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ABSTRACT

MILIAO, Gustavo Leite, M.Sc., Universidade Federal de Vicosa, July, 2019. A multi-
spectroscopic study of chitosan-ovalbumin supramolecular structures formed at different
pHs. Advisor: Eduardo Basilio de Oliveira. Co-advisor: Jane Sélia dos Reis Coimbra.

Proteins and polysaccharides are important biomolecules used in food because of their techno-
functional properties as thickening, gelling and, in the case of proteins, emulsifiers/foaming
agents. However, proteins are unstable at extreme processing conditions (high temperatures,
presence of organic solvents and proteolytic agents), which limits their application in food
formulations. An alternative to overcome this problem is the use of supramolecular structures
from protein-protein and protein-polysaccharides interactions. In this research, the latter type
of association was investigated. Protein-polysaccharide associative interactions allow the
formation of supramolecular structures, which, in turn, present even better biological and
physicochemical features, making the study of such chemical species, especially in a molecular
basis, relevant for a variety of applications. However, research about the association of the
protein ovalbumin (OVA) and the polysaccharide chitosan (CHS), is still scarce, especially in
the food science field. Then, OVA-CHS interaction in aqueous solution of chloride acid, at
different pH values (4.0 and 6.0), was studied in order to evaluate if the polysaccharide presence
would cause any expressive conformational changes in the overall protein structure. Therefore,
a multi-spectroscopic approach, using UV-Vis and fluorescence to analyze the tertiary structure
of OVA, conjointly with FT-IR and circular dichroism to study possible secondary structure
modifications, was undertaken. UV-Vis and fluorescence results showed thatthe biomolecules
interacted at some molecular level, forming complexes without a major modification in the
microenvironment polarity of the protein. Furthermore, the fluorescence analysis suggested that
the quenching mechanism of chitosan is likely static. Moreover, CD and FT-IR spectroscopies
revealed that changes in the secondary structure of OV A upon interacting with CHS depended
on the concentration of the polysaccharide. This study showed that the biomolecules could
interact at both pH values forming complexes that could be applied in food, pharmaceutical,
and medical applications. Such research allowed the comprehension of basic and advanced
science, which contributed to the researchers’ professional and (most important) human

resource development.

Keywords: Protein. Polysaccharide. Interaction. Spectroscopies. Supramolecular structures.



RESUMO

MILIAO, Gustavo Leite, M.Sc., Universidade Federal de Vigosa, julho de 2019. Um estudo
multi-espectroscopico de estruturas supramoleculares de quitosano-ovalbumina
formadas em diferentes pHs. Orientador: Eduardo Basilio de Oliveira. Coorientadora: Jane
Sélia dos Reis Coimbra.

Proteinas e polissacarideos sdo importantes biomoléculas usadas em alimentos devido as suas
propriedades tecno-funcionais como agentes espessantes, gelificantes e, no caso de proteinas,
emulsificantes/espumantes. No entanto, as proteinas sdo instaveis em condi¢Oes extremas de
processamento (altas temperaturas, presenca de solventes organicos e agentes proteoliticos), o
que limita sua aplicagdo em formulacdes de alimentos. Uma alternativa para superar este
problema é o uso de estruturas supramoleculares formadas a partir de interagdes proteina-
proteina e proteina-polissacarideos. Nesta pesquisa, o tltimo tipo de associacao foi investigado.
As interacdes associativas proteina-polissacarideo permitem a formacdo de estruturas
supramoleculares, as quais, por sua vez, apresentam caracteristicas bioldgicas e fisico-quimicas
ainda melhores, tornando o estudo dessas espécies quimicas, a nivel molecular, relevante para
uma variedade de aplicacdes. Entretanto, pesquisas sobre a associa¢ao da proteina ovalbumina
(OVA) e do polissacarideo quitosano (CHS), ainda sdo escassas, principalmente no campo da
ciéncia dos alimentos. Entao, a interacio OVA-CHS em solug¢ado aquosa de acido cloridrico, em
diferentes valores de pH (4,0 e 6,0), foi estudada para avaliar se a presenga do polissacarideo
causaria alteracdes conformacionais expressivas nas estruturas da proteina. Assim, uma
abordagem multi-espectroscopica, utilizando UV-Vis e fluorescéncia para analisar a estrutura
tercidria de OV A, conjuntamente com FT-IR e dicroismo circular para estudar possiveis
modificagdes da estrutura secunddria, foi realizada. Os resultados de UV-Vis e fluorescéncia
mostraram que as biomoléculas interagiram a nivel molecular, formando complexos sem
expressiva modificagdo na polaridade do microambiente da proteina. Além disso, a andlise de
fluorescéncia sugeriu que o mecanismo de supressio da OVA pelo CHS € provavelmente
estatico. Ainda, as espectroscopias de CD e FT-IR revelaram que mudancas na estrutura
secundéria da OV A ao interagir com CHS dependiam da concentracdo do polissacarideo. Este
estudo mostrou que as biomoléculas puderam interagir em ambos os valores de pH, formando
complexos que poderiam ser aplicados em aplicagdes alimentares, farmac€uticas e médicas.
Essa pesquisa permitiu a compreensao de ciéncia bdsica e avancada, o que contribuiu para o

desenvolvimento profissional e (mais importante) dos recursos humanos do pesquisador.

Palavras-chave: Proteina. Polissacarideo. Interacdo. Espectroscopias. Estruturas

supramoleculares.
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Polysaccharides and proteins are naturally occurring macromolecules in vegetable and
animal raw materials, that are frequently used for industrial purposes, including food
formulations. This is because such biopolymers, besides the nutritional role, possess techno-
functional properties such as emulsifying, gelling, and foaming properties. Protein-
polysaccharide associative interactions allow the formation of supramolecular structures,
which, in turn, present even better biological and physicochemical features, making the study
of such chemical species, especially in a molecular basis, relevant for a variety of applications.
Upon researching at the Scopus database for “protein-polysaccharide” AND “interactions”,
over 500 papers have been published in order to understand the functionality of the formed
supramolecular structures. In addition, a more refined search, including the word “food”,
showed that approximately 150 studies about protein and polysaccharides association have been
reported only in the food field. Indeed, many papers have shown the phase behavior of complex
structures originated from the interaction between different polysaccharides and proteins as
well the potential applicability of such systems as either bioactive carriers or stabilizers agents
in food formulated products. To mention only some emblematic cases, recent studies have
reported the association of whey protein—pectin [1], soy protein isolate—gum acacia [2], soy
protein hydrolysates—locust beam gum [3], lysozyme—carboxymethylcellulose [4], myofibrillar
protein—kappa or lambda carrageenan [5], illustrating how widespread is the
possibility of combination between proteins and polysaccharides.

Although the literature abounds of reports on the importance of supramolecular
structures obtained from proteins and polysaccharides interaction, to the best of our knowledge,
research about the association of two specific biomolecules, the protein ovalbumin (OVA) and
the polysaccharide chitosan (CHS), is still scarce, especially in the food science field.
Ovalbumin is the major egg-white protein [~55% (m/m)], which is used as a standard to study
the allergenicity, properties, and structure of other proteins. Furthermore, OV A presents itself
as a food ingredient with high thermal and surface features, which allows it to be used as an
emulsifying, foaming, and/or gelling agent. Chitosan is a biocompatible, biodegradable, and
non-toxic polysaccharide obtained from chitin deacetylation process. Amino groups (-NHa)
present on the CHS chains may become protonated (-NH3") in acid aqueous media, conferring
unique properties to this polysaccharide. Indeed, chitosan is the only existing cationic
polysaccharide that, due to its versatile physicochemical and biological properties, has been
widely used in the agriculture, cosmetic, papermaking, textile, tissue engineering, biomedical,

and food sectors [6,7]. Although both biopolymers can be used individually in different
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applications, e.g., as bioactives carriers and/or colloidal systems stabilizers, the study of
association between OVA and CHS is of great interest to understand if new biomaterials with
better physicochemical and biological properties could be formed. Therefore, in order to
complement the few studies found [8,9], our research team sought to evaluate the interaction
between these biopolymers at two pH values, in which both macromolecules would be
positively charged (pH 4.0) or oppositely charged (pH 6.0).

Then, this present research was intended to understand the mechanisms of interaction
and if possible conformational changes in the protein would occur upon OVA-CHS association.
In order to achieve these goals, a multi-spectroscopic approach was undertaken, using UV-vis,
Fourier transform infrared (FT-IR), circular dichroism (CD), and intrinsic fluorescence
spectroscopies. Aside from the reports about ovalbumin and chitosan interaction, our study is
the first one which seeks to understand the association of such biopolymers in a molecular level,
with a set of distinct spectroscopic techniques, at two different pH values and, therefore, it
hopefully will bring new information on what have been observed in literature so far.OBJECTIVES

General objective

To investigate the nature of intermolecular interactions between chitosan (CHS) and
ovalbumin (OVA) dispersed in aqueous medium, at pH 4.0 and 6.0, as well as possible protein
structural changes, through a multi-spectroscopic approach, comprising the UV-visible, Fourier

transform infrared (FT-IR), circular dichroism (CD), and intrinsic fluorescence spectroscopies.

Specific objectives

= To evaluate possible protein secondary structure modifications, at a fixed concentration
[5.0 pmol~L‘1], in the presence of different chitosan concentrations [0.0, 1.0, 2.0, 3.0,
and 4.0 umol-L'] — by circular dichroism and Fourier transform infrared spectroscopies,
at pH 4.0 and 6.0, and at 25 °C;

= To qualitatively analyse possible protein tertiary structure and, consequently,
microenvironment polarity modifications, at a fixed concentration [5.0 umol-L'!], in the
presence of different chitosan concentrations [0.0, 1.0, 2.0, 3.0, and 4.0 pmol-L‘l] — by
UV-vis spectroscopy, at pH 4.0 and 6.0, and at 25 °C;

= To qualitatively and quantitatively assess possible protein tertiary structure and,
consequently, microenvironment polarity modifications, at a fixed concentration [20.0
umol-L, in the presence of different chitosan concentrations [0.0, 3.0, 4.0, 5.0, and

6.0 umol-L"!] — by intrinsic fluorescence spectroscopy, at pH 4.0 and 6.0, and at 25 °C;

14



= To correlate the spectroscopic results in order to understand the nature of OVA-CHS
interaction in the supramolecular structures formation and if these intermolecular forces

caused any modification in the protein structure, at pH 4.0 and 6.0.
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1. State of the art
L1 Chitin and chitosan — molecular and physicochemical characteristics and
applications.

Chitin [poly-B-(1>4)-2-acetamido-2-deoxy-D-glucopyranose] is a polysaccharide,
primarily identified in 1884, which can be obtained from several living organisms, including
insects, fungi, mollusk, and crustaceans [1]. However, shrimp and crab shells are the most
important and available source of this biopolymer. In terms of quantity, chitin is the second
most abundant polysaccharide found in nature, and approximately 100 bi tons of chitin are
produced per year [2,3].

