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Abstract

Introduction. Magnetofood is food nanoadditive based on double
oxide of bi- and trivalent iron. Functional and technological properties
of food nanoadditive Magnetofood incorporated in lyophilic colloidal
dispersed systems were studied.

Materials and wmethods. Model systems included food
nanoadditive Magnetofood (FesO4), water, agar, pectin, and egg
albumin. The effective viscosity and thixotropic properties were
determined on a rotary viscometer; the strength of the whipped and gel
masses was studied by the shear stress; the change in the foam stability
was recorded by the settling of the foam column over time.

Results and discussion. Nanoparticles Fe;O4 of food additive
Magnetofood capable to form clusters and exhibit properties of self-
organizer caused the formation of electrostatic complexes with proteins
and polysaccharides. The thickening, thixotropic, structure-forming,
and stabilizing properties of Magnetofood added to lyophilic colloidal
systems were studied. Addition of Magnetofood into lyophilic colloidal
systems increases the viscosity of foam systems in 1.10-1.15 times, gel
systems with agar in 1.22—1.27 times and gel systems with pectin in
1.24-1.29 times. This also slows down the destruction processes in gel
structures in 1.15-1.22 times and accelerates the processes of their
recovery after termination of mechanical action by 8.8-9.2%,
increasing their ability to thixotropy in 1.4-1.5 times. Determination of
the ultimate shear stress of colloidal-dispersed systems showed that an
addition of Magnetofood to lyophilic colloidal systems increases
mechanical strength of foam systems with agar by 11.5-12.6% and with
pectin by 8.2-9.1%, of gel systems with agar in 1.32—1.8 times and with
pectin in 1.49-1.57 times. Addition of Magnetofood to lyophilic
colloidal systems increases the speed of gel structuring in 1.73+0.01
times for agar and in 1.67+0.01 times for pectin compared with the
control and a reduction of the amount of gelling agent by 10.0-12.0%
for agar and by 7.0-9.0% for pectin. The foaming ability of egg albumin
increases 1.14—1.40 times at constant foam stability 99.0+1.0% due to
the action of Fe;O4 nanoparticles.

Conclusions. For the first time, the thickening, thixotropic,
structure-forming, stabilizing actions of Fe;Os nanoparticles in
“lyophilic colloids” were studied to determine the functional and
technological properties of food additive Magnetofood.
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Introduction

Lyophilic colloidal disperse systems are microheterogeneous multi- or polyphasic food
systems, often based on high molecular weight compounds such as proteins (egg albumin,
gelatin), and polysaccharides (pectin, agar). Therefore, to find the methods to stabilize
polyphasic "lyophilic colloids", in particular pastille-marmalade products, is relevant. In
addition, in today's conditions of strong competition on the domestic market, producers of
pastille and marmalade are looking for ways to increase competitive ability by improving the
functional and technological characteristics of raw materials which will cause the increasing
of consumer properties, reducing costs, and extending shelf life of the finished products.
Novel natural additives such as materials of plant origins are widely used in recent years in
preparation of different traditional food products (Stabnikova et al., 2021). Application of
non-traditional raw plant materials with various properties are widely used to stabilize the
polyphase structure of pastille and marmalade and maintain the quality and storage stability
of finished products. These materials include industrial food processing wastes from canning,
wine, and sugar beet production, and agricultural wastes from seed-growing farms, cotton
growing, and melon cultivation. Alternative raw materials such as chitosan, vegetable and
fruit products (Cappa et al., 2015; Shaaban et al., 2020) including puree of feijoa, kiwi,
Jerusalem artichoke (Emelike and Akusu, 2019; Silva and Abud, 2017); extracts and
powders of spicy aromatic herbs and vegetable, fruit and berry powders (help to improve the
consistency and consumption characteristics of the finished product, however their
disadvantage is insufficient stability of the gel-like structures) (Moghaddam et al., 2009;
Sicari et al., 2017); sorbitol (Dai et al., 2020); hydrocolloids such as carrageenan and its
sodium, potassium, ammonium salts, including furcellaran, guar gum, locust bean gum, and
xanthan gum (help to increase the moisture holding capacity and improve the elastic
properties of pastille-marmalade products for a long shelf life) (Gawkowska et al., 2018;
Kambulova et al., 2017; Sanzharovskaya et al., 2017) are used in production of pastille and
marmalade. Combined systems of structurants are also widely used, for example
combinations of gelatin with high methoxyl pectin (Yang et al., 2013); hydrocolloids
(Herbagel SW-010, ricogel 8100); sulphated polysaccharides, or k-carrageenan (Kambulova
et al., 2017; Mudgil et al., 2011); agar with concentrate of animal proteins Scanpro (Pertsevoi
et al., 2008), and various modifying systems such as sodium carboxymethylcellulose (Na-
CMC) with ferric chloride (Mudgil et al., 2011); sodium lactate or sodium citrate with
glycerin (Sanzharovskaya et al., 2017), protein-polysaccharide composite materials (Bealer
et al., 2020), and modification of metal nanoparticles and their oxides with polysaccharides,
proteins of plant and animal origin such as egg albumin, gelatin, whey protein, gliadin,
legume and soy proteins, elastin, zein, milk protein (Liang et al., 2007; Mousavi et al., 2019;
Rana et al., 2019; Verma et al., 2018).

