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Abstract

Background

The development of advanced food materials nedgssarolves the building of well-
known and oriented micro- and nanoarchitecturesctware obtained through the self-

assembly of food grade (edible) polymers.

Scope and approach

Keeping this in view, proteins have proven to bereneersatile building blocks than
carbohydrate polymers for the manufacture of madeted and advanced systems for

food applications.

Key findings and conclusions

Proteins from different sources (animal, vegetatl anicrobiological) can be self-
assembled in several forms (films, hydrogels, nesélesicles and particles) to be
targeted and tuned for various food applicationghs@as biosensors, coatings,
emulsions, controlled and sustained release ofeadtiod additives, development of
functional foods, etc. Proteins can be self-assethblvith each other, with
carbohydrates or other proteins, and includes sleeofi enzymes and essential oils have
achieved this physicochemical phenomenon that scbatween macromoleculesa
chemical interactions, mainly by hydrogen, hydrdphand ionic bonding, which are
determined by the conditions of ionic strength, hatcal force, pH, salt concentration
and type, temperature, among others. This revievs & provide a comprehensive and
concise analysis of the state of the art of sedeasbled proteins for food applications,
which have had a significant boom over the past figars in terms of the development
of nanotechnology within the food industry.

Keywords: Active substance carriers; Advanced food materi@bating; Controlled and
sustained release systems; Emulgels; Encapsul&iioms; Functional foods; Layer-by-

layer films; Protein architecture.
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98  Abbreviations
99
100  AG: Arabic gum
101 C&": Calcium ions
102  CMP: Caseinomacropeptide
103  Cs: Chitosan
104 EWDP: Egg white derived peptides
105 EWP: Egg white proteins
106  GMP: Glycomacropeptide
107  H: Hydrogen
108 HEWL: Hen egg white lysozyme
109  IPP: Isoleucine-proline-proline
110  MEL-A: Mannosylerythritol lipid-A
111 Mw: Molecular weight
112 Na'": Sodium ions
113 NaAlg: Sodium alginate
114  NaCas: Sodium caseinate
115  NPs: Nanopatrticles
116  O/W: Qil-in-water emulsion
117  OVA: Ovalbumin
118  OVT: Ovotransferrin
119  PCD: Polycyclodextrin
120  pl: Isoelectric point
121 Pro: Proline
122  QPI: Quinoa protein isolates
123 SC: Soyp-conglycinin
124  SG: Soy glycinin
125  SL: Soybean lecithin
126  SLG: Short linear glucan
127  SPC: Soy phosphatidylcholine
128  SPI: Soy protein isolate
129  TA: Tannic acid
130  TE: Tulsi extract
131 TiOgy: Titanium dioxide
132 TPP: Tripolyphosphate
133  W/O: Water-in-oil emulsion
134  W/W: Water-in-water emulsion
135  WPI: Whey protein isolate
136 WPNFs: Whey protein nanofibrils
137
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1. Introduction

In recent years, there is a growing demand fromseorers for healthier and more
convenient food products. With this in mind, ediplelymers such as carbohydrates,
lipids and proteins have been used in the foodstrgitas emulsifiers, thickeners, food
packaging and coatings, among others (Gutiérrek820Sedaghat Doost et al., 2019).
In particular, proteins are of great interest duéheir nutritional value and versatility to
modify their macromolecular structure (Ellis, & ldx, 2018; Garrido, Uranga,
Guerrero, & de la Caba, 2018). This has allowed diegelopment of stabilized
emulsions, foams, gels and thickener solutionswel as food packaging (Goémez-
Estaca, Gavara, Catala, & Hernandez-Mufoz, 201&).physicochemical properties of
protein-based materials can be altered by diffezenditions, such as ionic strength, pH
and temperature. Another option to modify the ptrysihemical properties of proteins is
by self-assembly of protein structures with thewsel or with others proteins,
polysaccharides and active compounds (e.g. orgaweids, flavonoids, phenolic
compounds, among others), thus improving and crgatiovel structures with new
functionalities which are not available by otheramg (Sedaghat Doost et al., 2019).
Self-assembly of proteins can be induced by mednsewersible or non-reversible
aggregation of protein segments driven by chemigactions or non-covalent
interactions, such as hydrogen (H) bonding, varMdaals forcesg-n stacking, as well
as host-guest and hydrophobic interactions (Vagengare, Makvandi, & Gutiérrez,
2019). The architectures formed could have sevBmahs which can vary from
nanometric to micrometric size (Anema, 2018; McManQharbonneau, Zaccarelli, &

Asherie, 2016).
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In the last years, several research studies hage fmeused on the development of
additives, coatings, emulsions, films, functiorads, hydrogels, micelles/vesicles and
particles based on the self-assembly of proteinglb@khouche, Bousserrhine,
Alphonse, & Carbonnier, 2019; Diarrassouba et2815; Li, He, et al., 2019; Loria,
Pilosof, & Farias, 2018; Mantovani, Fattori, Miobke] & Cunha, 2016; Murmu &
Mishra, 2017; Sedaghat Doost et al., 2019; Tsai &ng/ 2019; Visentini, Perez, &
Santiago, 2019). These architectures have beenetbriny changing environmental
conditions, such as ionic strength, mechanicalefoptd, temperature and ion types. In
addition, each protein has specific conditions delf-assembly. Keeping this in view,
McManus et al. (2016) focused their review on dpe@spects such as the physical
mechanism of self-assembly of proteins, while Ane(@818) reviewed the self-
assembly between lactoferrin with casein. It shpohlowever, be noted that for our
current knowledge, no review paper has comprehelysanalyzed and reviewed the
different mechanisms to induce self-assembly betw@eotein-protein, protein-
polysaccharide and protein-active compounds, neir thromising applications have
been discussed in another review paper for the $motor. Therefore, the novelty and
objective of this review article was to present stege of the art with respect to the main

mechanisms for self-assembly of proteins used m&mmlfood applications.

2. Self-assembled proteinsin food

Proteins constitute an essential nutrient for tbedgdevelopment and maintenance of
human beings, and are an excellent resource faloj@ng food grade materials (Cho
& Jones, 2019). An interesting method to produasegin-based structures is through

self-assembly, which comprises the spontaneoushiz@#on of macromolecules from
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a disordered state to a highly well-organized stateese ordered structures are in a
state of thermodynamic equilibrium which dependseamironmental conditions, such
as pH, pressure and temperature (Anema, 2018krBifft materials can be prepared for
various food applications through self-assembledegins, from films and hydrogels to
nanostructures (Bourbon, Pereira, Pastrana, Vicé&nteerqueira, 2019). Surprisingly,
some proteins can be self-organized into diffeseramolecular structures depending
on the environmental conditions to which they axposed (Anema, 2018). The self-
assembly process of proteins is naturally ubiq@itdlius producing complex structures
which are vital for many biological functions. Ianticular, self-assembled proteins in
food systems have the ability to improve existibmicures or create new ones. Self-
assembly is accurate and reproducible, and reqairesnimum energy use. Another
advantage of the self-assembly method is that ¢chgrenvironmental conditions, such
as ionic strength or pH, can trigger or reverse ftrenation of the supramolecular
structures. Thus, this allows more targeted fumetities during processing and/or
consumption (Anema, 2018).

Self-assembled proteins in food can be obtained fildferent sources, namely animals
(Majorosova et al., 2019), microorganisms (Phaial.eR018) and vegetables (Zhang et
al., 2018). However, self-assembled or co-assemtleiticomponent structures could
also be produced from interactions between protaihgdifferent origin (Abaee,
Mohammadian, & Jafari, 2017), or even from proteatysaccharide interactions
(Gémez-Mascaraque, Llavata-Cabrero, Martinez-SRabra, & LOpez-Rubio, 2018).

Fig. 1 summarizes the different self-assembled proteins.



