, and 20 mg/mL and 8S at a concentration of 10 mg/mL (single measurement). (B) Atomic force microscopy image of PNFs from 8S.

than from the plant-based PNFs. Secondary structure
determination of the WPI-based PNFs showed CD curves
that had a clear shift to the right already after ﬁbrillation
(Figure 2H) and the largest content of strongly hydrogenbonded β-sheets among the proteins investigated (Figure 3,
Table S1 in SI). This indicates that WPI has the best ability in
this condition to form PNFs among the proteins investigated,
which is why whey is the most commonly used protein source
for studies of food-related PNFs.
Due to the small quantity of RPI available, this sample was
incubated at 2 mg/mL, which can explain the low amount of
PNFs detected with AFM imaging (Figure 4E, Figure S2). In
the ﬁbrillated OPI (Figure 4D) and RPI (Figure 4E, Figure S2)
samples, many small spherical (∼70 nm) protein aggregates
were detected along with PNFs. Similar spherical structures,
but in lower amounts, were observed in the ﬁbrillated MPI
sample (Figure 4B). OPI and RPI did not increase in ThT
ﬂuorescence after ﬁbrillation compared with the untreated
protein isolate (Figure 1), which could be due to undissolved
β-sheet-rich protein aggregates. The small spherical structures
observed in the AFM images of ﬁbrillated and puriﬁed PNFs
from OPI and RPI may be connected to the inconclusive ThT
assay results. The CD analysis of both OPI and RPI showed a
shift to the right after ﬁbrillation and puriﬁcation (Figure
2D,E), even though the shift for OPI was very small. However,
the FTIR measurements showed that the ﬁbrillated and
puriﬁed OPI and RPI (Figure 3) had a lower amount of βsheet-rich structures than the other protein isolates. This
contradicts the hypothesis that the small spherical structures
observed in the AFM images are the same aggregates that
generated strong ThT ﬂuorescence in the OPI and RPI
samples before ﬁbrillation. The hypothesis is also contradicted
by the fact that similar spherical structures were seen in the
ﬁbrillated MPI sample, which had the second highest increase
in ThT ﬂuorescence after incubation.
Purity and Size of Protein May Have an Impact on
PNF Formation. The features that make WPI superior to

at the same cutoﬀ. The dialysis might have resulted in a purer
sample compared with the plant-based PNFs (except potato),
and thus, the FTIR measurements on potato and whey are not
completely comparable with the results from the puriﬁed plantbased PNFs. Despite this, the results for the puriﬁed and
dialyzed plant-based samples were still in alignment with the
CD measurements, indicating an increased amount of β-sheet
structure after puriﬁcation/dialysis.
PNFs Display Variations in Nanoscale Morphologies.
Atomic force microscopy was used to determine the
morphology of the PNFs. The PNFs made of protein isolate
from fava bean, mung bean, lupin, oat, rapeseed, soybean, and
potato were puriﬁed with a 100 kDa cutoﬀ ﬁlter before
imaging.
Fibril structures were detected in all samples after incubation
(Figure 4). All PNFs had a similar height within the range 2.7−
5.3 nm. The longest PNF measured within the samples was
∼720 nm for fava bean, ∼550 nm for mung bean, ∼390 nm for
lupin, ∼760 nm for oat, ∼910 nm for rapeseed, ∼220 nm for
soybean, ∼340 nm for potato, and several micormeters (μm)
for whey. Some morphological diﬀerences were detected
between the samples from diﬀerent protein sources. PNFs
made from FPI (Figure 4A), MPI (Figure 4B), SPI (Figure
4F), and PPI (Figure 4G) had a curly structure and were
entangled with each other, which made their size diﬃcult to
determine. Incubated LPI (Figure 4C), OPI (Figure 4D), and
RPI (Figure 4E, Figure S2) produced PNFs with a straighter
shape compared with FPI, MPI, SPI, and PPI. The sample
made from LPI (Figure 4C) seemed to consist mainly of small
PNFs, with an average length of ∼60 nm. Under the
experimental conditions used in this study, none of the
plant-based PNFs had the ability to form PNFs of the same
length as the incubated WPI (Figure 4H). The PNFs made
from WPI were generated at a higher concentration (40 mg/
mL) than the PNFs made from plant-based protein isolates
(2−20 mg/mL). This concentration variation is a possible
explanation for the considerably longer ﬁbers made from WPI
861
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reports is not clear, but it might be due to variations in the
protein proﬁle or variations in the preparation of the sample
before the analysis. ThT ﬂuorescence measurements show that
the 8S fraction is superior to the MPI’s ability to form PNFs
(Figure 7A). The 8S sample has approximately the same
average relative ﬂuorescence intensity after PNF formation at a
concentration of 10 mg/mL as the MPI sample had at a
concentration of 20 mg/mL. Before initiating the PNF
formation, the MPI sample had a higher average relative
ﬂuorescence intensity compared to the 8S fraction; the reason
for this is not fully understood, but some compound within the
MPI sample was interacting with the ThT dye. AFM image of
the PNFs formed from the 8S fraction (Figure 7B) shows that
the PNFs have the curly morphology as observed for PNFs
formed from MPI (Figure 4B). When comparing the dissolved
samples of MPI and 8S after PNF formation with the naked
eye, there were clear diﬀerences in the color of the samples
(Figure S3). The MPI sample had a brown color, whereas the
sample containing 8S was transparent. The compounds that
are coloring the MPI sample may be the same compounds
obstructing the PNFs formation. These results indicate that the
ability of the protein extract to form PNFs is increasing when
the PNF-forming proteins are puriﬁed. However, this needs to
be further investigated before any conclusions can be drawn.
In conclusion, this study compared the characteristics of
PNFs made from seven diﬀerent plant-based protein isolates
(from fava bean, mung bean, lupin, rapeseed, soybean, potato,
and oat). Using ThT ﬂuorescence spectroscopy, PNFs were
detected in all protein isolates except OPI and RPI. However,
AFM imaging, CD spectroscopy, and FTIR measurements
revealed presence of PNFs in all samples including the OPI
and RPI samples, indicating limitations with using the ThT
assay as the only detection method for PNFs. Using CD
spectroscopy, we detected a shift to more β-sheet-rich
structures for all protein isolates after PNF incubation (pH
2, 85−90 °C) and puriﬁcation with a 100 kDa cutoﬀ. This
indicates that we successfully generated PNFs, with their
characteristic high β-sheet content. This was conﬁrmed by
FTIR spectroscopy, which successfully quantiﬁed the content
of β-sheet structures in all ﬁbrillated protein isolates. There was
some divergence in the proportion of β-sheets between the
diﬀerent plant-based proteins, with potato having the highest
quantities. Visualization of the PNFs using AFM conﬁrmed
that we were able to generate PNFs from all protein isolates.
PNFs generated from diﬀerent plant-based protein sources
showed distinct morphologies in terms of PNF straightness,
length, and proportion of PNFs to spherical nanosized
aggregates. We hypothesize that the size and purity of the
protein isolate could aﬀect the ability to form PNFs, where low
molecular weight and pure isolate could be more suitable for
PNF formation. Thus, PNFs can be manufactured from plant
protein isolates under realistic conditions for industrial
production, with their morphology depending on the protein
source. Structural features such as a high aspect ratio and
waviness make plant-based PNFs promising candidates for
tailoring the properties of meat analogues or as a stabilizing
additive.