A food nanoadditive Magnetofood based on double oxide of bivalent and trivalent iron
with a particle size of the nanometer range from 70 to 80 nm was proposed (Tsykhanovska
et al., 2016). Magnetofood has a chemically active near-surface layer, and is characterized
by amphiphilicity with {-potential of 33—40 mV, which is the basis for its use in the
production of food with lyophilic colloidal-dispersed structure, in particular pastille-
marmalade products. Addition of Magnetofood corrects the surface activity of structurants
and affects the effective viscosity of dispersed systems, which is one of the factors of gel and
foam forming. Therefore, nanoadditive Magnetofood is able to correct the structural and
mechanical properties of jelly masses and foam-like structures, and interact electrostatically
with the structurants such as egg albumin, gelatin, pectin, and agar enhancing their actions.
Magnetofood nanoparticles promote the formation of various supramolecular structures:
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monolayers, micelles, which capable to stabilize the polyphasic system of "lyophilic
colloids”, form certain of gel, and foam consistency (Tsykhanovska, 2019; Tsykhanovska et
al., 2019a).

The aim of the present research was to study the influence of food additive Magnetofood
on the processes of foaming and gelation in the production of pastille and marmalade.

Materials and methods
Materials

Food additive Magnetofood is a fine powder of brown or black colour with a particle
size of 70-80 nm. By the chemical composition Magnetofood is double iron oxide, Fe;Os,
which was obtained by the chemical coprecipitation from aqueous solutions of bivalent and
trivalent iron salts at alkaline pH (Tsykhanovska et al., 2016).

Model systems, which used in the study, were: (a) gelling agent (pectin or agar) +
Magnetofood; (b) foaming agent (egg albumin) + Magnetofood; (¢) egg albumin + agar or
highly esterified (HE) pectin + Magnetofood; suspensions of nanoparticles Magnetofood in
5% aqueous solution of highly esterified (HE) pectin, agar or 10% egg albumin.

A suspension of nanoparticles in egg albumin solution was obtained by addition of the
calculated amount of Magnetofood into 10% egg albumin solution at a temperature of 18—
20°C under constant stirring 2.0-2.2 turns per second for 3— 5 min followed by holding for
57 min.

A suspension of nanoparticles in solution of agar or HE pectin was obtained by addition
of the calculated amount of Magnetofood into 5% solution of polysaccharide at a temperature
55-60°C under constant stirring 2.0-2.2 turns per second for 5—7 min followed by cooling of
the mixture to a temperature 18—20 °C under continuous stirring.