212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

2.1. Self-assembled animal proteins

2.1.1. Milk proteins: Casein and whey protein

Among animal proteins, milk proteins are one of hest studied for the development
of self-assembled structures (Allahdad, Varidi, @add, & Saboury, 2018; Anema,
2018; Bao et al., 2019; Feng, Li et al., 2019; Yuealco, Geng, Cardenas, & Risbo,
2017). Bovine milk contains about 3.5% protein, ahcan be classified into two main
groups: 1) caseins, which constitute approx. 80%heftotal milk protein, and 2) whey
proteins, which are mainlg-lactoglobulin andu-lactaloumin, with lower amounts of
bovine serum albumin: immunoglobulin and lactoferri

Caseins are a family of related phosphoproteinsctwbonsist of four main proteins:
aS1-, aS2-, B- andk-casein. Caseins contain a high number of prolfm)( moieties
distributed in their primary structures and do hate disulfide bridges. Caseins can
thus be considered unstructured or naturally deedtproteins (Anema, 2018). The
isoelectric point (pl) of caseins is 4.6, which meaaseins are negatively charged in
milk (pH 6.6). Caseins show low water solubilitydaare naturally present in the form
of self-assembled micelles (with diameters randgiog 50 to 600 nm) (Allahdad et al.,
2018). The caseins in the micelles are held togdtiveugh non-covalent bonds, such
as hydrophobic interactions. Although the surfat¢he micelles are hydrophilic, its
interior is hydrophobic, which favors its applicatias a natural carrier for hydrophobic
molecules Fig. 2) (Gupta, Arora, Sharma, & Sharma, 2019; Kimpel é®itt, 2015).
The degree of self-organization of caseins alscend@p on environmental conditions
(Allahdad et al., 2018). For example, Loria, Pilipset al. (2018) studied different

environmental factors (i.e. pH, temperature, typesalt and concentration) on self-
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assembly of caseinomacropeptides (CMPs), whicheatkamino acid moieties af
casein. CMP lacks cysteine and aromatic moietiespemed tok-casein, therefore,
disulfide bonds cannot be formed. CMP assembly nigpsignificantly on pH. CMP is
present as individual molecules at pH 7, wheretedstatic repulsive forces dominate
over hydrophobic interactions. However, CMP seffeasbly can be induced at pH
below 4.5 by hydrophobic dimer formation, followdxy electrostatic interactions,
which ultimately lead to the development of a gedtmx. This process can occur
spontaneously at room temperature, although byirgeatan be accelerated. The
presence of calcium (3 and sodium (N3 ions from calcium (Ca@) or sodium
(NaCl) chloride salts, respectively, can also gigantly affect the assembly properties
of protein suspensions, since the electrostaticgedsaare screened and the hydrophobic
parts of the CMP molecules can be associated (LBriasof, et al., 2018). The pH also
has a significant effect on the spontaneous orgéniz of casein, which has been
thoroughly explained by Martinez, Farias, and Pilo&011) and Loria, Aragon,
Torregiani, Pilosof, and Farias (2018).

On the other hand, whey protein isolate (WPI) isdenaip of approx. 80% off-
lactoglobulin and 15% ai-lactalbumin. WPI is widely used in the food seaae to its
high nutritional value and functionality, and lowst (Mohammadian & Madadlou,
2016). The pH and temperature are important factorthe self-assembly of WPI
(Nicolai, 2016). According to Nicolai (2016) wherhay proteins in agueous solutions
are heated to more than 60 °C, the peptide chans gaobility. This allows interaction
of WPI chains with other whey proteins, which letmishe formation of bonds between
proteins, thus being aggregated. Although theraoidower critical temperature for
aggregation to occur, in practice aggregation \&@mitoo slowly below 60 °C to be

observed (Nicolai, 2016).
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Self-assembled micro and nanofibrils can be deweldpm WPI by prolonged heating
at low pH (2.0) and ionic strength (Farjami, Madag! & Labbafi, 2016). However,
proteins are hydrolyzed at this low pH, and theilBbare formed by a fraction of the
resulting peptides. In addition, at higher WPI camtcations (> 50 g/L), microgels are
randomly associated into larger self-aggregates, @move a critical concentration
(between 70 g/L and 80 g/L, depending on the pH3 gee formed (Murphy, Cho,
Farkas, & Jones, 2015). WPI microgels are one @fptlotein micro- and nanoparticles
that have recently attracted a growing interesttifi@ir potential applications in foods
and pharmaceutics. In this sense, Nicolai (2016j)eveed self-assembled microgels
from WPI or pureB-lactoglobulin.a-lactaloumin micelles can also be used in order to
encapsulate or carry hydrophobic active compouRdisexample, Du, Bao et al. (2019)
and Jiang et al. (2018) formed amphiphilic peptiftesn partial enzymatic hydrolysis

of a-lactalbumin, and then self-assembled into micelleder aqueous conditions.

2.1.2. Egg white proteins

Egg whites are widely used in the food industryawse of their functional properties,
such as foaming and gelling. The egg white prot@dWP) comprise more than 80% of
the total dry matter in egg white (mainly globulingsozyme, ovalbumin - OVA,

ovomucin, ovomucoid and ovotransferrin - OVT). Téfere, research on the
physicochemical properties EWP, such as its pl,dm@®uraged the investigation of its
structure and how its functionality is affects fase in food processing (Strixner &
Kulozik, 2011). So far, many studies have focusedhe use of EWP to develop self-
assembled materials. EWP is a potential biomatéoiathe micro- and nano-carrier

industry due to its excellent nutritional value,gektibility, self-assembly and



287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

11

amphiphilic properties (Chang et al., 2019). Wiklistin mind, Chang et al. (2019)
prepared EWP particles by gelling at 90 °C, anceoled that the final morphology of
the particles, i.e. granular or fibrous particlepends mainly on the pH values. The
dense, homogeneous and well crosslinked gel steuejppears when the pH values are
far from the pl of the EWP (4.8). In contrast, tteucture of gels generated at pH
values close to pl are generally stiffer and inekidggregate granular subunits.

The main protein component in egg white is OVA, anomeric protein with
amphiphilic characteristics, which makes it a hygkfficient carrier for hydrophobic
compounds. In this context, OVA nanoparticles (NWsje prepared by Visentini et al.
(2019) by means of a heat treatment at differencphiditions in order to study these
systems as nanocarriers of polyunsaturated faitig ac

Another important EWP is the OVT, which containss6@8mino acids, and can be
reversibly bound to Pé cations in the presence of bicarbonate anions. QVi&-iron
bond has been studied in detail by Wei et al. (20IBese authors evaluated different
factors, such as ionic strength, pH, stirring spaed temperature on the assembly of
OVT into amyloid fibrils. Amyloid fibrils have amportant role in nanotechnology and
biomaterials applications due to their unique ptaisiand mechanical properties.
Following Wei and Huang (2019) OVT amyloid fibrildo not showin vitro
cytotoxicity, which implies their potential application in theotband pharmaceutical
sectors.

Another relevant and well characterized model pnofter thein vitro study of amyloid
fibrillation is hen egg white lysozyme (HEWL), whicrepresents a structural
homologue of human lysozyme (MajoroSova et al.,920These authors studied the
self-assembly of HEWL into amyloid fibrils with magtic NPs, which had radially-

branched-dendritic structures under different coows. The authors explained this
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phenomenon through the diffusion-limited aggregati®LA) theory, which is a
theoretical model that explains the random aggregadf solid particles into branched
structures. The DLA theory can be considered amdam irreversible growth model,
from seed particles, which act as nucleation pofatsthe organization of clusters.
Therefore, the addition of magnetic NPs favorssléassembly of proteins at an early
stage, which eventually leads to the formationegjutar protein patterns (MajoroSova et
al., 2019).

It is worth noting that despite significant advasée EWP self-assembly, this field is
still booming and it is necessary to understand thel parameters that govern building
these structures, since this may lead to intergstiathods for obtaining advanced food

systems from the controlled manufacturing of higtigtered complex assemblies.

2.1.3. Collagen and gelatin

Collagen is the most abundant protein in mammadsngothe main component of
connective tissue, such as bone, cartilage, cotiggaments, skin and tendons (Shen,
Bu, Yang, Liu, & Li, 2018). The basic unit of cajien is the tropocollagen formed by a
triple helical structure. Collagen can be self-adsed into well-organized fibrilsia
electrostatic, hydrophobic and H-bonding interawioLeo, Bridelli, & Polverini,
2019). Self-assembly into fibrils is carried outden suitable conditions, i.e. high ion
concentrations (especially phosphate) and modgréasic pH (9-11) (Maas et al.,
2011). Leo et al. (2019) studied the self-assendblyat tail collagen by using two
different techniques: coupling molecular dynamiecsl aultraviolet-visible (UV-Vis)
absorption. In this study, collagen self-assembas wvaluated at different pH values

and the aggregation rate was estimated. Theseraudthod that assembly mechanisms
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depend significantly on pH. However, more researtlthe molecular lever is needed to
fully understand the effect of pH on the collagéaio interactions, which influence the
fibrillogenesis.

Gelatin is a protein obtained from the partial acrdalkaline hydrolysis of collagen.
Thus, its structure is quite complex, being a nmtof fractions composed only of
amino acids linked by peptide bonds to form polysneith a molecular weight (Mw) in
the range of 15-400 kDa (Ali et al., 2019). Thesgth and viscosity of gelatin gel are
its most vital physical properties. The gelatingassing must be closely monitored in
order to obtain high gelling strength and avoid essive degradation of the peptide
structure of collagen (Ali et al., 2019).