Regarding its applicability, chitin has low solubility in organic and aqueous solvents,
which limits its use in industrial sectors. On the other hand, its transformation to chitosan [poly-
B- (1-4) -2-amino-2-deoxy-D-glucopyranose] allows the diversification of the use of both
biopolymers [1-3], which are natural, biocompatible, biodegradable and non-toxic. Chitosan
may be obtained from the deacetylation step of chitin in alkaline medium or by the enzymatic
action of chitin deacetylase. Although enzymatic deacetylation allows the product of interest to
be obtained with greater purity, chemical deacetylation is preferred due to its low cost and
higher production yield [2]. The chemical treatment is given by soaking the material in alkaline
solution (40-50%) at 100-160 °C for a few hours. The processing time and the base
concentration to be used will depend on the degree of acetylation (DA) and, consequently, the
physicochemical characteristics of the desired chitosan compound. The DA is related to the
percentage of units of N-acetyl groups present in the chitosan molecule. Generally, it is
considered that when DA is less than 50%, chitin has been converted to chitosan [1], becoming
soluble in acidic aqueous solutions and increasing its applicability. It is important to note that
the deacetylation step is characterized not only by the removal of the N-acetyl groups but also
by the hydrolysis of the chitosan chain, altering its average molecular mass and, therefore, its
physicochemical properties.

Structurally, chitin and its derivative, chitosan (CHS), resemble cellulose (Figure 1),
differing only in the substitution of the hydroxyl group (~OH) present on C2 of the cellulose by

an acetamido (-NHCOCH3) or amino (-NHb») group, in chitin and chitosan, respectively.
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Figure 1 — Molecular structures of chitin, chitosan and cellulose [4].

This polysaccharide is the only one capable of acquiring a positive electrostatic charge,
by means of protonation of amine groups, in acidic aqueous solution (Equation 1).

RNH; + H* 5 RNH*, pKa ~6.4 1)

The presence of positively charged groups, together with the N-acetylated amine
groups, gives chitosan an amphiphilic character, allowing the applicability increase of this
biopolymer in several industrial applications.

Chitosan has been attracting researchers, academic, and industries attention for all
these reasons, becoming a biopolymer with a wide biotechnological application in several
sectors, such as biomedical engineering and bone tissue [5], fatty acid absorption [6] and the
encapsulation, transport and controlled release of bioactive compounds for the food and
pharmaceutical industries [1,7]. Table 1 presents studies on the potential use of chitosan in the

medical-pharmaceutical industries.

19



Table 1 — Studies related to the potential applicability of chitosan and its derivatives in the medical-pharmaceutical industries.

Molecules Objective Results Reference
Low  molecular  mass To evaluate the effect of chitosan attachment on e Enhanced conjugate  antimicrobial
chitosan and soy proteins the reduction of the allergenicity of soy protein to activity
develop further functional protein- e Good emulsifying properties  of
polysaccharide conjugate. conjugates (8]
e The allergenicity of soy protein was
greatly decreased by the attachment of
chitosan through Maillard reaction.
Low  molecular mass To encapsulate lutein to improve its water e Increased lutein bioavailability
chitosan and dispersability and also to increase its bio- e Increased postprandial lutein level in the
tripolyphosphate availability. plasma (54.5%), liver (53.9%) and eyes (9]
(62.8%) of mice fed onnanoencapsulated
lutein.
Chitosan and curcumin To prepare and characterize chitosan hollow e Average diameter: 500-1000 nm and
nanospheres used for encapsulating anticancer inner cavity of 300-500 nm
drug curcumin. e Specific surface area: 101.91 m* ¢!
e Low cytotoxicity
e Loading capacity: 63.9% [10]

87% of loaded curcumin was released
over 50 h.
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Chitosan oligosaccharides

To synthesize palladium nanoparticles coated
with chitosan oligosaccharide and functionalize
them with RGD peptide (arginine-glycine-
aspartic acid) for effective accumulation in breast
cancer cells.

Increased particles biocompatibility

Increased nanoparticles accumulation in

breast cancer cells, upon functionalizing
Improvement of photothermal therapeutic

effects; [11]
Good amplitude of photoacoustic signals

-> facilitates the imaging of tumor tissues

-> use of non-invasive photoacoustic

tomography system.

Gelatin/carboxymethyl
chitosan/nano-
hydroxyapatite

To generate macroporosity in the scaffold using
a combination of high-speed stirring induced
foaming and freeze-drying method.
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Macroporous scaffold  —  better
performances in terms of:

o Pore size

O porosity

o water holding capacity

o slow and sustained enzymatic [12]

degradation rate

Enhanced expression level of collagen
type I, osteocalcin
Potential application in bone tissue
engineering.




The research mentioned in Table 1 showed the applicability of chitosan mainly as a
carrier agent of bioactive compounds (curcumin and lutein), a modulator of allergenic
characteristics associated with soy protein, and a biocompatible material for use in animal tissue
engineering along with the treatment of breast cancer. The studies highlighted the possibility of
industrial application of chitosan and its derivatives. In addition to the aforementioned effects,
chitosan has been studied for its action as a plasma lipid modulating agent. Rizzo et al. [13]
described the effect of this polysaccharide on lipoproteins and on plasma lipids. The treatments
were applied in 28 people with mean age of 63 + 12 years who had triglyceride levels greater
than 150 mg'-mL!. Patients received doses of 125 mg-day! of chitosan from fungal mycelia,
during four months. Results showed that total cholesterol, LDL cholesterol, triglycerides were
reduced by 8%, 2% and 19%, respectively. Furthermore, it was observed that HDL cholesterol
levels increased by 14%. Due to its ability to become positively charged in acid media, chitosan,
when present in the stomach (pH~2.0), can perform intermolecular interactions with
cholesterol, fatty acid and triglyceride molecules present in foods. As a consequence of this
physiological feature, there are many chitosan products on the market indicated for slimming
treatments and as a reducing agent for blood cholesterol levels.

Chitosan applicability in food systems has grown over the years, but yet few studies
have been published to show the use of chitosan as an ingredient and/or additive in formulations.
Even though the application of chitosan as a food additive is not yet widespread, in 1991, the
Codex Alimentarius allowed the use of this biopolymer as a clarifying and flocculating agent
for juices and wines, thickening and stabilizing agent, fiber source and coating agent (FAO,
2003). In Brazil, the Agéncia Nacional de Vigilancia Sanitaria (ANVISA) is the organization
responsible for regulating chitosan consumption, through Resolution n. 18 of April, 30th 1999,
which presents claims of functional properties and/or product health. In this context, chitosan
is defined as:

“...dietary fiber which may be used with claims of reduction of fat and cholesterol,

since the daily consumption of the product provides at least 3 g of chitosan (whether

the food is solid) or 1.5 g (whether the food is fluid)”.

In food industries, however, chitosan is mostly used for obtaining edible films that can
act as protecting agents for food products. Table 2 brings some reports related to the application

of chitosan in the food industry.
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Table 2 — Chitosan application for edible films formation in the food industry.

Molecules Objectives

Results

Reference

Chitosan, pea starch, tannic acid, To study the antioxidant and physical properties of

thyme extract. different polymeric matrices based on chitosan and
pea starch, incorporating a thyme extract (TE) rich
in polyphenols.

Antioxidant films made up of
chitosan or starch containing
thyme extract were obtained.
Microstructural and physical
properties of the films changed
upon thyme extract addition
Polyphenols-chitosan
interaction  enhanced  films
mechanical response

Chitosan films  preserved
antioxidant activity of thyme
extract.

[14]

Carboxymethyl chitosan (CMC), To incorporate epigallocatechin in chitosan
chitosan hydrochloride (CHC), zein nanoparticles coated with zein for active
and epigallocatechin gallate packaging.

(EGCQG).

EGCG incorporated in
zein/chitosan nanoparticles
presented higher DPPH
scavenging activity than the
control

Better mechanical properties
Potential use as photoxidation
protecting agents.

[15]

23



Gelatin, chitosan, plant ethanolic
extracts: guarana seeds, leaves of
boldo-do-chile, cinnamon barks
and leaves of rosemary.

To study the effect of incorporated plant ethanolic
extracts into edible films prepared with blends of
gelatin and chitosan

Increased film elasticity
Biopolymers mixture reduced
water vapor permeability

Good antioxidants properties
and growth inhibition of
Escherichia coli and
Staphylococcus aureus

[16]

Low molecular mass chitosan and
glycerol (plasticizer).

To study the effects of chitosan-based coatings
applied by dipping or spraying on the quality
attributes of commercial ready-to-eat baby carrots
stored at 4 °C under modified atmosphere
packaging conditions

Potential use as active
packaging.

Combination of  modified
atmosphere  packaging  and

chitosan coating promoted better
results

Microbial spoilage in carrots
was delayed

Chitosan coatings exhibited
positive effects on the colour and
texture of carrots

Improvement of shelf-life.

[17]

High molecular mass chitosan and
maqui berry (Aristotelia chilensis)

To evaluate chitosan edible films incorporated with
maqui berry extracts for the inhibition growth of
some bacterial strains and improvement of
oxidative stability

The films presented antibacterial
properties ~ against  several
spoilage bacteria

Improvement of antioxidante
activity of chitosan films
Potential use as active films.

[18]
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In general, the studies sought to evaluate chitosan application effects on the formation
of films, in order to improve the physical properties of such materials (reduce water vapor
permeability, improve elastic characteristics, etc.) and incorporate antioxidant antimicrobials
compounds. All papers obtained positive results in terms of improvement of the physical
properties and reduction of the deterioration time of the films, showing that the chitosan can be

a good alternative to be used as an active packaging.

12. Ovalbumin

Ovalbumin (OVA) is a phosphorylated globular glycoprotein produced in chicken
oviduct and present in a larger amount (about 55%, m/m) in egg white [19]. The complete
sequencing of amino acid residues present in OVA was performed by Nisbet et al. [20]. The
study revealed that the protein consists of 385 amino acid residues (Figure 2), showing a
molecular mass of approximately 45 kDa and isoelectric pH of 4.5. Among egg white proteins,
OVA is the only one that has just one disulfide bond — between Cys-73 and Cys-120 residues
— along with four free sulthydryl (-SH) groups within the protein [21,22]. When OVA is
unfolded such sulthydryl groups may be exposed, allowing the formation of new covalent bonds
and/or intra/intermolecular interactions, altering their physicochemical and techno-functional

properties (gelling, emulsifying and foaming, for example).
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Figure 2 — Primary sequence showing the secondary structure of ovalbumin.

Retrieved from: Protein Data Bank (PDB) - http://www.rcsb.org/3d-view/10VA/1

In addition to the acetyl (-CH3) group attached to the N-terminal end, there are three
other post-translational modification sites in OVA. Part of the glycoprotein structure consists
of carbohydrate molecules (two molecules of N-acetyl-glucosamine and four mannose units)
attached to the amino acid residue Asn-292 [20]; and still, there are two phosphorylated serine

residues in the protein. Figure 3 shows the tertiary structure of ovalbumin.
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Figure 3 — Tertiary structure ovalbumin.

Retrieved from: Protein Data Bank (PDB) - http://www.rcsb.org/3d-view/10VA/1

OVA is widely used as a standard in studies of protein structure and properties, and as
an experimental model of research related to allergy, due to its ready availability in large
quantities [23]. The interest in OVA applications by the food industry has been increasing due
to its hydrophobicity and net charge, which allows its use as a surface active agent in colloidal
systems [24]. Techno-functional properties presented by OV A stimulate researchers to evaluate
the possibilities of its industrial application as emulsifying, stabilizing and gelling agents in
formulations. Moreover, studies have proposed to produce supramolecular structures of OVA
with other proteins or polysaccharides, in order to evaluate if the new formed biomaterials
present better physicochemical and/or biological properties when compared to the biomolecule
alone. In this context, Table 3 presents studies related to the OVA characterization and

application in food systems.