A suspension egg albumin + agar or HE pectin + Magnetofood was obtained by addition
of the calculated amount of food additive into 5% solution of polysaccharide at a temperature
of 55-60°C under constant stirring 2.0-2.2 turns per second for 5—7 min followed by cooling
the mixture to a temperature 18-20°C under continuous stirring, addition of egg albumin
powder under continuous stirring for 3—5 min followed by holding for 5—7 min.

Methods

Rheological properties

Rheological properties of lyophilic colloidal dispersed systems were estimated by the
measurement of the effective viscosity and calculation of the thixotropy coefficient.

The effective viscosity was determined on a rotary viscometer "Reotest-2" in 5% or
10% aqueous suspensions of model systems of the structurants (agar, pectin, or egg albumin)
at a temperature of 20+£2°C according to formula (1):

n=kUTA (1),

where 1 is the effective viscosity, Pa's;
k is the constant of the measuring node, Pa/V;
U is voltage, B;
T is period of rotation, s;
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A is the shape factor of the measuring unit.
The shear rate was determined by formula (2):

vy=1UT-A ),
where vy is the shear rate, s™'.

The thixotropy coefficient was calculated by formula (3):

Kinix= (Tlrc /ndc)' 100 (3)a

where Kuix is thixotropy coefficient, %;

ndcis the effective viscosity (direct course), Pa's;

Nre 18 the effective viscosity (reverse course), Pas.

To determine the thixotropy coefficient the value of viscosity with a minimum and the
same shear rate were inserted in formula (3).

Mechanical strength of foam systems and gel masses were expressed through the
ultimate shear stress, 1, kPa, which was determined at a temperature of 20+2°C for foam
systems and at 15-25°C for gel systems on agar and at 40-75°C for gel systems on pectin
with an interval of 5°C on modified Kargin-Sogolova scales by studying the fracture force
(under uniaxial compression).

The test sample was placed on a platform, the position of which was regulated bringing
the sample and the punch into a tangential state, loaded scales and fixed the maximum value
of load mass that leads to the crushing of the sample. The fracture force was determined by
the formula (4):

Ps= 4m-g/n-d? 4,

where Py is the fracture force, kPa;
m is weight of load, kg;
g is free fall acceleration, m/s?;
d is the diameter of the sample, m;
1 is coefficient 3.14.

The rate of structuring of gel masses was determined by formula (5):

str — (Tmax - TO) / tir (5)
where Vy is the rate of structuring, kPa/s;
Tmax 18 the maximum value of strength, kPa;
To is the initial value of strength, kPa;
tsr is the duration of structuring, min.
Foaming ability was determined by the Lurie method and calculated by formula (6):

Fa= (V¢#V;s) x 100 (6),
where F, is the foaming ability, %;

V¢is the volume of foam, m?;
V; is the volume of the sample before beating, m?.
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Foam stability was determined as the ratio of the height of the foam column to the total
height of the sample, expressed as a percentage after holding for 6 min for foamy systems,
and 144 min for foam systems and calculated by formula (7):

Fs= (H¢/Ho) x100 ),

where F is the foam stability, %;
He is the height of foam, m;
Ho is the initial height of foam, m.

Statistical analysis

All analyses were performed at least in triplicates, and data were expressed as mean +
standard deviation. The differences were considered statistically significant with a reliability
of a =0.95.

Results and discussion
Influence of Magnetofood addition on the effective viscosity of gel systems

The dependence of the effective viscosity (1) of aqueous solutions of gel systems
“gelling agent + Magnetofood” from the content of Magnetofood, % (w/w), is shown in
Figure 1.

