S International Journal of
Molecular Sciences

Review

Emerging Emulsifiers: Conceptual Basis for the Identification
and Rational Design of Peptides with Surface Activity

Fabian Ricardo !, Diego Pradilla !, Juan C. Cruz 2

check for

updates
Citation: Ricardo, F,; Pradilla, D.;
Cruz, J.C.; Alvarez, O. Emerging
Emulsifiers: Conceptual Basis for the
Identification and Rational Design of
Peptides with Surface Activity. Int. |.
Mol. Sci. 2021, 22, 4615. https://
doi.org/10.3390/ijms22094615

Academic Editors: Ernest Giralt and

Macarena Sanchez-Navarro

Received: 16 April 2021
Accepted: 26 April 2021
Published: 28 April 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Oscar Alvarez 1+*

Department of Chemical and Food Engineering, Universidad de los Andes, Bogota 111711, Colombia;
fd.ricardo@uniandes.edu.co (ER.); d-pradil@uniandes.edu.co (D.P.)

Department of Biomedical Engineering, Universidad de los Andes, Bogota 111711, Colombia;
jc.cruz@uniandes.edu.co

*  Correspondence: oalvarez@uniandes.edu.co; Tel.: +571-339-49-49 (ext. 3935)

Abstract: Emulsifiers are gradually evolving from synthetic molecules of petrochemical origin
to biomolecules mainly due to health and environmental concerns. Peptides represent a type of
biomolecules whose molecular structure is composed of a sequence of amino acids that can be easily
tailored to have specific properties. However, the lack of knowledge about emulsifier behavior,
structure—performance relationships, and the implementation of different design routes have limited
the application of these peptides. Some computational and experimental approaches have tried to
close this knowledge gap, but restrictions in understanding the fundamental phenomena and the
limited property data availability have made the performance prediction for emulsifier peptides an
area of intensive research. This study provides the concepts necessary to understand the emulsifying
behavior of peptides. Additionally, a straightforward description is given of how the molecular
structure and conditions of the system directly impact the peptides’ ability to stabilize emulsion
droplets. Moreover, the routes to design and discover novel peptides with interfacial and emulsifying
activity are also discussed, along with the strategies to address some of their major pitfalls and
challenges. Finally, this contribution reviews methodologies to build and use data sets containing
standard properties of emulsifying peptides by looking at successful applications in different fields.

Keywords: emulsifier peptide; peptide design; emulsion; surfactant; surface tension

1. Introduction

A microstructure is the type of chemical system in which a consumer product contain-
ing an active ingredient is incorporated to achieve an intended functional purpose. Among
many others, microstructures (including a wide variety of colloids) can be emulsifiable
concentrates, encapsulated granules, capsule suspensions, emulsions, dispersions, wettable
powders, and water-dispersible granules [1]. Microstructures are used to formulate prod-
ucts because sole molecules fail to address required attributes according to well-defined
customer needs fully and must be mixed with other compounds to produce their principal
function, as well as safety, stability, ease of use and applicability, good color and aroma,
smoothness, targeted and controlled release, etc. [1-3]. For this reason, a wide variety
of chemicals are needed for a comprehensive product formulation, but the differences in
properties such as state of matter (i.e., solid, liquid, and gas), solubility, and miscibility
might cause the coexistence of different phases. Among microstructures, emulsions are
one of the most popular for product formulation and perhaps the most relevant for food
and cosmetics [3]. Emulsions are also found in paints, textile processing oils, metal cutting
oils, pesticides, and pharmaceuticals [4,5]. In emulsions, two immiscible liquids are mixed
in a thermodynamically unstable system of droplets dispersed in a continuous phase. The
droplets are stabilized with the aid of surface-active species, commonly referred to as
emulsifiers or surfactants [4]. Choosing an adequate emulsifier is not a simple task because,
besides droplet stabilization, the emulsifier can also affect key process variables such as the
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necessary energy to be supplied to the system and the total emulsification time [6]. Tem-
perature is another process variable of significant importance when choosing an emulsifier
because its overall performance can be modified. Additionally, properties such as viscosity,
color, taste, feel, smell, and other variables related to the final product performance are
also affected by the surfactant concentration and formulation, as summarized in Figure 1.
In this regard, consumers buy a particular product with a list of desired attributes [7];
therefore, the election of the emulsifier is a key factor in the design and final performance
of a successful commercial product [3].
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Figure 1. The relationship of the surfactant formulation with the other scales involved in the
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design of an emulsified product (formulation, process, and properties). The surfactant formulation
variables (concentration and composition) are related to the emulsification process variables such
as the emulsification time, energy incorporated into the emulsion, and temperature. Additionally,
the emulsion properties also depend on the surfactant formulation and the emulsification process
variables (created with BioRender®, San Francisco, CA, USA).

Emulsifiers are chemical species that aid in the formation and stabilization of droplets
in emulsions, as well as in the stabilization of bubbles in foams and solids in dispersions [8].
Their production may be from petrochemical origin or from biological sources such as
bacteria, fungi, or plants [9,10]. There has been an increasing interest to replace emulsi-
fiers of petrochemical origin with bioemulsifiers because of their multiple benefits that
include biodegradability, ecofriendliness, and good performance in extreme conditions
(e.g., extreme pH conditions, high temperatures, and high salinity environments) [11].
The feedstocks of petroleum are gradually decreasing, and a shortage of this resource in
the future is imminent; therefore, the manufacture of products derived from renewable
resources is acquiring paramount importance. Furthermore, the volatility of oil prices
could, under some circumstances, compensate the high production costs of biosurfactants.
In terms of a business model, even when considering the production cost differences and
the impact on climate change, premium customers are willing to pay a higher price for
biobased products that come from ecofriendly certified industries [12]. For these reasons,
bioemulsifier production is an emergent industry that needs the attention and research
normally given to other sectors [13].

A major drawback in designing or searching for new bioemulsifiers to be incorporated
into improved product formulations is the lack of knowledge about their performance and
how to group them into families depending on the required properties and their final appli-
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cation. The majority of studies on emulsifiers have focused on conventional surfactants (i.e.,
derived from petroleum), and for that reason, understanding the behavior and performance
of bioemulsifiers require a much deeper focus, which implies knowledge of the secondary
structure at liquid-liquid (oil-water)interfaces, changes in peptide-peptide interactions as
a function of the molecular forces, the role of amino acids in the ability to reduce the inter-
facial tension and stabilize emulsion droplets, and the effect of the system conditions [14].
Moreover, the tools to estimate the performance of conventional emulsifiers, such as the
hydrophilic-lipophilic balance (HLB) concept or the group contribution methods to predict
the emulsifier properties, are hard to be fully extrapolated to bioemulsifiers [3,14]. One of
the main reasons for this is that in conventional emulsifiers the primary structure or the
sequence of atoms in the molecule is closely related to its performance; however, in the
case of bioemulsifiers (e.g., peptides, proteins), the secondary structural features of the
molecule (i.e., o-helix, 3-sheet) are the primary factors defining the emulsifying power of
the molecule [15].

According to different studies, bioemulsifiers are high molecular weight biomolecules
such as polysaccharides, lipopolysaccharides, lipoproteins, and proteins [11,16,17]. How-
ever, based on the definition of an emulsifier, short molecules such as peptides and lipopep-
tides also fall into this category because they aid in the formation and stabilization of
emulsions through different mechanisms. In fact, some peptides and lipopeptides exhibit
superior interfacial activity than certain conventional commercial emulsifiers [15,18]. For
example, the peptide composed by the residues 1-55 from the protein Apomyoglobin
shows higher emulsifying activity than its origin protein and the emulsifiers gum Arabic
and sodium caseinate. Additionally, the lipopeptide surfactin has higher emulsifying activ-
ity than the commercial surfactants sodium dodecyl sulfate (SDS) and Triton X [19,20]. The
selection and design of peptides as viable emulsifiers present some advantages over other
biomolecules. First, they are smaller in molecular size, and therefore, their performance
can be more easily understood and predicted. Second, because peptides are built by blocks
of amino acids, they tend to be easily tunable for specific needs by addition, subtraction, or
replacement of the residues.

Most recent reviews on bioemulsifiers fail to include peptides as a subcategory of
significant relevance [16,17,21]. This review, therefore, provides a comprehensive view
of the information needed to understand the performance of peptides with emulsifying
properties. Additionally, a thorough discussion is provided on the procedures to discover
and design emulsifier peptides. First, the behavior of emulsifying peptides is explained
in light of the functional chemical groups present in conventional emulsifiers. Second,
the molecular structure—function relationships underlying the emulsifying behavior of
peptides are described. Third, the routes used to discover and design emulsifying peptides
such as hydrolyzation of proteins, in silico prediction and evaluation tools, de novo design,
mimetizing peptides with attractive behavior in similar applications, and manipulating
peptides at the O/W interface are addressed. Finally, the challenges and opportunities in
the development of novel emulsifying peptides are explained, along with the introduction
of a new approach based on the analysis of property databases for the estimation and
optimization of the emulsifying behavior.