27



Table 3 — Studies related to the characterization and industrial applications of ovalbumin

Biomacromolecules Objectives

Main results

Reference

To describe the sequence determination of the complete
ovalbumin molecule.

Ovalbumin has four sites of
postsynthetic modification

The heptapeptide released during the
conversion  of  ovalbumin to
plakalbumin corresponds to residues
346-352

OVA polymorphism that has been
shown to involve an Asn —>Asp
replacement is due to a mutation at
Asn-311.

[20]

To study the crystal structure of uncleaved ovalbumin at
1.95 A.

Ovalbumin

The final refined model presented:
o 4 OVA molecules
o 678 water molecules and a
single metal ion
o Crystallographic R-factor of
17.4% for all reflections
between 6.0 ¢ 1.95 A
The peptide that is homologous to the
reactive centre of inhibitory serpins
adopts an a-helical conformation.

[25]

To evaluate the effect of phosphorilation on the
interfacial properties of OVA in the O/W emulsions
formation.

The pl of phosphorylated OV A at low
pH suggested its stability over a wider
pH range

The equilibrium interfacial tension
decreased from 17.359 mN-m™' (OVA
native) to 15.969 mN-m' (OVA
phosphorilated)

Narrower size distribution  with
smaller particle size in phosphorilated

ovalbumin stabilized emulsions

[26]
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To evaluate the effect of interaction of tannic acid in the
emulsifying properties of ovalbumin.

OV A surface activity decreased
Tannic acid decreased the emulsifying
ability of ovalbumin

Emulsions stability increased in the
presence of tannic acid.

[27]

To evaluate structure change of OVA through
fluorescence, circular dichroism and Fourier-Transform
(FT) Raman spectroscopies during the storage period as
well as its emulsifying and foaming properties.

Percent of a-helix and B-sheet of OVA
decreased

Emulsifying & foaming properties of
OVA all decreased during the storage
Emulsifying & foaming properties of
OVA all decreased during the storage.

[19]

To investigate the interaction between ovalbumin and
glutenins or gliadins in mixing and fermentation stages
of Chinese steamed bread processing, and to check
whether ovalbumin may improve final quality of CSB,
such as specific volume and hardness.

Ovalbumin has non-covalent
interaction with glutenin

G’ and G” of dough decreased

OVA  was unfolded at high
temperature, and cross-linked with
gluten protein

Ovalbumin improved specific volume
of Chinese steamed bread.

[28]

Ovalbumin and
lysozyme

To study the influence of pH, NaCl concentration, and
total protein mass ratio on the formation of coacervate
complexes.

Heteroprotein complex coacervates
formed at pH 7.5 and razao mass ratio
1:1

NaCl disfavored complexes formation
and suppressed it at 300 mM

Average size: ~2 pum (globular
structure)
Interaction:
spontaneous.

exothermic and

[29]
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To elucidate the influence of protein, pH, ionic strength

The increase in mass ratio (1:1 to 10:1)

and the ratio of protein/polysaccharide in the formation increased the pH values of complex
of complexes between egg white proteins (ovalbumin formation
Ovalbumin, lysozyme, and lysozyme) and carrageenan. e Decrease of G’ values at ratios of 5:1 (30]
and carrageenan and 10:1

e Salt addition  suppressed  the
electrostatic interactions
° Potential application as food
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The aforementioned studies deal with the characterization of ovalbumin in terms of
aminoacid sequence, secondary and tertiary structure, crystallization, and post-translational
modifications. Also, studies on the application of OVA, individually or in combination with
other molecules, in foods are presented. Sang et al. [28] evaluated the functionality of
ovalbumin during the processing of Chinese bread in order to investigate whether this protein
interacts with wheat proteins (gliadins and glutenins) in the mixing and fermentation steps.
Furthermore, it was evaluated if OVA was capable of improving the final quality of the bread
in terms of specific volume and hardness, for instance. Rheological studies showed that
ovalbumin reduced the storage (G’) and loss (G””) moduli of dough. Also, the maximum mass
height has been improved along with the specific bread volume. Such conjoint analyses
suggested that ovalbumin could be used to increase the loaf volume, improving the final quality
of baked products.

Souza et al. [30] evaluated the effect of pH, ionic strength, and mass ratio between
biopolymers (lysozyme:carrageenan and ovalbumin: carrageenan) in the formation of complex
coacervates with potential applicability in foods. The supramolecular structures were
characterized in terms of turbidity, thermodynamic parameters, and rheological properties.
Results showed that with the augment in biopolymers mass ratio from 1:1 to 10:1, the transition
(pH¢, pHo1 and pHy2) and formation points of complexes increased for the OV A/carrageenan
system. In addition, the change in the ionic strength of the medium suppressed the formation of
the structures due to the shielding effect caused by ions. The yield of complexes formed between
ovalbumin and carrageenan was 79.6 + 0.6%, for 3:1 mass ratio and 0.01 mol-L! NaCl. In this
same proportion, the complexes presented maximum shear modulus, suggesting that complexes
may act to modulate sensory attributes such as texture, consistency, and taste of food. Research
proposing the study of protein-protein and protein-polysaccharides interactions to produce
supramolecular structures has grown considerably in the academic and industrial areas due to
their potential applicability in several sectors, highlighting, for example, their ability to carry
and release bioactive compounds.

1.3.Supramolecular structures formed from protein polysaccharides interactions

Proteins and polysaccharides are important biomolecules used in food because of their
techno-functional properties as thickening, gelling and, in the case of proteins,
emulsifiers/foaming agents. However, protein instability through extreme processing
conditions (high temperatures, presence of organic solvents and proteolytic agents, turbulent

flow, etc.) is a limitation for the application of such macromolecule in food formulations [31].
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The associative interaction between these biopolymers has been studied in order to find ways
to overcome this instability and, consequently, to improve physical stability and texture features
of foods. Proteins and polysaccharides may interact through two main types of associations: a)
non-covalent attractive forces, which lead to the obtention of complexes/coacervates from
physical interactions (electrostatic, H-bonding, hydrophobic, van der Waals) between the
biomacromolecules; and b) covalent bonds, which allow the formation of conjugates from

Maillard reaction [31,32].

1.3.1. Conjugates

Protein modifications with the purpose of improving the techno-functionality of these
biomolecules can be obtained through chemical, enzymatic or physical treatments [31].
However, the use of chemical reagents is a limitation when choosing chemical treatments, since
consumers are resistant to the application of additives that undergo chemical transformations in
food formulations. Thus, obtaining conjugates from the Maillard reaction (Figure 4) becomes
an alternative for altering the techno-functional properties of proteins. Supramolecular
structures obtained from the glycosylation of proteins with polysaccharides can be used as
carrier agents of bioactive compounds, emulsifying/foaming agents and stabilizers in the food
industry. Many studies (Table 4) have reported about the formation of conjugates in order to

improve physicochemical and techno-functional properties of proteins.

Aldose Amino N-substituted
sugar compound —_~—— glycosylamine

Amadori rearrangement

¥

‘ 1-amino-1-deoxy-2-ketose (Amadori rearrangement products, ARPS) ‘

-3H,0 ¢ pH<7 L pH>7 -2H,0 ¢ pH>7
Schiff’s base of Fission products Reductones
hydroxymethylfurfural (acetol, diacetyl,
(HMF) or furfural pyruvaldehyde, etc) 2H +2H
Dehydroreductones ‘
- amino + amino acid o-amino acid -COy |
O | acid T -
J Strecker degradation
Aldehydes
HMF or furfural FA,| Aldols and N-free polymers
T

+ amino acid — - | + amino acid
Aldimines or ketimes | |

Melanoidins
(brown nitrogenous polymers)

Figure 4 - Maillard reaction pathways adapted from Martins et al. [33].
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1.3.2. Complex coacervates

Another way to obtain associative interactions between proteins and polysaccharides
is through complex coacervation (CC). In this system, when two or more oppositely charged
biopolymers interact (mostly through electrostatic interactions), phase separation is observed,
being one phase denser and rich in biopolymers, and the other diluted and rich in solvent
(mainly water). On the other hand, there may be precipitation of supramolecular structures in
the aqueous medium which characterizes the formation of liquid-solid type phases. Even though
the principal driving force of complex coacervation is the electrostatic association between
biopolymers, a set of combined weak attractive interactions such as H-bonding, hydrophobic,
and van der Waals may play important roles in the formation of such systems. Therefore, the
interaction force between the biomacromolecules is the determining factor of the type of phase
separation that will occur. In both cases, the structure of the proteins is kept intact which enables
the use them in a range of applications in the pharmaceutical, cosmetic, and food sectors, mainly
as bioactives carriers and colloid stabilizers [34]. Critical parameters (protein isoelectric point,
temperature, mixing ratio, biomacromolecules density charge, chain flexibility and
polyeletrolyte charge sequence distribution) must be taken into account, in order to obtain
complexes coacervates [32,35,36]. Table 4 presents some studies involving the formation of

conjugates and complexes and their application in the food and pharmaceutical industries.
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Table S — Studies on the formation and aplication of associative interactions via Maillard and complex coacervation between proteins
and polysaccharides.

Macromolecule A  Macromolecule B Application Reference
CONJUGATES FORMATION VIA COVALENT BONDING -MAILLARD REACTION

g-polylysine Chitosan Improvement of conjugate antimicrobial activity. [37]

Whey protein Glucose Improvsement of conjugate termal stability and antioxidant (38]

isolate properties.

Ovalbumin Dextran Improvement of curcumin bioavailability. [39]
Sodium caseinate  Lactose Enhancement of prqtem-pplysaochar@es emulsions stability to [40]
improve encapsulation efficiency of oil.
gg;ftta protein Gum Arabic Improvement of emulsifying properties of canola protein isolate. [41]
Casein peptides Gum Acacia Improvement of emulsifying properties for oil-in-water emulsions. [42]
Sodi hat Corn fiber gum I ¢ of coniusate interfacial i [43]

odium caseinate hydrolysate mprovement of conjugate interfacial properties.
Casein Dextran }mp.rovement of casein micelles stability and controlled release of [44]
utein.
BSA Beet pectin Improvement of conjugates emulsifying properties. [45]
Sodium caseinate Corn starch Stabilizer agent of emulsions containing resveratrol. [46]
hydrolysates
COMPLEX COACERVATES FORMATION VIA NON-COVALENT INTERACTIONS
Casein Pectin Encapsulation and controlled release of acetaminophen. [47]
Chitosan Alginate Encapsulation and controlled release of riboflavin (vit. B2). [48]
Sodium caseinate  Gum Arabic Enc.aps.ul.atlon of EPA /DHA and utilization of the nanoparticles to [49]
enrich juice.
B-lactoglobulin Lysozyme Encapsulation of vitamin D3. [50]
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Gelatin Cashew gum Encapsulation of echium oil. [51]
B-lactoglobulin Lactoferrin Encapsulation of vitamin B9. [52]
Casein Tragacanth gum Encapsulation of B-caroten. [53]
Soy protein isolate  Chitosan Microencapsulation of polyunsaturated fatty acids from algae oil. [54]
Gelatin Gum Arabic Encapsulatlon of shrimp lipid extract as a potential food coloring (55]
1n yogurt.