Addition of Magnetofood to all gel systems increased the viscosity in the entire range of
shear stress: for change of y from 1.5 to 40 s™! the effective viscosity increased by 1.22—1.27
times for systems with agar and by 1.24—1.29 times for systems with pectin in comparison
with control (Figure 1). This is due to the chemical activity of the structure-forming cations
Fe?" and Fe*" located on the surface of nanoparticles Magnetofood and their electrostatic
interaction with macromolecules of polysaccharides, which resulted in the formation of a
spatial grid. The expedient amount of Magnetofood to be added to gel systems is 0.15%
(wW/w), because its further increase has almost no effect on the change in viscosity of gel
solutions.

Influence of Magnetofood addition on thixotropic reduction of gel systems

Analysis of the change of thixotropic reduction coefficient of the primary structure of
the aqueous solutions of gelling agents showed an increase in the coefficient of thixotropy,
Kinix, on average in 1.4-1.5 times when Magnetofood was added to the system in comparison
with control) (Figure 2).

The thixotropic properties of gel-like systems with Magnetofood have been shown. The
addition of Magnetofood to aqueous solutions of gelling agents slowed down the destruction
processes in 1.15—-1.22 times and accelerated the processes of restoration of the gel structure
after the cessation of mechanical action by 8.8-9.2%, increasing its ability to thixotropy in
1.4-1.5 times. This is due to the surface-active properties of Magnetofood and their ability
to form a certain consistency and stabilize the lyophilic colloidal dispersed system, which
prevents its separation (Tsykhanovska, 2019; Tsykhanovska et al., 2019a).
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Figure 1. Influence of Magnetofood addition on the effective viscosity of gel systems
containing agar (a) and pectin (b)
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Figure 2. Influence of Magnetofood addition on thixotropic reduction of gel systems containing
agar (@) and pectin (b)
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Influence of Magnetofood addition on foaming processes and rheological

properties of lyophilic colloids

Surface activity and clusterophilicity of Magnetofood can be demonstrated by its
influence on foaming processes and rheological properties of lyophilic colloids of egg
albumin. Influence of Magnetofood addition in different amounts 0.05, 0.10, 0.15, 0.20 %
(w/w of dry egg albumin) on foaming ability (F,) and effective viscosity () of gel systems

Food Technology ——

"egg albumin + Magnetofood" is shown in Figure 3.
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The addition of Magnetofood into solution of egg albumin increased its foam-producing
property in 1.14-1.19 times compared with control due to reduction of the surface tension of
the protein and increased of the rate of coagulation of protein molecules under the action of
Magnetofood. This led to an increase in the volume concentration of the air phase in the
protein solution and to a decrease of the air bubbles sizes. The foam stability of all systems
"egg albumin + Magnetofood" was 99+1% because of the stabilizing action of Magnetofood
due to the presence of nanoparticles with chemically active surface on the interface of phases
in the adsorption layer. This increased cohesion between protein molecules. As a result, the
mobility of the liquid decreased, its flow in the film was slowed down, thus preventing the
coalescence of foam bubbles. At the same time, the viscosity of the liquid in the foam films
increased, which slowed down their destruction and stabilized the foam (F;) at the level of
99+1% (Tsykhanovska et al., 2019b). The addition of Magnetofood also increased in 1.10—
1.15 times the effective viscosity of the system "egg albumin + Magnetofood" due to
electrostatic and coordination interaction of nanoparticles with macromolecules of egg
albumin and branching of the main chains of its macromolecules (Figure 3b). Thus, studies
of the rheological properties of lyophilic colloidal-dispersed systems (aqueous solutions
"gelling agent (agar, pectin) + Magnetofood" and "egg albumin + Magnetofood") confirmed
the hypothesis of adjusting these properties of "lyophilic colloids" due to the influence of
Magnetofood nanoparticles. The rational amount of Magnetofood addition was determined
as 0.15% by weight of the structurant.