Gelatin has generally been used in the food ingus$r an additive to improve the
consistency, elasticity and stability of food protfu(Gémez-Mascaraque et al., 2018).
The pharmaceutical industry has also long usedigéiar the encapsulation of drugs.
For this reason, gelatin has attracted interest asll biopolymeric material for the
micro- or nanoencapsulation of food additives @lial., 2019). An interesting method
to develop carriers is through the simple mixingtloé gelatin with the active food
additives in order to obtain their self-assembly.general, different polyphenols are
encapsulated using gelatin, where the main foraedRkplains the self-assembly is the
H-bonding. Other hydrophobic interactions play anpertant role in the self-
organization of the gelatin NPs, suchmas stacking interactions between the benzene

rings in phenolic compounds and the aromatic aragids in gelatin (Ali et al., 2019).
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2.1.4. Other animal proteins

Some studies have also focused on the self-assehbsh proteins. In particular, self-
assembly of myosin (main muscle protein) from tites carp was studied by Wang et
al. (2018) and Wei et al. (2019), at different s@iaCl) concentrations and pHs,
respectively, and maintaining low temperature. €hesithors observed that ionic
strength and salt concentration significantly dffde protein properties due to self-
assembly of proteins. Specifically, Wang et al.1@0confirmed that at a low NaCl
concentration (below 2%), myosin is spontaneousiyembled into dense filaments
mainly through ionic rod-rod bonding. These ass@msblvere almost insoluble, which
led to high turbidity of myosin solutions. Howevemic interactions broke down as the
NaCl concentration increased, were bound to amaidsawith opposite charges. The
rupture of the intermolecular ionic bonds causeeélswg and greater dissociation of
myosin filaments, resulting in an increase in thteractions between myosin and water,
and therefore, myosin slowly dissolved. An addiibmcrease in salt concentration
(above 6%) also led to many hydrophobic groups. ®@ufhydryl groups) of myosin
being oriented towards the surface due to unfoldihthe protein. As a consequence,
this led to the formation of hydrophobic interao8p and turbidity and particle size
increased significantly. Meanwhile, Wei et al. (2DXeported that the pH changes
significantly altered the morphology of myosin anbdées, as a result of the degree of
protonation and surface charge of myosin. At low git¢ low electrostatic repulsion
promoted the assembly of myosin, which led to neddy high turbidity and UV
absorption. In addition, the results of confocaelascanning microscopy showed that
the stiff structure assemblies were formed at Iads.pln contrast, under alkaline

conditions (pH 7.0-9.0), negative charges incredisectlectrostatic repulsion and led to
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a higher unfolding rate, thus exposing more hydotyt moieties. This led to the
formation of assemblies with fine and ordered s$tmec Therefore, the average particle
size of myosin assemblies at high pH values wadlenmthan that found at low pH
values. Finally, these authors concluded that #lative speed of unfolding and
assembly of silver carp myosin under conditions ngutral pH (7.0) and low
temperature was appropriate for the formation roé fand uniform structures, beneficial

for gelation, which could be useful when silvergcaryosin is used to produce surimi.

2.2. Self-assembled vegetal proteins

2.2.1. Zein

Zein is defined as a prolamine, which is the méamagje protein in the corn endosperm,
and is a readily available by-product from the ceugar industry. Zein is soluble in
aqueous solutions of ethanol, glycerol, ketones extleme alkali conditions, but
insoluble in water. The molecular structure of Zeas been studied thoroughly through
different techniques (Zou et al., 2019), showing gineat potential of this protein for the
development of varied applications, since its asgembly performance shows different
structures. For example, its amino acid sequenntats more than 50% hydrophobic
moieties that can be self-assembled into sphepadicles, which makes it an ideal
delivery matrix for bioactive compounds, drugssaind other nutraceutical and food
ingredients (Chen et al., 2018; Wang & Zhang, 2@tang, Khan, Cheng, & Liang,
2019). Zein can also be self-assembled into enmulgels (De Vries, Nikiforidis, &

Scholten, 2014; Zou, Thijssen, Yang, & Scholter, 90
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There are three main zein fractions, 3-, andy-), and a minob-zein fraction, being-
zein the most commercially available zein in therket In particular, thex-helix
conformation changes to [asheet by decreasing zein solubility. Tpeheet is then
folded into an antiparallel structure due to hydim@pic interactions between
neighboring p-sheets, thus showing the formation of stripes ibbans. At low
concentrations of zein, these ribbons are rollethumgs, which grow and are rounded
to form micro- and nano-spheres (De Vries et 8114.

The specific mechanism of self-assembly of zeinirdsegn a rather hydrophilic
environment, and this assembly behavior dependtherzein concentration and the
specific balance between the polar and non-polanpg of the protein molecules and
the environment. Hydrophobic interactions govera tkein aggregation, which can be
altered with the polarity of the solvent (also redée as solvent quality). Zein self-
assembly can also be controlled in a certain doediy including hydrophobic surfaces
as nucleation sites (Zou et al., 2019). For examible zein assembly results in a
preferential direction, while a flat surface is dig¥Vang et al., 2004). In contrast, the
zien assembly is produced in multiple directiongwh curved surface is used.

In line with this, Zou et al. (2019) studied diféet oil-solvent, oil-zein, solvent-zein
and zein-zein interactions in order to analyzecive properties and the solvent quality.
For this, four different types of oils with variecbmposition, hydrophobicity and
viscosity were used as assembly cores for the pagpa of emulsion gels in glycerol
stabilized with zein. According to Zou et al. (20XBe zein protein network was the
most dominant in the case of the more polar oilsnarease in the oil content made the
gel network less resistant to fracture, and theedse in solvent quality decreased gel
strength and resistance. In contrast, the asseailtgin emulsion gels seemed to be

more dominated by oil droplets in the net when nagelar oils were used. These drops
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of oil provide resistance against breakage of thectre, and in this case, a decrease in
solvent quality improved the gel resistance andngjth. In addition, all zein emulsion
gels were shown to be thermo-sensitive, and thestgethgth increased due to network
reorganization. This work showed that the propsroé self-assembled zein emulsion
gels can be easily targeted and tuned by modifylmg hydrophobic interactions
obtained by means of the solvent quality and tipe tyf oil. These zein emulsion gels
could provide fascinating characteristics for difiet food applications, such as

controlled and sustained release of active foodtiadd (Zou et al., 2019).

2.2.2. Wheat gluten

Gluten is mainly extracted from wheat (Diaz-AmigoP&pping, 2013), and obtained in
smaller quantities from other cereals such as ypadats or rye (Gutiérrez, 2018b).
Gluten is basically used to improve the propertédlour for bread, and also, as an
additive in baking products. However, with the gnmogvproduction of wheat starch,
wheat gluten has been studied for more diversiipglications, both for the food
industries and other sectors (Kong, Wu, Hua, Zh&@ghen, 2019). With regard to the
structure of wheat gluten, it comprises two différeroteins: gliadins and glutenins.
Gliadins are soluble in alcohol, while gluteninge arsoluble, but both have high Mws.
More than a half of peptide-linked amino acids lutgn proteins are glutamine and Pro.
Therefore, they are probably important in the strrecof gluten (Kong et al., 2019).
Gliadins can be classified into four main typesaading to their amino acid sequences
and their mobility at low pH in gel electrophoresis, -, y-, andw-gliadin (Herrera,
Veuthey, & Dodero, 2016). It should be noted tH&dins are soluble in ethanol, but

are water insoluble. This characteristic has besadufor the formation of self-
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assembled gliadin NPs, such as nanocapsules armdibrds, mainly obtained from
extracts of gliadin in ethanol solution by means tbé desolvatation technique.
Following Herrera et al. (2016) pH plays an impotteole in the assembly of gliadins.
These authors found that gliadins were spontang@esf-organized into micelle-like
aggregates at pH 3.0. However, amorphous nanolgalike aggregates were observed
at pH 7.0, which were probably stabilized by H-biogdbetween gliadin’s exposed
amino acids and water. This pH-modulated transifrom micelles to NPs was also
reported for casein protein, although in the cdseasein, the transition occurred when
the pH decreased (Moitzi, Menzel, Schurtenbergest&@dner, 2011).

Several studies have reported the gliadin assefrinty different structures (Herrera et
al., 2016; Niakousari et al., 2018; Sharif, Golnrakdiakousari, Ghorani, & Lopez-
Rubio, 2019). However, the formation of self-asskulglutenin structures has rarely
been described. Glutenin consists of a concatenafigpolypeptides stabilized through
disulfide bonds. In general, glutenins are clasdifaccording to their Mw: low (10-70
kDa) and high (80-130 kDa) Mw glutenins (Anjum ét 2007). Reddy et al. (2015)
reported the development of glutenin NPs by phaparation, by adding water to the
ethylene glycol solution of the hydrolyzed wheatitghin. According to Kong et al.
(2019) the assembly of glutenins is partly due he formation of disulfide bonds
between their chains. With this in mind, Li et@019) developed a new type of redox-
sensitive glutenin NPs. These authors studieddhmadtion of the NPs by an antisolvent
titration technique using hydrogen peroxide as amlative crosslinking agent, thus
testing different concentrations of glutenin, adlvas different periods of oxidation.
The conclusion of this work suggested that the Hedoog and oxidative crosslinking
interactions could have occurred, and caused tlieassembly or agglomeration of

glutenin NP, and as a result the formation of pbasi with different morphologies was
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observed. In addition, the formation of disulfidenkds was confirmed by means of
Raman spectroscopy, i.e. the works from Kong ef28119) and Li et al. (2019) is on
the same line. A hydrophilic compound model was alsed to encapsulate Blue Nile A
into glutenin particles, thus showing its high lwag efficiency. Therefore, these
glutenin NPs have great potential as redox-respensarriers for controlled and

sustained release of hydrophilic active compounds.