Whey protein Chitosan Encapsulation of garlic extract. [56]
isolate
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In Table 4, studies reported that the conjugates obtained through the Maillard reaction
can be used for the purpose of improving proteins emulsifying properties, carrying bioactive
molecules, and improving the antioxidant and antibacterial activity of proteins and
polysaccharides. Moreover, most studies on complex coacervates are directly linked to the use

of such systems in the encapsulation and controlled release of bioactive molecules.

1.4.Supramolecular structures formed between ovalbumin and chitosan

Ovalbumin and chitosan are biological macromolecules which can be used
individually to help reducing the instability of colloidal systems, due to their techno-functional
properties as emulsifying, gelling, foaming (in the case of OVA), and stabilizing agents.
However, studies on the intermolecular interaction between these biomacromolecules have
been developed to evaluate their effects in industrial applications such as in emulsion
formulations and drug delivery. To the best of our knowledge, only three papers (Table 5) have
described the association of OVA and CHS. A brief overview of what has been discovered on

such studies is described in the following paragraphs.
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Table 5 — Studies related to the intermolecular interaction between OVA and CHS.

Biomolecules Objective Caracterization Main results Reference
To prepare nanogels from € potencial e OVA and CHS interacted forming
biomolecules interaction upon UV-Vis absorbance nanogels (T = 80 °C/20 min)
heating, at pH 5.4 and mass ratio of (turbidity) e Part of chitosan chains were trapped
0.2. Dynamic Light in the core (electrostatic interaction)

Scattering and the rest was outside forming the

Transmission shell

Electron e Nanospheres average size: 120 nm [57]

Microscopy e Size distribution mantained

Extrinsic unvariable for 90 days

fluorescence e Nanogels did not dissociate in pH

spectrometry range of 2-10.5

(pyrene) e Dispersibility, size, and

hydrophobicity/hydrophilicity of the

Ovalbumin nanogels are pH-dependent.

and Chitosan 10 evaluate the influence of pH, Turbidity e Complex coacervates formation —
ionic strength, and { potential eletrostatic interaction
ovalbumin/chitosan ratio on the Isothermal Titration e pHrange ~ 4,61 - 6,40
phase behavior, thermodynamic and Calorimetry e Jonic strength:
rheological properties of the Confocal laser o <200 mM NaCl - coacervates
complex coacervates. scanning o > 200 mM NaCl - shielding effect

microscope e increase of OVA/CS ratio from 1:1

(CLSM) to 10:1 caused the decrease of [58]
Rheological critical pH (pHc and pHy)

measurements. e OVA/CS interaction: spontaneous

and exothermic, at pH 4.0 and pH
5.5.
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To explore the effect of OVA-CS
interaction on oil in water (O/W)
emulsions stability, at pH 4.0 and
5.5, and evaluate the interfacial
dilatational properties of OVA/CS
absorbed layers at O/W interface

through rheological measurements.

Particle size
measurement of
emulsions

Optical microscopy
Creaming index
(Cl%)

Rheological
measurement of
emulsions
Dynamic interfacial
surface pressure (1)
and interface
viscoelasticity
measurement.
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Improvement of emulsions stability

during 14 days, at 25 °C

Complex formation: increased

emulsions G' and napp (pH 5.5) 2>

reduced Cl%

Increased dilatational elastic

modulus (Ed): reduced the [24]
possibility of coalescence.



Xiong et al. [58] observed that the complexes formed at pH 4.0 presented AH = -(8.802
+2.212)-10* kcal-mol! and T-AS =—8.642-10* kcal-mol™'. On the other hand, at pHS5.5, AH
= -(1.025 + 0.0337) kcal-mol! and T-AS = 4.261 kcal-mol!, suggesting that electrostatic
association would be the main driving force on OVA-CHS complex coacervation. Furthermore,
< 200 mmol-L!' NaCl favored the structures formation, whereas shielding effect in the
electrically charged polymers was observed at > 200 mmol-L™! NaCl, which may have reduced
coacervate complexes formation.

Xiong et al. [24], based on the aforementioned research, evaluated the effect of
complexes formation on the stability of emulsions, highlighting the mechanisms involved in
stabilization, at pH 4.0 and 5.5. Dispersions of ovalbumin and chitosan (1% m/v) were prepared
and mixed in a ratio of 3:1 (m/m), under agitation for 30 min. The emulsions were prepared
with soybean oil (@p = 0.2), being the continuous phase composed of OVA or OVA/CHS
mixture, in a total biopolymers concentration of 0.3% (m/m). The study provided an
understanding of the stability of the emulsions prepared in the presence of the complexes (pH
5.5). In this condition, the viscoelastic properties of the emulsions were improved, reducing
droplets mobility and preventing destabilization mechanisms, such as creaming and
coalescence. Moreover, the presence of chitosan reduced the rates of diffusion,
adsorption/permeation and OVA rearrangement at the interface. Furthermore, the complexes
formed adsorption layers thicker than OV A alone, which made it possible to obtain a larger
dilational modulus (providing greater mechanical strength) due to the intermolecular
interactions between the biopolymers. Therefore, the formation of complexes from CHS and
OVA showed good performance in relation to the stability of the emulsions, allowing their use
as stabilizing agents in colloidal systems.

Yu et al. [57] also evaluated the influence of pH on the stability of nanogels formed
from the intermolecular interaction between OV A and CHS. In order to prepare the nanogels,
an acid dispersion of chitosan (0.75% w/v) was titrated in a dispersion of ovalbumin (0.02%
w/v) under constant stirring until the CHS / OV A mass ratio reached 0.2. The mixture pH was
then adjusted to 5.4, in order to ensure that the protein was above its isoelectric point (pI ~ 4.5),
with predominantly negative charges, and chitosan below its pKa (~6.4) with predominantly
positive charge, in order to promote nanogels formation. Results indicated that part of the
chitosan chain was trapped inside the nanogels, while the rest of the chain remained outside to
cover the structures. The size distribution of the nanogels was not expressively altered after a
storage period of 90 days at 4 °C and there was also no structures dissociation in the pH range
of 2to 10.5. Also, even in the absence of antiseptic, the nanogels did not present microbiological
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deterioration, suggesting that chitosan maintained its bacteriostatic activity. The pH
dependence of phycochemical properties such as the dispersibility, size and
hydrophobicity/hydrophilicity of nanogels allow them to be used as carrier agents in the
pharmaceutical and medical industries.

Aside from what has been described, our research team aims at understanding the
interaction between OVA and CHS at a molecular level. Therefore, we propose to perform a
multi-spectroscopic analysis of the structures formed after ovalbumin-chitosan association, at
two different pH values (4.0 and 6.0). Nowadays, none of the reports in literature involving
these two biopolymers has proceeded with such experiments, and we believe that understanding
the interaction of OVA and CHS and the protein possible conformational changes upon
complexation could increase the applicability of these supramolecular structures in the

pharmaceutical, cosmetics, medical, and food industries.

1.5.Spectroscopic techniques used to evaluate protein conformational changes upon
interacting with ligands

Protein functions are directly related to their tridimensional structure. Therefore, slight
conformational changes of such macromolecules can affect proteins’ functionality and,
therefore, the quality of the product of interest. In order to evaluate structural modifications in
proteins, several sophisticated analytical methods have been developed with the aim toreplace
time consuming experiments such as protein solubility assay, free sulfhydryl content, and
surface hydrophobicity. Spectroscopic techniques like UV-Vis, fluorescence, Fourier transform
infrared, and circular dichroism have been widely studied as powerful tools to assess

modifications in protein structures

1.5.1. UV-Vis spectroscopy

UV-Vis spectroscopy is used to qualitatively evaluate tertiary conformational changes
in proteins. The most important chromophore groups, i.e., the chemical groups responsible for
absorbing the UV-Vis radiation, are the aromatic aminoacids tryptophan (Trp), tyrosine (Tyr),
and phenilalanine (Phe), which are highly sensitive to the environment where they are inserted.
The spectral peaks of each aromatic aminoacid occur as follow: 1) at 250-265 nm spectra are
mostly due to Phe residues absorption; at 265-280 nm the peak formation is attributed to Tyr-
Trp contributions, while at wavelengths greater than 285 nm the contributions are mainly due
to Trp residues. Regarding the interaction between proteins and ligands, the appearance of peaks
originates mostly from the T->7* transition of the aromatic residues. Slight perturbations around

these aminoacids residues could suggest that some sort of interaction would be
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happening between a protein and a ligand, yielding possible changes in the structure of the
protein. Therefore, UV-Vis spectroscopy is commonly used to assess complex formation and
structural modifications on proteins [59].
1.5.2. Fluorescence spectroscopy

Fluorescence is one of the two phenomena which comprise molecular luminescence.
Luminescence, in turn, is the emission of light from any substance that have been electronically
excitated by radiation [60]. Regarding fluorescence spectroscopy, the absorption of
electromagnetic radiation in the UV-Vis region by aromatic molecules promotes the emission
of photons, which are electric fields traveling through space as tiny particles that contain energy.
The transition between absorption and emission, and consequently fluorescence generation, can
be well explained by the Jablonski diagram. Fluorescence spectroscopy has been widely used
to study modifications in the tertiary structures of proteins. Similar to the UV-Vis spectroscopy,
the aminoacids tryptophan, tyrosine and phenylalanine are the intrinsic chromophores
responsible for absorbing the radiation, at the UV region, and emitting the photons at higher
wavelengths (> 330 nm). More specifically, the intrinsic fluorescence of Trp is commonly used
to assess the location of such aminoacid in a protein. This occurs because the indole group of
Trp residues is highly sensitive to the solvent surrounding it. Generally, the emission from a
residue within the protein’s hydrophobic pocket happens at lower wavelengths when compared
to residues located on the surface of the protein [59,60]. As it can be seen, fluorescence
spectroscopy appears as an outstanding technique to evaluate protein unfolding and dynamics.

Besides, it can also be applied to analyse the interaction of polypeptides and differentligands.

1.5.3. Fourier Transform Infrared (FT-IR) spectroscopy

Infrared spectroscopy corresponds to a technique which measures the rotational and
vibrational motions of molecules due to specific energy levels at different frequencies. This
type of spectroscopy is based on the absorbtion of energy by chemical bonds, especially
stretching and bending motions. The infrared energy is related to the electromagnetic spectrum
situated in the wavenumber range of 14290-200 cm™'. However, for proteins structural
characterizarion, the so called mid-infrared (4000-400 cm™) region is mostly used. As stated
before, vibrational spectra arises from the energy absorption and consequently the transition
between vibrational and rotational states of molecules. Such transition affects the molecules
dipole moment, allowing the observation of spectra [59,61].

In proteins, the three most prominent bands for structural characterization are: 1) amide
I near 1,650 cm™ (C=O stretch conjointly with weak C—N stretch and N-H bend), ii) amide II

near 1,550 cm™ (N-H bend and C—N stretch), and iii) amide III near 1,300 cm™' (C—N stretch,
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N-H bend, along with deformation vibrations of C—H and N-H) [29,30]. Since the many
existing secondary structure in proteins are mostly stabilized by hydrogen bonding between the
C=0 and N-H of the aminoacids (which compose the backbone of the polypeptide) the amide
I'band is the most sensitive IR spectral region used to foresee proteins secondary structure. The
equipment used to analyse samples by infrared spectroscopy is called infrared spectrometer.
Basically, the central part of a FT-IR spectrometer is the Michelson interferometer (Figure 5).