Influence of Magnetofood addition on stability of foam systems

Changes of the strength, 7, kPa, of foam systems "egg white + gelling agent +
Magnetofood" during 90 min showed that the addition of Magnetofood accelerated the
gelation process by 2.0-2.5 min on agar and by 2.0-2.2 min on pectin, and increased the
maximum shear stress by 11.9—-12.6 % on agar and by 8.2-9.1% on pectin due the formation
of supramolecular associates with nanoparticles (Figure 4).

The gel-forming effect of Magnetofood reveals in aggregation of polysaccharides and an
increase in the roughness of their channels caused an increase of the stability of the foam
films and an increase in the drag-forming ability of pectin and agar. This increases the
viscosity in the Gibbs-Plateau channels that leads to stabilization of the gel framework of the
foam structure and slows down the process of syneresis. As a result, the process of gel
formation is accelerated and the strength of the whipped mass increases.

Influence of Magnetofood addition on ultimate shear stress of gel systems

Changes of the ultimate shear stress, T, kPa, of gel systems" gelling agent +
Magnetofood" with the amount of Magnetofood 0.15% in time is shown in Figure 5.

Addition of Magnetofood increased the strength of the gel system with agar in 1.32—1.8
times and with pectin in 1.49-1.57 times compared to control.
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Figure 4. Changes of stability of foam systems “egg albumin + gelling agent + Magnetofood” in
time with:
a — agar; b — pectin.
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Influence of Magnetofood addition on the rate of structuring of gel masses

The rate of structuring of gel masses was determined using formula (5) (Figure 6).

0.50

0.45 —

0.40 —

0.35 —
—
0.30 L

0.25

Vstr, kPa/min

0.20 ——
0.15

0.10
0.05
0.00

0 0.02 004 0.06 008 01 0.12 0.14 0.16
Content of Magnetofood, %

—O—agar —A—pectin

Figure 6. Rate of structuring of gel masses

Addition of Magnetofood leads to an increase of the rate of structuring of gel masses
with agar in 1.73+0.01 times and with pectin in 1.67+0.01 times compared to control. This is
due to the ability of Magnetofood to interact with polysaccharides and form an ordered spatial
framework that strengthens the gel-like structures. As a result, the formation of a good texture
of jelly products having high consumer properties is observed. Additionally, the release of
moisture from the products during storage is significantly reduced, so they stay fresh for a
longer time. Studies of the structural and mechanical parameters of lyophilic colloidal-
dispersed systems confirmed the stabilization effect of Magnetofood nanoparticles addition
on the polyphasic structure of “lyophilic colloids”. Introduction of Magnetofood, 0.15% by
the weight of the structurants, in "lyophilic colloids" allows to reduce the amount of
structurants, namely, agar by 9.0-11.0% and pectin by 7.0-9.0%. It also increases the
strength of (a) whipping masses with agar by 11.9-12.6 % and with pectin by 8.2-9.1% in
comparison with control; (b) gel jelly with agar in 1.32-1.80 times and with pectin in 1.49-
1.57 times. Thus, application of food additive Magnetofood accelerates and enhances the
processes of structure formation in lyophilic colloidal dispersed systems.

Conclusions

1. Nanoadditive Magnetofood based on double oxide of bivalent and trivalent iron possesses
surface activity and clusterophilicity.
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2. Nanoadditive Magnetofood being added into lyophilic colloid-disperse system
accelerates and enhances the processes of its structure formation due to electrostatic and
coordination interactions of nanoparticles with macromolecules of egg albumin and
polysaccharides.

3. Addition of Magnetofood into the polyphase dispersed system increases its effective
viscosity, foaming ability; reduces the speed of structuring; increases the mechanical
strength and improves the thixotropic properties of foam and gel systems, which ensured
high quality of the final product and extend its shells life.

Recommendations

The conducted research demonstrated high functional-technological potential of food
nanoadditive Magnetofood, which application in technologies of food products with
polyphase structure can improve functional-technological properties of heterogeneous
dispersed systems and extend shelf life of finished products.
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