2. Emulsion Formation

An emulsifier is a substance that aids in the formation and stabilization of droplets
to form emulsions. Additionally, a surfactant is a molecule that has the ability to adsorb
at an interface/surface and reduce the tension due to its amphipathic structure (presence
of hydrophilic and lipophilic domains within its structure) [22]. Surfactants can exhibit
emulsifying capabilities when they stabilize emulsion droplets over time by the action of
steric, electrostatic, or a combination of both repulsive forces [23]. An emulsifier must have
the following characteristics: (i) adsorb preferably at the interface rather than staying in
the bulk of the fluid and reduce the tension, (ii) form a condensed layer at the interface that
depends on the partitioning ratio, and (iii) reduce the interfacial tension in the same time



Int. J. Mol. Sci. 2021, 22, 4615

4 of 27

scale that the emulsion is produced [4]. The action of an emulsifier in emulsion formation
can be described as follows. The molecule, which is initially dissolved in one of the phases
(i.e., organic or aqueous), diffuses to the interface when they are in contact because the
polar and nonpolar portions of the emulsifier show individual affinities for the aqueous
and organic phases, respectively. Before the surfactant is adsorbed at the interface, the
magnitude of the interfacial tension is proportional to the repulsion between the molecules
of the liquids and high values of interfacial tension imply a hard-to-deform interface. When
the surfactant partitions at the interface, this repulsion decreases because the surfactant
molecules have an affinity for both phases. Consequently, the interfacial tension is reduced,
and the interface becomes easily deformed by the action of mechanical forces, thereby
forming dispersed droplets of one liquid into the other (i.e., an emulsion) [24,25]. In terms
of time scales, the migration and penetration of an emulsifier surfactant into the interface
must occur rapidly to avoid coalescence processes that are typically triggered as soon as the
droplets start to form [26]. Finally, once the emulsion is produced, the emulsifier molecules
must remain at the interface to form a closed-packed layer with high film elasticity where
the steric and electrostatic interactions between emulsifiers in neighboring droplets prevent
flocculation, Ostwald ripening, and coalescence [26]. The schematic process of emulsion
formation is shown in Figure 2.

Emulsifier addition and solubilization Phases interface and surfactant alignment
_e Emulsifier molecules Migration to ;
Emulsifier in solution Phases in the'interface Alignment
pr contact

Final emulsion Emulsion droplets formation
Interface deformation Qaﬁgﬁﬁgg%
GQ{:} Emulsrlon m D) energy
g5 "t < &%
Q\‘ Emulsion droplets {\‘Emulsmn droplets

stabilized by the emulsifier formation

Figure 2. Process of emulsification. During the emulsifier addition and solubilization stage, the
emulsifier is added to one of the phases and it dissolves homogeneously in the solution. Next, at the
phases interface and surfactant alignment stage, emulsifier molecules migrate to the interface and
align their moieties depending on their affinity. The reduction of the interfacial tension allows the
interface to deform with the aid of mechanical forces, as shown at the emulsion droplets formation
stage. Finally, droplets of one liquid inside the other are formed and stabilized, and therefore, the
final emulsion is produced (created with BioRender®, San Francisco, CA, USA).

3. Molecular Characteristics of Emulsifying Peptides

During the emulsion manufacturing process, it is important to know the molecular
characteristics that make a surfactant molecule suitable as an emulsifier. The prediction
of steric and electrostatic forces responsible for emulsification based on the molecular
structure is not a simple task, because they depend on multiple factors including the
substances present in each phase (that may alter the affinity of the emulsifier), pH, ionic
force, temperature, energy incorporated into the system, type of mixing device, etc. Even
though the surfactant performance as an emulsifier is highly dependent on the specific
system, the reduction of the surface tension is the starting point to assess whether a
candidate might have emulsifying potential or not. The surface tension or the tension at
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the air-water interface is used as an analogy of the interfacial tension between two liquids
because air has hydrophobic properties, and the air-water + surfactant system is a more
standard model to make comparisons of the behavior among different surfactants. After
confirming surface tension reduction, the candidate molecule is evaluated in its ability to
stabilize emulsion droplets. This evaluation can be achieved by different experimental
methods such as the measurement of the emulsion stability (ES), which consists of turbidity
measurements for samples diluted 100 times in a 0.1% SDS-water solution as a function of
time, the observation of the coalesced volume, and the evolution of the mean droplet size
over time [27-29].

The relationship between molecular structure and surface tension reduction of a
surfactant remains elusive. The fact that a molecule has polar and nonpolar groups in
different moieties does not itself pertain to surface activity. For example, 1-decanol has a
terminal hydroxyl group and a hydrophobic tail; however, it is known that this alcohol
shows no surface activity. In contrast, 1,2-decanediol, which has a very similar structure
but includes one additional hydroxyl group, is able to form micelles and reduce the
surface tension of water from 72 mN/m to 23.2 mN/m at the critical micelle concentration
(CMC) and 25 °C [4,30]. Normally, in molecules with the presence of amine, carboxyl,
and ether groups, together with a hydrophobic portion fail to provide surface activity,
and therefore, additional chemical features might be needed to induce surface activity.
For example, the combination of one or various ether groups with a hydroxyl group
separated by two carbons forms the widely used family of polyethoxylated nonionic
surfactants [31]. The presence of an amine and various hydroxyl groups separated by two
carbons in the polar section of the molecule constitutes the hydrophilic heads for mono and
di ethanolamine moieties present in various surfactants [25]. The amine and carboxylic
acid groups separated by two carbons are also combined in surfactants such as n-dodecyl-
beta-alanine, a molecule that reduces the surface tension of pure water up to 30 mN/m
at the CMC and 25 °C [32]. The contrary happens for molecules that contain salt groups,
such as carboxylates, sulfonates, sulfates, ammoniums (primary, secondary and tertiary),
phosphoniums, and phosphates. The presence of these groups alone confers molecules
with surfactant properties as long as they promote hydrophobic interactions with other
surfactants and with the molecules present in the organic phase. These interactions are
typically achieved by linear or branched nonpolar chains with more than 8 carbons [4].