Source

Beamsplitter

ATR

DRIFTS

Sample Cell

Microscope

Figure 5 — Michelson interferometer scheme [61].

Briefly, the interferometer consists of two plane mirrors placed perpendicularly to each
other, being one of them fixed and the other movable. In addition, a semi-transparent mirror
(beamsplitter) is aligned with the light source. The beamsplitter is composed of a material that
is capable of splitting the light in two halves, which in turn travel through different pathlengths.
The two beams are reflected by the mirrors and, consequently, a time delay in one beam causes
a phase difference when these beams are combined together in the detector site, creating the
interferogram. The Fourier transform of the intensity spectrum of the source is, then, a
interferogram measured as a function of time.

In terms of structural analysis, FT-IR spectra is widely used to evaluate conformational
changes, especially secondary structures, of proteins when submitted to extreme process
conditions (high temperature, acidic pH, shear stress, etc.) or when in contact with ligands. The
analyses may be performed either in solid state or in aqueous solution. However, when FTIR
absorption of proteins is measured in solutions, it can suffer a strong interference of water

molecules absorption at 1640 cm’! (amide I band). Therefore, in order to eliminate such effect,
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the IR absorption of proteins is commonly undertaken in potassium bromide (KBr) pellets
[59,61,62].

1.5.4. Circular dichroism (CD) spectroscopy

CD spectroscopy is a valuable technique used to evaluate the structure of macromolecules
in solution. More specifically, circular dichroism presents a broad application in the
characterization of proteins, especially for the secondary structures estimation. The equipment
used to perform CD analysis is known as spectropolarimeters, and they measure the difference
in absorbance between the left handed and right handed circularly polarized components. CD
spectra rise primarily from chiral chromofores, i.e., molecules that are optically active. Since
almost all aminoacids are chiral (except glycine), proteins may be easily characterized by
circular dichroism.

In addition, this spectroscopic technique allows the assessment of proteins conformational
changes, upon the interaction with ligands or when submitted to different extrinsic medium
conditions. Theoretically, at wavelengths below 260 nm (far UV), the absorption of light is
mostly due to the peptide bond, in which there is a wide n = ©* transition (at ~ 220 nm) and an
even more intense © = w* transition near to 190 nm. On the other hand, at wavelengths above
260 nm (near UV) the spectra arise mostly because of the aromatic aminoacids [63]. Therefore,
depending on the region of study, modifications in both secondary and tertiary structures may
be evaluated. Figure 6 presents the typical CD spectra pattern found for secondary elements (a-

helices, B-sheet and random coil) of proteins.
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Figura 6 - Far-UV spectra pattern for a-helices, B-sheet and random coil.
Retrieved from: http://www.isbg.fr/biophysics-characterisation/circular-dichroism/?lang=fr
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Commonly, positive peaks at 191-193 nm and doubled negative peaks at 208 and 222 nm
are typical of proteins rich in a-helix regions. On the other hand, B-sheet structures present an
intense positive band around 195-200 nm and a negative band at 216-218 nm. Furthermore,
negative peaks at approximately 195-200 nm and a weaker band (positive or negative) between
215-230 nm are commonly found in proteins rich in random coils [59,63]. Noticeably, the
application of CD spectroscopy can give rise to good insights about the folding status of proteins
in solutions and identify changes in protein’s structure upon the interaction of such

macromolecules with ligands.
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Abstract

Ovalbumin (OVA) and chitosan (CHS) interaction in aqueous solution of chloride acid,
at different pH values (4.0 and 6.0), was studied in order to evaluate if the presence of the
polysaccharide would cause any expressive conformational changes in the overall protein
structure. Then, a multi-spectroscopic approach, using UV-Vis and fluorescence to analyze the
tertiary structure of OVA, conjointly with FT-IR and circular dichroism to study possible
secondary structure modifications, was undertaken. UV-Vis and fluorescence results showed
that the biomolecules interacted at some molecular level, forming complexes without a major
modification in the microenvironment polarity of the protein. Furthermore, the fluorescence
analysis suggested that the quenching mechanism of chitosan is likely static, since the
bimolecular quenching constant kq value (1.21 x 10'* L-mol!-s™) is greater than the maximum
diffusion collision quenching constant of macromolecules (2.00 x 10'° L-mol!-s!). Moreover,
CD and FT-IR spectroscopies revealed that changes in the secondary structure of OV A upon
interacting with CHS depended on the concentration of the polysaccharide. This study showed
that the biomolecules could interact at both pH values forming complexes that could be applied

in food, pharmaceutical, and medical applications.

Keywords: protein, polysaccharide, interaction, spectroscopies, supramolecular structures.
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Abbreviations and symbols

CC — complex coacervation

CD — circular Dichroism

CHS — chitosan

deg - degrees

DA — Degree of Acetylation

DD — Degree of Deacetylation

F, — fluorescence intensity before chitosan addition
F — fluorescence intensity after chitosan addition
FT-IR — Fourier Transform Infrared

H-bonding — hydrogen bonding

kq — bimolecular quenching constant

Ksv — Stern-Volmer constant

My, — molecular weight

OVA — ovalbumin

O/W — oil in water

pH — hydrogenionic potential

Phe - phenylalanine

SS — supramolecular structure

Trp — tryptophan

Tyr — tyrosine

UV-Vis — UV-Visible

0 — mean residue ellipticity
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1. INTRODUCTION

The study of protein-polysaccharide interactions has been attracting attention of both
academic and industrial fields, owing to the fact that the supramolecular structures (SS)
obtained from the coupling of such biopolymers may be applied mainly to encapsulate bioactive
compounds [1-4] or to improve the physical stability and texture properties of formulated
colloidal systems, such as emulsions and foams [5,6], for the cosmetic, pharmaceutical and food
industries. These two classes of biomacromolecules may associate through covalent binding,
forming conjugates via the Maillard reaction, or non-covalent interactions, which include
electrostatic, hydrophobic, H-bonding, and van der Waals interactions [7,8], promoting the
formation of complexes/coacervates.

The importance of different protein-polysaccharide interactions has been frequently
reported in literature [9-13], along with the wide technological applicability of the obtained
structures. However, to the best of our knowledge, few studies about two specific biopolymers
— the protein ovalbumin (OVA) and the polysaccharide chitosan (CHS) — have been described
for food applications so far. Ovalbumin is the main constituent protein in egg white, accounting
for approximately 55% of the total protein content [14]. Besides its use in standard preparation
for the investigation of protein structures and properties as well as in experimental models of
allergy, OV A shows itself as a potential emulsifier due to its hydrophobicity and net electric
charge [15]. On the other hand, chitosan, which is obtained from deacetylation of chitin, is a
random block copolymer composed of glucosamine and N-acetyl-glucosamine, linked by pB-(1—
4)-glycosidic bonds. The degree of acetylation (DA) of chitosan, which corresponds to the
percentage of N-acetyl glucosamine, along with the average molecular weight (My) of the
macromolecule, constitutes the two most relevant of its physicochemical features. In addition
to the fact that chitosan comes from the second most abundant polysaccharide (chitin), it is a
biodegradable, biocompatible, and non-toxic biopolymer that presents a unique characteristic
of becoming positive at acidic media (pH < 6,4) and, therefore, it has shown wide applicability
in medical, pharmaceutical, wastewater treatment, tissue engineering, and food industries [16].
Although some papers have reported the use of systems containing OVA and CHS for
pharmaceutical and medical purposes [17,18], the application of such systems specifically for
the food industry was not directly addressed in the studies found. Furthermore, the literature
lacks a deeper molecular investigation of how ovalbumin-chitosan interaction, at different pH
values, may influence the protein physicochemical properties and, consequently, its techno-

functionality.
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Two studies about supramolecular structures formed from OVA-CHS interaction have
been described so far. Xiong et al. [19] studied the phase separation kinetics, thermodynamics
and rheological aspects of OVA-CHS interaction (at pH 4.0 and 5.5). In this case, the systems
were characterized in terms of turbidity, zeta potential, thermodynamic parameters of
interaction, microstructure, and rheological properties. Results showed that at both pH the
phenomenon of complexation was spontaneous and exothermic, and the rheological properties
of the systems depended on the medium ionic strength and OVA:CHS ratio. At ionic strength
less than 50 mmol-L!' and OVA:CHS mass ratios ranging from 1:1 to 3:1, the coacervates
presented stronger gels than those with higher salt concentrations (> 50 mmol-L!) and
protein:polysaccharide ratios varying from 3:1 to 10:1. In another study, Xiong et al. [15]
evaluated the effect of OVA-CHS supramolecular structures as O/W emulsion stabilizers (at
pH 4.0 and 5.5), through rheological properties of such model emulsion systems and interfacial
dilatational properties of the complexes adsorbed at the oil-water interface. Results showed that
the viscoelastic and interfacial properties of the emulsions and complexes, respectively,
improved when OVA-CHS structures were added to the system, at pH 5.5. The authors
attributed this effect to the low mobility of emulsion droplets and the increase of the layer
thickness around the droplets, which conferred higher stability to the colloidal system when
compared to emulsions stabilized by OV A alone.

Such studies have introduced the importance of evaluating OVA-CHS complexes with
potential applicability in the food sector. However, they did not report nor discussed the
conformational changes of ovalbumin upon the SS formation with chitosan in aqueous solution
of HCI with different pH values, through a multi-spectroscopic approach. We believe that an
understanding of these aspects could be a key-point to design specific applications of such
systems in food formulations, but also to widen their applicability in the pharmaceutical and
medical sectors. However, it is necessary to know how the interaction could affect the
physicochemical features of the biomolecules in order to address the complexes to
technological applications. Therefore, the objective of this study was to evaluate if OVA and
CHS could interact at a molecular level and at different pH values (4.0 and 6.0), as well as to
assess protein conformational features, through a multi-spectroscopic approach, namely as UV-
Vis, Fourier Transform Infrared (FT-IR), circular dichroism (CD), and intrinsic fluorescence
spectroscopies. Aside from the reports about ovalbumin and chitosan interaction, our study is
the first one which seeks to understand the association of such biopolymers in a molecular level,
with a set of distinct spectroscopic techniques, at two different pH values and, therefore, it
hopefully will bring new information on what have been observed in literature so far.
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2. MATERIALS AND METHODS
2.1. Materials

Ovalbumin (OVA, A5503, 98% pure by agarose gel electrophoresis, isoelectric point
(pD at pH ~ 4.9, and a molecular weight of 44.3 kDa) from Gallus gallus domesticus was
purchased from Sigma Co. (Saint Louis — MO, USA). Before usage, OVA was dialyzed,
according to the methodology adopted by Galvan et al. [20], in order to assure the removal of
residual low molecular solutes (mainly electrolytes) that could interfere in further experiments.
Subsequently, the dialyzed protein was lyophilized (LS 3000, Terroni, Brazil) and packed under
vacuum at -18 °C (vertical freezer, GE, FZGE320, Brazil) until usage in all subsequent
experiments. Chitosan (CHS, low molecular weight (~162.0 kDa — data not shown); Degree of
Deacetylation: 80.3%; pKa ~ 6.4; Product ID: 448869; Batch number: SLBG1673V) from
Pandallus borealis, a cold water shrimp, was also obtained from Sigma-Aldrich (Saint Louis —
MO, USA). Prior to its use, CHS was sequentially washed three times with deionized water,
aiming at eliminating impurities, such as salt residues and water soluble chitooligosaccharides.
Then, the degree of deacetylation (DD) of chitosan was estimated (~77.0% - data not shown)
using an FT-IR spectrometer (600-IR, Varian, USA) equipped with an attenuated reflectance
accessory (GladiATR, PIKE Technologies, USA) over the region of (450-4000 cm™), as
described by Soares et al. [21], who adapted the methodologies from Kasaai [22] and
Brugnerotto et al. [23]. The slight difference from the DD provided by Sigma may be attributed
to the washing step that might have removed compounds of small molecular mass that would
contribute to increasing DD of chitosan. All other chemicals, such as chloride acid (HCI P.A.
ACS; Code: 1353), sodium hydroxide, and sodium azide were also purchased from Sigma-
Aldrich (Saint Louis — MO, USA). In all experiments, deionized water (QUV3, 69 Millipore,
Italy; electrical resistivity ~ 18.2 MQ-cm™ at 25 °C) wasused.

