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Abstract. 1  The novelty of the work is the theoretical 
justification and experimental confirmation of the 
mechanism of interaction of Fe3O4 nanoparticles with Н2О 
and ovalbumin-OVA, which was carried out with the help 
of a complex of physical and chemical studies. It was 
determined that the mechanism is based on the clustero-
philicity of nanoparticles and hydrogen, electrostatic and 
van der Waals interactions. It was established that the 
interaction of Fe3O4 nanoparticles with OVA took place 
by the mechanism of static quenching with the formation 
of an intermolecular non-fluorescent complex that chan-
ges the native structure of OVA. The binding constant 
varied from 3.3×105 to 4.8×105 L·mol-1 depending on the 
pH value of the medium and temperature. Thermody-
namic calculations confirmed the spontaneity of the bin-
ding process with the predominance of the enthalpy 
factor. 
 
Keywords: Fe3О4 nanoparticles, water, OVA, binding, 
water absorption, water retention. 

1. Introduction 

A polyphase structure is characteristic of a wide 
range of products of the national economic complex. 
Accordingly, various products of the agro-industrial 
industry have a multi-component heterogeneous structure. 
Therefore, the problem of stabilization of polyphase 
“lyophilic colloids” is urgent. The approach to the 
stabilization of lyophilic colloid-dispersed systems from a 
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chemical point of view, and in particular, colloid 
chemistry, is based on the functional and technological 
properties of the chemicals that make up these systems: 
proteins, carbohydrates, lipids, lipoproteins, H2O, etc. 
That is caused by the spatial location and interaction of 
the system's constituent parts.1 Studying the interaction of 
components of dispersed systems is one of the crucial 
stages in developing innovative industrial technologies.2 
However, due to the multicomponent composition of the 
dispersed matrix, it is practically impossible to predict the 
functional effect of its components.3 One of the key 
structure-forming components of colloidal dispersion 
systems is proteins of plant or animal origin. Each type of 
protein has different functional properties, such as 
solubility, structure formation, emulsification, gel and 
foam formation, viscosity increase, binding, and retention 
of water molecules.2,3 

The use of nanomaterials is a promising area of 
innovative development of industrial technologies. The 
interaction of nanoparticles with biopolymers of dispersed 
systems (proteins, carbohydrates, lipoproteins) is a 
complex of complex chemical interactions, where the 
supramolecular organization of nanoparticles and the 
structure of the organic matrix play an essential role.4,5 As 
a result of this process, spatial nanostructures are formed, 
which significantly affect the functional and technological 
properties of the constituent components of heterogeneous 
systems.6 Important information for understanding these 
processes can be obtained by studying the nature and 
strength of the interaction of nanoparticles with chemical 
substances of colloidal dispersion systems.7 This approach 
provides a basis for understanding the interaction and 
behavior of chemical substances during the formation of a 
micromatrix, which affects the functional properties on a 
macroscopic scale.8 

Currently, a number of studies has been conducted 
on the use of Fe3О4 nanoparticles in innovative industrial 
production.9 This component has a nanometer size, stable 
physical and chemical characteristics, and high functional 
and technological potential. 
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It is used to adjust the functional and technological 
properties of raw materials (stabilizing, water– and fat-
binding abilities) and to improve the quality of finished 
products.10-12 In addition, to increase water and fat bin-
ding, water and fat retention; improving the stabilization of 
polyphase systems using ZnO nanoparticles applied to a 
carboxymethylcellulose film; AgNPS, micro– and nano-
sized powders of various origins, modified nanocomposite 
(CNS-nZVI) with high adsorption capacity13-15 are used. 
The expediency of their use is determined by a wide range 
of functional and technological properties, thanks to high 
dispersion, shape, structure, and physicochemical indi-
cators. 

Thus, the problem of stabilization of the polyphase 
structure, in particular, due to complex structure forma-
tion, water binding, and water retention, is actual. 
Knowledge of the mechanisms of binding and retention of 
water by chemical substances, in particular proteins, 
carbohydrates, lipoproteins, etc., allows to rationally use 
new types of raw materials and predict the behavior of its 
components in dispersed systems during technological 
processing and during use and storage of finished pro-
ducts. To improve the technological process and optimize 
its manageability, the following points are of great 
importance: knowledge of the mechanisms of hydrophilic 
interaction of basic chemical substances (proteins, 
carbohydrates, lipids); regulation of moisture sorption-
desorption processes using technological parameters 
(temperature, acidity, etc.) and technological methods 
(introduction of biologically active and other substances). 

Since the process of stabilizing, water-binding and 
water-holding capacities by nanoparticles of double oxide 
of bi– and trivalent ferrum (Fe3O4) and the mechanism of 
their interaction with protein molecules are not 
sufficiently investigated and substantiated, in this paper 
we present studies that are related to determining the 
nature of the interaction of Fe3O4 nanoparticles with H2O 
and the sickle series protein – ovalbumin-OVA. 

The aim of the research is to study the mechanism 
of interaction of Fe3O4 nanoparticles with H2O and with 
OVA. 

2. Experimental Part 

2.1. The Studied Samples Used in the 
Experiment 

Research subjects: 
Selection of the research subject: nanoparticles of 

the double oxide of di– and trivalent ferrum (Fe3О4) and 
OVA were chosen because they are the most promising 
chemicals in terms of improving the stabilizing and 
structure-forming abilities of polyphase systems. In 

addition, ovalbumin OVA is quite popular in a number of 
technologies. 

– sample 1 – highly dispersed Fe3О4 powder from 
dark brown to black in color with particle size <d>70 nm. 
were obtained according to the technology improved by 
the authors, which is based on the reaction of chemical co-
precipitation of iron salts in an alkaline medium.8-10 Initial 
suspensions of Fe3О4 nanoparticles (NP Fe3О4) were 
obtained by dispersing the calculated amount of NP Fe3О4 
in deionized water with pH=7.8 (adjusted with NaOH and 
HCl) at a temperature of 291…293 K for (5...7) × 60 s, 
followed by holding for (10...12) × 60 s. Analyses were 
held using dynamic light scattering (DLS) and ζ-potential; 

– sample 2 – OVA (Ovostar, UA company). 
Ovalbumin-OVA stock solution (4 μM) was prepared in 
100 mM HCl solution (pH adjusted to 1.5) containing 
100 mM NaCl, and working solutions were prepared by 
further appropriate dilution. The concentration of oval-
bumin-OVA was determined by the spectrophotometric 
method at λ=280 nm (molar extinction coefficient – 
30957 M-1cm-1) after appropriate dilution of the solution; 

– sample 3 – “OVA+NPFe3О4” suspension, which 
was obtained by introducing the calculated amount of 
NPFe3О4 into a 3 % solution of ovalbumin-OVA at a 
temperature of (291…293) K with constant stirring 
n = (2.0…2.2) s-1 during (3...5) × 60 s followed by holding 
for (5...7) × 60 s.9 