These chemical features might serve as the basis to analyze the structure-performance
relationship of amino acids to attempt to evaluate whether a surface activity is present.
Based on molecular structure, the surfactant behavior of peptides could, to some extent, be
predicted by the presence of the hydrophilic amine and carboxyl head groups. A similar
structural configuration has been observed for dodecyl--alanine (Figure 3). However, the
hydrophobic portion of amino acids is not as large as that of dodecyl-3-alanine, which
results in weak hydrophobic interactions, and consequently, the absence of a condensed
layer at the interface is generally responsible for providing adequate surface activity prop-
erties. Consequently, the incorporation of amino acids in water solutions fails to reduce
the surface tension significantly, and therefore, there is a need for very robust methods
capable of identifying almost imperceptible changes [33-35]. However, despite the amino
acids’ limited surface activity, emulsions can be formed with them but with a mechanism
that is most likely different from the interfacial tension reduction ascribed to conventional
surfactants [36]. Experiments have shown that amino acids apparently diffuse to the in-
terface of emulsions, but the increment of stability over time is negligible [37]. Amino
acids fail to provide the molecular-level characteristics necessary to lower the surface or
interfacial tension and stabilize emulsions. However, the covalent coupling of several
amino acids in chains or peptides can provide emulsifying characteristics because a driving
force resulting from the summation of all interactions, namely, hydrophobic, hydrophilic,
electrostatic, aromatic (77t stacking), hydrogen bonds, and van der Waals forces, appears
to start playing a significant role [38]. The number of amino acids in a peptide ranges
from 2 in dipeptides to about 50 for oligopeptides, a limit above which the amino acid
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chain is considered to be a protein [39]. Not all peptides have surface properties, because
they strongly depend on the difference in hydrophobicity of the amino acids. There are
20 common amino acids occurring in eukaryotic cells whose hydrophobicities have been
categorized according to the hydrophobic scale into hydrophobic and hydrophilic [40]. In
the case of hydrophilic, amino acids with uncharged and charged polar side chains are
the prevalent ones [41]. Similar to how the amphipathicity of conventional surfactants is
evaluated by the identification of polar and nonpolar chemical groups in different moieties
of the molecule, the amphipathicity of peptides is identified by the location of the polar
and nonpolar amino acids in their secondary structural conformation. However, in the
case of peptides, this analysis is much more complex because they may exhibit different
conformations depending on how hydrophilic and hydrophobic amino acids are inter-
calated in the sequence and their propensity to adopt certain 3D configurations as well
as environmental conditions such as temperature, salinity, pH, and concentration [15,42].
Additionally, the conformations of peptides at interfaces are sometimes different from
those in solution, which is why their study requires the application of other experimental
techniques to directly probe the interface. Additionally, this can be addressed in silico
via molecular dynamics (MD) simulations [15,43,44]. For a peptide to exhibit surfactant
capabilities, hydrophilic and hydrophobic moieties are required regardless of the confor-
mation adopted. It is then expected that the nonpolar amino acids will align to the oil
phase, while the polar regions will show a preference for the aqueous phase. The types
of secondary structural features of amphiphilic peptides are mainly «-helices, 3-strands,
and unordered; additionally, each one has two possible distributions of the amphipathicity,
i.e., facial or perpendicular [18]. The facial distribution of o-helices indicates that the hy-
drophobic motifs are located in a lateral side of the helix, while the hydrophilic amino acids
in a plane opposite to them. This amphipathicity is achieved when hydrophobic residues
locate three or four hydrophilic amino acids apart. The facial distribution in -strands
indicates that hydrophilic and hydrophobic residues are placed in the opposite faces of
the strand; this can be set by intercalating hydrophilic and hydrophobic amino acids in the
peptide. Finally, the perpendicular amphipathicity is produced when the hydrophilic and
hydrophobic residues are stacked at the different ends for any conformation [45]. These
amphipathic conformations are presented in Figure 4. The ability to reduce the surface
tension tends to be greater in short peptides even when one amino acid alone fails to
produce such reduction. The size of dipeptides and tripeptides is not large enough to
form secondary structures such as «-helixes and (3-strands, but they present perpendicular
amphiphilicity, which could be the reason why they have surface activity. For example, in
the peptide YE, tyrosine (Y) is a hydrophilic residue and phenylalanine (F) hydrophobic;
therefore, it presents a perpendicular amphipathicity that is capable of lowering the surface
tension in water solution to 48.5 mN/m at the CMC and 25 °C. The peptide VTV has
two hydrophobic valines (V) flanking one tyrosine, which allows the peptide to have
amphipathicity to lower the surface tension of air-water interfaces at the CMC and 25 °C
to 52.3 mN/m [46]. The tendency to be more effective in reducing the surface tension and
the relation to size can be explained as follows: first, larger molecules tend to occupy more
interfacial area and form loosely packed interfacial layers, which reduces the adsorption
effectiveness [4]. Second, large molecules such as bioemulsifiers tend to diffuse slower
to the interface and to undergo a lengthy unfolding therein as the hydrophobic domains
are exposed to the oil phase, therefore leading to a slower surface tension reduction as
well [21]. In general, for biosurfactants, an effective value of the surface tension in water
solutions is 35 mN/m, while for conventional surfactants, this value can reach 15 mN/m at
25 °C, excluding the case of surfactants that are used for achieving ultralow surface tension
values (1071-1072 mN/m) [9,47]. Values of different parameters related to the interfacial
activity of peptides are listed in Table 1.



Int. J. Mol. Sci. 2021, 22, 4615

7 of 27

(a)

PN

(b)

Figure 3. Distribution of the hydrophilic head (blue) and hydrophobic tail (pink) in (a) amino acids and (b) dodecyl-f3-
alanine. The hydrophilic head of both molecules have a similar chemical structure, but the amino acids have no surfactant
activity while the dodecyl-3-alanine has the ability to reduce the tension of air-water interfaces.
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Figure 4. Secondary structures of amphipathic peptides: (a) facial a-helix, (b) perpendicular «-helix, (c) facial 3-sheet,

(d) perpendicular -sheet, (e) facial unordered, and (f) perpendicular unordered. Green and purple sections represent
hydrophilic and hydrophobic portions, respectively (created with PyMol 2.4.0®, New York, NY 10036-4041, USA).

The formation of a rigid or condensate layer at the interface is needed to stabilize
emulsions because strong interfaces are more difficult to coalesce. Additionally, steric
and electrostatic interactions hinder the contact between droplets and create electrostatic
repulsions that keep them apart [48]. The interaction between peptides has been studied
and demonstrated by the tendency to produce supramolecular structures at the interface
and in solution, moieties such as fibrils, nanotubes, nanospheres, tapes, and vesicles have
been identified as structures that could be the peptide analogs of micelles in conventional
surfactants [45,49-52]. These interactions are very important to stabilize emulsion droplets
and can be strengthened by increasing the number of peptide residues. For this, some
authors have stated that the minimum number of amino acids in an emulsifier peptide must
be 16, while others claim that minimal molecular mass should be around 2000 Da [15,53-55].
Longer peptides increase the tendency to stabilize emulsions by forming more rigid in-
terfaces and conformations (i.e., o-helices and (3-sheets) that increase the steric repulsive
forces with the peptides located in neighboring droplets. It appears that a balance should
exist concerning the size of an emulsifier peptide because amphipathic short peptides
are more efficient to lower the surface tension, but their ability to stabilize emulsions by
peptide—peptide interactions is significantly lower. In general, it is considered that large
molecules such as proteins, polysaccharides, lipopolysaccharides are not as effective in re-
ducing the surface and interfacial tension as lower molecular weight surfactants [16,56,57].
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In contrast, some works have reported on the ability of short peptides (i.e., dipeptides and
tripeptides) to stabilize emulsions; however, they show a different mechanism, because
in such case, stabilization proceeds by forming self-assembled nanostructures such as
fibers that work as droplet coatings [51,52]. In other words, this mechanism resembles
microencapsulation, as opposed to conventional stabilization by steric or electrostatic inter-
actions and therefore it is out of the scope of this review. The type of secondary structural
conformation adopted by the peptide at the interface also affects its ability to stabilize
emulsions because x-helices and 3-strands have shown to provide more stabilization than
unordered conformations [58]. The reason is that in more ordered conformations, the
peptide—peptide interactions increase, thereby forming a stronger interfacial layer [48].
Additionally, a-helices are suggested to be more useful for emulsification because they
have better solubilities in aqueous media than 3-sheets [15].

Table 1. Properties of interfacial active peptides.

Peptide Sequence Evaluation Method Value References
Ac-MKQLADS LHQLARQ Surface tension at 25 °C, pH 7.4 and a peptide 50 [59]
VSRLEHA-CONH, concentration of 5 uM (mN/m)

Ac-MKQLADS LHQLAHK 53.1 [59]
VSHLEHA-CONH, ’
Ac-MKQLADS LMQLARQ VSRLESA-CONH, 51.5 [59]
Interfacial tension (mN/m) in the system
Ac-LMQLARQ-MKQLADS-LMQLARQ- octane-water. The concentration of the peptide was 135 [60]
VSRLESA-CONH, 4.5 uM and the interfacial tension without peptide ’
was 51 mN/m.
YF Yeme (mN/m) at 25 °C 48.5 [46]
VTV 52.3 [46]
FEFRFEFR 52.5 [61]
FEFKFEFK 47 [61]
AEAKAEAKAEAKAEAK 57 [62]
Surface tension (mN/m) at pH 7, a peptide
LEELLEELLEELLEEL concentration of 0.001% (w/v) and 25 °C 568 [15]
Surface tension (mN/m) at pH 5.5, a peptide 4051 [15]
concentration of 0.001% (w/v) and 25 °C ’
Surface tension (mN/m) at pH 7, a peptide
ELELELELELELELEL concentration of 0.001% (w/v) and 25 °C 543 [15]
Surface tension (mN/m) at pH 5.5, a peptide 4951 [15]
concentration of 0.001% (w/v) and 25 °C ’
Surface tension (mN/m) at pH 7, a peptide
LELLEEELLEEELLEL concentration of 0.001% (w/v) and 25 °C 655 [15]
Surface tension (mN/m) at pH 5.5, a peptide 55.01 [15]
concentration of 0.001% (w/v) and 25 °C ’
Surface tension at pH 7 (mN/m). The concentration
RELEELNVPGEIVESLSSSEESITR of the peptide was 0.05% (w,/v) 56.1 [55]
Surface tension at pH 3 (mN/m). The concentration 518
of the peptide was 0.05% (w/v) ’
Surface tension at pH 7 (mN/m). The concentration
YQEPVLGPVRGPFPIIV of the peptide was 0.05% (w,/0) 54.4 [55]
Surface tension at pH 3 (mN/m). The concentration 50.1
of the peptide was 0.05% (w/v) ’
LSFNPTQLEEQCHI E;gtseerr;lcgtazt Ot}‘}eC interface of the hexadecane—water Present [54]
YSLAMAASDISLLDAQSAPLRVYVEELKPTP Present [54]
EGDLEILLQKW
SLAMAASDISLL Present [54]
VYVEELKPTPEGDLEIL Present [54]
VYVEELKPTPEGDLEILLQK Present [54,63]
WENGECAQK Presence at the oil—protein aqueous solution interface Present [63]
ITAEK Present [63]
IDALNENK Present [63]
VLVLDTDYKK Present [63]
ALK Present [63]
ALPMHIR Present [63]
]

LIVIQTMK

Present [63
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Table 1. Cont.