2.2. Preparation of OVA and CHS dispersions

Two OVA stock dispersions (0.20%, m/v), were prepared by dispersing the protein
powder in chloride acid (HCI) aqueous solution (pH 4.0 or 6.0). The dispersions were stirred
gently (300 rpm) with a magnetic stirrer, at room temperature, for 1 h, and then they were kept
under agitation overnight, at 4 °C, to ensure protein rehydration. Likewise, two CHS dispersions
(0.20%, m/v), were obtained by adding the polysaccharide powder in chloride acid aqueous
solution (pH 4.0 or 6.0) under intensive magnetic stirring (1000 rpm) overnight, at 25 °C. The
pH of both resulting dispersions was adjusted to 4.0 or 6.0, by the addition of HCI (1.0 mol-L”
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1 or NaOH (1.0 mol-L!). Moreover, sodium azide (0.01%, w/v) was added in all dispersions

in order to inhibit the growth of microorganisms.
2.3.Spectroscopic approaches

2.3.1. UV-Vis absorption spectroscopy

The UV-vis absorption spectra were obtained for both pH values (4.0 and 6.0) in a
UV-1800 spectrophotometer (Shimadzu, Japan), using a quartz cuvette of 1 cm path length. All
of them were recorded in the wavelength range of 200-400 nm, at 25 + 1 °C. OV A concentration
was fixed at 5.0 pmol-L"!, whereas CHS concentration varied from 0.0 pmol-L™! (control) to 4.0
pumol-L!. Also, the spectrum of CHS (4.0 pmol-L!) alone was measured. All UV-Vis spectra
were corrected by subtracting the proper baseline. Peaks formed close to the wavelength range
270-280 nm are related to the microenvironment polarity around the aromatic amino acids
tryptophan and tyrosine. Therefore, in order to evaluate complexes formation and possible
structural changes on the protein upon interacting with chitosan, shifts in the maximum

absorption peak and spectra intensity increase were evaluated.

2.3.2. Fluorescence emission spectroscopy

The fluorescence analyses of OV A dispersions (pH 4.0 or 6.0) at a fixed concentration
of 20.0 umol-L‘1 in the presence of several CHS concentrations (0.0, 3.0, 4.0, 5.0 and 6.0
umol-L'!) were performed in a K2 spectrofluorimeter (ISS, USA), using a quartz cuvette
(Suprasil®) of 10 mm path length. The emission spectra were collected at 25 £ 1 °C, controlled
by a circulating water bath 9001 (PolyScience, USA). The excitation wavelength was set at 280
nm, in order to only excite tryptophan and tyrosine residues, and the emission wavelength range
was between 290-450 nm. The excitation and emission slit widths were fixed at 5 nm. All
spectra were corrected by subtracting the proper baseline.

Additionally, in order to evaluate the fluorescence quenching mechanism in the OVA,

the Stern-Volmer equation (1) [24-26] was applied:

r, _ _ k
== 1+K - [CHS]=1+ I [CHS] (Eq. 1)

in Eq. (1), Foand F are the fluorescence intensities before and after the addition of the
polysaccharide, respectively; Ksvis the Stern-Vomer constant; [CHS] is the concentration of the
quencher; kg is the bimolecular quenching constant; and 7, is the lifetime of the fluorophore in

the absence of the quencher (~10%5)[9].
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2.3.3. Fourier Transform — Infrared (FT-IR) spectroscopy

FT-IR spectroscopy was applied in order to analyze the biopolymer dispersions at both
pH values (4.0 and 6.0), at 25 + 1 °C. Prior to the analyses, the protein with a fixed concentration
(5.0 pmol-L") was mixed with different CHS concentrations (0.0 umol-L'!, control, to 4.0
umol-L). Subsequently, these systems (protein alone and mixtures) were lyophilized (LS 3000,
Terroni, Brazil). The analyses were carried out directly on the lyophilized systems, that is, the
OV A powder (alone) and the mixture containing different amounts of the polysaccharide, using
a spectrometer (600-IR, Varian, USA) equipped with an attenuated reflectance accessory
(GladiATR, PIKE Technologies, USA) over the region of (1200-1700 cm™). The absorption
spectra were normalized and deconvolved in Lorentzian components in the PeakFit software
(v.4.12, SeaSolve Software Inc., 1999-2003). Each spectrum was an average of three
measurements. Protein and peptides infrared spectra give rise to five typical bands, being three
of them the amide bands (I, II, and III), which are the most common used to study protein
structure. These three amide bands correspond to the wavenumber region range of 1200-1700
cm’!. The spectra from such regions are mainly due to stretching vibrations of C=0O coupled
with C-N stretch, and N—H bending [27,28] and because of this, it is the often used to verify
protein secondary structure modifications. Therefore, the analyses were performed in the

wavenumber region of 1200-1700 cm™’, in order to evaluate possible changes.

2.3.4. Circular Dichroism (CD) spectroscopy

CD spectra of the protein dispersion, at pH 4.0 and 6.0, were obtained in a Jasco J-810
spectropolarimeter (Jasco Corporation, Japan) fitted with a temperature controller Peltier PFD
425S (Jasco Corporation, Japan) and coupled to a thermostated bath AWC 100 (Julabo,
Germany). OVA concentration was fixed at 5.0 umol-L"!, whereas CHS concentration varied
from 0.0 umol-L'! (control) to 3.0 pmol-L!. All CD spectra were collected at 25 + 1 °C (unless
it is stated otherwise), under nitrogen flush to avoid equipment damage, using a 0.1 cm path
length quartz cell, in the far-UV wavelength range of 200-260 nm and a data pitch of 1.0 nm.
The scanning speed, bandwidth, and slit width were set to 100 nm'min’!, 1.0 nm, and 1.0 um,
respectively. Ten accumulations were taken in order to improve the signal to noise ratio of the
experiment. Prior to the measurements, the OV A stock dispersions had to be diluted at least 8
fold. All CD spectra were corrected by subtracting the proper baseline and normalized to protein
mean molar residue ellipticity [8ova] was normalized according to the Equation 1.

[Ooval = _C'—l_e . 100.. 1‘?M Eq. 1
ova "
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in which, [Bov4] is the ovalbumin mean molar residue ellipticity, 6 is the CD signal (mdeg)
obtained in the spectropolarimeter, MM is the protein molar mass (kDa), n is the number of
amino acid residues, Cova is the ovalbumin concentration (mg-mL™ ') and [ is the optical path
of the cuvette. Additionally, the secondary structure content in the presence and absence of CHS
were estimated using the CONTIN analysis program with the support of DICHROWEB
(http://dichroweb.cryst.bbk.ac.uk/html/home.shtml) [24,29].

3. RESULTS

The interaction between OV A and CHS was evaluated through a multi-spectroscopic
approach in order to evaluate if supramolecular structures would be formed and consequently
if conformational changes in the protein structure would happen. Such characterization is
important to amplify the complexes/coacervates application in the food, medical and
pharmaceutical industries, since the SS obtained usually presents better techno-functional and
biofunctional properties than the biomacromolecules individually [7,9]. Figure 1 presents the
UV-Vis, FT-IR, CD, and fluorescence spectra of the native protein (without CHS) and the
complexes (OVA in the presence of different CHS concentrations) at pH 4.0 and 6.0. The results
of each spectroscopic analysis are reported in sections 3.1 to 3.4. followed by the discussion in

the section 4.
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Figure 1 — Absorption and emission spectra of OVA in the presence of different CHS
concentrations at pH 4,0 (macromolecules are positively charged) and pH 6,0 (macromolecules
are oppositely charged).
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3.1.UV-Vis absorption spectroscopy

UV-Vis spectroscopy was used to qualitatively evaluate the formation of complexes
between OVA and CHS at both pH values (4.0 and 6.0) and, therefore, possible alterations in
the tertiary structure of the protein by means of the microenvironment change around the
chromophore groups, which are the aromatic aminoacid residues [30].

As depicted in Fig. 1, the maximum peak of each spectrum occurred at 278 nm.
Furthermore, the higher the chitosan concentration, the greater was the UV-Vis absorption
intensity of the systems. In terms of microenvironment, polarity around tryptophan and
tyrosine, no shift in the maximum UV-Vis absorption peaks was observed with the increase of

CHS. These behaviors were observed for both pH values 4.0 and 6.0.

3.2.Intrinsic fluorescence spectroscopy

OVA is a glycoprotein with three tryptophan and nine tyrosine residues, that in contact
with the microenvironment surrounding them could provide information about possible
conformational changes in the structure of the biomacromolecule [11,25]. Fig. 1 shows the
emission spectra of OVA (excited at 280 nm) in the absence and presence of CHS, at pH 4.0
and 6.0. The spectrum of the protein alone is characterized by a single peak at around 331 and
333 nm, for pH 6.0 and 4.0, respectively.

In terms of fluorescence intensity, two behaviors were observed for each pH value. At
pH 4.0, smaller concentrations of chitosan (3.0, 4.0, and 5.0 pmol-L'l) quenched the
fluorescence emission of the protein, whereas the largest CHS concentration (6.0 umol-L ') led
to a slight increase on the emission. On the other hand, at pH 6.0, it is noticeable that as CHS
concentration increased from 3.0 umol-L ! to 6.0 pumol-L™! the fluorescence intensity of OVA
was quenched. For both pH values, no obvious shift of OVA emission spectra was observed.
Since the quenching phenomenon was only clearly noticed at pH 6.0, the Stern-Volmer equation
(1) was applied to estimate the Ksv.

Figure 2 shows a plot of £2 versus [CHS], in which the slope of the curve yielded the
F

Stern-Volmer constant. Noticeably, the kq value (1.21 x 10'® L-mol!-s™) is greater than the

maximum diffusion collision quenching constant of macromolecules (2.00 x 10'° L-mol!-s™1)

[9].
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Figure 2 - Stern-Volmer plot of OVA with increasing CHS concentrations.