2.2. Methods of Investigation 

2.2.1. Infrared Fourier spectroscopy (FTIR) 

The vibrational spectra of the studied samples were 
obtained by the IR-Fourier spectroscopy method on the 
Tensor 37 Fourier spectrometer of the Bruker company 
(Germany), controlled by the OPUS software package 
with standard calibration capabilities in the frequency 
range (4000–400) cm-1 in the absorption format (IR– 
Fourier spectra were recorded in KBr tablets).12 

2.2.2. Dynamic Light Scattering (DLS) 

The values of the ζ-potential and hydrodynamic 
radius of OVA, NPFe3O4 and the OVA/NPFe3O4 system 
(1:1 mass ratio) were performed using dynamic light scat-
tering (DLS) (Zetasizer Nano ZS, Malvern Instruments, 
UK) in two media: double distilled water (DDW) (pH ≤ 7) 
and phosphate buffer solution (PBS, 100 mM, pH=7.4) at 
a temperature of 296 K.9,16 

2.2.3. Fluorescence Spectroscopy 

Molecular fluorescence was measured on a 
SOLAR SM 2203 spectrofluorimeter (JSC SOLAR, 
belarus) using quartz cuvettes with an optical path of 
10 mm, height of 45 mm, width of 12.5 mm, and depth of 
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12.5 mm with four polished windows and a camera 
volume is 3.5 mL. Fluorescence spectra of OVA (2.0 μM) 
in the absence and presence of NPFe3O4 (2.0...100.0 μM) 
were recorded from 250 nm to 450 nm with λex=280 nm. 
The width of the slits of the excitation and emission chan-
nels was 4 nm and 7 nm, respectively. All fluorescence 
analyses were performed at pH=4.6; pH=7.4 and 
temperatures of 296 K and 311 K.9,16,17 

The concentration of OVA in the phosphate buffer 
(pH=7.8, 50 mM) was fixed at 2 μM, and changes in the 
fluorescence intensity of OVA were recorded in samples 
with different concentrations of NPFe3O4 in the range of: 
2, 4, 8, 15, 30, 50 and 100 µM. 

2.2.4. Energy Dispersive X-Ray Spectroscopy 
(ЕDХ) 

A scanning electron microscope JSM-820 (JEOL) 
with an EDX attachment was used to determine the 
elemental composition of the studied samples 1–3. X-ray 
spectra were obtained by bombarding the studied samples 
with electrons using an acceleration voltage of 20 kV 
(corresponding to the lines of the characteristic spectra of 
Iron, Carbon, Oxygen, Nitrogen, Sulfur, Potassium, 
Sodium, and Chlorine). The elemental composition of the 
studied samples was determined by analyzing the obtained 
spectra of characteristic X-ray radiation. Lyophilized 
samples 2, 3 were analyzed according to the methodo-
logy.18 Liquid samples 2, 3 in the amount of 12 mL were 
placed in test tubes covered with a polyethylene film and 
paraffin. In which holes were made with a needle. Then it 
was frozen at a temperature of 203 K for 4 hours. Next, 
the test tubes with the samples were transferred to a 
lyophilizer and dried (sublimated) at a temperature of 
(293…298) K for 45 hours. Dried samples were used for 
analysis.11,17 

2.2.5. Water Absorption Coefficient (Degree  

of Swelling) Npfe3о4 

The degree of swelling (Q,  %) was determined on 
the Dogadkin device at two temperatures: (293±5К) and 
(323±8К) in technological environments18 according to 
the formula (1): 

100 100Н

О О

M VQ
М М

ρ
= × = × ,       (1) 

where Mo is the weight of the weight before swelling, g; 
MH is the weight of the sample after swelling, g; ρ is the 
density of the absorbed liquid, g/cm3; V is the volume of 
absorbed liquid, sm3 (V=2⋅Dh⋅Kp); h is the height of the 
absorbed liquid column, cm; D is a tube diameter, cm; Kp 
is a coefficient of the device. 

2.2.6. Water Absorption Capacity (WAC)  
of NPFe3О4. Weight Method  

The technique is based on the binding of water at 
T=293 K by the NPFe3О4 hydromodule, followed by 
centrifugation and determination of the WAC (αm,  %) by 
the standard weight method18 according to formula (2): 

o
m

o

m m
m

α
−

= ,    (2) 

where m0 and m are the weight of NPFe3О4 before and 
after solvation. 

2.2.7. Water Absorption Capacity (WAC) of 
NPFe3О4. Indicator Refractometric Method  

It consists in determining the difference in dry 
matter between solutions of “indicator” sugar and 
NPFe3О4, solvated in a sugar solution.4,10,19 The bound 
moisture was determined according to formula (3):  

2 1

2

( -  )B b bX
P b

×
=

×
,        (3) 

where X is the amount of bound water, g per 1 g of dry 
matter; b1 and b2 are initial and final concentrations of 
sucrose solution  %; B is a mass of 20 cm3 of 10 % 
sucrose solution, g; P is the weight of dry matter, g. 

Free moisture was determined by formula (4): 
0 1

1

( -  ) 100C C mY
C g W

× ×
=

× ×
,    (4) 

where Y is the content of free water,  % of the total 
content; С0, C1 are initial and final concentrations of 
sucrose solution,  %; m is the mass of the original sucrose 
solution, g; g is the weight, g; W is the total water content 
in 1 g of the sample, g. 

2.2.8. Differential Thermal Analysis (DTА) 

Thermographic determinations were carried out on 
the Q-1500D derivatograph of the MOM company 
(Hungary) for a weighing weight of 0.5 g under the 
following derivatogram recording modes: sensitivity of 
DTA-250 galvanometer, DTG-500 galvanometer, TG-500 
galvanometer, rate of change of heating temperature – 
277 K/60 s.12 Based on the change in the TG curve, which 
corresponds to the dehydration process, the temperature T 
curve, the dependence of the degree of mass change α on 
the temperature T was constructed. For this purpose, the 
change in the mass of the sample corresponding to the 
mass fraction of moisture removed at the temperature T 
was found on the TG curve every 278 K, as well as the 
total mass fraction of moisture, which was determined by 
the TG curve at the end of the dehydration process. The 
degree of mass change α was calculated according to the 
formula (5):  
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Тm
m

α ∆
= ,    (5) 

where α is the degree of mass change, ∆mT is the change 
in mass of the sample at temperature (T), 10-3 g; m is the 
total mass fraction of moisture contained in the sample, 
10-3 g. 