2.2.3. Soy protein

The importance of soy protein in the human dietlig®en growing over the years, as it
has been recognized for its numerous beneficialtimntal functions (Tang, 2019). The
main soy proteins comprise albumins and globulithés latter being the most
predominant, representing between 50 and 90% ofaotla¢ soy proteins. Soy proteins
can be classified by their sedimentation coefficiato four main fractions: 2S, 7S, 11S
and 15S. Soy globulins are generally present infhellS and 15S forms, while soy
albumin appears in the 2S fractighconglycinin (SC) and glycinin (SG) are the main
soy globulins, which are known as 7S and 11S, cts@dy. Some reviews have
addressed the SC and SG structure and physicochlepriaperties, as well as soy
protein isolate (SPI), which is an important sogtpin product (Nishinari, Fang, Guo,
& Phillips, 2014; Tang, 2017).

In addition to their health benefits, which inclut®vering cholesterol, protective
effects against diabetes, obesity, and kidney dessaand anticarcinogenic activity, soy
proteins have demonstrated other functionalitiashsas their ability to aggregate, and
their gelling and emulsifying properties. Currentigany studies have focused on the

development of novel nanostructures based on suigips for the delivery of bioactive
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compounds, especially those with reduced bioavilithabr low water solubility (Abaee
et al.,, 2017; Chen, Ou, & Tang, 2016; Pereira Solmyse Gurak, & Damasceno
Ferreira Marczak, 2017; Tang & Liang, 2017). TaB§10O) has extensively reviewed
different methods to develop varied nanostructdresy soy proteins, including the
self-assembly mechanism.

In particular, some studies have focused on thectffof concentration, pH and
temperature on the aggregation of soy proteins fCAhao, Chassenieux, & Nicolai,
2016; Chen, Zhao, Niepceron, Nicolai, & Chasseni@®7). These studies concluded
that native soy globulin is self-assembled intoraggtes whose size increases with
increasing protein concentration and decreasingagid, this process being reversible.
However, protein bonds are relatively strong andseavery slow breakdown of the
aggregates after dilution. The gelling rate of featatured soy globulin also increases

by increasing the temperature (Chen et al., 2017).

2.2.4. Other vegetal proteins

Recent studies have focused on new proteins framt jplrigin to prepare different self-
assembly structures. For example, some authors btaded the self-assembly of
qguinoa seed proteins (Martinez et al., 2019; RXiizp, Van Boekel, Minor, & Stieger,
2016). The value of quino&lenopodium quinoa Willd.) seeds has recently increased
due to its important health benefits, i.e. high teah of antioxidant compounds and
nutritional value. Quinoa seeds possess high amafriysine, an essential amino acid
for humans (Nowak, Du, & Charrondiére, 2016). Thanes quinoa seeds show great
technological potential, particularly due to thentioxidant, pigment and protein

content. One of the main storage proteins in seegiginoa 11S, a globulin (also known
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as chenopodin), which has a similar structure to @@noa 11S consists of six pairs of
acid and/or basic polypeptides, with Mws in thegamf 20-25 kDa and 30-40 kDa,
respectively. These polypeptides are linked throdggulphide bonds (Ruiz et al.,
2016). Self-assembled structures of quinoa 11S &amn,example, be used as a
nanocarrier for betalatin (pigment) (Martinez ef 2019). According to Martinez et al.
(2019) the developed nanostructures showed a gotehfml for pigment delivery.

However, hydrophobic protein-betalaine interactiamterfered with the self-assembly
mechanism between proteins (Martinez et al.,, 20I%erefore, the interactions
between the food additive and the protein matriousth be well studied, as they could
interfere with the self-assembly between the pnstelt is worth clarifying that self-

assembly of proteins can occur between the sarddferent proteins and proteins and
additives, i.e. the interruption of a self-assemimigchanism of proteins could favor
another self-assembly mechanism of the proteinsweder, the least favorable

condition for protein self-assembly is close topits

2.3. Self-assembled microbial proteins

In general, microorganisms (bacteria and fungi) @anduce biofiims based on
extracellular DNA, polysaccharides and proteinsi @#&ai, 2011; Gopu, Chandran, &
Shetty, 2018). However, these biofilms are undbkrérom a food quality and safety
point of view, since they favor quorum sensing sthllowing the resistance and growth
of pathogenic and spoilage bacteria (Gutiérrez,920However, some recent studies
have shown that novel biomaterials can be desidaoedlifferent applications from

microorganisms.
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2.3.1. Bacterial proteins

Certain bacteria species, such Bscherichia coli, Mycobacterium tuberculosis,
Salmonella typhimurium and Streptomyces coelicolor are able to produce functional
amyloids (TerAvest, Li, & Angenent, 2011; Payneakt 2013). In the literature, some
studies have focused on the self-assembly of achylooteins obtained frori. coli
(Seker, Chen, Citorik, & Lu, 2017; Onur, Yuca, Olmé& Seker, 2018). For example,
Seker et al. (2017) developed amyloid curli nareBhin living communities oE. coli

as templates for nanomaterial assembly. Curli sibgiowed great potential for the
assembly of nanomaterials. Bacterial amyloid fibevslld allow their application as
nanomaterials, since at their ease to be gengticaidified, their high aspect ratio and
unique properties are attractive in this figil.coli amyloid proteins were also studied
by Onur et al. (2018), who developed self-organizadofibers on solid surfaces. These
authors concluded that recombinant production aiftgan/peptide ingredients can
produce self-organized hierarchical structures,ctvitdould be designed with different
functionalities according to the desired applicatie.g. by fusion of bioactive peptides
or enzymes, or other functional proteins using mamoant DNA techniques.
Nonetheless, there is still a need to fully underdthow to design a well-regulated
system to control nanofiber systems with specifi@racteristics and functionalities.
This challenge could be achieved with the suppbfundamental research combined

with nanotechnology and genetics.
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2.3.2. Fungal proteins

Filamentous fungi can also secrete amphipathiceprst called hydrophobins, which
have the able to be self-organized at hydrophoyictphilic interfaces (HHIs), thus
forming amphipathic structures. There are two nigres of hydrophobins: class | and
Il. Class | hydrophobins consist of rodlets, whasle robust fibrillar structures with an
underlying cros$ amyloid organization, while class Il hydrophobare self-organized
into amphipathic layers without fibrillar amyloidtrscture (Bayry, Aimanianda,
Guijarro, Sunde, & Latge, 2012). Pham et al. (20dt8pied the self-assembly of six
different class | hydrophobins from four differdahgal speciesAspergillus fumigatus,

A. nidulans, Magnaporthe oryzae and Neurospora crassa), which form functional
amyloid fibrils with a rodlet morphology. The rewulof this study confirmed that
hydrophobins have a significant conformational {i¢t#ty and that the HHIs where the
self-assembly occurs, significantly affect the mataf the structures formed. Although
high-resolution studies are required to understtral role of these self-assembled
rodlets in fungal biology, which could result inetipotential use of hydrophobins for

biotechnological applications.

3. Different forms of self-assembled proteinsin food

As already discussed, many proteins from diffefeatl sources can be used to develop
highly organized structures through a self-assennichanism, and several factors,
such as protein concentration and Mw, temperatace @ conditions, and even the

solvent hydrophobicity can derive in different safisembled structures of proteins with
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various morphologies, such as films, hydrogels,eftes and particles={g. 3). In this

section, different forms of self-assembled protémn®od will be reviewed.

3.1. Films

Films and coatings are thin layers based on cootisypolymeric materials with a
thickness of less than 0.3 mm. These materialsised as a barrier against chemical
microbiological and physical contaminants, as waslito reduce carbon dioxide (&0
oxygen (Q) and water vapor, and moisture transfer in fraisgl vegetables (Valencia,
Zare, et al., 2019). In recent years, due to thgainee impact of non-biodegradable
materials, most studies have focused on the dewwlop of biopolymer-based films,
and more specifically, on proteins (Goémez-Estacalet2016; Valencia, Lourenco,
Bittate, & Sobral, 2016; Valencia & Sobral, 2018al®hcia, Luciano, Lourenco,
Bittante, & Sobral, 2019). In general, protein-lwhéénms are widely used in the food
industry because these materials have the bestmpiepto produce packaging materials
compared to other biopolymers (Alvarez et al., 301The wide diversity in
physicochemical properties of protein-based filnas ©e explained by the different
combinations of the amino acids that make up tlueeprs. Protein-based films have
acceptable mechanical properties, excellent fatridvarproperties, good optical
properties (transparency and gloss), low water wapermeability at low and
intermediate relative humidity and selective perbilég to CO,/O,. However, protein-
based films are water sensitive, which reduces thleysicochemical properties and
integrity (Gomez-Estaca et al., 2016). Keeping thissiew, self-assembled protein-
based films can be used to reduce the water setysitas well as to improve the

mechanical properties of these materials. Some oappes to manufacture self-
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assembled protein-protein and protein-polysacchkaiiiths have been studied. In this
way, WPI was self-assembled by Tsai and Weng (206%Q)sing another protein (zein)
in order to fabricate edible films. These compo§ltas were made using a two-stage
approach: first, WPI and zein were dissolved irarth and then spray dried to obtain
self-assembled protein powders, and second, thi@assmbled WPI-zein powder was
then dissolved in deionized water to manufacturiledfiims by casting method.
Following Tsai and Weng (2019), these multi-compureelf-assembled film systems
had combined physicochemical properties compardidne made of each individual
protein (WPl or zein). The same authors also cateduthat self-assembly can
contribute to the formulation of composite filmseeting different characteristics, and
the resulting co-assembled films can express thaackeristics of the contributing
materials (Tsai & Weng, 2019).

