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Food industry aims to develop novel protein-based emulsifiers
from sustainable sources (e.g. plants, seaweed/microalgae,
microbial, and insects) to satisfy the clean-label demand by
consumers. Enzymatic hydrolysis releases peptides with
enhanced surface properties compared with the parent
alternative proteins. Traditionally, a trial-and-error top-down
approach, which requires extensive costs in screening
analyses, has been carried out to produce emulsifying peptides.
This review presents the recent advances in a novel and
fundamentally orthogonal bottom-up strategy, facilitated by
quantitative proteomics and bioinformatic functional prediction,
to produce emulsifying peptides by targeted enzymatic
hydrolysis based on in silico proteolysis. Moreover, new
insights on the relation between interfacial properties of
peptides and emulsifying activity, as well as impact on stability
of wet and dried emulsions, are discussed.
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Introduction

Many traditional foods are colloidal dispersions, which
are present either in the form of oil-in-water emulsions
(i.e. milk, mayonnaise, sauces, and dressings), including

complex oil-in-water emulsions (i.e. ice cream, sau-
sages), or in the form of water-in-oil emulsion (i.e.
butter, margarine) [1]. Furthermore, wet and dried
emulsions are commonly used systems to control the
delivery and bioavailability of bioactive ingredients (e.g.
omega-3 fatty acids, vitamins, carotenoids, curcuminoids,
and others) present in fortified foodstuffs [2]. Emulsions,
consisting of at least two immiscible liquid phases and
with droplet size ranging from 10 nm to 100 pm, are
thermodynamically unstable systems, which achieve ki-
netic stability by the presence of an interfacial layer of
emulsifier(s) surrounding the droplets of the dispersed
phase(s) [3].

Emulsifiers locate at the interfacial area formed during
emulsification, decreasing interfacial tension and
forming a physical barrier between the immiscible
phases that provide stability against droplet coalescence
[1,3]. Protein-based emulsifiers are excellent stabilizers
of emulsions by providing steric hindrance and/or elec-
trostatic repulsions [4]. Indeed, there is a clear trend in
the food industry to use emulsifiers derived from sus-
tainable proteins (e.g. plants, microbial, seaweed/micro-
algae, and insect) in order to replace currently used
synthetic surfactants (e.g. sucrose and sorbitan esters)
and animal proteins (e.g. dairy proteins) [5-7]. Never-
theless, sustainable proteins are usually more complex
(e.g. a mixture of proteins), as well as less soluble and
surface active compared with surfactants and animal
proteins and thus show limitations to their direct use as
emulsifying agents [8-10]. On the other hand, peptides
with superior surface properties can be released from
these alternative proteins. Peptides have smaller size
and higher exposure of both hydrophobic and polar
groups, which might result in higher aqueous solubility,
diffusivity, and amphiphilic potential compared with the
parent proteins. The latter enhances the adsorption of
peptides at the interface. Moreover, upon adsorption at
the interface, peptides may change their secondary
structure. Together, these properties allow the stabili-
zation of a large interfacial area [11-14].

This review presents the recent advances on the pro-
duction of emulsifying peptides from sustainable pro-
teins. Particularly, it discusses the advantages of using
proteomics and bioinformatics for the identification and
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Schematic representation of the traditional top-down/trial-and-error and the new bottom-up/bioinformatic/data-centric approach for production of
emulsifying hydrolysates and identification of peptide emulsifiers. Created with Biorender.com. (A) In the traditional approach, one (or more) protein
extracts and/or raw materials (a) are hydrolyzed by a selection of proteases (b) using different process parameters (e.g. temperature, pH, E/S ratio,
time, and degree of hydrolysis) at different levels (c * d). Following potential fractionation of hydrolysates (e), hydrolysates are investigated by a number
of functional assays (f), resulting in a large number of wet-lab experiments (a*b * ¢ * d * e * f) to be evaluated. The best hydrolysates/fractions may then
be investigated (potentially following further fractionation) by LC-MS/MS to identify peptides that may be responsible for the observed emulsification.
(B) In the bottom-up approach, one (or more) protein extracts and/or raw materials are characterized by quantitative LC-MS/MS proteomics to identify
abundant proteins. The sequences of these proteins are then analyzed computationally (EmulsiPred) to predict probable emulsifying peptides
embedded in the proteins. A number of peptides (A) are then synthesized and investigated by a number of functional assays (B) to evaluate their
emulsifying properties (A * B). Based on performance and protein abundance, a number of peptides is selected as primary targets and their release
potential by a range of proteases is investigated by in silico proteolysis. Based on this, hydrolysis process can be designed. The process may then be
optimized through a range of hydrolysis trials (C) followed by investigation with functional assays (D) to evaluate the properties of the hydrolysates (C *
D), leading to a targeted and scalable hydrolysis. Ultimately, release of targeted peptides may be validated by LC-MS/MS peptidomic analysis. In the
future, a substantial number of wet-lab experiments (‘Validation and optimization’) may be bypassed, allowing for an approach (‘Future workflow’)
relying only on quantitative proteomics and bioinformatic analysis to facilitate design of the targeted hydrolysis.