2.2.9. Swelling NPFe3О4 

Swelling was determined by infusing a 1 % 
aqueous suspension of the NPFe3O4 test sample for a day. 
Swelling capacity (cm3/g) was estimated as the maximum 
amount of water that the object can absorb and hold until 
the moment of dynamic equilibrium, related to the mass of 
the weight.4,10,19 

2.2.10. Moisture Retention Capacity (MRC) 
NPFe3О4 

Moisture retention capacity was determined by the 
Shokh method as the amount of water adsorbed and 
retained by the raw material component during the infu-
sion and centrifugation of the aqueous suspension.4,10,19  

3. Results and Discussion  

3.1. Justification of the Mechanism of 
Interaction of OVA with Nanoparticles 

of Fe3O4 

3.1.1. Determination of ζ-Potential and 

Hydrodynamic Radius 

ζ-Potential characterizes the stability of dispersed 
systems. A higher electric charge on the surface of the 
particles reduces their tendency to aggregate due to strong 
repulsive forces between them. Suppose the value of 
ζ-potential is above 30 mV, in the range of 5 mV to 
30 mV, and below 5 mV. In that case, it indicates good 
stability, short-term stability, and rapid particle aggre-
gation, respectively. 

The effect of Fe3О4 nanoparticles (NPFe3О4) on the 
surface charge and dispersion of particles in the OVA/ 

NPFe3О4 system was investigated using the ζ-potential 
and dynamic light scattering (Table 1). 

The data in Table 1 show an increase in the ζ-
potential of the OVA/NP Fe3О4 dispersed system by 
1.89...1.92 times compared to OVA. At the same time, the 
ζ-potential of the OVA/NPFe3О4 system has a rather high 
value, which is consistent with the works of other 
authors.9,20 This fact determines the possibility of 
stabilizing dispersed systems based on OVA with Fe3О4 
nanoparticles. The interaction of OVA with NPFe3О4 
leads to an increase in the electrokinetic potential of the 
OVA/NPFe3О4 system (due to an increase in surface 
charge values and prevention of aggregation). The 
increase in the size of NPFe3О4 in solution to 77...78 nm 
compared to the nominal (<d>70 nm) is due to the 
formation of a surface layer of H2O molecules on the 
surface of NPFe3О4. At the same time, in an acidic 
environment, Fe3О4 nanoparticles more intensively enter 
into chemical interactions with H2O dipoles and ionogenic 
groups of OVA, while interactions in solvato– and peptido 
complexes are strengthened.4,5,12 

The effectiveness of the stabilization of dispersed 
NPFe3О4 systems is explained by the formation of a 
double electrical surface layer.21 In the OVA/NPFe3О4 
system, Fe3О4 nanoparticles are located at the boundary of 
the OVA/H2O phase distribution, with the formation of a 
monomolecular solvate layer consisting of water 
molecules that are retained on the surface of the dispersed 
phase (solid NPFe3О4) due to chemisorption processes. 
OVA molecules are oriented around this layer, creating a 
protein shell, while the surface tension at the boundary of 
the phase distribution decreases, which leads to an 
increase in the aggregative stability of the colloidal 
system. In addition, due to the action of Coulomb forces 
of repulsion of equally charged particles, the process of 
increasing the aggregation resistance of the colloidal 
system and reducing the friction force between the 
particles of the dispersed phase occurs. This leads to an 
increase in the dispersed system stability and explains the 
increase in the value of the ζ-potential, as well as 
contributes to the spatial structuring of colloidal 
particles.21 Based on these data, it can be assumed that the 
interaction of NPFe3O4 with proteins, in particular OVA, 
increases the stability of colloidal-dispersed systems and 
contributes to their effective use. 

 

Table 1. ζ-Potential and hydrodynamical size (d) of OVA, NPFe3О4, OVA/NPFe3О4 systems in double distillated water 
(DDW) (pH ≤ 7) and phosphate buffer solution (PBS) 100 mM (рН=7.4) 

DDW (pH ≤ 7) PBS (100 mM, pH=7.4) 
System 

ζ-Potential, mV Hydrodynamical d, nm ζ-Potential, mV Hydrodynamical d, nm 
OVA 17.52±1.14 8.91±0.37 18.22±1.16 6.69±0.21 
NPFe3О4 –32.4±1.64 78.3±2.13  –33.8±1.63 77.2±2.13 
OVA/NPFe3О4 33.2±1.62 76.2±2.09  34.9±1.67 75.3±2.09 

 

*Note. Data represent the mean ± standard deviation of three experiments. (n=3). 
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Table 2. Comparison of the wave numbers of individual peaks in the FTIR spectra of the complex associate 
OVA/NPFe3О4 and the starting substances (OVA, NPFe3О4) 

Position of maxima (wave numbers), cm–1 Fluctuations in bonds  OVA NPFe3О4 OVA/NPFe3О4 
Slide, cm–1 

ν(О–Н),  
ν(N–Н)–Amid А 3406±5 3398±5 3341±5 -(57…65) 

νas (С–Н) 2927±4 – 2927±4 0 
νs(С–Н) – – 2360±4; 2342±3 – 
ν(С=О)– Amid І 1653±3 – 1642±3 -11 
δpl.(О–Н) 1639±3 1633±3 1625±3 -(8…14) 
δpl.(N–Н)– Amid ІІ 1539±3 – 1527±3 -12 
δpl.(С–Н)  1451±3 – 1442±3 -9 
δpl.(С–С), 
δpl.(С–N) – Amid ІІІ 

1237±2 
1244±2 

– 1237±2 
1240±2 

– 
-4 

δpl.(С–С) – – 1155±2 – 
δnon-pl.(С–С) 1079±2 – 1027±2 -52 
ν (Fe–О) – 532±2 588±2 +56 

 
3.1.2. Fourier-Transform Infrared Spectroscopy 

The results of Fourier-transform infrared spectro-
scopic studies of OVA model systems with NPFe3О4 are 
shown in Table 2. 