Composite films made from SPI were also obtainedJbgisen, Lim, Barbut, and
Marcone (2015) by self-assembly with cellulose 86& (SPI:cellulose) ratio using the
casting methodology. These composite films derivech self-assembled SPI exhibited
a more rigid mechanical behavior in terms of sigaifit increases in tensile strengsi (
and Young’s modulus values, and a decreasing \lakngation at break compared to
SPI films. The authors affirmed in this study tl&RI-cellulose self-assembly could
reduce the movement of the protein chains, thusaexpg the mechanical behavior
obtained (Jensen et al., 2015). A similar mechéatiehavior was observed by Vejdan,
Mahdi, Adeli, and Abdollahi (2016) for compositénis made from self-assembling
gelatin-agar, resulting in improvement of thevalues by approx. 30% compared to
gelatin film. The research work carried out by Addm, Aleman, Lépez-Caballero,
Gbomez-Guillén, and Montero (2015) also fits weltwihe work done by Jensen et al.

(2015) and Vejdan et al. (2016), i.e. self-assenablprotein-polysaccharide increases
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the o values. In particular, Arancibia et al. (2015) etved that films manufactured by
the self-assembly of a protein concentrate obtaired shrimp waste and chitosan (Cs)
in the presence of €aions allows to obtain films with good antimicrobiand
antioxidant properties.

So far, preliminary studies on self-assembly oftgires have only been carried out on a
laboratory scale using the casting methodology. ¢éi@s, more studies should be
conducted to understand the mechanism of self-ddgamprotein films, as well as the
use of other methods to promote their spontaneogenzation within the films, but
being obtained by methodologies on an industrialescin this context, blown
extrusion, compression, electrospinning and inpectmolding could be explored
(Gutiérrez, & Alvarez, 2017a,b; Gantenbein, Masawaigk, & Tervoort, 2018; Yao et

al., 2019).

3.2. Hydrogels

Hydrogels can be defined as three-dimensional tstre formed by the crosslinking of
natural or synthetic polymers through covalent, idomor physical interactions
(Tomadoni, Casalongué, & Alvarez, 2019). Thesectines are hydrophilic and can
swell and absorb at least 90% in water or otheds$luwithout considerable changes in
their structure (Almeida, Carla, & Sato, 2019).

Proteins are raw materials widely used in the fomtlistry as hydrogel agents due to
their amphiphilic nature which can be self-assehhbie stable colloidal structures in
aqueous solutions (Du, Liu, Zhai, et al., 2019)tiPalarly, caseins and WPI have been
the most studied biopolymers for manufacturing-aeembled food grade hydrogels.

Li, Auty, et al. (2019) studied the effects of teargiture (4-55 °C), the type of buffer
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(sodium phosphate and imidazole-HCI buffers, bdtlpt 6.8) and the presence of
CaCl on the self-assembly of pupecasein ang-casein concentrate to develop edible
hydrogels. These authors observed larger partizke &f purep-casein and3-casein
concentrate by increasing the temperature, thugesting that the self-assembling
caseins via hydrophobic interactions. It should be noted thaherical and
heterogeneous aggregatespefasein were observed above 37 °C, which are reders
upon cooling. In addition, the turbidity and paeisize of the self-assembled hydrogels
had a similar aggregation behavior both in watedt animidazole buffer, although
using the sodium phosphate buffer was greater cispyeat higher C& concentrations
(Fig. 4a). According to Li, Auty, et al. (2019) self-assdsnbf B-casein can be carried
out usingp-casein concentrate in sodium phosphate buffeight temperature and in
the presence of CaflA similar temperature effect was identified bycélai and
Chassenieux (2019) for the self-assembly of globlojidrogels.

Following Morales, Martinez, and Pilosof (2015)gethest condition to obtain self-
assembled glycomacropeptide (GMP) and sodium caigeifNaCas) hydrogels is by
mixing these proteins (ratio 1:1) in an acid sant{pH 5) at 43 °C. However, the self-
assembled hydrogel was destabilized as the ratieM#® increased in the formulation.
This is possibly because GMP sequesters tifeida present in caseinate or because
GMP interacts directly with the caseinata hydrophobic interactions. Self-assembled
hydrogels based on casein-peat protein using tine 4al ratio were also developed by
Mession, Roustel, and Saurel (2017) mixing theginosolutions at pH 7 and 85 °C for
60 min. followed by acidification at pH < 5.

Hydrogels from self-assembled WPI can also be fdrrae aggregates of spherical
particles when heated in aqueous solutions at BHFg. 4b) (Nicolai, 2016). These

particles have a diameter between 100 nm apthland form highly stable microgels
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(Nicolai, 2016). In addition, the NaCl and CaQ@oncentration increases the self-
assembly of WPI and improves the hardness in thgdeogels (Nicolai, 2016). This
behavior is associated with the reduction of thensgative chargeer se of proteins
due to the ionic-type bonds with Nand C&" (Guo, Ye, Lad, Dalgleish, & Singh, 2016:
Nicolai, 2016). These self-assembled WPI hydrogals resist gastric digestion, could
thus be applied as carriers of free fatty acid$ whe aim of improving food digestion
(Guo et al., 2016).

Another alternative to produce hydrogels is by esdimg different proteins or proteins
with polysaccharides through electrostatic inteams, which can consequently lead to
the formation of ionic hydrogels with better mecicahproperties. In this way, proteins
and polysaccharides must have opposite charge.cbhiition can be achieved at a pH
value different from the pl of proteins, since tlstwhere the proteins are partially
ionized (Almeida et al., 2019; Du, Liu, Zhai, et, &019). For example, Ge et al. (2018)
self-assembled gelatin with short linear glucan GELSpecifically, self-assembled
hydrogels containing 5% (w/w) of SLG had two- ahdee-times higher hardness and
maximum compressive stress values, respectivelyjnpaced to the corresponding
values of the pure gelatin hydrogels (Ge et alL80Probably, the formation of new H-
bond interactions between the hydroxyl groups e@$h.G and the amino groups in the
gelatin could be the main reason for the propeuiethe self-assembled gelatin-SLG
gels (Ge et al., 2018). Similar results were regmbiby Pérez, Wargon, and Pilosof
(2006) for self-assembled gelatin with hydroxypropsthylcellulose. Beyond the
improvement of the mechanical properties of sedeasbled hydrogels from
proteins/polysaccharides, these systems can be toséold bioactive compounds.
Recently, Almeida et al. (2019) and Du et al. (2046If-assembled collagen-gellan

gum-starch and casein-Cs hydrogels in order toongthe load of anthocyanins and
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N-acetyl+i-cysteinel-cysteine, respectively. These research paperdudtett that self-
assembled hydrogels have potential industrial epptins as controlled release systems
of encapsulated bioactive compounds, which can feddod products with improved
functional attributes. Taking this into account, etual. (2017) self-assembled SPI with
xanthan gum or carrageenan, and this delayed gestihility of SPI. The SPI/xanthan
and SPl/carrageenan mixtures could thus be appiiegrepare anti-obesity drinks,
where the digestion of SPI is delayed, thus deorgdke appetite (Hu et al., 2017).
Other self-assembled hydrogels containing activepmunds, enzymes and surfactants
have been developed. Some recent research stadias ffield can be highlighted. For
example, Xu, Teng, and Wang (2016) demonstratedttieaenzyme tyrosine can be
used to self-assemble caseinate hydrogels. Tyrasilueed caseinate crosslinking was
similar to glutaraldehyde caseinate self-assemhbtyever, this last conventional
crosslinking agent is highly toxic, i.e. some enegmcan lead to non-toxic self-
assembled protein hydrogels. Self-assembled hytirogef p-lactoglobulins-
mannosylitritol lipid-A (MEL-A) (surfactant) havelso been developed by Fan et al.
(2019). According to the authors, the interactiorcés in the self-assembled structure
were driven by hydrophobic interactions between féit¢y acid chain or the acetyl
groups and the hydrophobic groups of MEL-A @Aldctoglobulin, respectively, as well
as by the H-bonding between the mannosyl-D-ergthgtoup of MEL-A and amino

acids off3-lactoglobulin.