targeted release of peptides with high emulsifying ac- screening analyses [22-24] (Figure 1B). Proteomics is

tivity. Furthermore, new insights on the relation be-
tween interfacial properties of peptides and emulsifying
activity, as well as impact on the physicochemical sta-
bility of wet and dried emulsions, will be provided.

Approaches to identify and obtain emulsifying
peptides

The traditional, and still commonly used, top-down ap-
proach to obtain emulsifier protein hydrolysates/peptides
consists of a trial-and-error process where enzymatic hy-
drolysis is performed by several proteases, either added
individually or in combination, to obtain a range of pro-
tein hydrolysates with different degrees of hydrolysis.
Then, the hydrolysate could be used directly, or fractio-
nated before the emulsifying activity is assessed [15-20].
In rare cases, the emulsifying peptides are then identified
from the most active fraction [21] (Figure 1A). Recently, a
bottom-up approach combining proteomics and bioinfor-
matics has been developed, which saves time and costs of

used to quantitatively determine protein composition in
the raw material and subsequently, emulsifying peptides
are bioinformatically predicted by analyzing the se-
quences of the most abundant proteins. Following func-
tional validation of individual peptides, a targeted
enzymatic hydrolysis process is designed to release the
most abundant and potent emulsifying peptides from the
raw material. The advances in the different stages of this
bottom-up approach as well as future perspectives are
further discussed in the sections below.

Proteomic approaches for identifying
abundant proteins

Identification of the abundant proteins is essential to
maximize potential downstream yields and ensuring that
targeting specific peptides represents a viable business
case. To this end, application of bottom-up proteomics
by liquid chromatography—tandem mass spectrometry
(LC-MS/MS) can provide both qualitative and
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Bottom-up approach to produce emulsifying peptides Garcia-Moreno et al. 3

quantitative insights on the protein composition for an
unprocessed protein source or a protein isolate/extract
[25]. A fundamental prerequisite for performing a
meaningful proteomics analysis is the availability of a
suitable reference protein database. UniProt, an open-
source knowledgebase, features> 189 million protein
sequence records and > 292 000 proteomes (i.e. the
complete set of proteins believed to be expressed by an
organism), from where reference protein databases can
be directly downloaded [26]. UniProt proteomes were
recently used for quantitative analysis of a methano-
trophic ferment [27] as well as side streams from the
potato [23] and codfish [28,29] industry, as the basis for
prediction of embedded emulsifying peptides.

Nonetheless, the UniProt database is still far from
complete to describe the plethora of organisms on earth.
When dealing with samples where no proteome is
available for database construction, it is therefore re-
quired to construct a custom database [30]. This can be
achieved by imputation from related organisms within
the same taxonomic family or order, under the assump-
tion that close phylogenetic relation implies a large de-
gree of protein sequence conservation. Such an approach
was recently applied to quantitatively characterize a
seaweed protein extract, used as the basis for prediction
of embedded emulsifying peptides [31]. Alternatively, it
may be possible to access draft genomic or even better
transcriptomic data, which can be bioinformatically
processed, assembled, and translated into protein se-
quences. Advances in genomic and transcriptomic ana-
lysis, improving throughput and quality while reducing
costs substantially, represent an excellent base for ob-
taining reference protein databases. While using, for
example, de novo transcriptome assembly may introduce
challenges related to annotation of, for example, protein-
coding regions and z vive protein function, it can ulti-
mately provide the protein sequences required for con-
structing a database [30]. The latter approach was
recently applied to quantitatively characterize the pro-
tein composition of a seaweed protein extract [32], and
used for subsequent prediction of embedded emulsi-
fying peptides [27].