In an aqueous medium, the surface of NPFe3О4 is 
modified under the influence of OH– groups, due to the 
coordination of surface water dipoles by unsaturated Fe 
atoms, the valence and deformation oscillations of which 
are manifested at ~3400 cm-1 and ~1633 cm-1, respec-
tively.10 An intense broad band with an absorption 
maximum (3341±4) cm-1 is shifted in the complex 
associate toward a low-frequency region compared to the 
vibrational frequency of bonds of free OH– groups and 
Amide A (N–Н) (3398±5; 3406±4) cm-1. A similar effect 
is observed for the deformation vibrations of the OH 
group (Table 2). This fact indicates the participation of 
oxygen atoms of hydroxyl groups and nitrogen atoms of 
amide groups in the formation of coordination bonds with 
iron atoms in NPFe3О4.10,22 

There are also intense absorption bands with 
maxima at (2360±4) cm-1 and (2342±3) cm-1, which are 
absent in the OVA spectrum. These peaks can be 
attributed to symmetric valence (νs) vibrations of the С–Н 
bond, which confirms the presence of electrostatic 
hydrophobic interaction of aliphatic side chains of amino 
acid residues in “clathrates” and “cavitates” arising under 
the action of NPFe3О4.4,10,12 

It is known that the characteristic frequencies of 
vibrations of the amide group of polypeptides (in 
particular, OVA) are observed near 1650, 1540, and 
1240 cm-1 (Table 2), which are generally called the 
vibrations “Amide I”, “Amide II” and “Amide III”, 
respectively.10,23 When OVA is adsorbed on the surface of 
Fe3О4 nanoparticles, there is a shift in the absorption 

bands of the valence vibrations of Amide I ν (С=О) and 
the plane deformation vibrations of Amide II δp. (N–Н) in 
the lower frequency range: ν(С=О) = (1642±3) cm-1; δp. 
(N–Н) = (1527±3) cm-1, respectively.10,22,23 

Absorption bands of in-plane and out-of-plane 
deformation vibrations δpl (С–Н) and δinpl (С–С) shift to a 
lower frequency – in the region: δpl (С–Н) = (1442±3) cm-

1 and δinpl (С–С) = (1027±2) cm-1, respectively, the 
appearance of a new absorption band of plane deformation 
vibrations δinpl (С–С) (1155±2) cm-1 is also observed. This 
confirms the presence of electrostatic hydrophobic 
interaction between aliphatic and alicyclic amino acid 
residues in the complex associate OVA/NPFe3О4.10,17,21-23 

In the spectrum of pure NPFe3О4 (Table 2), there is 
an absorption line of the Fe–O bond with a maximum at 
~532 cm-1, which is in good agreement with data from 
literary sources at ~530 cm-1.5,12 The shift of the 
maximum of the corresponding absorption band of the 
valence vibrations of the Fe–O bond in the OVA/NPFe3О4 
complex to the region of ~588 cm-1 is caused by the 
influence of OVA molecules of the surface layer, their 
interference with the near-surface layer of Fe3О4 
nanoparticles, and chemisorption with iron cations. Thus, 
the research results confirm the existence of a process of 
structure formation between OVA and NPFe3О4. 

3.1.3. Energy Dispersive Spectroscopy (ЕDS) 

To confirm the chemisorption of OVA on the 
surface of Fe3О4 nanoparticles, the EDS method was used 
to determine the chemical composition of the “OVA+ 
NPFe3О4” model system (Fig. 1). 

In the X-ray spectra of the studied samples 1 and 
3, the values of the absorption peaks are around 0.8; 6.3 
and 6.8 keV and are associated with the absorption of 
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kinetic energy of Fe atom electrons (Fig. 1a,c). In the 
spectra of NPFe3О4 nanoparticles covered with an OVA 
adsorption layer (Fig. 1c), there are nine more peaks 
located close to: 0.22 keV; 0.25 keV; 0.27 keV; 
0.30 keV; 0.47 keV; 1.0 keV; 2.4 keV; 2.6 keV and 
3.25 keV. These absorption bands belong to C 
(0.27 keV) and O (0.47 keV) atoms.7,13,20 Moreover, the 
peak at 0.47 keV, characteristic of the O atom, is also 
present in the spectrum of pure NPFe3О4 (Fig. 1, a–c); 
and the peaks around 0.3 and 2.4 keV are associated with 

the absorption of kinetic energy by electrons of N and S 
atoms, respectively. As well as the peaks at 0.22 and 
3.25 keV (atom K); 1.0 keV (Na atom); 0.25 and 
2.6 keV (Cl atom) are observed in the spectra of OVA 
and “OVA+ NPFe3О4” (Fig. 1, b–c).17,18 

Analysis of the EDS spectra of the test samples 
shows that Fe, O, and C (H cannot be investigated) and N, 
S, K, Na, and Cl (for sample c) are the main components 
in the elemental composition of the OVA/NPFe3О4 
system. 
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Fig. 1. EDX– spectra of model systems: a – NPFe3О4; b – OVA; c – “OVA+NPFe3О4” 
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Thus, the investigated samples have the following 
chemical composition: sample a (NPFe3О4) – Fe 75.5 %; 
O 24.5 %; sample b (OVA) – Fe 0 %; O 21,0 %; C 
26.0 %; N 4.4 %; S 11.4 %; K 12.0 %; Na 10.2 %; Cl 
10.2 %; sample c (”OVA+ NPFe3О4”) – Fe 40.7 %; O 
14,7 %; C 19.6 %; N 4.4 %; S 4.7 %; K 6.0 %; Na 3.2 %; 
Cl 3.2 %. Therefore, a new chemical element (Fe), absent 
in OVA (sample b), and six more elements (С, N, S, К, 
Na, Cl), absent in pure NPFe3О4 (sample a) appear in the 
studied (sample c). The result indicates that Fe3О4 
nanoparticles were successfully obtained (sample a) and 
OVA (sample b) chemisorbed on Fe3О4 nanoparticles. 

3.1.4. Fluorescence Spectroscopy 

Structural changes in OVA (in particular, the 
tertiary structure) caused by the effect of NРFe3O4 were 
studied by the method of fluorescence spectroscopy of 
tryptophan. OVA contains three tryptophan Trp residues: 
(the remains have different distances between th N atom 
of the indole fragment and the carboxyl group: Trp160, 
Trp194, Trp275) (Fig. 2a).24,25 The spectral profile of 
OVA emission at different concentrations of NРFe3O4 is 
shown in Fig. 2b. The intensity of fluorescent radiation in 
OVA is determined by pH of the medium of fluorophores. 
At pH = 7.4 in the spectral profile of the  OVA  at the first  

concentrations, the intensity of fluorescence increased by 
9-11 % in the depth of pH = 4.6.9,18 The quantum yield of 
Trp and, therefore, the fluorescence intensity, increases 
with increasing OVA concentration. 