3.3. Micelles/vesicles

Micelles and vesicles are supramolecular aggregadesaining an aqueous interior

which is separated from the bulk solution. In thetfsystem, the aqueous solution is



760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

30

separated by an amphiphilic monolayer, while ingbeond system, two or more layers
of amphiphilic compounds separate the solutionse(C& Walde, 2010). In recent
years, proteins have been used to produce nevassdinbled materials in several well-
defined functional micro- and nanostructures duetheir amphiphilic properties
(Anema, 2018; Chang et al., 2017). These repoudsiged a way to prepare protein-
based micelles and vesicles for potential appbeatiin the food industry. Some of
them are discussed here.

Casein has been the most studied protein to prodatfeassembled micelles. The
presence of G4 or Na from CaC} and NaCl, respectively, can modify the electric
charges of casein solutions and induce self-asseofithis protein. In general, €zhas

a greater impact than Nasince casein micelles can be formed using coratiom as
low as 1.2 mmol of Ca@ly of casein (Loria, Pilosof, et al., 2018). Cagswicelles have
also been self-assembled wiBhcarotene (active compounds) by means of van der
Waals interactions. Allahdad et al. (2018) founat tthese interactions are favored by a
caseinB-carotene (1:1 w:w) ratio at alkaline pH, and lowemperatures and ionic
strengths. The hydrophobicity of casein fractioasdal on their primary structurds,(

K-, aS1- andus2-) can also significantly affect the self-assgmddlcasein micelles with
B-carotene. A lower hydrophobic order of caseis2ft andasl-) could even be self-
assembled witlp-carotene (Allahdad et al., 2018). Other self-as8edcasein-based
micelles have been developed to load vitamin D2 dMo, Martin, Schrader, Ho, &
Lorenzen, 2018).

Lactalboumin is an amphiphilic protein which can Belf-assembled in 20 nm
monodispersed nanomicelles in aqueous solutiors $y$tem has also been used to
load active compounds such as anthocyanins, cuncandp-carotenevia electrostatic

and hydrophobic interactions. The active compoutidsnot alter the self-assembly of
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lactalbumin and these micelles have high stabditg controlled release in simulated
gastrointestinal fluids (Du, Bao et al., 2019; diat al., 2018).

There are few studies on self-assembled vesiclesdban proteins and derivatives.
Isoleucine-proline-proline (IPP) are peptides dedivfrom milk protein and have
antihypertensive properties. These peptides welleasgembled by Rezvani et al.
(2019) using tween 80 and soy phosphatidylcholi&8®Q) by using the thin film
hydration followed by probe sonication and the rfiedi ethanol injection
microchannel techniques, respectively. Vesiclesipced with SPC were smaller with a
lower polydispersity index (78.6 + 0.9 nm) thangsbgrepared with tween 80 (90.5 *
2.3 nm). However, vesicles with tween 80 exhibidechore sustained release behavior
of IPP in simulated blood fluid than those prepangith SPC. Vesicles with tween 80
could be used for the development of functionalebages containing IPP (Rezvani et

al., 2019).

3.4. Particles

Proteins are widely used in the food industry &bsize foams and emulsions due to
their bulking, gelling and thickening propertiesowkver, these properties depend
largely on the aspect ratio of the protein compex®lantovani et al., 2016). As

explained above, depending on the pH and ionicigthe proteins can form complexes
with smaller parts or larger aggregates. In genemalller parts have a low volume
fraction and can form a space-filling network imdoproducts (Chen, Zhao et al., 2016;
Mantovani et al., 2016). In this way, several reseatudies have focused on the self-
assembly of proteins to manufacture raw materiate wew architectures and with

potential applications in the food sector. Somelissihave addressed the self-assembly
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of zein by means of electrostatic interactionsthia presence of Gaand N& from
CaCh and NaCl, respectively (Sun, Chen, Dai, & Gao, 20%un, Gao, & Zhong,
2018). Interestingly, self-assembled particle dtmes between zein and
polysaccharides can be obtained. Dai, Sun, Wei,, Mad Gao (2018) produced core-
shell particles through H-bonds and electrostatieractions between zein and arabic
gum (AG) with a 1:1 ratio. These biopolymers wegdf-assembled using an anti-
solvent precipitation method at pH 4, where zeid A& had a surface charge of +43
mV and -38 mV, respectively. The core-shell streetbad a spherical shape with a
particle size of 120 nm. These nanoparticles wppdied to manufacture highly stable
structures against coalescence for 30 days.

The nanofibrils have been produced by Mantovaralef2016)via the self-assembly
between WPI and soybean lecithin (SL). Initiallyl. 8nd WPI were dissolved in
acidified ultrapure water (pH 2), at room temperatdollowed by heating at 80 °C for
20 h. Finally, the self-assembly of SL-WPI was 8iaéd at pH 2, 3, 5, 7 and 9. The
self-assembled SL-WPI nanofibrils at pH 2, where 8L and WPI had a negative (-3
mV) and a positive (+35 mV) surface charge, respelgt The formation of
electrostatic complexes between SL and WPI wasghmgnot favored under pH > 2,
due to the very low surface charge value of SL. tdaani et al. (2016) concluded that
the hydrophobic interactions of SL-WPI could beyided by heating up to 80 °C.

Egg white derived peptides (EWDP) have been ssiabled by Du, Liu, Zhang, et al.
(2019) using Cs and tripolyphosphate (TPP). Thd-asslembly of Cs-TPP with
different Cs:TPP ratios (between 6:1 and 2:1) aneal pHs was performed by ionic
gelation in acetic solution (1% wi/v) at room tengiare. The surface charge of self-
assembled Cs-TPP particles increased under adijiclye to the protonation of -NH

groups of Cs. The optimal ratio was found at 6:3:T€P w/w), where self-assembled
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particles had a particle size of 160 nm and a sarigharge of +58 mV. The self-
assembled Cs-TPP particle size increased to 42@sithe pH increased to 6, this
increase in particle size was associated with depadion of the -NkH groups. The self-
assembled particles containing a high Cs ratio vedése able to load EWDP more
efficiently, due to the formation of H-bonds betwe€s and EWDP. By last, these
authors concluded that these particles can be tsedanufacture functional food
products where EWDP could be gradually deliveréd the organism (Du, Liu, Zhang,
et al.,, 2019). A similar study was developed by Wi,Shen, Yuan, and Hu (2018)
with the aim of obtaining self-assembled partidiesed on Cs and sodium alginate
(NaAlg) loaded with lysozyme (protein), a naturahgound and generally recognized
as safe (GRAS) with antimicrobial properties agaim®dborne pathogens. Cs and
NaAlg were crosslinked by using CaClthus promoting the formation of small
Cs/NaAlg particles. The Gafrom CaCh stabilized the lysozymes within the self-
assembled Cs-NaAlg particles. The authors specllate the possibility that these
systems can be applied as edible films, gels dices for the supply of lysozyme in
order to inhibit microbial growth in foods (Wu, L$hen, Yuan, & Hu, 2018). Another
natural active compound with antimicrobial propesti which has been used to self-
assemble proteins isolated frdRadix Pseudostellariae (authorized Chinese medicinal
plant) is curcumin. Curcumin and proteins isolatexnn Radix Pseudostellariae were
self-assembled by Weng, Cai, Zhang, and Wang (20i€hg the compounds in a 1:1
ration at pH 5.7, thus forming spherical shapeiglag and 70 nm of diameter, and as a
result a marked improvement in the thermal andt Iggability of the active compound
loaded into the self-assembled particles compapethe free active compound was

observed.
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4. Self-assembled proteinsfor food applications

The research studies analyzed in section 3 havegestgd that proteins are very
promising biopolymers for the development of diéfier self-assembled structures for
various food applications due to their importantldgical, chemical and physical

properties. In this section, some of these apptinatwill be reviewed.

4.1. Coatings

As described above, protein-based coatings are asedbarrier between the food and
the environment, while maintaining the food safetyd quality (Fritz, Fonseca,
Trevisol, Fagundes, & Valencia, 2019; Valencia,eZat al., 2019). Some studies have
reported the self-assembly of protein-based cositingh better surface and barrier
properties or even with antimicrobial and antioxidproperties. Maity, Nir, Zada, and
Reches (2014) developed a self-assembled coatisgdban peptides containing two
adjacent fluorinated phenylalanine moieties. Th#-assembled interactions were
promoted by means of aromatic interactions betvikerdipeptide diphenylalanine and
its fluorinated analogs. These dipeptides were r@dhento a third peptide (3,4-
dihydroxyi-phenylalanine), always using ethanol as solvehes€& authors indicated
that the spontaneous formation of a self-assengitedture with a hydrophobic surface
could be used to reduce the formation of biofilmsthe food industry (Maity et al.,
2014).