3.3.Fourier Transform — Infrared (FT-IR) spectroscopy

The structural characterization of OVA (5.0 umol-L) at different CHS concentrations
(0.0 to 4.0 umol-L'!) was evaluated by FT-IR spectroscopy, which gives rise to spectra from
vibrational motions, mainly stretching and bending, of chemical bonds. As already stated in
literature, in proteins, the three most prominent bands for structural characterization are: amide
I near 1,650 cm™ (C=O stretch conjointly with weak C—N stretch and N-H bend), amide II near
1,550 cm™ (N-H bend and C—N stretch), and amide III near 1,300 cm™ (C—N stretch, N—H bend,
along with deformation vibrations of C—H and N—H) [27,28]. For both pH values, changes in the
intensity and bands displacement were regarded as possible secondary conformational
alteration.

At pH 6.0, native OVA (5.0 umol-L!) spectrum presented a slight peak at 1,654 cm™!
and a stronger one at 1,631 cm™! (C=0 stretching) in the amide I band. Moreover, in the amide
II band, other three characteristic peaks were observed at 1,566, 1,541, and 1,513 cm™ (C-N
stretch and N—-H bend). For the amide III, the bands were found to be at 1,311, 1,273, and 1,234
cm! (C-N stretch and N-H bend). Upon adding CHS at different concentrations, no major
displacement was noticed for the amide band I (1,654 to 1,656 cm™). On the other hand, for

amide band II, the most expressive changes observed were shifts from 1,566 to 1,588 cm™! and
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from 1,513 to 1,520 cm™! (C—N stretch and N—H bend), at CHS concentration of 3.0 pmol~L‘1.
Regarding amide band III, spectra shift was noticed, at CHS 1.0 pmol~L‘1, from 1,311 to 1,301
cm! and from 1,234 to 1,251 (C—N stretch and N—Hbend).

Similarly, at pH 4.0, native OVA (5.0 umol-L!") spectrum showed two peaks in the
amide I region at 1,659 and 1,627 cm™! (C=O stretching), which presented no expressive band
shift upon polysaccharide addition (1,655 and 1,630 cm™!, respectively). For amide II band,
another peak was observed at 1,511 cm™ with a shift band to 1,517 cm™, when CHS
concentration was 1.0 pmol~L'1 (C—N stretch and N-H bend). Furthermore, the amide III band
showed two characteristic peaks at: 1,311 (native protein) with band shifts to 1,308, 1,319, and
1,323 cm’! for CHS concentrations of 1.0, 2.0, and 4.0 pmol-L'] (C—N stretch and N-H bend),
respectively; and 1,252 cm™! (native protein) with band shifts to 1,239, 1,242, and 1,247 cm’!
for CHS concentrations of 1.0, 2.0, and 4.0 umol-L' (C-N stretch and N-H bend), respectively.
Noticeably, in terms of absorbance, as CHS concentration increased the intensity of absorption

reduced, for both pH values.

3.4. Circular Dichroism (CD) spectroscopy

Circular dichroism is a spectroscopic technique which allows an assessment of proteins
conformational changes, upon the interaction with ligands or submitted to different extrinsic
medium conditions. Theoretically, at wavelengths below 260 nm (far UV), the absorption of
light is mostly because of the peptide bond, in which there is a broad n = 7* transition (at ~
220 nm) and an even more intense © = 7* transition near to 190 nm. On the other hand, at
wavelengths above 260 nm (near UV) the spectra arise mostly because of the aromatic
aminoacids [31]. Therefore, depending on the region of study, modifications in both secondary
and tertiary structures may be evaluated. In this study, the spectra of OV, in the absence and
in the presence of CHS (1.0-3.0 umol-L'!), were recorded in the range of 200-260 nm, in order
to evaluate if there were any changes in the secondary structure of the protein with the increase
in chitosan concentration. CD spectrum of native ovalbumin, at pH 4.0 and 6.0, presented
negative peaks in the range between 208 and 222 nm (Fig. 1), which is typical of a- helical
regions.

However, at pH 6.0, a quantitative analysis of the spectra revealed that native OVA
(without CHS) had approximately 4.2% a-helix, 34.5% p-sheet, 4.6% B-turn, and 56.8%
random coil structures. At 1.0 pmol-L ! and 2.0 umol-L"! CHS concentrations, the changes in -
helix content ranged from 4.2% (native) to 4.6% and 5.5%, respectively. Furthermore, the molar

ellipticity value slightly decreased. On the other hand, at the same CHS concentrations,
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a minor increase in -sheet content (34.5% to 39.9 and 38.8%, respectively) concomitantly with
a decrease in random coil (56.8% to 55.6 and 37.5%, respectively) was observed. Additionally,
at 3.0 umol-L! CHS, it was noticeable an expressive raise in the molar ellipticity value of OVA,
when compared to the other concentrations. In this case, a-helix and B-turn content increased
from 4.2% and 4.6% (native) to 15.2%, whereas B-sheet and random coil structures decreased
from 34.5% and 56.8% to 13.7% and 55.9%, respectively. No major shift (in terms of blue or
red shift) was observed in the spectra after the addition of CHS.

At pH 4.0, the spectra deconvolution yielded analogous results (to pH 6.0) for the
native protein (OV A without CHS), which contained 4.2% a-helix, 36.2% [B-sheet, 4.6% [B-turn,
and 55.0% random coil. Furthermore, at 1.0 um01~L'1 of CHS an increase in a-helix (6.3%) and
B-sheet (42.9%) simultaneously with a decrease in B-turn (0.0%) and random coil (50.7%) was
observed. On the other hand, when adding 2.0 pmol-L! and 3.0 umol-L"! of CHS did not trigger
substantial changes in the protein secondary structure. Moreover, no expressive shift in the
spectra was observed upon CHS addition. Table 1 summarizes the percentage of each secondary

structure of OVA, at pH 4.0 and 6.0.

Table 1 - Percentages of different elements of the secondary structure of OV A in the absence
and presence of CHS (1.0 - 3.0 umol-L!), at pH 4.0 and 6.0 (T = 25 °C).

pH 4.0 (both macromolecules are positively charged)

Sample % (a-helix) % (B-sheet) % (B-turn) % (random coil)

OVA without CHS 4.2 36.2 4.6 55.0
OVA-CHS 1.0 pmol-L! 6.3 42.9 0.0 50.7
OVA-CHS 2.0 pmol-L! 4.9 38.5 3.6 53.0
OVA-CHS 3.0 pmol-L! 4.4 39.2 0.0 56.5

pH 6.0 (macromolecules are oppositely charged)

OVA without CHS 4.2 34.5 4.6 56.8
OVA-CHS 1.0 pmol-L™! 4.6 39.9 0.0 55.6
OVA-CHS 2.0 pmol-L! 5.5 38.3 18.6 37.5
OVA-CHS 3.0 pmol-L! 15.2 13.7 15.2 55.9

4. DISCUSSION
In order to understand the nature of the intermolecular interactions between OV A and
CHS as well as if possible structural changes occured in the protein, four distinct spectroscopies

were undertaken: UV-Vis, Fourier transform-infrared, circular dichroism, and intrinsic
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fluorescence. In this section, we aimed at relating the results that were observed in each
spectroscopy to gain insights and propose hypothesis on how the association between the
macromolecules would happen.

Even though UV-Vis spectroscopy is widely used to studyconformational changes of
proteins when in contact with ligands, it gives only qualitative information and should be
applied conjointly with other techniques. Therefore, the OVA-CHS complex formation was
monitored through UV-Vis absorption and fluorescence emission, in order to assess tertiary
conformational modifications on OVA.

In UV-Vis spectra, the appearance of peaks at 278 nm originates from the n—>m*
transition of the aromatic residues [mainly tyrosine (Tyr) and tryptophan (Trp)]. In its native
conformation ovalbumin presents three Trp and nine Tyr residues which are highly sensitive to
the microenvironment where they are inserted. Slight perturbations around these aminoacids
residues could suggest that some sort of interaction would be happening between the
biomacromolecules, yielding possible changes in the structure of the protein.

For pH 6.0, the higher the concentration of CHS, the greater was the UV-Vis
absorption intensity of the systems. Other studies have reported the same behavior for different
biopolymers interactions, namely konjac glucomannan—Zanthoxylum armatum DC. seed
glutelin [9], ovalbumin—gum arabic [11], and procyanidin dimer—o-amylase [26]. Furthermore,
regarding the fluorescence spectroscopy, the augment in polysaccharide concentration caused
the quenching phenomena of the protein, indicating that OVA and CHS interacted at some level.
It is also noteworthy that, in terms of microenvironment polarity, no shift in the maximum UV-
Vis absorption and fluorescence emission peaks was observed with the increase of CHS, which
is an indicative of no major tertiary structure change of the protein.

Fluorescence quenching, i.e., the decrease in fluorescence intensity of a sample, may
be a result of several intermolecular interactions [25] and it appears as an outstanding
spectroscopic approach to study the interaction between proteins and several ligands.
Tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe) are the major intrinsic fluorophores
present in proteins. However, Trp, which is highly sensitive to the microenvironment where it
is inserted, exerts the maximum effect on protein fluorescence due to the indole group and,
therefore, it might be used to locate this residue in polypeptide chains. As it can be seen in Fig.
1, the spectrum of the protein alone, at pH 6.0 is characterized by a single peak at around 331
nm, which is typical of well-folded proteins, with intrinsic fluorophores buried within the
hydrophobic pocket [25,32]. Indeed, Fig. 3 shows that the Trp residues are located in the inner

part of the polypeptide chain (in the native OV A conformation). Since at this pH CHS and OVA
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are oppositely charged, electrostatic interactions between —NHj3* groups (present on CHS
backbone) and —COO (present on the protein) were expected, being the driving force of
complex formation and quenching of the fluorescence. However, hydrogen bond, hydrophobic
interactions, and van der Waals forces, may also be stabilizing the structure of OVA, as it was

observed by CD and FT-IR spectroscopies.

A

Figure 3 — Ribbon structure (A) and Connolly surface structure of the OVA (B). Green and
orange colors represent the tryptophan and tyrosine residues, respectively. These images were
elaborated with data from the PDB entry 10V A [33], without any modification of the crystal
atomic coordinates, using (Pymol, version 2.2) software package.

According to Lakowicz [33], fluorescence quenching may be either static or dynamic
(collisional), depending on the type of molecular contact between the protein and the ligand.
Static quenching is characterized by the formation of a non-fluorescent complex between the
fluorophores in the ground state and the quencher. In turn, for the collisional quenching to
happen, the quencher has to diffuse onto the fluorophore during the lifetime of the excited state.
At pH 6.0, in which the macromolecules were oppositely charged, the kq value (1.21-10'
L-mol!-s) showed to be about one thousand greater than the maximum diffusion collision
quenching constant commonly admitted for macromolecules (2.00- 10" L-mol!-s) [14],
suggesting that the mechanism of fluorescence quenching between OVA and CHS would be
static. At pH 4.0 (both biopolymers positively charged), such constant could not be calculated
and, therefore, no inference could be done about the mechanisms of interaction between the
biomolecules. In order to better clarify the quenching mechanism of OVA by CHS, at pH 6.0,

the behavior of Ksyas a function of temperature should be further evaluated.
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Similar behavior was noticed for the interaction between the biopolymers at pH 4.0.
The maximum emission peak of OVA (without CHS) was around 333 nm, indicating that the
polypeptide chain was well-folded, with the intrinsic fluorophores inside the protein structure.
Moreover, Fig. 1 shows that with the increase in CHS concentration from 3.0 umol-L ' to 5.0
umol-L!, the emission spectra of OVA were progressively quenched. Besides, the increasing
of CHS concentration [0.0 to 4.0 umol-L'] promoted the raise in the UV-Vis absorption of
protein. Another noteworthy behavior was noticed for CHS 6.0 umol-L!, in which the
fluorescence intensity increased. We believe that at this highest chitosan concentration, the
polysaccharide could have affected the protein structure in a way that the fluorophores would
be slightly exposed to the solvent, explaining the increase in the fluorescence intensity. These
conjoint spectroscopic results indicate that OVA and CHS interacted at some molecular level,
especially through non-electrostatic interaction types, since both biomolecules are positively
charged, without a major wavelength shift and consequently a significant conformational
modification in the protein tertiary structure. Such idea can also be corroborated by the FT-IR
results, which showed that at a given concentration shift bands occurred mostly due to C-N
stretch and N—H bend, suggesting that hydrogen bonding and van der Waals interactions could
be promoting the supramolecular structures formation.