On the contrary, the quantum yield of Trp 
decreases (which leads to a low fluorescence intensity) in 
a polar hydrophilic environment or with an increase in the 
concentration of NРFe3O4.9,17,24 The study of the 
interaction of NРFe3O4 with OVA was carried out at pH: 
4.6 (corresponds to the pH value of most technological 
environments, as well as the pH value of the isoelectric 
point of OVA – pI=4.6) and 7.4 (corresponds to the 
acidity of the biological environment of OVA).16,26 

3.1.4.1. Kinetic Study 
The influence of time on the process of interaction 

of NРFe3O4 with OVA was evaluated at pH=4.6 and 
pH=7.4 (research time – 60 min). The fluorescence ratio 
(F0/F) between the intrinsic fluorescence of the protein 
(λem=335 nm) (F0) and in the presence of NРFe3O4 (F) 
was used as an analytical parameter.9,16 Studies have 
shown that the interaction between NРFe3O4 and OVA 
occurred immediately, regardless of pH. Therefore, the 
interaction was favorable and stable during the studied 
period (60 min). 
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a)       b) 
Fig. 2. Three-dimensional structure of OVA with Trp residues (a). Protein model based on OVA obtained from the Protein Data 

Bank (PDB)25 and fluorescence quenching (b) of OVA (2 µM) at different concentrations 
NPFe3О4 (µM): 1– pure OVA, 2–2.0; 3–4.0; 4–8.0; 5–15.0; 6–30.0; 7–50.0; 8–100.0 (pH=4.6; temperature 296 К) 

 
3.1.4.2. Study of the Mechanism of Interaction 
and Determination of the Binding Constant in 
the System “NРFe3O4+OVA” 

To study the mechanism of interaction of Fe3О4 
nanoparticles with OVA, stationary spectrofluorometric 
titration was performed based on the intrinsic 

fluorescence of OVA.31 The process of fluorescence 
quenching of OVA titrating NPFe3О4 is shown in Fig. 2b. 
OVA has three tryptophan (Trp) residues,16,25 which can 
become more accessible when the protein structure 
changes under the influence of external factors 
(temperature, solvents, chemicals, nanoparticles, etc.). 
The OVA spectrum presents an intense, a broad band 
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with an absorption maximum at 335 nm (excitation at 
280 nm) (Fig. 2b). The introduction of NPFe3О4 into the 
system leads to a decrease in the intensity of the intrinsic 
fluorescence of the protein and a shift of the emission 
band to the blue region by 7 nm,26,27 which indicates a 
chemical interaction between OVA and Fe3О4 
nanoparticles, as well as some changes in the protein 
structure.9,26 The formation of the “NPFe3О4+ OVA” 
complex can be described as an interaction (6): 

nP nL L P+ ↔ ,    (6) 

which is characterized by the complex formation constant 
or binding constant (7): 

[ ] [ ][ ]/ n
a nK L P P L= ,     (7) 

where [P] is the concentration of OVA; [L] –NPFe3О4 
concentration; n is the number of binding centers or seats 
in the protein molecule. 

During the formation of the OVA complex with 
NPFe3О4, connections occur that keep NPFe3О4 in the 
active center. Such connections, depending on the spatial 
and chemical environment of the interacting molecules, 
can be expressed by 4 types of non-covalent interactions: 
van der Waals forces, hydrogen bonds, electrostatic and 
hydrophobic interactions. 

The mechanism of the observed fluorescence 
quenching effect can be due to: a dynamic process, a static 
process, or a combination of both of these processes. 
Usually, the Stern-Volmer equation (8) is used for the 
mathematical expression of the extinguishing mechanism: 

[ ] [ ]0
01 1q sv

F
K Q K Q

F
τ= + = + ,   (8) 

where F0 and F are fluorescence intensity in the absence 
and presence of a quencher, Kq is the molecular 
quenching rate constant (2.0×1010 L•mol-1•s-1), τ0 is the 
average lifetime of a fluorescent molecule in an excited 
state in the absence of quenchers (1×10-8 s), [Q] is the 
quencher concentration, the product kq·τ0=Ksv– the Stern-
Volmer constant or the quenching constant – in the case 
of a static quenching mechanism KSV=Ka. 

It follows from equation (8) that the dependence 
graph F0/F =f [Q] (Stern-Volmer graph) is a straight line, 
the angle coefficient of which is equal to the damping 
constant K.27 If there is one type of quenching, the graph 
in the Stern-Volmer coordinates (variant SV) has a linear 
character; and deviates upward from the linear 
dependence – in the case of joint action of static and 
dynamic damping. In our case (Fig. 3a), the SV variant is 
not linear in nature, i.e., when NPFe3О4 interacts with 
OVA, both dynamic and static types of quenching are 
observed. The binding constant (Kb) was calculated 
according to the formula (9): 

[ ] ( )[ ]
0

0

0

1log log logb
T

F F n K n
F F PF

Q
F

 
 −  = +
 −

− 
 

 
(9) 

where Kb is the binding constant, n is the number of 
binding centers, [Р]Т is the total concentration of OVA. 
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             a                          b 
 

Fig. 3. Fluorescence quenching of OVA (2 μM) at NPFe3О4 concentrations: 2, 4, 8, 15, 30, 50, 100 μM, at pH=4.6 and 
temperature: – 296 K and – 311 K: а – in the coordinates of the modified Stern– Volmer (Stern-Volmer variant – SV); b is a 

double logarithmic curve for calculating constant binding 
 

On the basis of data from the graphical images of 
equations (8) and (9) (Fig. 3a-b), the binding parameters 
KSV, Kb, n26 were calculated, while two independent values 

of KSV1 were calculated at concentrations of NPFe3О4 from 
0 to 15 µM and KSV2 at concentrations of NPFe3О4 from 
15 to 100 µM (Fig. 3a; Table 3). Since, Ksv=Kq×τ0, it was 
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determined that at 296 K and NPFe3О4 concentration 
≤15 μM Kq1=3.47×1012L·mol-1·s-1 at pH=4.6 and 
Kq1=2,90×1012L·mol-1·s-1 at pH=7.4 (Table 3). The 
calculated value of Kq1 significantly exceeds the maximum 
quenching constant (1.0×1010 L·mol-1·s-1),35 which 
indicates a static quenching mechanism. After increasing 
the NPFe3О4 concentration to more than 15 μM – 
Kq2=3.32×1010 L·mol-1·s-1 at pH=4.6 and Kq2=2.91× 

×1010 L·mol-1·s-1 at pH=7.4 (Table 3), which indicates that 
at high concentrations of NPFe3О4 Kq2 is about 1010 L·mol-

1·s-1 and therefore the mechanism of the quenching 
process is dominated by a static character in the presence 
of a small number of dynamic collisions. Table 3 shows 
the results of calculating the constants of the Stern-
Volmer equation at different pH and temperature values, 
as well as the correlation coefficient (R2). 

 
Table 3. Parameters of Stern-Volmer binding in the system “NPFe3О4+OVA” in different conditions (pH, temperature) 
and correlation coefficient 

Stern-Volmer parameters  
KSV, L·mol-1 R2 Kq (x1012 L·mol-1·s-1) Quencher рН Temperature, 

K 
KSV1 (x104) KSV2 (x103)  Kq1 (x1012) Kq2 (x1010) 

296 4.97±0.23 5.84±0.24 0.9986 3.47±0.26 3.32±0.32 4.6 311 3.98±0.17 4.28±0.19 0.9997 2.97±0.21 2.84±0.29 
296 3.91±0.16 4.86±0.21 0.9965 2.90±0.19 2.91±0.31 

NPFe3О4 
7.4 311 2.98±0.11 3.18±0.15 0.9955 1.96±0.18 2.27±0.14 

 
* Note. Data represent the mean ± standard deviation of three experiments (n=3). 