Peptide Sequence Evaluation Method Value References

Interfacial tension (mN/m) for the system: 25%

dodecane 75% crude oil (w/v)/aqueous solution at
GKNHDTGVSPVFA pH 7 and 1 M of NaCl. The concentration of the 30 [64]

peptide was 550 ppm in the oil phase and the clean

interface interfacial tension value was 45 mN/m
DPKDGSVVVL 42.7 [64]
TGNTCDNVKQR 32 [64]
THENQLGAGAFG 375 [64,65]
QRAALIDCLAPDRRV 39 [64]
QRAALIDCLA 38 [64]

Interfacial tension (mN/m) with Medium Chain

Triglycerides (MCT) oil. A peptide concentration

0.2%wt. was used in the aqueous phase with an
ILEFLEGQLQEVDN adjusted pH of 7 with a buffer solution. The 241 [18]

interfacial tension of the clean interface

was 26 mN/m
KYDGKYLMQVLQE 18.86 18
KYLMQVLQEKL 17.87 18
KKPVSKDSPETYEEALKRFAKLLSDRKKL 16.93 18
EALKRFAKLLSD 16.83 18
AKDIVPFYFEHGPHIFN 16.63 18
KYLMQVLQEKLGE 16.48 18
IPATILEFLEGQLQEVDNN 15.4 18
DSPETYEEALKRFAKLLSD 14.28 [18]
NRPFAAAKDIVPFYFEHGPHIFN 14.13 [18]
DDNFCAKVGVVIQ 24.72 18
LNIQENI 22.04 18
GKELDPRLSYRI 21.12 18
LGGDVYLGKSPNSDAPCP 19.33 18
VHQNGKRRLALVKDNPLDVSFK 18.11 18
FIPLSTNIFEDQLLNIQENIPT 14.89 18
CPFSSDDQFCLKVGV 13.97 18
IGSSSHFGPHIFEGELLNIQFDIS 13.62 18
ELDSRLSYRIISTFWGALGGDVYLGKSPN 12.12 18
ELDSRLSYRIISTFWGALGGDVYL 12.09 [18]
LNIQFNIPTPKLC 12.07 [18]
TPNENNRPFAAAKDIV 23.11 [18]
FAKLLSDRKKLRANK 21.81 18
VGVVIQNGKRR 21.34 18
NPNSSYRIISI 20.78 18
CRDDNFCAKVGVVI 20.14 18
LLTAMITTPNENNRP 19.67 18
RDDNFCAKVGVVI 18.15 18
DNFCAKVGVVIQNGKRR 18.16 18
FCLKVGVIHQNGKRRLALVK 17.64 18
DTNGKELNPNSSYRIISIGRGALGGDVYL 17.41 18
FCLKVGVVHQNGKRRLALVKDNP 17.26 [18]
HQNGKRRLALV 15.26 [18]
SSDDQFCLKVGVV 15.07 18
FDVIGGTSTGGLLTAMITTPNENNRP 13.73 18
KDNPETYEEALKRFAKLLS 13.74 18
GIIPATILEFLEGQLQEVDNN 13.22 18
GIKGITPAIILEFLEGQLQEVDNNKDAR 10.84 18
IRPIPFIPRGGKT-NH, Yome (mN/m) at 25 °C 72.01 66
FIGALLRPALKLLA-NH, 46.9 66
GLKEVAHSAKKFAKGFISGLTGS 72.01 66
LKGASKLIPHLLPSRQQ 72.01 66
FIGALLGPLLNLLK-NH, 38.3 [66]
IRPVPFFPPVHAKKVFPLH 72.01 [66]

4. Impact of Emulsion Conditions on the Peptide Emulsifying Behavior

In addition to the structure—performance relationships provided above for under-
standing the behavior of emulsifying peptides, their performance also depends on the
conditions of the system. The functionality of a peptide is strongly influenced by the
secondary structure as a result of intermolecular forces. These forces are largely dependent
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on the emulsion conditions; therefore, as these conditions change, the interactions that
dictate the affinity of the peptide for the involved phases and peptide—peptide interactions
might be significantly altered. Consequently, the behavior of a peptide emulsifier is affected
by the pH, electrolyte concentration, and temperature [67]. The effect of the pH is similar
to that of conventional emulsifiers since it depends on the isoelectric point (the value of
pH in which the net surface charge of the molecule is zero), which in turn, is altered by
the presence of individual amino acids and by their interactions [68]. It is reported that
peptides near the isoelectric point, which is normally located in the acid range of pH, have
limited emulsifying properties [69]. At the molecular level, the change of pH alters the
charge of chemical ionizable groups present in amino acids such as amino, guanidino, or
imidazole. Such charge will exert repulsion over other atoms in the sequence, but the net
sum of all interactions must provide a suitable charge balance in which emulsion droplets
stay apart while avoiding a decrease in the interfacial film strength, which is largely re-
sponsible for stability. Additionally, the change of repulsive forces in the peptide may
destabilize the conformation, also affecting the stability of the emulsions. The interplay
of interactions is complex because of the different number and type ionizable groups that
might be present in a particular sequence [48]. Since at the isoelectric point, the net charge
of the peptide equals zero, there is no repulsion between surfactant molecules located
in adjacent droplets, thereby promoting coalescence [70]. This mechanistic description
explains why some peptides form stable emulsions in a certain pH range while others work
better in a completely different one [15,69,71].

Concerning the ionic strength, the results are diverse. In some studies, emulsions
made with proteins have shown a marked tendency for destabilization by the addition
of electrolytes such as NaCl, KCl, or CaCl,. The justification for this behavior is that ions
produce a screening effect of the electrostatic repulsive interactions between peptides
located in different droplets, therefore, repulsion is reduced, and the droplets are more
prone to coalescence [72,73]. This analysis can be also extrapolated to peptides since they
also have functional groups that might cause repulsion with other peptide molecules,
and they can also be screened by electrolytes. In this regard, experiments with peptides
show that the presence of NaCl and CaCl, reduces the ability of peptides to stabilize
emulsions [74]. Although electrolytes can disrupt ionic interactions between peptides,
interactions responsible for stabilizing secondary structural features are also modified,
thereby leading to different conformations. New conformations can increase or reduce the
stability depending on the newly developed distribution of interaction forces. For example,
experiments using peptide fractions obtained from whey protein have demonstrated that
an increase in the ionic strength of the emulsions improved the stability, a fact that was
attributed to the exposure of hydrophobic domains to the oil phase, which, in turn, led
to an increase in the affinity of the peptide for the interface and in the strength of this
interface [69]. In conclusion, more insight is needed into the effect of ionic strength on
the stability of emulsions, a correlation that is presumably dependent on the chemical
groups of the peptide and its conformation at the interface. Finally, the temperature may
detrimentally impact the stability of emulsions because it induces secondary structural
changes in the peptides. In this regard, temperatures above 40 °C disrupt the stability of
o-helices and -sheets [48].

5. Methodologies for Screening and Designing Emulsifying Peptides

Some experimental and in silico strategies have been used to identify peptides with
emulsifying capabilities. In other words, peptides with the ability to lower the interfacial
tension and stabilize emulsion droplets. Additionally, other studies have focused on
selecting or designing the best emulsifier peptides for a certain application. Both types of
studies will be discussed below.
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5.1. Identification of Emulsifying Peptides from Hydrolyzed Extracts of Proteins

Peptides with emulsifying behavior have been discovered, produced, and isolated
from proteins. The fragmentation of proteins has been applied to find peptides with differ-
ent functionalities and bioactivities such as the protection of the intestine gut mucosa [75,76],
antiobesity [77], anti-inflammatory [78], antihypertensive [79,80], antimicrobial [81], an-
tiviral [82], foaming [83] and emulsifying power [84]. Since some proteins have been
reported to show emulsifying properties, attempts to study their conformations, domains,
functionalities, and ways to engineer them for specific applications have led researchers
to discover new peptides with emulsifying activity. The process of protein break out into
peptides is known as hydrolyzation. Depending on the experimental method, three types of
hydrolyzation processes can be identified: chemical, thermal, and enzymatic. Chemical hy-
drolyzation involves the reaction of the protein with an acid or a base at high temperatures.
This process presents different drawbacks such as the lack of reproducibility, low specificity,
and denaturation of the amino acids [85]. Thermal hydrolysis involves increasing the
temperature of protein solutions to break the amide bonds and generate peptides [86].
Additionally, in enzymatic hydrolysis, the protein is cut into peptides by a reaction with a
protease, which breaks the peptide bonds out at specific amino acid sites depending on the
type of protease, concentration, temperature, and pH of the reaction medium. Additionally,
the deactivation method for the protease after the process is completed plays an important
role in the final state of the obtained peptides [85,87]. Proteases are widely available in
nature, but some frequently used include chymosin, trypsin, plasmin, alcalase, bromelain
and globin [88].