At both pH values, the quenching phenomenon could be attributed to the fact that inter
and intramolecular interactions among the protein and polysaccharide chains occurred,
inhibiting the fluorescence emission of the intrinsic fluorophores that would be surrounded by
chains of the macromolecules. In addition, chitosan is a polysaccharide which presents —NH3
groups (at pH < pKa = 6.4) that along with other electron-deficient groups, such asprotonated
histidine, lysine, and —COOH may provoke the quenching of the Trp residues [25]. We
hypothesize that this effect could occur due to the capability of such electron-deficient groups
to difficult the emission of excited electrons on the molecules. Additionally, at pH 4.0, OVA is
close to its isoelectric point (pH 4.9), possibly presenting weak intermolecular electrostatic
repulsion and, consequently, enabling the interaction of some chains of the protein, which, in
turn, would favor the fluorescence quenching, due to the hiding of some intrinsic fluorophores.
Noticeably, the fluorescence intensity of OV A at this pH is much weaker when compared to
that at pH 6.0. Niu et al. [11] observed the same quenching phenomenon when studying the
interaction between ovalbumin and gum Arabic at pH 4.0 and 6.0. Likewise, they attributed the
quenching phenomenon to the collision of gum Arabic chains and protein molecules, which
would cause perturbations around the Trp residues, forcing this aminoacid to move to the

hydrophobic pocket of the protein.
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Regarding the CD spectrum of native ovalbumin at pH 6.0, two negative peaks
appeared in the range between 208 nm and 222 nm (Fig. 1), typically of a-helical proteins.
Upon spectra deconvolution, native OVA (without CHS) showed approximately 4.2% a-helix,
34.5% p-sheet, 4.6% PB-turn, and 56.8% random coil structures (Table 1). Such result
corroborates the fact that proteins with high fractions of B-sheet generally exhibit greater
denaturation temperatures than those which contain large amount of a-helix structures [34].
Indeed, OV A presents denaturation temperature around 84 °C, that could be explained by the
greater thermic stability of B-sheet when compared to a-helix. Jesus et al. [17], similar to what
we have observed, found that native OV A presented nearly 35% [-sheet, when they studied the
impact of chitosan inclusion in poly-g-caprolactone nanoparticles on the secondary structure of
adsorbed ovalbumin, using CD in the region of 190-260 nm.

Noticeably, at 1.0 pmol-L ! and 2.0 pmol-L™! CHS concentrations, the changes in a-
helix content was negligible, ranging from 4.2% (native) to 4.6% and 5.5%, respectively.
Furthermore, the molar ellipticity value slightly decreased at these concentrations, suggesting
that the interaction of the polysaccharide to the protein did not cause a major modification on
this type of secondary structure of OVA. On the other hand, at the same CHS concentrations,
the increase in B-sheet content (34.5% to 39.9 and 38.8%, respectively) concomitantly with a
decrease in random coil (56.8% to 55.6 and 37.5%, respectively) would indicate that these kinds
of secondary structures could give rise to a stabilization mechanism of OVA, in the CHS
presence, through hydrogen bonding between the carbonyl groups on the protein and the amino
groups on the polysaccharide and protein molecules. Indeed, as it is well known, B-sheet
structures are mostly stabilized by H-bonding, which corroborates our hypothesis. FT-IR results
also support such possible protein conformational change as it interacts with chitosan, since a
spectra shift in the amide III band was noticed from 1,311 to 1,301 cmand 1,234 to 1,251 (C—
N stretch and N—H bend) when in the presence of CHS 1.0 umol-L!.

Additionally, at 3.0 pmol-L!' CHS, the conjoint analyses of CD and FT-IR, showed the
increase in the molar ellipticity value and the spectral shift in the amide II band (C-N stretch
and N-H bend), respectively. It suggests that the macromolecules interacted, causing major
secondary structure modifications on the protein, when compared to the other concentrations.
Moreover, it was noticeable that at all chitosan concentrations studied, FT-IR spectra intensities
diminished, indicating that CHS interacted with C=0, N-H, and C-N groups present on OVA
[35] most likely through electrostatic attraction (biopolymers were oppositely charged),

hydrogen bonds, and van der Waals interactions.
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A possible explanation for these behaviors is that, at pH 6.0, the polysaccharide is close
to its pKa value (6.4) and, therefore, the content of —NH3" in the chitosan chains is
approximately 55.0%. In this case, no much intra and/or intermolecular repulsion would be
happening, which would cause the chains of the polysaccharide to be closer to each other,
forming agglomerated ‘packs’ of CHS. As a consequence, some positively charged patches on
CHS could be unavailable to interact with the predominantly negative charged protein and other
types of interaction rather than electrostatic (hydrophobic, H-bonding, and van der Waals) could
be happening in a lesser extent, especially with the increase in chitosan concentration. In
general, these results indicate that the interaction between the biopolymers somehow affects the
structure of the protein mostly when in the presence of higher polysaccharide concentrations
(3.0 pmol-Lh).

A complementary circular dichroism study of ovalbumin in the absence and presence
of chitosan at pH 4.0, in which both biopolymers would be positively charged, was performed,
in order to verify if conformational modifications in the protein occurred. At 2.0 pmol-L! and
3.0 umol-L! CHS, no major modification in the content of secondary structures was perceived
by CD spectroscopy. However, FT-IR results showed that the presence of the polysaccharide at
higher concentrations (mostly 3.0 and 4.0 umol-L'!) caused the bands to shift, indicating that the
interaction between the biopolymers somehow affected the overall secondary structure of the
protein. In addition, at 1.0 pmol-'L"! CHS, there was an increase in [B-sheet content
simultaneously with a decrease in random coil quantity, suggesting that the interaction of OVA
with CHS may have stabilized the B-structure [17]. FT-IR analyses also showed that, at this
concentration, there was a slight shift of amide Il band (C—N stretch and N—H bend), confirming
that interactions between the macromolecules may have occurred. The major modification on
the protein structure at the lowest CHS concentration could be a consequence of less charged
patches on chitosan backbone, which would decrease the electrostatic repulsion between the
macromolecules, enabling other types of interactions, such as hydrophobic, hydrogen bonding,
and van der Waals to happen. However, a more detailed thermodynamic study through
isothermal titration calorimetry (ITC) and intrinsic fluorescence at different temperatures, for
instance, would be necessary to confirm this hypothesis. Such techniques provide
thermodynamic parameters (AH, AS and AG), which allows the inference about the interaction
type between molecules. In addition, molecular modelling could be a powerful tool to address
the specific intermolecular interactions that would be taking place between the biomolecules.

Therefore, as a future perspective, our research team intends to perform in silico studies onthe
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OVA and CHS association, in order to shed a light on the intermolecular interaction between

these biopolymers.

S. CONCLUSION

The interaction between ovalbumin and chitosan at different pH values (4.0 and 6.0)
were evaluated through a multi-spectroscopic approach aiming at understanding if
conformational changes would happen in the protein. At both pH values, we noticed that upon
increasing CHS concentration, the UV-Vis absorption spectra of OVA augmented, whereas the
emission fluorescence intensity was quenched, revealing the interaction between the
biomacromolecules. However, since no spectra shift was clearly observed, it was assumed that
the protein tertiary structure had no major modification. In addition, CD and FT-IR
spectroscopies were used to investigate possible modifications on the protein secondary
structure in the presence of CHS. Results showed that slight changes occurred, which could be
an indicative of OVA-CHS supramolecular formation through different types of interactions, at
pH 4.0 and 6.0. In addition to the molecular phenomena involving OVA/CHS interactions
discussed in the present study, in silico molecular modeling studies are now on the way in our
lab, aiming at find the specific OV A interaction sites between with CHS, as well as identifying

the nature of such interactions.
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Protein-polysaccharide supramolecular structures have demonstrated to be a strategic
alternative to be used in technological applications, due to their improved techno-functionality
as food additives (emulsifying, gelling and stabilizing agents) when compared to the
biopolymers native form. Furthermore, it is noteworthy their wide applicabity as bioactive
carriers to enrich formulations.

In this present work, the study about the interaction between two biopolymers
commonly used in the food industry, the protein ovalbumin and the polysaccharide chitosan,
was performed. Both macromolecules are biocompatible, biodegradable and non-toxic
materials which makes them suitable for a variety of applications. However, in order to explore
the bio/techno-functionality of the complexes obtained from the interaction between these
biopolymers, it is needed to understand the mechnisms behind the association, so it is possible
to direct the structures to the right application.

Therefore, our research team sought, for the first time, to understand, in a molecular
basis and through a multi-spectroscopic approach, the formation of supramolecular structures
from OV A-CHS interaction. Such research allowed the comprehension of basic and advanced
science, which contributed to the researchers’ professional and (most important) human
resource development. Besides, it provided to the student abilities to develop strategic ways to
better plan his activities as well as to solve problems. Moreover, by performing this project, the
student was capable of dealing with several challenges, such as financial limitation, equipment
unavailability and, consequently, results obtention. Nonetheless, it was possible to gather a
reasonable set of results that allowed us to prepare this document. Hopefully, the information
generated in this dissertation will be used as a reference to other studies in this related area.

As a perspective, we intend to keep studying the exactly mechanisms of interaction
between OVA and CHS through more sophisticated techniques, that will allow our research

group to wide the technological applicability of OVA-CHS supramolecular structures.
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Appendix

A.1. FT-IR spectra of (A) OVA [5.0 umol-L‘1 (control)] (B) CHS [4.0 umol-L‘1 (control)] (C)
OVA-CHS 1.0 umol-L! (D) OVA-CHS 2.0 umol-L! (E) OVA-CHS 3.0 umol-L! (F) OVA-
CHS 4.0 pmol-L''. Absorbance from FT-IR (--) through deconvolution in Lorentzian

components (—), at pH 4.0. The protein concentration was fixed (5.0 umol-L™" ) in the mixtures.
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A.2. FT-IR spectra of (A) OVA [5.0 umol-L‘1 (control)] (B) CHS [4.0 ;.lmol-L'1 (control)] (C)
OVA-CHS 1.0 umol-L! (D) OVA-CHS 2.0 umol-L! (E) OVA-CHS 3.0 umol-L! (F) OVA-
CHS 4.0 umol-L'!. Absorbance from FT-IR (--) through deconvolution in Lorentzian

components (—), at pH 6.0. The protein concentration was fixed (5.0 umol-L'!) in the mixtures.
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