 
It is known that during dynamic quenching, the 

value of the constant Ksv increases with increasing 
temperature due to a greater number of collisions between 
the fluorophore (OVA) and the quencher (NPFe3О4) due 
to an increase in the diffusion coefficient. In the process of 
decreasing KSV and Kq parameters, the static quenching 
prevails, since higher temperatures affect the stability of 
the “fluorophore + quencher” complex (in our case, the 
“OVA+NPFe3О4” complex). 

As can be seen from the Table 3, the values of Ksv 
and Kq parameters decrease with increasing temperature 
regardless of pH. Thus, the process of interaction between 
NPFe3О4 and OVA occurs mainly by the mechanism of 
static quenching, based on the formation of a non-
fluorescent nanocomplex.9,26,27 

According to Y. Shu et al. at the value of the 
bimolecular quenching rate constant Kq˂2.0×1010 L·mol-

1·s-1, the dynamic quenching occurs, and at higher values 
of Kq, the static quenching mechanism prevails.28 Data in 
the Table 3 shows that the values of Kq ranged from 
2.27×1010 L·mol-1·s-1 to 3.47×1012 L·mol-1·s-1, and thus the 
processes of interaction of NPFe3О4 with OVA took 
place, mainly by the mechanism of static quenching. The 
decrease in KSV values with increasing pH is associated 
with the effect of an acidic environment on the main Trp 
residues, which leads to a decrease in the coagulation of 
the protein structure, and accordingly promotes the 
processes of penetration and interaction of Fe3О4 
nanoparticles.29 The bimolecular quenching rate constant 
was calculated using the OVA protein lifetime value of 
0.1 ns.27 The obtained values are ~1012, which is 2 orders 
of magnitude higher than in the purely dynamic 

quenching mechanism involving oxygen,30 which is 
considered to be the largest possible value for aqueous 
solutions. Therefore, in the studied system, the 
fluorescence quenching of OVA can be associated with 
the formation of an intermolecular nanocomplex in the 
ground state (i.e., a static mechanism), but not due to 
collision processes, as in the dynamic quenching.9 
 
3.1.4.3. Degree of Interaction of NPFe3О4 with OVА 
 

An important parameter of the interaction of Fe3О4 
nanoparticles with OVA is their affinity, which can be 
estimated using the values of the binding constant (Kb) 
and the number of centers (n) occupied by NPFe3О4 in the 
structure of OVA. On the surface of NPFe3O4 there are 
oppositely charged structure-forming centers (+Fe) and (–

О). Due to the presence of electromagnet properties of 
Fe3O4 nanoparticles, the polarization of chemical 
molecules (H2O, OVA, etc.) increases. As a result, there is 
an additional ordering of dipoles in the near-surface layer 
of Fe3O4 particles and an increase in adsorption.4,9,10 

Thus, the total charge of NPFe3О4 depends on pH 
and, therefore, the mechanism of their interaction with 
OVA depends on the concentration of Н+ cations in the 
solution. That is, in an aqueous solution, NPFe3О4 exists 
in the form of four different forms with different degrees 
of protonation depending on pH: H3Fe3О4

+, H2Fe3О4, 
HFe3О4

– and [Fe3О4(ОН)]2-, while the pKa values of 
NPFe3О4 are different. Each of these forms exhibits acid-
base duality and has different overall charges: at pH<6.1, 
the positive charge will predominate, the neutral form 
(H2Fe3О4) predominates at 6.1<pH<7.0, while for the 
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existence of the anionic form (HFe3О4
-) required pH 

range=7.1...9. Finally, the dianionic form [Fe3О4(ОН)]2– 

exists at pH>10. Therefore, the interaction of NPFe3О4 

with protein depends on the presence of the protonated 
form. Table 4 shows the binding and thermodynamic 
parameters of NPFe3О4 interaction with OVA. 

 

Table 4. Binding and thermodynamic parameters of NPFe3О4 interaction with OVA under different conditions  
(pH and temperature) 

Binding parameters  Thermodynamic parameters Structure 
former рН Temperature

K Binding constant, 
Kb (×105L·mol-1) 

The number of 
binding centers, n R2 Δ G,  

kJ·mol-1  
Δ Н, 

kJ·mol-1  
Δ S, 

J·mol-1  
296 4.81±0.19 1.02±0.12 0.9966 -29.87±1.62 

4.6 311 4.28±0.16 0.89±0.11 0.9962 -33.83±1.76 
296 3.63±0.14 0.98±0.10 0.9960 -28.65±1.52 

NPFe3О4 
7.4 311 3.26±0.13 0.64±0.09 0.9959 -32.98±1.73 

-51.97±4.12 -171±7.32 

 

* Note. Data represent the mean ± standard deviation of three experiments (n=3). 
 

As can be seen from the data in the Table 4, the 
binding constant (Kb) of NPFe3О4 with OVA decreases 
due to the mechanism of static quenching with increasing 
pH.31 In an acidic environment, the α-helix of the 
secondary structure of OVA changes to a rarer folded “β-
sheet” structure according to D. Kang et al.,32 which 
makes OVA amino acids more accessible to structure-
builders and promotes the interaction process of NPFe3О4 
with OVA, which leads to an increase in Kb. In an alkaline 
medium, NPFe3О4 and OVA have a negative charge, and 
therefore the interaction is less favorable due to some 
repulsion between OVA and NPFe3О4. In addition, as the 
temperature increases, the Kb value of the OVA/NPFe3О4 
system decreases, which is associated with changes in the 
tertiary structure of OVA and a decrease in the affinity of 
NPFe3О4 to OVA at a temperature of 311 K, compared to 
a temperature of 296 K. Also, during the interaction of 
NPFe3О4 with OVA, the number of centers binding (n) on 
OVA is: at 296 K – n=0.98...1.02, and at 311 K – 
n=0.64...0.89, that is, it decreases. The decrease in the 
number of available binding sites on OVA for NPFe3О4 
with increasing temperature is associated with 
temperature-induced changes in the tertiary structure of 
OVA, which leads to the formation of a more extended 
conformation of the main chain of OVA and, therefore, to 
the displacement of available binding amino acid residues. 

The calculated values of n are in the range of 
0.64...1.02, which indicates an equimolecular interaction 
between NPFe3O4 and the OVA macromolecule (~ 1:1). 

3.1.5. Thermodynamic Parameters  
of the Interaction Process of NPFe3О4 with OVA 

The formation of the “NPFe3О4+OVA” complex is 
a thermodynamic process, so the value and sign of the 
thermodynamic parameters (change in Gibbs free energy, 
ΔG°; change in enthalpy, ΔH° and change in entropy, ΔS°) 
provide important information about the nature of the 
interaction between OVA and NPFe3О4. 