Protein hydrolysis usually provides peptides whose emulsifying activity is even better
than that of the original protein, a feature attributed to differences in the structure at
the interface such as the increase in the exposure of hydrophobic amino acids, which
can potentially have greater interaction with the interface [54,89-92]. When proteins are
hydrolyzed by enzymes, the molecular weight of the formed peptides decreases as the
degree of hydrolysis increases. However, it is important to control this degree because the
recommended number of residues for emulsifier peptides should be above 20 [53].

The process of finding emulsifier peptides from enzymatic hydrolysis of proteins
follows these steps: (i) the protein is divided out by an enzyme, and the resultant solution
is separated into fractions or hydrolysates with different hydrophobicities or molar weights
using physical methods such as chromatographys; (ii) the hydrolysates are tested in their
ability to form emulsions; therefore, the fractions with the best performance are selected,
and finally; (iii) the chosen fractions are molecularly characterized (generally via mass
spectrometry) for the identification of the most abundant peptides contained in each of the
collected fractions. A schematic representation of all the steps is shown in Figure 5. A large
body of literature has produced hydrolysates of protein with good emulsifying properties,
but the majority omitted the stage of peptide identification (step iii), narrowing down the
analysis to only their molecular weights or hydrophobicities [83,90,93-106]. Some of the
most comprehensive studies involving the three steps mentioned before are discussed next.

Bovine serum albumin (BSA) is a protein whose emulsifying behavior has already
been studied and clearly demonstrated in a number of systems including emulsions of
n-tetradecane—phosphate buffer (pH 7.4), soybean oil-phosphate buffer (pH 7.0), and olive
0il-BSA solution (pH 5.5) [107-109]. BSA’s residues 377-582 can be produced by hydrolysis
with trypsin and have exhibited a marked tendency to adsorb at the oil-water interface;
however, the emulsifying activity index (EAI) of the peptide was negligible and a mixture
with other small peptides was necessary to improve this property. Additionally, this index
was below that of pure BSA, and no other properties related to emulsion stability were
measured [110]. Another example of proteins to produce emulsifier peptides is the caseins.
These can be found in bovine milk, which has been reported to exhibit interfacial activity,
as evidenced by their ability to produce O/W emulsions [53,56,111-113]. For this reason,
much effort has been invested toward identifying emulsifier peptides from hydrolysates of
-casein. For instance, Girardet et al. [53] used trypsin to hydrolyze the 3-casein directly
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from the emulsion and found that the fraction of the hydrolysate adsorbed at the interface
that lowered the surface tension the most was composed mainly by the peptide corre-
sponding to residues 114-169. The same protein was hydrolyzed by chymosin to obtain
hydrolysates rich in peptides that corresponded to residues 1-25 and 193-209, which pre-
dominantly contained hydrophilic and hydrophobic domains, respectively [55,114]. These
peptides exhibited low emulsifying activity at neutral pH values (3-10) but a noticeable
activity under acidic or alkaline conditions [55]. Finally, 3-Lg is an amphipathic protein
present in whey, and its adsorption at oil-water interfaces has been studied for the man-
ufacture of emulsions, especially for food and pharmaceutical applications [89,115-117].
Hydrolysis of 3-Lg has been carried out using chemical and enzymatic cleavage to obtain
several peptides with a tendency to adsorb at hydrophobic interfaces. The identified
interfacially active peptides are listed in Table 1. Emulsions were then produced with
hydrolysates containing the identified peptides, but the parameters generally measured to
describe their ability to form or stabilize emulsions were not reported.

Separation of peptide Emulsion stability Identification of the
Protein hydrolysis solution into fractions evaluation of the interfacial geptides of the
or hydrolysates hydrolysates most stable emulsion
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Figure 5. Schematic process for the discovery of emulsifying peptides from proteins. The protein is cut into peptides by a
protease. Then, the mixture of peptides is separated by chromatography and different fractions are generated according
to their hydrophobicities. Each fraction is then used to produce emulsions whose stability is evaluated. Finally, the most
representative peptide contained in the emulsion with the highest stability is identified by proteomics methods (created
with BioRender®, San Francisco, CA, USA).

5.2. Design of Emulsifying Peptides from Proteins through Computational Tools

From the protein hydrolysis process described before, the knowledge of peptide
behavior has increased significantly, and their performance has been described through
studies on structure—performance relationships. Performance data of peptides for various
functionalities and bioactivities are important to know which peptides are better than others
for a particular application and to build relations between this performance and the intrinsic
physicochemical properties of the peptide such as size, amino acid composition, sequence,
and secondary structure. For this reason, some researchers have searched for common
patterns linking amino acid sequences with certain functionalities of interest. For instance,
the presence of proline (P) and valine (V) has been linked with antihypertensive properties
in peptides [118]. The antimicrobial peptides (AMPs) are usually short (10-15 residues),
and they are rich in hydrophobic and cationic residues [119]. The spontaneous membrane
translocative peptides (SMTP) are able to penetrate cell membranes without forming
pores, which has been attributed to the amino acid sequence “LRLLR” in the positions
5-9 of a 12-residue peptide [120]. Specifically for emulsifying peptides, the x-helix and
[-sheet secondary structures along with their amphipathic properties are necessary to have
interfacial activity and consequently good emulsifying behavior [18].
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Peptide performance data, in combination with the knowledge of relevant structure-
function relationships, have allowed the implementation of computational tools and math-
ematical models in the identification of bioactive and functional peptides from proteins,
including emulsifying peptides. Several databases with performance data of many pep-
tides have been built and are continuously revisited and augmented by research groups
worldwide. Such computational tools use the databases to develop machine learning pre-
dicting algorithms based on the data tendency, structure—function relationships to identify
potential peptide candidates with emulsifier activity, and molecular mechanistic functions
to simulate the behavior of the molecule within the system. These in silico prediction tools
are usually used to support the discovery pipeline of emulsifying peptides from protein
hydrolysates (i.e., cleavage, hydrolysate functionality testing, and functional peptides iden-
tification). However, in this case, the process steps are rearranged as follows: (i) cleavage
and (ii) functional peptides identification or characterization. These in silico methods have
shown many advantages, in comparison to experimental approaches, and particularly a
significant reduction in time and cost to run the experiments required for protein cleavage,
peptide identification, and performance evaluation. This acceleration in analysis has been
enabled by the rise of computational power observed over the past two decades, which
allows running complex algorithms in reasonable time frames [121]. As a result, it is possi-
ble to evaluate many different conditions, which might require much higher (by several
orders of magnitude) investments in resources if conducted experimentally. This route,
therefore, offers savings in reagents, equipment, intensive labor, services, risks and reduces
the possibility of human error while conducting experiments.