Another approach for identifying abundant proteins is
quantitative visualization of the proteomic composition by
electrophoresis (sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE)) followed by excision of in-
tense bands and subsequent in-gel digestion and proteomic
analysis [33]. While insight on sample complexity and
quantitative composition is lost with this approach, it may
be useful for de novo protein sequencing, when very little a
priori knowledge (e.g. suitable reference protein database)
exists [34]. Ultmately, this may allow to imputatively
identify a specific protein from related organisms through

open and/or metaprotcomic analysis [34]. Electrophoresis
may also be used for indirect protein fractionation, where
the sample lane is excised in larger pieces. While this
should be done with caution and with risk of loss/bias due
to additional handling, the approach was successfully ap-
plied for protein extracts from, for example, potato [23],
bacterial biomass [27], and seaweeds [32,35].

Bioinformatics to predict emulsifying peptides
Peptides are by nature complex, and the combinatorial
space increases exponentially with length, n, as 20", only
taking into account the twenty natural amino acids
(AAs). Not only do AAs differ in side-chain functional
groups and thereby physicochemical properties, but also
in their propensities to form secondary structures, adding
an additional layer of complexity in the understanding of
peptide functionality. Several studies on the design of e
novo emulsifying peptides, which include experimental
validation, reported that soluble peptides with an am-
phiphilic a-helix or f-sheet structure exhibit emulsifying
properties [36-38]. Previously, Eisenberg et al. [39] de-
termined the amphiphilicity of a helix by calculating the
mean helical hydrophobic moment and indicated that
this principle can be generalized to amphiphilic peptides
in any conformation. Bearing this in mind, we developed
the open source, Python-based predictor EmulsiPred
(https://github.com/Marcatilil.ab/EmulsiPred)  [22,23],
which allows identification of potential emulsifying
peptides from the full-length sequence of proteins.
EmulsiPred determines an amphiphilic vector for all
embedded peptides in each of three potential con-
formations at the interface: 1) o-helix, showing facial
amphiphilicity (i.e. helix with hydrophobic and hydro-
philic faces), ii) B-strand, also exhibiting facial amphi-
philicity (i.e. hydrophobic and hydrophilic AA side
chains oriented alternatively above and below the plane
of the B-strand), or iii) y-peptides, having axial amphi-
philicity (e.g. peptides with any secondary structure,
including unordered peptides, that have a hydrophobic
N-terminal domain and a hydrophilic C-terminal domain
or vice versa) (Figure 2a—c). It is worth noting that, for o
and P scores, the predictor considers only peptides cap-
able of adopting the specific structure at the interface by
determining this property through protein-level sec-
ondary structure propensity prediction with NETSU-
RFP-2.0 [40]. Moreover, EmulsiPred parses signal
peptides to only consider the mature form of submitted
proteins using SignalP [41] and additionally features a z-
score normalization to avoid bias in the amphiphilic
score imposed by peptide length (Figure 2d). Emul-
siPred has already been used to successfully predict
emulsifying peptides from different sustainable protein
sources such as potato, microbial ferments, and seaweed
[22,23,27,31].
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Equations used by EmulsiPred to calculate amphiphilic scores of peptides and the EmulsiPred computational workflow. Determination of
amphiphilicity and emulsifying mode of action for (a) a-helix peptides (facial amphiphilicity), (b) p-strand peptides (facial amphiphilicity), and (c) y-
peptides (axial amphiphilicity), comprising a-helix, p-strand or unordered structure. (d) Schematic representation of the EmulsiPred workflow, where a
protein sequence input (.fasta format) is initially parsed for predicted signal peptides and then subjected to in silico digestions (all possible peptides
within a defined length range), before calculating the amphiphilic score in all modes («, f, and v). If peptides are unlikely to adopt a specific
conformation based on secondary structure prediction, peptides are rejected (score = 0). Last, scores are normalized using Z-score (at all peptide
lengths) before output files are generated containing lists of predicted a, , and y peptides (above a scoring threshold). Created with Biorender.com. a-
helix and B-strand peptides adsorb horizontally, whereas y-peptides adsorb perpendicularly at the oil/water interface. Hydrophobic regions (red) and
hydrophilic regions (blue) project to the oil and water phases, respectively. K(aa,) is the Kyte-Doolittle score of aa,, n and m represent the position of
the AA in the peptide sequence, w is the length of the peptide, and k is the position of the AA that separates the hydrophobic and hydrophilic parts of
the peptide (y peptides only).