The interaction between OVA and NPFe3О4 
macromolecules can be carried out due to hydrogen 
bonds, van der Waals forces, ionic and hydrophobic 
interactions. According to thermodynamic parameters: if 
the values of ΔH° and ΔS° are negative, then hydrogen 
bonds and Van der Waals electrostatic forces are the 
dominant interactions between OVA and NPFe3О4; with 
positive values of ΔH°and ΔS°, hydrophobic interactions 
prevail in the binding process; with negative ΔH° and 
positive ΔS°, electrostatic interactions are responsible for 
new and additional bonds between OVA and NPFe3О4; at 
a constant value of ΔH° and ΔS° in the studied 
temperature range – the values of ΔH° and ΔS° can be 
determined from the Van't-Hoff equation33 according to 
equation (10): 

0 0 0

ln b
G H SK

RT R T R
− ∆ − ∆ ∆= = +

,    (10) 

where Kb is the binding constant at a given temperature 
(Т); R is a universal gas constant. According to equation 
(10), the dependence graph of lnKb=f (T–1×10–3) is a 
straight line with a slope of ΔH° and at the point of 
intersection – ΔS° (Fig.4). The values of ΔG° were 
determined from the Gibbs-Helmholtz equation (11): 

0 0 0G H Т S∆ = ∆ − ∆      (11) 

 

Ln
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b 

T–1×10–3, K–1 

 

Fig. 4. Graphic expression of Van't Hoff equation
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The results of ΔH°, ΔS° and ΔG° calculations are 
shown in Table 4 and have negative values for the process 
of binding NPFe3О4 to OVA. A negative change in 
enthalpy (ΔH°) with a negative change in entropy (ΔS°) is 
observed in many associative processes and is associated 
with the presence of specific interactions of hydrogen 
bonds and van der Waals electrostatic forces. In addition, 
the negative change in enthalpy (ΔH°) indicates that the 
bonding process is accompanied by heat release (is 
exothermic), that is, the processes of formation of new 
bonds prevail over the breaking of individual bonds; and 
the negative change in entropy (ΔS°) occurs due to the fact 
that Н2О dipoles (oriented in relation to NPFe3О4 and 
OVA) acquire a more ordered configuration as a result of 
binding. The negative value of ΔG° indicates that the 
process of interaction of NPFe3О4 with OVA proceeds 
spontaneously. 

It can be concluded that the interaction of NPFe3О4 
with OVA is carried out due to hydrogen bonds and 
electrostatic coordination interactions, which is consistent 
with the mechanism of interaction of iron nanoparticles, 
iron oxides with various types of proteins, proposed by a 
number of authors.4,9,10,34 

Thus, the nature of nanoparticles plays an impor-
tant role in the processes of interaction with proteins, 
which is determined by pH and chemical composition of 
the technological environment, which affects the 
properties and chemical surface activity of nanoparticles, 
in particular, the oxide nature – NPFe3О4. The acidity of 
the aqueous environment and solvation of the surface of 
nanoparticles determine the way of interaction with pro-
tein molecules, and the nature, structure, and dispersion of 
nanoparticles determine the degree of conformational 
changes of the protein. 

3.2. Justification of the Mechanism  
of Water Binding and Water Retention 
by Fe3О4 Nanoparticles in Protein-
Containing Systems  

3.2.1. Scientific Substantiation of the Н2О 
Binding Mechanism by Nanoparticles of Fe3О4 

The surface chemical activity of NPFe3O4 is 
determined mainly by electrostatic: dipole-dipole (van-
der-vaalis) and ion-dipole interactions.4,5,12 In the 
adsorption of protein molecules, in particular, OVA and 
H2O, coordination and hydrogen bonds are involved on 
the surface of NPFe3O4. This slows the formation of 
hydrophobic bonds between macromolecules, which 
prevents their aggregation and increases the stability of 
the system: “protein+sоlvated NPFe3O4”.4,10 Under the 
influence of Fe3O4 nanoparticles, protein molecules 

undergo structural changes. “Сlusters” and “loops” of 
protein chains are formed due to electrostatic interactions 
of protein molecules (OVA) with NPFe3O4 (Fig. 5). 

 
 

 
Fig. 5. Electrostatic complex NPFe3O4 with “Н2О+OVA” 

 
The electrostatic binding of H2O molecules is 

observed in the surface layer of polar particles Fe3O4 and 
in “clusters” and in “loops” of OVA chains. H2O mole-
cules at the expense of hydrogen bonds form a solvato 
associate “H2O+NPFe3O4+OVA”, which is characterized 
by sufficient stability. This increases the water binding 
and water retention of protein-containing systems. 

3.2.2. Experimental Confirmation of Water 
Binding and Water Retention by Fe3О4 
Nanoparticles. Determination of the Binding 
Forms of Н2О with Nanoparticles of Fe3О4 

Fe3O4 particles are characterized by a rather 
homogeneous distribution in diameter (<d˃80 nm), close 
to monodispersion (Fig. 6). 

Ultrafine dispersion determines the ability of 
NPFe3O4 to sorption and hydration. At the same time, 
there is a shift towards chemically bound moisture 
compared to the free form of H2O. The water-binding 
capacity of NPFe3O4 is confirmed by indicator and 
thermographic methods: the amount of bound water is 
(92.2–93.1) % and free water is (6.9–7.8) % (Fig. 7). 

In polyphasic systems containing biopolymers, 
NPFe3O4 and water, water binding and water-holding 
capacities are exercised due to the structure-forming and 
stabilizing properties of components, in particular 
NPFe3O4 particles. It has been experimentally established 
that in technological media (milk, whey, kefir, solutions of 
NaCl and sucrose) at pH=6.0; 4.5 NPFe3O4 has a high 
hydration capacity, which increases with increasing 
temperature (Table 5). 
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Fig. 6. Microstructure (a) and diameter distribution (b) of particles NPFe3O4
12 

 

Table 5. Water absorption coefficients of NPFe3О4 in different environments  
Water absorption coefficients, relative units Polar environment Т=293±5K Т=323±8K 

Sodium bicarbonate, рН=6.0 12.4 ± 0.4  12.8 ± 0.4  
Ethanoic acid solution, рН=4.5  12.8 ± 0.4  13.0 ± 0.4 
Sodium chloride solution, 0.5  %  13.1 ± 0.5  13.4 ± 0.5 
Sodium chloride solution, 1.7  % 13.4 ± 0.5  13.5 ± 0.5 
Sucrose solution, 1.1  %  13.6 ± 0.5  13.7 ± 0.5 
Sucrose solution, 5.0  %  13.8 ± 0.5  14.0 ± 0.5 
Milk 12.6 ± 0.4  12.9 ± 0.4 
Kefir 12.4 ± 0.4  12.5 ± 0.4 
Syvorotka 13.2 ± 0.4  13.6 ± 0.4 

 

* Note. Data represent the mean ± standard deviation of three experiments (n=3). 
 