Taking into account Murmu and Mishra (2017) seBeasbled coatings derived from
caseinate (protein), AG (polysaccharide) and Taldract (TE) can also be used to

extend the shelf life of coated guavas for 7 day2&z+ 2 °C compared to control
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guavas (uncoated), which had only 4 days of shief(Fig. 5). Murmu and Mishra
(2017) suggested that self-assembly of proteinspatgsaccharide in the presence of
TE in order to obtain edible coatings is given tipountermolecular H-bonds between
the components. In this same line, Feng et al. §Q@ked whey protein nanofibrils
(WPNF) to manufacture self-assembled and plasticizeatings with trehalose
(disaccharide) and glycerol, respectively. In gaheself-assembled WPNF-based
coatings were continuous, homogeneous, transpaedt were shown to be less
hydrophilic than non-self-assembled WPI coatingss Iworth noting that these self-
assembled coatings achieved to protect the freslampie slices in terms of the best
action to retain the total phenolic content anduittihe browning and weight loss.
Nephomnyshy, Rosen-kligvasser, and Davidovich-@n{2920) also studied the self-
assembly of proteins. First, these authors dissolitree zein in ethanol at room
temperature and then heated the zein dispersiéf &€ to induce ethanol evaporation
which promoted the zein self-assembly and aggregafis a result, the self-assembled
material was stable by H-bonding interactions betwthe zein aggregates.

Active self-assembled protein-based coatings witio&idant properties have also been
developed by Yang et al. (2020) and Yi et al. (9028 these research papers,
lactoferrin/oat B-glucan/curcumin and pea protein isolate/methoxgttim/curcumin
were self-assembled using spray-dried and emulsstabilization approaches,
respectively. In general, hydrophobic interactiang H-bonding were the main driving
forces for the formation of ternary complexes. Eheelf-assembly ternary systems
could be used as natural antioxidant coatingsdaae oxidation of food lipids (Yang et

al., 2020; Yi et al., 2020).
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4.2. Emulsions

Emulsions are widely used in the food industry, #re consist of dispersions of two
immiscible fluids, where one fluid is disperseddiscrete drops into the second fluid.
Emulsions can be classified as water-in-oil (W/@yl ail-in-water (O/W) emulsions.
Some examples of W/O and O/W emulsions are buttargarine and spreads, and
cream, mayonnaise and milk, respectively (Ghosho&sReau, 2010).

Normally, emulsions are thermodynamically unstadotel need stabilizers to ensure a
shelf life during storage (Lorenzo, Zaritzky, & @aho, 2018). Proteins are natural
polymers widely used as emulsion and foam stalflirethe food industry due to their
ability to form various structures, under differesunditions (Feng, Li et al., 2019;
Ghosh & Rousseau, 2010).

The development of self-assembled proteins fordéhelopment of new emulsions has
been the objective of research in recent yehable 1). WPI has been one of the most
used materials to manufacture self-assembled eomslsirhis is mainly due to its wide
range of pls (4.2-5.2), as well as its broad raofypH, pressure and temperature in
which WPI can be used to make self-assembled atest WPI can also be used to
produce emulsions gels by one-step homogenizatyprmmbans of simple stirring
methods such as magnetic stirring, sonication dtrd-turrax (Sedaghat Doost et al.,
2019).

WPNFs can, for example, be used to manufactureasséfmbled rods on a nanometric
scale (Feng, Li et al., 2019). In this context, g;eln et al. (2019) obtained WPNFs by
dissolving WPI in an alkaline solution (pH 8) atone temperature, followed by
enzymatic hydrolysis with endoproteinase GIuC at@7or 10 h, and acidification at

pH 3, where the electrostatic interactions betwgsheet structures into WPNFs robs
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were induced (Feng, Li et al., 2019). These autlastéeved the production of O/W
emulsions using Jiusan soybean oil, WPl and WPN#Fsohication; and concluded that
WPNFs can reduce phase separation and preventtioxidaf Jiusan soybean oil
compared to WPI-based control emulsions. In fasgsiply this happened due to the
better hydrophobic interactions between WPNF andadi soybean oil (Feng, Li et al.,
2019).

Self-assembled emulsions of WPI with other protejesy. gliadin, lactoferrin) or
polysaccharides (e.g. almond gum, maltodextrin, iypAave also been extensively
investigated from the literature (s@&able 1). Takin this into consideration, Sedaghat
Doost et al. (2019) observed the formation of cozte particles due to the
electrostatic interaction between WPI and almoneh gu the pH range between 4 to 5,
being the best condition at pH 4.5, where the avates had a surface charge of -36.5
mV. These systems were applied to produce O/W eomdsusing thymol (a natural
active compound with antibacterial, anticancerjfangial and antioxidant properties).
As an outstanding result of this study, the seteasbly between WPI and almond gum
achieved to guarantee the encapsulation of thedhgmd the stability of the emulsion
(Sedaghat Doost et al., 2019).

Self-assembled gels have also been used as emsigstams (also known as emulgels).
The strength of self-assembled WPI emulgels coelanbdulated by adjusting the pH
and ionic strength, thus forming the strongest gelalnear the pl of WPI (pH between
4.2-5.2). In this way, the interactions between W4pld gliadin, lactoferrin and
maltodextrin have been induced at acidic pH. Tteedeassembled systems have been
applied as emulsifying agents for corn, linseed path olein oils and could have

promissory applications as food matrices with bilwacproperties (Fioramonti, Arzeni,
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Pilosof, Rubiolo, & Santiago, 2015; Teo et al., @0Ng et al., 2017; Zhu, Chen,
McClements, Zou, & Liu, 2018).

Another protein of increasing interest for the degement of emulsions is zein, which
has a special tertiary structure that can be sskéabled into micro- and nanoparticles
through the evaporation of solvents or liquid-ldjuapproaches. Interestingly, zein
shows high surface hydrophobia and can be selfvdssd into particles which are not
prone to adsorb onto the oil-water interface tanfastable emulsions (Zou, Baalen,
Yang, & Scholten, 2018). With this in mind, Zou, &win, Wang, and Yang (2015)
studied the effect of TA on the conformational stame of the protein in order to reduce
the hydrophobicity and self-assemble of the zeniigdas to be used for manufacturing
O/W emulsions with corn oil. The authors observied formation of a novel self-
assembled colloidal particle of zein-TA, which westabilized by means of H-bond
interactions between zein and TA. The authors aleted that protonation and
ionization of TA was critical for understanding thelloidal behavior of zein. In this
way, the gel strength could be efficiently modulatey changing the pH and ionic
strength of the solution. In addition, the colldidtate of TA affected the nature of its
interaction with Pro-rich proteins from zein. Thaermediate concentration of TA in
the neutral and partially protonated form at pHagilitated the strong H-bonding
interactions between the hydroxyl groups into TAl @dne carbonyl moieties onto the
pyrrolidone rings of the Pro-rich domain in zeid. 6). Another similar study done by
this same research group, concluded that the skraxighe multilayer O/W emulgels
increased as the hydrophobicity of the self-assethbéin-TA particles decreased (Zou
et al., 2018).

Other proteins such as flaxseed protein, gliadancipe bone protein hydrolysates and

its derivatives, soy peptides afidactoglobulin can form self-assembled emulsions to
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stabilize food grade oilsT@ble 1). In these studies, the self-assembly of the midlo
protein particles was induced by reducing the ietrge density of the proteins or by
increasing the ionic strength (Gonzalez-Jordan,yBeia, & Nicolai, 2017; Li, He, et
al., 2019; Liu, Han, Zhang, Liu, & Kong, 2019; Na&ht Nasrabadi et al., 2019; Zhang

et al., 2018).

4.3. Food additive delivery

Food additives can be defined as substances iobatiff added to food products in
order to alter positively their sensory attributesch as taste and color, or to extend
their shelf-life, such as active agents, amongrsthiEhese compounds have no nutritive
value and are not normally used as a typical ingredof food (Hoadley, 2011;
Pressman, Clemens, & Hayes, 2017). Active addithaese been studied extensively to
extend the shelf-life of foods. In addition, setsambled proteins containing active
compounds can be used to control and tune theseele& active compounds as a
function of time or a specific place to meet a ¢rd-or example, Belbekhouche et al.
(2019) self-assembled cationic polycyclodextrin [B@Gnd anionic alginate using the
layer-by-layer method. These authors observed dbiktassembled materials obtained
had antimicrobial properties agair&aphylococcus aureus (Gram positive) andt. coli
(Gram negative), and this effect was more pronodiasethe cationic PCD layers in the
self-assembled material increased (Belbekhouchk,&019).

Chen et al. (2018) self-assembled zein and limor(entve food additive) through
hydrophobic interactions using the anti-solvent hodt in order to encapsulate the
active compound into core-shell microcapsules. Tésilts obtained by Chen et al.

(2018) showed that a reduction in the food addipraein ratio allowed the
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development of food additive-loaded NPs, thus ssijyg that the core:shell ratio
(w/w) significantly affected the capsule formatioAdditionally, the self-assembled
material shows a slow release of limonene and twidgrevention, as well as could
potentially be used as an additive to manufactetevea food packaging with aroma
delivery (Chen et al., 2018). Self-assembled zeiith wnisin (a peptide with
antimicrobial properties) was also used by FengfribSanchez, Luu, Miller, and Lee
(2019) to reduce.isteria monocytogenes in fresh cheese by approx. 1 log CFU/g, thus

extending the shelf life of fresh cheese in alnfodays under refrigeration conditions.