(a), (b) and (c) (adapted from [23]).
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Validation of emulsifying activity: relation
between interfacial properties and
functionality

After potential emulsifying peptides have been identi-
fied by EmulsiPred, validation of their emulsifying ac-
tivity is possible. Garcia-Moreno et al. [22,23] and
Yesiltas et al. [27] evaluated the emulsifying properties
of ~70 synthetic peptides (7-30 AAs), which were em-
bedded in abundant proteins from potato, seaweed, or
microbial biomass and predicted by EmulsiPred to ex-
hibit emulsifying activity. In agreement with Enser et al.
[36], we found that predicted a-helical peptides required
a certain length (> 18 AAs) to efficiently adsorb at the oil/
water interface, reduce interfacial tension, and form
physically stable emulsions [23,27]. On the other hand,
and similarly to other studies [37,42], middle-length
(13-16 AAs) p-strand peptides, with lower tendency to
form aggregates and thus with higher solubility and
diffusivity, were generally found to exhibit improved
emulsifying activity [23,27]. Indeed, the predicted a-
helix or p-strand conformations, when adsorbed at the
oil/water interface, were generally confirmed by syn-
chrotron radiation circular dichroism (SRCD) for se-
lected potato peptides (Figure 3a,b) [12]. Although v-
peptides were predicted to orient perpendicularly at the
oil/water interface, SRCD results indicated that these
peptides adopt a more well-defined interfacial con-
formation. For instance, we identified three y-peptides
embedded in protein side streams from potato starch
production (y-1 and its variants y-75 and y-76), which
adopted a predominantly o-helical conformation,
whereas another peptide from the same raw material (y-
36) adopted predominantly B-strand conformation, while
others adopted predominantly unordered structure, but
with a substantial content of B-strand (y-38 and y-40)
(Figure 3b). These findings denote that parallel ad-
sorption of y-peptides at the interface appears favored
through the binding between hydrophobic patches of
peptides and the oil phase [12]. Moreover, as these
peptides showed strong emulsifying properties, it further
indicates that a combination of axial and facial amphi-
philicity may indeed be beneficial to produce physically
stable emulsions.

Potato peptides with a predominantly a-helical con-
formation at the oil-water interface (a-10, a-12, y-1, y-75,
and y-76) result in less stiff, weak, and more stretchable
interfaces (e.g. low complex surface dilatational mod-
ulus), providing physical stabilization to emulsions
mainly through steric hindrance and electrostatic repul-
sions (Figure 3b,c). Contrarily, potato peptides com-
prising mainly p-strand structure at the oil-water
interface (p-22, y-36, and y-38) show significant in-plane
attractive interactions at the interface, leading to stiff,
solid-like viscoelastic peptide layers (Figure 3b) [12].
The latter might suggest further rearrangement and in-
terpeptide interaction with potential formation of

intermolecular B-sheets or B-sheet stacking [5]. Un-
doubtedly, together with physical stability, the oxidative
stability of oil-in-water emulsions stabilized with pep-
tides is of utmost importance. Curiously, recent results
[12] indicated that positively charged peptides, which
repel cationic metal from the interface, conferred su-
perior oxidative stability to emulsions (e.g. where oxi-
dation is favored by cationic metal ions) when compared
with negatively charged peptides (IFigure 3c,d). Never-
theless, peptide surface charge does not determine the
oxidative stability of fish oil-loaded microcapsules (e.g.
dried emulsions) where peptides are used as emulsifiers.
"This finding is attributed to the fact that oxidative sta-
bility of microcapsules is mainly determined by oxygen
permeability (e.g. due to the reduced catalytic effect of
metal ions at low water activity) [43].