plant-based proteins in terms of ability to form PNFs are not
clear, but the quality of the isolate is one possible explanation.
Another potential reason could be that the small proteins in
the whey protein isolate are more soluble than the larger
proteins within the plant-based protein isolates, which could be
beneﬁcial for PNF formation. Whey protein consists of two
major monomeric proteins, mainly β-lactoglobulin (18.3 kDa)
and α-lactalbumin (14.2 kDa).35 In the SDS-PAGE analysis of
the protein isolate (Figure 5), WPI had two bands between 10
and 20 kDa, indicating that this sample contained βlactoglobulin and α-lactalbumin. None of the plant-based
protein isolates contain proteins as small as those in the whey.
The isolate closest in size was potato, which consists of two
main relatively small protein groups, patatin (40−42 kDa) and
protease inhibitors (7−21 kDa),36 SDS-PAGE analysis
conﬁrmed that both patatin and protease inhibitors were
present within the PPI sample (Figure 5). The PNFs made
from PPI had the largest amount of strong β-sheets (Figure 3),
supporting the theory that isolates containing small proteins
have beneﬁts in the formation of PNFs.
The major globular proteins in fava bean, oat, rapeseed, and
soybean are 11S or 12S which have a molecular weight ranging
from 320 to 360 kDa.37−40 For lupine, the protein content is
more equally divided between the two major proteins 7S with a
molecular weight of 143−260 kDa and 11S with a molecular
weight between 330 and 430 kDa.41 For mung bean, the major
protein (∼89%) is 8S with a molecular weight of 200 kDa.42
The fact that the main part of the mung bean protein consists
of a smaller protein (8S) than fava bean, lupine, oat, rapeseed,
and soybean might be a possible explanation for MPI having
the third highest relative increase in ThT ﬂuorescence after
PNF formation; only fava bean and whey had a lager increase
(Figure 1). This theory is contradicted by the fact that the fava
bean had the highest relative increase ThT ﬂuorescence after
PNF formation. However, the fava bean PNFs were made at a
higher protein concentration (20 mg/mL) than the PNFs
made from MPI (10 mg/mL) which might be a reason for the
high increase in ThT ﬂuorescence.
An alternative method to improve the PNF formation might
be to pre-expose the protein isolate for enzymatic proteolysis
to form smaller peptides. This has been reported to alter the
formation of PNFs made from soybean protein isolate when
treated with papain selective for β-conglycinin (7S), compared
with whole protein isolate.43 Pre-exposure of the protein
isolate to proteolytic enzymes requires further investigation but
might be a good method to enhance the ability of plant protein
isolates to form PNFs.
Both the size and the purity of the protein isolate might be
possible explanations to why WPI was superior to the other
proteins in this study to form PNFs. The SDS-PAGE results
(Figure 6A) show that the MPI contains similar bands as the
8S fraction, indicating that the 8S is the dominating protein in
MPI. This was further conﬁrmed with size exclusion
chromatography (Figure 6B,C) where both samples had
well-deﬁned peaks (Figure 6B,C) (red arrows) at volumes
(12.53 and 12.39 mL) close to 200 kDa which is the reported
molecular weight of 8S.42 Additionally, two other peaks were
observed within the MPI sample. There is one at 10.84 mL
corresponding to 400 kDa which is similar to the reported
weight of the 11S fraction from mung bean at 360 kDa and one
at 14.32 mL corresponding to 70 kDa which is approximately
half of the reported weight of the 7S fraction at 135 kDa. The
reason why the assumed 7S fraction is smaller than earlier
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