4.4. Development of functional foods

Functional or nutraceuticals foods are foods thavipe the nutrients for basic nutrition
but can also contribute to reducing the risk ofodir diseases (Diarrassouba et al.,
2015; Mohammad, Hosseini, Emam-djomeh, Sabatindyi&ren, 2015). Recently,
several research works have focused on the develupai functional foods based on
the self-assembly between proteins and active cangs Self-assembly can reduce the
instability of the active compounds against chemimalogical or physical degradation.
In this way, active compounds with antioxidant s such as curcumin, flavonoids
and a-tocopherol have been self-assembled with severaleips by mixing the
constituents in a pH range between 2 and 7 Tséx¢e 2). These research studies have
concluded that self-assembled proteins help toepvesthe active properties of the
aforementioned compounds. These active compounds 'aater insoluble
(hydrophobic), but their solubility is also impralafter self-assembly with proteins,

thus opening a window of new applications of thesléassembled materials to develop
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liquid foods and colloids (Dai, Wei, et al., 2018, Fokkink, Ni, & Kleijn, 2019; Liu,

Li, Zhang, & Tang, 2019; Liu et al., 2018; Ye, Aste& Sabliov, 2017).

Other active compounds, such as egg protein lysezgnip-carotene have also been
self-assembled witf-lactoglobulin Table 2). According to Diarrassouba et al. (2015),
self-assemblef@-carotene-lactoglobulin capsules showed a patrticle size betw269
nm and 2.7um, and were highly water soluble and with good iitgbagainst
aggregation, as well as stronger hydrophobic ioteEnas betweerf-carotene ang-
lactoglobulin were observed when the pH was in@éa® 4.2 (around pl of-
lactoglobulin ~4.7). Meanwhile, the self-assembly @gg protein lysozyme-
lactoglobulin was due to the electrostatic inteémas between the two proteins with
opposite charge at pH 7.5 (Mohammad et al., 200lgse self-assembl@dcarotends-
lactoglobulin and egg protein lysozyrfidActoglobulin could be used to manufacture
clear liquid foods products of acid pH and nutnfb supplements, respectively
(Mohammad et al.,, 2015). Mohammad et al. (2015)catdd that the previously
indicated systems could be loaded wWitharotene, and used to manufacture clear liquid
food products of acidic pH and nutritional supplatse

Essential fatty acids such as linoleic acid andsitsner could also be stabilized in self-
assembled systems from OVA (sé&able 2). Visentini et al. (2019) reported that
electrostatic interactions between the systemsateld above are improved at pH 7.5,
thus forming NPs between 25 and 92 nm, which cdddapplied in colloidal food

products.
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4.5. Other applications

Self-assembly of proteins has also been used &xdeticroorganisms in foods by using
biosensors. For example, antibodies as receptdioaensors have been self-assembled
in proteins produced bE. coli andS. aureus, within the range of 7010° CFU/mL in

the pure culture samples, thus allowing the deaiactiof these pathogenic
microorganisms. These systems also achieved tatdetecoli and S. aureus up to
2.05x10 CFU/g and 1.04xT0CFU/mL, respectively, in the chicken rinse wafétese
electrochemical immunosensors based on self-asedmivlicrobial proteins with
antibodies have great potential for rapid detectbrpathogenic bacteria in the food

industry (Li, Fu, Fang, & Li, 2015; Xu, Wang, & 12016).

5. Conclusions and futur e aspects

The type of protein self-assembly required depefuaslamentally on the expected
properties for the designed food. It can, howelsersummarized as conclusion: 1) high
processing temperatures and pH values close tavor fthe self-assembly of proteins
and apolar compoundsa hydrophilic interactions and 2) values away fronfigwor the
self-assembly of proteins and polar compouwdsionic or hydrogen bonds. Finally,
the perspectives in this field are barely beginnengd surely the development of new

foods will be related to this macromolecular pheeaon.
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Technology (ICTA) and the School of Pharmacy atsame university. It is currently

an adjunct researcher in the INTEMA - National 8tfec and Technical Research
Council (CONICET), Argentina. Dr. Gutiérrez has laast 20 book chapters, 40
publications in international journals of high ingpdactor and 5 published books. He
has been a lead guest editor of several interratjonirnals such as Journal of Food
Quality, Advances in Polymer Technology, Currentafaceutical Design and
Frontiers in Pharmacology. He is also an editdradrd member of several international
journals such as Food and Bioprocess Technolog$8(dthpact Factor 3.032) and

Renewable Materials (2018 Impact Factor 1.429)mfré\pril and June 2019,



1707

1708

1709

1710

1711

1712

70

respectively, among others. Dr. Gutiérrez todayleseloping a line of research in
nanostructured materials based on polymers (congposterials), which are obtained
on a pilot scale to be transferred to the foodicafiural, pharmaceutical and polymer
industries. It is also a collaborator of internatb projects between Argentina and

Brazil, Colombia, France, Italy, Poland, Spain, 8areand Venezuela.



Table 1.Emulsions made from self-assembled proteins.

Emulsion Optimal temperature
Materials tvoe (°C)/pressure (MPa)/[pH  Shape Size References
yp for self-assembly
: . 0.4-0.6um (length
WPI/Jiusan soybean oil Oo/wW 37/0.1/2 Rob 1-10 n r$1 ( d(iamgte)r) Feng et al(2019)
WPI/almond gum/thymol Oo/wW 20/0.1/4-5 Spherical 5.4-6.5um Doost et al(2019)
WPI/NaAlg/maltodextrin/linsed oil Oo/wW 70/0.1/5 Sploal 0.4-1pum Fioramonti et al(2015)
WPI/gliadin NPs/corn oil Oo/wW 25/0.1/5.0-5.8 Sphatic 120.8 nm Zhu et al2018)
WPI/NaAlg/palm olein oil Oo/wW 20/70/3 Spherical 0.8-55um Ng et al(2017)
WPI/lactoferrin/corn oll Oo/wW 20/82.7/6 Spherical 90.1-22,291 nm Teo et d016)
Zein NPs/tannic acid (TA)/corn oil Oo/wW 20/0.1/5 $pical 99.1 nm Zou et al2015)
Zein NPs/TA/sunflower oil Oo/wW 20/0.1/5 Spherical 25um Zou et al.(2018)
Zein/TA/medium chain triglyceride
oil
Zein/TA/ sunflower oll Oo/wW 150/0.1/5 Spherical N.I. Zou et al(2019)
Zein/TAlvirgin olive oil
Zein/TAlcastor oil
Gliadin/Cs/corn oill Oo/wW 25/0.1/3 Spherical 125.1-5,000.7 nm Li et ai2019)
Porcine bone protein
A hydrolysates/porcine bone protein 22/0.1/5 Spherical 0.7 — 1.0um Liu et al.(2019)
ydrolysate-rutin conjugates/soybean
oil
Flaxseed . .
protein/mucilage/tricaprylin oil Oo/wW 4/0.1/3-7 Spherical 369.4 nm Nasrabadi et a2019)
Soy peptide NPs/Tween 80/corn oil Oo/wW N.1./40/7 Sital 104.1 nm Zhang et al2018)
B Iactoglobulm(/)(i?é(éran/polyethylene WIW 80/0.1/7 Spherical 3.5-7.5um Gonzalfszzoi%dan et al.

N.I.: Not informed. W/W: water-in-water emulsion.



Table 2. Different types of functional foods obtained by self-assembly of proteins.

Materials Functional compounds Sdf-assembly pH  Food application References
Alginate a-tocopherol 74 Liquid foods Yeetal. (2017)
Zein Curcumin 4 Nutritional Dai, Wei et al. (2018)
supplements
B-casein Flavonoids 2-7 Liquid foods Li, Fokkink et a. (2019)
f-conglycinin Curcumin 7 Food-grade protein Liu, Li etd. (2019)
: . Nutritional .
B-lactoglobulin Egg protein lysozyme 7.5 supplements Diarrassoubaet a. (2015)
B-lactoglobulin B-carO(t:i?zJInﬂl:]c acid, 4.2-7 Liquidfoods ~ Mohammad et a. (2015)
OVA Linoleic acid and its isomer 75 Colloids Visentini et al. (2019)
OVA Curcumin 7 Nutritiona Liueta. (2018)

supplements
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Fig. 4. (a) Schematic illustration for self-assembly of pure p-casein (B-CNpure) and B-casein
concentrate (B-CNconc) at different temperatures and CaCl, concentrations. (b) Transmission
Electron Microscopy images of whey protein aggregates as a function of pH. Adapted with

permission from Nicola (2016) and Meng Li et al. (2019).
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Fig. 1. Main sources of self-assembled proteins.
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Highlights

v' The sdlf-assembled proteins (SPs) were reviewed and analyzed.

v Proteins from different sources (animal, vegetal and microbiological) can be self-
assembl ed.

v SPs have been used as films, hydrogels, micelles/vesicles and particles.

v The multifaceted and tunable properties of SPs are promising.

v' SPs can be used as coatings, emulsions, food additive delivery systems and

functional foods.