Altogether, these recent studies prove the feasibility of
using proteomics and bioinformatics to identify the se-
quence of potent emulsifying peptides and allowed us to
gain new insights into the relation between interfacial
properties of peptides and their functionality.

Targeted enzymatic hydrolysis

The release of predicted and verified emulsifying pep-
tides from sustainable proteins will ultimately require
specific hydrolysis at both ends of the identified seg-
ment. Controlled enzymatic release of the emulsifying
peptides requires the availability of proteases with the
desired specificity and devoid of activities leading to
excessive degradation. For a range of different peptide
bioactivities, this can be accomplished by using tool-
boxes such as those provided in, for example, BIOPEP-
UWM [44], however, there are currently no integrated
workflows to accommodate prediction and i silico pro-
teolysis for functional properties such as emulsifying
activity. In such scenarios, de novo prediction by Emul-
siPred and iz sifico proteolysis must be combined by the
user (Figure 4). A straightforward approach is to use tools
based on known substrate sequence specificity of com-
mercially available enzymes. Tools such as Peptide
Cutter (available at https://web.expasy.org/peptide_
cutter) can be used for this purpose. We recently de-
monstrated how such a workflow allowed for designing a
targeted hydrolysis strategy [24]. By application of the
high-specificity protease trypsin, sclected based on
stlico digestion analysis, we produced a potato protein
hydrolysate, which contained targeted peptides. More-
over, the hydrolysate exhibited superior interfacial
properties compared with hydrolysates produced with
various industrial proteases to different degrees of hy-
drolysis. In another recent study on hydrolysates from a
seaweed protein extract, it was shown that there was
correlation between the hydrolysate-emulsifying prop-
erties and the proportion of peptides predicted to be
potential emulsifiers (results not published). However,
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Figure 3
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Examples of emulsifying peptides, their interfacial properties and the physical and oxidative stabilization of oil-in-water emulsions. (a)
Selected potato-emulsifying peptides identified by proteomics and bioinformatics, (b) interfacial properties of the selected peptides, (c) physical
stability, and (d) oxidative stability of 5% fish oil-in-water emulsions (pH 7) stabilized with the peptides. Data were obtained from [12]. " Amphiphilic
score was obtained by the bioinformatics tool EmulsiPred (https:/github.com/MarcatiliLab/EmulsiPred). 2 Secondary structure at the oil/water
interface was determined by SRCD. ° Interfacial tension values for potato peptide solutions of 0.1 g/L (pH 7) at the tricaprylin oil-water interface after
3 h. * Complex surface dilatational modulus for tricaprylin oil-water interfaces stabilized by potato peptides (0.1 g/L, pH 7, 20 °C). Frequency: 0.02 Hz.
Amplitude of deformation: 5%. ® Net charge was calculated by using peptide property calculator from INNOVAGEN (Innovagen AB, Lund, Sweden). ®
Droplet size of emulsions after 1 and 7 days of storage in the dark at 20 °C. ” Content of secondary volatile oxidation products 1-penten-3-ol and (E, E)-

2,4-heptadienal after 7 days of storage in the dark at 20 °C. Lipid oxidation was accelerated by adding Fe®*

these studies also highlight caveats related to application
of broad- specificity proteases, where hydrolysis products
are challenging to predict. This substantiates the need
for further developments into understanding the hy-

proteases of high specificity, to fully capitalize on the
targeted hydrolysis approach. Nevertheless, we consider
these examples highly encouraging for continuing down
this path toward a workflow fully devoid of # vitro

drolysis dynamics but also for more and diverse peptide-level validation but only relying on MS-based
Figure 4
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Application of the bottom-up strategy for production of a potato protein hydrolysate with superior emulsifying and foaming properties, as presented by
[24]. Based on a priori quantitative proteomics followed by bioinformatic prediction and in vitro validation of emulsifying peptides, a shortlist of target
peptides was created. The (abundant) proteins of origin (including isoforms) for the selected peptides were subjected to in silico digestions by multiple
proteases, and based on this, trypsin was selected as the best match for releasing peptides. In a benchmarking trial, hydrolysis was performed using
multiple proteases to different degrees of hydrolysis and the emulsifying and foaming properties of the hydrolysates investigated. While trypsin
showed to indeed produce a hydrolysate with superior properties, a subsequent deep (> 10 000 peptides identified in each hydrolysate) LC-MS/MS
peptidomic analysis also revealed that overall, only trypsin was able to release the target peptides, which were linked with improved functionality.
(adapted from [24] and created with Biorender.com).
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proteomics and bioinformatic analysis (Figure 1B ‘Fu-
ture workflow’).