For the cleavage step, it is possible to implement algorithms that rely on information
about enzyme specificities (the specific bonds cut by the enzyme) and recognition sites
(amino acid sequence necessary for enzyme recognition and subsequent cutting) [122]. In
consequence, by having the information of the amino acid sequence of a protein or just its
name, it is possible to cleave it in silico with a selected enzyme or a chemical compound.
The obtained peptides are shown in different formats with the aid of the BIOPEP or Peptide-
Cutter software packages [123,124]. After the protein is cleaved and the peptides generated,
the functionality or bioactivity of the peptides can be also evaluated in silico for the desired
application. In this regard, several prediction software packages are available to estimate
peptides properties such as structure, isoelectric point, molecular weight, grand average
hydropathicity, instability index, net charge, aggregation, solubility, and hydrophobicity
as well as bioactivities that include toxicity, potential allergenicity, cell-penetrating poten-
tial, and protein—peptide binding interactions [118,125,126]. These packages are mainly
based on computational methods that quantitatively model the relationship between struc-
ture and activity (known as QSAR) by relying on the performance-structure peptides
databases [125]. Model developments are generally conducted in three steps: the test
training selection, feature selection, and modeling and validation [127]. The test training
selection consists of randomly dividing the data set into one group that is used to train
the model and another smaller group used to apply the model and validate it. Then, the
properties of the substances are selected based on known descriptors that can be structural,
sequence based, and physicochemical. The feature selection step consists of reducing
the features or making a combination of features so that overfitting of them is prevented.
Modeling is the process by which the algorithm learns relationships and tendencies from
the database and produces a mathematical model capable to predict property values. The
models can be linear such as the multiple linear regression (MLR), ordinary least squares
(OLS), principal component regression (PCR), and partial least squares (PLS). Alternatively,
they may involve nonlinear approaches such as artificial neural networks (ANNs) and
support vector machines (SVMs) [127]. Finally, the model is validated by different methods
and metrics. Validation methods can be divided into two groups: internal validation that
checks upon the power of the model to fit data used in the model development and exter-
nal validation, which evaluates the model capacity to predict activities of new molecules.
Concerning internal validation methods, the calculation of squared correlation coefficient
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(R?) accounts for the difference between predicted and experimental values. One method
is the cross validation, which applies regressions to several data subsets that have one
or several molecules excluded (i.e., leave one out or leave many out), then the models
are checked by the evaluation of the missing molecules to calculate the cross-validated
correlation coefficient R? (Q?). Another internal validation method is bootstrapping, which
involves the random generation of data subsets in which models are generated and used to
evaluate data excluded from the groups. In this case, the parameter Q? is used to account
for the precision of the model. Finally, the randomization test scrambles the activities
and randomly assigns them to the molecules; if the random predictions of the models
are similar to that of the original model, the data are not enough to support the model.
Regarding external validation, the most important metric used to evaluate the predicting
capacity of the model is the squared correlation coefficient (Rzpred). Additional information
on these coefficients calculation and others not commonly used can be consulted else-
where [128]. The accuracy of these models (R?) ranges from 0.5 to 0.998, with the nonlinear
models being the most accurate. The prediction success of each model depends on the
amount, quality, and diversity of the data, as much as on the number of residues of each
peptide in the database [127]. Another method to estimate the properties and behavior
of a peptide in a controlled environment is through MD simulations. This approach has
gained significant traction as a tool to predict specific properties and secondary structure
of peptides under varying conditions of concentration, presence of chemical compounds,
and changes in temperature and ionic strength. MD simulations consist of calculations
of properties and parameters of molecules by looking at their atomic interactions. In this
regard, the Newton’s equation of motion is solved to calculate the spatial trajectories of
molecules as they are subjected to an external potential energy or force field for each
atom. MD simulations are therefore useful to predict changes in 3D conformations, the
interaction of peptides with themselves or with other substances (e.g., water, oil-water
interfaces, and biological membranes), and changes in properties with conditions as a
function of time [129-132]. The imposed force fields consist of a set of equations whose
parameters can be estimated experimentally or approximated by quantum mechanical
calculations. Additionally, the success in the application of MD depends on the used time
and length scales, and the agreement of the results with the experimental data [129]. In this
regard, good agreement has been reported for peptides in the penetration of lipids bilayer
membranes [133-135], while significant discrepancies have been observed in the study of
water-dodecane interfaces [65]. However, an important body of literature concurred that
simulations and experiments should not compete but be complementary, and none of the
two is enough for a complete understanding of the phenomena [44,136].

Particularly referring to the emulsification processes, MD simulations have been used
for the analysis of many phenomena, including the behavior of polyoxyethylene alkyl ether
surfactants in surfactant-water mixtures [137], the change in the emulsifying ability of a
surfactant by the supply of CO; or N [138], the structural features and interactions among
cellulose molecules to stabilize octane-water interfaces [139], the effect of temperature on
the interfacial properties of surfactant micelles [131], and how the HLB is related to the
configuration distribution function of emulsifying peptides [130].

Even though the discovery of emulsifying peptides from proteins can be fully addressed
in silico (i.e., the protein cleavage and property evaluation steps), a hybrid/integrated
approach is more common, in which some steps are conducted in silico, while others
experimentally [122]. One example of such an approach was the discovery of the surfactant
potential of the outer membrane protein A (OmpA) of Escherichia coli (E. coli), which
was originally predicted by MD simulations and further tested experimentally in the
preparation of dodecane—water emulsions [140]. Additional studies were then dedicated
to the identification of emulsifying peptides from OmpA’s hydrolysates, which were then
analyzed based on the hydropathic plot of OmpA that helped to predict amphipathic
moieties. This analysis led to the identification of 16 possible emulsifying peptides, which
were evaluated by MD to find the two peptides whose Gibbs energy was the minimum.
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The study concluded that indeed these two peptides formed dodecane-water emulsions as
predicted by MD. However, MD also indicated that one of them will have better emulsifying
behavior, but experimental results showed the contrary. This contradiction was attributed
to the time and length scales used for the simulations, which failed to consider the self-
assembly of supramolecular structures [65]. For this study, the protein cleaving step was
omitted because the protein was only used to identify the emulsifying peptides, and then
these were produced by solid-phase peptide synthesis (SPPS). Starchy vegetables such
as potatoes contain proteins with nutritional and functional value, which can be used to
obtain emulsifying peptides [141]. Particularly, the potato proteins have proved to have
emulsifying properties [142]. For this reason, Garcia-Moreno et al. [18] cleaved potato
proteins in silico and produced peptides of 7-30 amino acids that were evaluated by an
algorithm that took into consideration their amphiphilic nature and potential to form
secondary structures, factors that have been related to superior emulsifying behavior.
The potential emulsifying peptides identified were then synthesized, and the emulsifying
activity and the interfacial tension were evaluated. This study involved the in silico
steps for cleaving and functional peptides identification, combined with the experimental
step of functional testing, and it was concluded that the emulsifying activity was not
“fully” predicted.

5.3. Design De Novo of Emulsifying Peptides

Due to the several structure-performance relationships constructed by the identifica-
tion and testing of emulsifying peptides derived from proteins, several patterns have been
discovered in terms of the amphiphilicity, amino acids sequence, and peptides’ length to
assure a good emulsifying behavior. Some authors have used some of these relationships
to design new emulsifying peptides. Saito et al. [15] noted that most of the identified
emulsifying peptides from proteins had «-helical structures and the mandatory presence
of hydrophilic and hydrophobic amino acids. Consequently, they chose the amino acids
leucine (L) and glutamine (E) to create peptide sequences in which the amino acids were per-
mutated to obtain different amphiphilic structures. The peptides H (LEELLEELLEELLEEL)
and S (ELELELELELELELEL) formed mainly «-helixes and [3-sheets, while the peptide R
(LELLEEELLEEELLEL) showed no amphiphilicity and, consequently, poor emulsifying
activity. In this study, it was possible to elucidate that the secondary structure is important
at the moment of stabilizing emulsions and, even when the secondary structures were not
measured directly at the interface but in solution, only the peptide with no amphiphilicity
was not a good emulsifier [15]. Applying the fact that the amphiphilicity improves the
emulsifying behavior of peptides, some authors produced emulsions using copolypeptides
in which one end has hydrophobic amino acids and the other hydrophilic ones. The
peptides tested had the general structure poly(L-lysine*HBr)x-b-poly(racemic-leucine)y, or
Kx(rac-L)y, where x = 20, 40, 60, and 100; y = 5, 10, 20, 30; K is the cationic hydrophilic amino
acid lysine, and L the hydrophobic amino acid leucine. The results showed that the longer
the hydrophobic segment the more stable the emulsion was and the limit for this was the
low solubility in water of the longer peptides. The amino acid leucine promotes x-helical
structures that interact strongly with themselves making the peptide molecules poorly
soluble in water. This is the reason why racemic leucines that have a disordered chain
conformation have been used to improve the solubility of the peptides in water. These
copolypeptides formed double (W/O/W) emulsions aided by high-pressure homogenizer
and had long-term stabilities that approached 1 year when only a short volume fraction
creamed. The no racemic peptide K¢l failed to form double but instead a stable O/W
emulsion [143].

5.4. Identification of Emulsifying Peptides by Mimetization

Thus far, the identification of emulsifying peptides can take several routes. Emulsi-
fying peptides are a class of surfactant peptides capable of stabilizing emulsion droplets.
However, these peptides have been mostly employed in other applications, including the
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synthesis of hydrogel scaffolds for cell culture, templates for biomimetic mineralization and
nanofabrication, drug delivery, hemostasis, membrane protein stabilization, and antimicro-
bial agents [41]. There has not been extensive work on emulsifying peptides yet since it has
for other classes of surfactant peptides such as the AMPs. These peptides and the emul-
sifying ones have an important characteristic in common; in both, it is necessary that its
hydrophobic portion strongly interacts with the oil phase, which, in the case of the AMPs,
corresponds to the phospholipid rich bacterial membranes [144]. This similarity constitutes
an important opportunity to discover emulsifying peptides by analogy with AMPs, which
are more extensively studied and thoroughly characterized. An attempt to achieve this was
by producing emulsions with the antimicrobial peptide AgR as the stabilization happened
by assembling supramolecular structures over the droplets [145]. Even when stabilization
most likely proceeded by an atypical nonemulsifier-like mechanism such as the formation
of supramolecular structures, larger AMPs with different amphipathicity distributions have
also shown abilities to reduce the surface tension. A more comprehensive performance
evaluation as emulsifiers might yield useful results [146].