 

 
Fig. 7. Distribution of water in the NPFe3О4 after swelling 

determined by: 1 – thermogravimetric method; 2 – 
chemogravimetric method:  – amount of physico-chemically 

bound moisture,  %;  – the amount of physically and 
mechanically bound moisture,  %;  – amount of free 

moisture,  % 
 

The pronounced hydrophilic properties and the 
propensity of NPFe3O4 to form aqua associates are 
associated with high dispersion and active specific surface 
area of Fe3O4 particles with polarized centers. These 
factors increase the intensity of hydration NPFe3О4: the 
swelling coefficient reaches its maximum value after 
30 min, Kn = (345–355) %, and water absorption capacity 
after 30 min increases by (1.9–2.1) times.10,19 

4. Conclusions 

1. The mechanism of interaction of Fe3O4 
nanoparticles with Н2О and OVA is substantiated: 

– the ability of NPFe3О4 for self-organization into 
electrostatic complexes with OVA due to the formation of 
hydrogen bonds, van der Waals forces, and electrostatic 
coordination interactions was noted; 

– it was established that the acidity of the aqueous 
medium and the surface solvation of Fe3O4 nanoparticles 
determine the way of interaction with protein molecules, 
and the nature, structure, dispersion of NPFe3О4 
determine the degree of protein conformational changes; 

– it was established that in polyphase systems 
containing proteins (OVA), Н2О, etc., the water-binding 
and water-holding capacity of NPFe3О4 is adjusted due to 
the “clusterophilicity” and the ability of nanoparticles to 
polarize, electrostatic coordination, and the formation of 
aqua-associates; 

2. The mechanism of interaction of Fe3O4 nanopar-
ticles with Н2О and OVA was experimentally confirmed: 

– chemisorption of OVA and Н2О on the surface of 
NPFe3О4 was proven by the IR-Fourier spectroscopy me-
thod: new absorption bands appear, and some characte-
ristics of absorption bands shift to lower frequencies; 
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– the study of the dynamic dispersion of the light 
established an increase in the ζ-potential of the OVA/ 
NPFe3О4 dispersed system by 1.89...1.92 times compared 
to OVA. At the same time, the ζ-potential of the 
OVA/NPFe3О4 system has rather high values of 
33.2...34.9 mV – this means the possibility of stabilizing 
dispersed systems based on proteins with Fe3О4 
nanoparticles. An increase in the hydrodynamic size of 
particles relative to the nominal (<d>70 nm) NPFe3О4 in 
the aqueous solution to 77...78 nm is shown, which is 
associated with the presence of the Н2О molecule on the 
surface of NPFe3О4; and due to chemisorption of OVA 
indicates an increase in the size of particles in the 
OVA/NPFe3О4 system to 75.3...76.2 nm; 

– the elemental composition of the investigated 
samples was studied by the energy dispersive X-ray 
spectroscopy: NPFe3О4, OVA and “OVA+ NPFe3О4”. As a 
result, the process of adsorption and chemical interaction of 
Fe3O4 nanoparticles with OVA was confirmed; 

– spectrofluorometric studies established that the 
process of interaction between NPFe3О4 and OVA takes 
place mainly by the mechanism of static quenching, based 
on the formation of an intermolecular (non-fluorescent) 
nanocomplex in the ground state, and not due to collision 
processes, as in the dynamic quenching. The Stern-Volmer 
binding parameters of NPFe3О4 with OVA were 
determined: binding constant (Kb) at 296 K: – 
4.81×105 L•mol-1 (pH=4.6) and 3.63×105 L•mol-1 
(pH=7.4); at 311 K: – 4.28×105 L•mol-1 (pH=4.6) and 
3.26×105 L•mol-1 (pH=7.4); the number of binding centers 
(n) is in the range of 0.64...1.02, which indicates that the 
interactions between NPFe3О4 and the OVA 
macromolecule occur in a ratio of ~1:1; 

– thermodynamic calculations show that NPFe3О4 
interacts with OVA due to hydrogen bonds and electrostatic 
coordination interactions; 

– a sufficiently high hydration capacity of NPFe3О4 
in various polar environments has been established (the 
maximum value of the swelling coefficient is 
Kn=345...355 %); 

– indicator and thermogravimetric analysis deter-
mined the forms of Н2О connection with NPFe3О4 after 
swelling: the amount of bound water is (92.2–93.1) %, free – 
(6.9–7.8) %. 

The obtained results will make it possible to model 
the processes of water binding and water retention in 
various technological environments, stabilization processes 
of polyphase systems, functional and technological 
characteristics of protein-containing compositions, and 
quality indicators of finished products. 

It should be noted that it is of practical interest to 
study the processes of chemisorption of various 
biopolymers (proteins of various origins, lipoproteins, 
carbohydrates, etc.) on the surface of Fе3О4 nanoparticles; 

mechanisms of formation of the microstructure of 
polyphase systems with the addition of NPFe3О4, water 
binding, water retention, stabilization. 
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ФІЗИКО-ХІМІЧНІ ДОСЛІДЖЕННЯ  

МЕХАНІЗМУ ВЗАЄМОДІЇ НАНОЧАСТИНОК 
ПОДВІЙНОГО ОКСИДУ  

ДВО- ТА ТРИВАЛЕНТНОГО ФЕРУМУ  
З СЕРПІНОВИМ БІЛКОМ-ОВАЛЬБУМІНОМ  

І ВОДОЮ 
 

Анотація. Новизною роботи є теоретичне обґрунту-
вання й експериментальне підтвердження механізму взаємодії 
наночастинок Fe3O4 з Н2О та овальбуміном-OVA, що проведе-
но за допомогою комплексу фізико-хімічних досліджень. Ви-
значено, що механізм ґрунтується на кластерофільності на-
ночастинок і водневих, електростатичних і ван-дер-ваальсових 
взаємодіях. Встановлено, що взаємодія наночастинок Fe3O4 з 
OVA відбувалася за механізмом статичного гасіння з 
утворенням міжмолекулярного нефлуоресцентного комплексу, 
який змінює нативну структуру OVA. Константа зв'язування 
змінювалася від 3,3×105 до 4,8×105 л·моль−1 залежно від 
значення рН середовища та температури. Термодинамічними 
розрахунками підтверджено спонтанність процесу зв'язування 
з переважанням ентальпійного фактора. 

 
Ключові слова: наночастинки Fe3О4, вода, OVA, 

хемосорбція, акваасоціати. 
 