Another option is fermentation by food-grade micro-
organisms to release desired peptides from the protein
matrix. Lactic acid bacteria (LAB) are widely used in
food fermentation and their proteolytic properties are
usually due to cell wall-associated extracellular protei-
nases (CEP). The CEP enzymes from LLAB have been
reviewed by Ji et al. [45] and a recent review focused on
microbial proteases with specificity for plant proteins
[46]. Many LLAB species are food grade and can be used
directly as starter cultures for production of fermentates,
whereas CEP enzymes are not usually used as a source
of industrial enzymes due to the anchoring to the cell
wall. The cleavage specificity of CEP enzymes from
LLAB seems not to be determined by the AA sequence
around the cleavage site, but rather to arise from re-
cognition of the substrate protein and a size selection of
the resulting peptide products [47]. As peptide emulsi-
fiers have certain requirements for length [23,27,37,42],
and because specific proteins within a complex extract/
isolate may be a source of more potent emulsifying
peptides than others [23,27,31], CEP enzymes have
properties suitable for the production of peptides with
the desired properties in a selective manner. Enzymes
with desired substrate selectivity can probably be found
in nature or alternatively be evolved through protein
engineering [46,48]. We will thus expect this type of
enzymes to give rise to a new class of industrial proteases
to produce sustainable food ingredients.

Conclusions and perspectives

Peptides produced by enzymatic hydrolysis are an
emerging class of natural and sustainable emulsifiers.
Although the conventional trial-and-error top-down ap-
proach is still dominant to produce emulsifying peptides,
recent advancements have been made in a fundamen-
tally orthogonal bottom-up strategy, facilitated by MS-
based quantitative proteomics and bioinformatic func-
tional prediction. Following identification of abundant
proteins, full-length protein sequences can be processed
bioinformatically to predict embedded peptides with
functional properties, such as emulsification. Based on
predicted, and potentially validated peptide-level func-
tionality, designing a hydrolysis strategy based on 7 si-
lico proteolysis has shown promise as a viable approach
for improving bulk functional properties of hydrolysates.

Nevertheless, there are still challenges for applying this
approach to create an economically viable production.
First, increasing the proportion of targeted/functional
peptides and thereby reducing the release of untargeted
peptides by utilizing/developing proteases with high

specificity would simplify the potential downstream
processing (e.g. separation, purification, and stabiliza-
tion). Second, increasing the overall yield of the process,
by aiming at the production of additional functional
peptides (e.g. antioxidants) from the protein-rich residue
left after the obtaining of emulsifying targeted peptides,
would add to the overall process economy. Third, the
lack of analytical methods and bioinformatic workflows
for accurate, quantitative evaluation of peptide compo-
sition makes the overall process evaluation challenging.
Last, the effect of untargeted peptides on the func-
tionality of targeted peptides is unexplored. A better
understanding of such dynamics would add great value
in the overall process evaluation and provide additional
input for determining if additional downstream proces-
sing of the complex hydrolysate is required and/or de-
sirable. Nonetheless, although the approach is still in its
infancy and substantial advancements in multiple fields
are needed to fully evaluate and capitalize on the con-
cept, we foresee that this type of approach will gain
significant headway in the coming years. Moreover, im-
proved understanding of which physicochemical and
structural attributes constitute strong peptide emulsifiers
may facilitate developments of more advanced bioin-
formatic predictors. We believe that recent progress in
peptide emulsifiers and the interdisciplinary actions
presented here illustrate an undergoing paradigm shift
within food science. The inclusion of molecular char-
acterization, big data, and bioinformatics will continue to
increase within the field. Through this, a transition from
a conventional top-down way of thinking toward a
bottom-up approach, where tailored functionality can be
obtained through predictive, data-centric process design,
will pave the way for significant advances in the quest
for a more sustainable future.
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