5.5. Design of Emulsifying Peptides by the Crosslinking of Peptides at the Interface

Another novel route to design emulsifying peptides was proposed by Dexter et al. [45].
Their approach starts with the identification of peptides with facial amphipathicity and
the ability to reduce the interfacial tension by insertion into the interface of the two im-
miscible liquids. This reduction eases the formation of the emulsion with no guarantees
over stability. To address this issue, the mechanical strength of the interfacial layer was
increased by stronger interactions between peptide molecules through changes in pH,
oxidation/reduction, and metal ion chelation [48]. Examples of this approach are dis-
cussed below.

Lac 21 (Ac-MKQLADS LMQLARQ VSRLESA-CONH),) is a peptide that corresponds
to the residues 339-359 of the Lac repressor protein present in bacteria in which the
first three amino acids PRA were replaced by MKQ. This peptide’s capacity to form
tetrameters has attracted the attention of researchers since they can gain insights into the
mechanistic understanding of folding and stability of proteins [147]. Lac 21 is also highly
surface active, as evidenced by a reduction of the interfacial tension of the octane-water
interface from 50.1 mN/m to 14.5 mN/m, which is larger than that of proteins such as
(-casein, lactoglobulin, and lysozyme [60,148]. Despite this, Lac 21 forms weak films at
the interface most likely due to low intermolecular interactions; therefore, the emulsions
produced with this peptide are expected to be unstable [45,149]. At the interface, Lac
21 presents an o-helical conformation with facial amphipathicity, which maximizes the
contact of the peptide’s hydrophilic groups with the interface. To improve the peptide—
peptide interactions, the peptide AM1 (Ac-MKQLADS LHQLARQ VSRLEHA-CONHy)
was designed by changing the amino acids in Lac 21 at positions 9 and 20 by histidine
residues, which have the capacity to bind to metals. As a result, by exposure to metal
cations (e.g., Zn(II)) the peptides” helixes crosslink, and consequently, the interface becomes
stronger, in other words, it turns a detergent state into a cohesive film state [150]. When
this state is achieved, the stability of emulsions is significantly prolonged. The coalesced
volume observed after a few seconds for the system toluene-water-AM1 can be only
noticed for the system toluene-water—AM1+Zn(Il) in a lapse of 20 h. Another advantage of
this system is that the stability can be reverted by adding a chelating agent or an acid to
the stable emulsion. This causes the complex AM1+Zn(Il) to destabilize by breaking the
metal-histidine bonds, thereby making the interface return to the detergent state [28,150].

The same design method was used for the peptide AFD4 (Ac-MKQLADS LHQLAHK
VSHLEHA-CONH,), which was obtained by the replacement of amino acids in positions 9,
13, 17, 20 of Lac21 with histidine residues. In this case, four residues can be crosslinked
with transition metal ions such as Zn(II), Ni(I), and Co(Il) to enable stronger films at the
interface. Dodecane emulsions developed with AFD4 and Zn(II) showed good visual
stability for up to 30 days. The interface formed by AFD4 was even stronger than that of
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AM]1, but when compressing a droplet, the interface showed a marked tendency to form
wrinkles. This behavior has been typically observed for solid coatings, as opposed to the
highly mobile interfaces formed by small molecular size surfactants. The high stability
of the emulsion and the solid-like appearance of the interface can be easily reverted as
described for AM1. In this case, spherical droplets of low stability are formed again without
significantly altering the interfacial tension [59,151]. The interfacial tension values achieved
for crosslinked peptides via chelating agents are shown in Table 1.

6. Challenges and Opportunities

The selection of an emulsifier peptide for a certain application has several limitations in
comparison to the selection of conventional emulsifiers. In this regard, the evaluation of its
interfacial activity is generally sufficient for predicting emulsion forming behavior, which
can be relatively easily conducted by measuring the interfacial tension. Each one of these
methods yields results that are dependent on the conditions of the system, including the
salinity and the pH of the aqueous phase, the temperature of the system, the concentration
of the emulsifier, and in the case of the interfacial tension, the type of organic phase used.
Despite this variety of conditions, the most standard value reported in the literature is
the surface tension of the surfactant at the liquid (water)-air surface (i.e., in the absence
of electrolytes, acids, or any other substances) at the (ycpmc) at 25 °C. This parameter has
been reported for many surfactants and is widely used for comparisons. Second, the ability
of the surfactant to form emulsions needs to be evaluated. Even though experimental
evaluation is necessary because the emulsifier performance is dependent on the ingredients
of the emulsion, criteria such as HLB or the hydrophilic-lipophilic difference (HLD) allow
predicting the type of emulsion that the emulsifier is likely to form, and in combination
with the HLB required by some oils, it is also possible to approximate the structure that
the surfactant must possess to provide adequate stabilization. This concept has become
extremely useful, and even some surfactant manufacturers usually provide the HLB value
along with the surface tension in water solution for each emulsifier in their portfolio.

Concerning emulsifier peptides, an analogous standard parameter for the quantifica-
tion of the interfacial activity is yet to be defined. First, there are a few studies in which the
interfacial tension or the surface tension is measured for one peptide alone. Second, these
studies are not just scarce, but they also report on different interfacial properties (e.g., inter-
facial tension and surface tension) under different conditions, which makes performance
comparisons extremely difficult. Typically, the reported parameters have been the surface
tension of the peptide in water solution at the CMC as in conventional surfactants [46], the
surface tension in water at a given peptide concentration [28,59], and the interfacial tension
at different peptide concentrations and pH values [18,60,152]. Moreover, stabilization of
emulsion droplets has been evaluated mainly by the measurement of the time that the
emulsion requires to visually exhibit phase separation [28,145], and the evolution of the
average droplet size as a function of time [18]. None of these methods provide a route for
the comparison of different emulsifying peptides because both the process of making the
emulsion and the measurement methods are not standardized. This is also the case for the
type of oil phase changes and the substances dissolved in the aqueous phase to change the
pH and salinity. Additionally, sometimes the temperature is not even reported, and the
percentage of dispersed phase often changes. The methods to characterize the stability of
the emulsion such as the detection of coalesced volume or phase separation as a function
of time rely on visual observations, which are subject to human error and therefore high
variability. Furthermore, coalescence is not the only instability mechanism of importance
and therefore most studies disregard the information provided by other parameters such as
the aggregation of droplets (flocculation) and the accumulation of droplets above or below
the emulsion (creaming). The measurement of average droplet size is conducted by taking
samples from the emulsion and then read by turbidity instruments. To collect useful data,
the system has to be perturbed, which affects the distribution of the droplets, which also
depends on the emulsion height as a consequence of the destabilization phenomena and
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the action of the gravity. As a result, this method provides imprecise information due to
the heterogeneity of the samples as they are collected and transferred into the instrument.

Setting standard reliable methods for characterizing emulsifiers can provide important
information on properties that are useful to understand structure-performance relation-
ships, a knowledge that can be used in the design and selection of peptides. As an example,
in AMPs, the MIC is a standard measurement to evaluate the antimicrobial activity of
peptides. The procedure to measure the MIC has even more variables to control and is more
intricate than the process of making emulsions and measuring their stability. However, to
reduce such variability, a standard microdilution protocol defines precise conditions such
as the phase of the bacterial culture (logarithmic), amount of the substances, incubation
temperature (37 °C), and time (overnight) [153-155]. In the case of AMPs, the evaluation
conditions at the laboratory scale are different from those of the final application (i.e.,
physiological). In addition to that, analog to the emulsifiers in that the stabilization of
emulsions depends on the oil phase substances, the effectiveness of the AMPs strongly
depends on the type of microorganism used for the experiment. It is worth noting that
even if an attractive MIC is measured for an AMP, this fails to assure that it effectively
translates into the final clinical application. Something similar happens for emulsifiers in
the case of the surface tension and the subsequent assays to measure emulsions formation
where despite helping identifying possible candidates the evaluation in the complexity of
real environments might lead to different performance results. The availability of standard
properties allows us to select potential candidate molecules and to find and understand
structure—performance relations. For example, from the analysis of AMP databases, it has
been observed that the majority of AMPs have a positive net charge provided mainly by
the presence of Lysine and Arginine residues, which was later related to their capacity to
interact with the negatively charged membranes of bacteria [156]. From the screening of a
large number of 12-residue peptides, the sequence LRLLR in positions 5-9 has been shown
to provide the translocation ability, which is useful to transport molecules inside cells [120].

The approach discussed above for AMPs could be potentially applied for emulsifying
peptides. The value of the surface tension at the CMC and 25 °C may be considered
the standard property to compare the interfacial activity of peptides. This value has
been already reported for peptides with different sizes and conformations, as shown
in Table 1. Moreover, it has also been obtained from surface tension vs. concentration
plots, as in the case of conventional surfactants. For the measurement of the emulsion
stabilization, the turbiscan stability index (TSI) provided by the devices from the company
Formulaction [157], or another turbidimetric property based on noninvasive techniques
may be used as standard parameters. For example, TSI accounts for the change over time
of the transmittance and absorbance in the emulsion that is caused by any destabilization
phenomena, and the evaluation is completed employing a transparent vial in which the
system is not perturbed such that the obtained values only reflect changes in the emulsion
stability. Additionally, transmittance, absorbance, and backscattering plots along the height
of the emulsion allow a comprehensive analysis of different destabilizing phenomena and
their extents. Since the behavior of emulsifiers changes depending on the type of oil phase,
TSI should be provided as a function of the used organic solvent, the same way as the MIC
in AMPs is published specifically for a certain type of microorganism.

Once databases with standardized property values become available, new design
approaches could be implemented for emulsifying peptides, as has been the case in other
fields where such databases exist. Some examples of those strategies include the “ab initio”
design to find common patterns step by step that respond to optimal functionalities of
interest [156], the identification of new templates to find and study structure—performance
relationships [158], and the improvement of a particular function by adding or replacing
residues to a peptide or protein, based on machine learning models [159].

Additional to design techniques that rely on property databases, the other methods
described here to select and design peptide emulsifiers have also produced important
results. The use of protein hydrolysates to make emulsions and find the fractions of the
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protein with the best emulsifying behavior is a potent approach when the interest is to
produce a mixture of peptides that have the ability to form and stabilize an emulsion. The
advantage of this method is that the selection of the hydrolysate proceeds by evaluation
in a real emulsion system; hence, the selected mixture has higher chances of properly
working in the final application. However, this process is limited because it demands
investment in reagents, equipment, time, personnel, and involves risks. Even when
many studies have been conducted on the emulsification capacity of protein hydrolysates,
hardly ever the peptides responsible for it are identified, and most times the studies just
provide the frequency of the amino acids in the best hydrolysate fraction. This frequency
information provides few insights into the mechanistic details because this parameter
varies substantially by the presence of large peptides at the interface that might contribute
insignificantly to the emulsifier activity, in other words, more potent but shorter peptides
might be masked in this approach. Furthermore, possible synergistic effects emerging
from the peptides contained in the hydrolysate can improve emulsification but might
pass unattended by this analysis. In conclusion, more studies and suitable experimental
techniques are needed to simplify the isolation and identification of the peptides with
emulsifying behavior to gather more relevant information before a more rational approach
to their design, selection, and production.

Computational tools tackle some of the disadvantages exposed in the identification
and obtention of emulsifying peptides from proteins. Savings in time and material re-
sources make these methods attractive for peptide design. In addition, the structure of
the functional peptides and the structure-performance relations can be modeled in silico.
However, implementing some of the computational tools for each step in the process is
challenging and, depending on the ultimate purpose, might not fully replace experimen-
tal validation. For example, during the protein cleavage stage, some peptides detected
in vitro after the enzyme treatment might be different from those predicted by compu-
tational cutter tools [85,122]. These differences exist because the databases of enzymes
are only based on their specificity toward the primary sequence and fail to consider the
secondary and tertiary structures, which have been reported to limit the cleavage process.
Another reason for these differences is that most simulators fail to consider the effect of
pH, temperature, time, and other types of interactions between molecules [122]. Finally,
the use of MD simulations to predict the properties of peptides might be significantly
hampered by the shortness of the time scales accessible, which limit the possibility of
observing other phenomena like the formation of supramolecular structures. This causes
that important discrepancies between experiments and simulations are observable for
complex systems [65]. Coarse-grained models have emerged as an attempt to overcome the
time-scale limitations caused by the important computational resources needed to simulate
long-scale phenomena. Therefore, the growing computational power observed over the
last decade worldwide has encouraged scientists to scale up the complexity of simulated
systems with remarkable results.

Another technique discussed here is the de novo design. This method mainly relies
on assembling long peptides with amphipathic secondary structures and predicting their
emulsifier behavior; however, the identified structure-performance relationships are largely
incomplete. For example, the phenomena concerning the interaction of some amino acids
of the peptide chain with the interface still remain obscure, as well as the underlying
patterns or amino acid sequences responsible for the reduction of the interfacial tension
or the stabilization of the emulsions. This knowledge gap can be bridged by increasing
the availability of property data and by designing novel experimental approaches for the
rapid experimental screening of peptide libraries.

Finally, the route of design consisting of peptide crosslinking with facial amphipathic
structure at the interface takes advantage of the possibility of altering the intermolecular
attractive forces. However, the most well-characterized and studied method is the one put
forward by Dexter et al., in which metallic cations were employed for the crosslinking of
peptides at the interface of emulsion droplets [59]. The presence of these metallic cations
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narrows down the possible applications of the obtained emulsions since some industries
(e.g., food, cosmetics, and pharma) might require metal-free products. For example, the
commonly used Ni and Co ions can be toxic for humans depending on the concentration
and oxidation state [160,161]. An interesting approach to avoiding high toxicity would be
to exploit changes in salinity or pH to modify the intermolecular forces. However, even if
salinity and pH variations can improve the stability of the emulsions, it is not certain that
they can stabilize emulsions better than metallic cations crosslinking.

7. Conclusions

This review presented the principles underlying the formation and stabilization of
emulsions. Here, we attempted to link these principles with the mechanistic understand-
ing required to explain the properties responsible for conferring peptides the ability to
lower the interfacial tension of oil-water systems and stabilize emulsions by steric and
electrostatic forces. The comprehensive analysis, which primarily focused on the molecular
structure of peptides, began with the simplest head—tail types of conventional emulsifiers,
then it was gradually scaled to amino acids, and finally to peptides. We covered the most
recent developments in the understanding of structure—performance correlations and the
attempts to elucidate intricate details by experimental and in silico approaches. Further-
more, analogies with conventional emulsifiers were used to make more understandable
explanations of what would be required to begin to understand the emulsifying behavior
of peptides and rationally design it. Conditions of the system that affect this behavior, are
discussed and the different methodologies to discover and design emulsifier peptides are
also addressed. Even when different paths have been used to discover and design peptides
with this function, each one of them faces challenges. Additionally, other routes that have
been applied in other fields remain still unexplored for emulsifier peptides.

The discovery of emulsifying peptides from proteins has been widely used to discover
and design emulsifying peptides. The experimental procedure requires more studies whose
characterization techniques allow to draw conclusions about the peptides involved in the
stabilization of the emulsions. This characterization is more adequately developed by
the use of computational tools because the knowledge of possible emulsifying peptides
is the starting point to address their production and testing in emulsions. However, the
models used have drawbacks, and integration of simulation and experimental techniques
seems to be the way that yields better results in finding new emulsifier peptides. The
success of computational methods to identify good emulsifier peptides from proteins
depends on the use of structure—performance relationships, whose understanding is vital
to effectively predict the good emulsifying behavior of a peptide. These relations keen
the computational tools and other methodologies to design emulsifier peptides such as
the de novo design, whose capacity to design effective molecules is still very imprecise
and require more analysis of the interaction of peptides with the interface in terms of the
molecular structure, forces, amino acids, and patterns of amino acids or sequences. In
fact, some authors increased the molecular forces by establishing facial amphipathicity in
peptides and metal-binding capacity, which allowed them to crosslink with metallic cations
and generate more cohesive oil-water interfaces. Even when this methodology allowed
designing peptides with excellent formation and stabilization capacity, the application is
limited by the toxicity of metallic cations, and other force-modifying alternatives deserve
to be explored to stabilize emulsions with peptides.

This review also proposed the possibility to apply new emulsifier design methodolo-
gies based on property data management. These possibilities are justified in the results
that these methodologies have yielded in other fields such as AMPs. For the development
of this, emulsifier databases should be created with standard properties as a function of
the molecular structure; to apply correlations or mathematical models that allow us to
predict and design peptides, as well as to discover structure—performance relations that
support the methodologies mentioned above. Concerning the creation of the databases,
standard procedures were proposed to evaluate the interfacial activity of peptides and the
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capability to stabilize emulsions, such as the measurement of the ycpmc at 25 °C and the TSI
values, respectively. Finally, once the databases are created, the artificial intelligence tech-
niques and mathematical models can be applied to discover new structure—performance
relationships and optimize the emulsifier properties of interest. In the long run, we expect
to produce a set of recommendations and a framework to enable emerging applications in
the field of truly biodegradable product formulations. This is of the utmost importance due
to stringent requirements increasing every day, imposed by regulatory bodies regarding
the use of components of natural origin and low toxicity. Novel emulsifying peptides are
exceedingly attractive candidates to fulfill these criteria. In line with these prospects, in
the near future, we should be able to have new families of products in the cosmetic, food,
home care, agrochemical, and pharma industries that do not include the use of surfactants
or emulsifiers of petrochemical origin.
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