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Abstract: Recent studies show the possibility of using iron oxide nanoparticles as a food additive 
with certain functional and technological properties. However, when developing technologies for 
food products, the interaction of these particles with the main components of the food matrix, in 
particular, proteins, takes on special significance. The aim of the present research was to study the 
interaction of iron oxide nanoparticles with ovalbumin molecules. Fourier-transform infrared and 
fluorescence spectroscopy were used to study interaction between iron oxide nanoparticles and 
ovalbumin molecules. It was found that the interaction of Iron oxide nanoparticles with ovalbumin 
molecules was going by the mechanism of static quenching with the formation of an intermolecular 
non-fluorescent complex that changes the native structure of the protein. The binding constant 
varied from 3.3 × 105 to 4.8 × 105 L·mol−1 depending on the pH value of the medium and tempera-
ture. The calculated thermodynamic parameters of binding indicate the spontaneity of the process 
with the predominance of the enthalpy factor. The interaction between iron nanoparticles and 
ovalbumin occurred mainly due to hydrogen bonds and van der Waals forces. The obtained data 
on the mechanism of interaction of iron oxide nanoparticles with proteins should be taken into 
account when developing food technologies to control functional properties of products. 
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1. Introduction 
The approach to food recipes from a chemical point of view, and in particular col-

loidal chemistry, is based on the assumption that the basic properties of food products 
are determined by the spatial distribution and interaction of a limited number of key 
structural elements [1]. The study of this interaction is one of the important stages in the 
development of commercial food technology [2]. However, due to the complex system of 
ingredient interactions, it is almost impossible to predict the functional effect of the 
added ingredients [3]. 

One of the key building components of food is protein of plant or animal origin. 
Each type of protein has different functional properties such as solubility, emulsification, 
gelation, viscosity enhancement, foaming, water binding, and heat stability [3]. Egg 
ovalbumin, the main component of egg white, is the dietary protein widely used as a 
prescription component in the preparation of food products. 
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The use of nanomaterials is a promising direction in the innovative development of 
food technologies. This approach provides a basis for understanding the interactions and 
behavior of food components when assembled into a microstructure that affects func-
tional properties at the macroscopic scale [4]. 

Previously, a set of studies was carried out on the use of iron oxide nanoparticles in 
food production [5–7]. This component with stable physical and chemical parameters 
was used to adjust the functional and technological properties of food raw materials and 
improve the quality of food products, in particular, such as water-retaining and 
fat-retaining capacities [7]. The interaction of nanoparticles with the main components of 
food systems (proteins, carbohydrates, or lipids) is associated with a complex of chemical 
reactions. The supramolecular organization of nanoparticles and the structure of the or-
ganic matrix play an important role in these processes. 

The result of such an organization is a formed spatial microstructure that has a sig-
nificant impact on the functional and technological properties of raw materials and food 
systems. Important information to understand these processes can be obtained by stud-
ying the nature and interaction forces of the nanoparticles with the main components of 
food formulations. Therefore, the aim of this study was to investigate the interaction of 
ovalbumin (OVA) molecules with nanoparticles of iron oxide (IONPs) by spectroscopic 
methods. 

2. Materials and Methods 
2.1. Chemical and Raw Materials 

Reagents were obtained from the Reachim LLC, Russia. All reagents were of analytic 
grade. Ovalbumin were purchased from the Ovostar Union, Kiyv, Ukraine. 

2.2. IONPs Synthesis and Suspension of IONPs Preparation 
The samples of oxide iron nanoparticles were obtained according to the technology 

via the reaction of chemical condensation (co-precipitation) of the iron salts in an alkaline 
medium [8]. 

Suspension of iron oxide nanoparticles was prepared by dispersing a black color 
high-dispersive powder of IONPs with the particles size of approximately 8 nm in an 
deionized distilled water at pH 4.6 or 7.8 and temperature 296 or 311 K, and stirred for at 
least 5–7 min with a stirrer followed by holding for 1012 min. The pH was adjusted by 
addition of HCl (0.1 M) or NaOH (0.1 M). 

2.3. Fluorescence Spectroscopy 
The fluorescence measurements were done using a fixed concentration of OVA (2 

µM) in the presence of different concentrations of IONPs (0, 2, 4, 8, 15, 30, 50, and 100 
µM). Stock solutions of ovalbumin were prepared by dispersing of powder in a chloride 
acid solution at pH 1.5. 

The solutions of nanoparticles were prepared by volumetric dilution of the initial 
solution. The concentrations of the prepared OVA solutions were determined spectro-
photometrically using a Shimadzu UV-2401 PC UV-VIS Spectrometer (Shimadzu, Kyoto, 
Japan) equipped with a 10 mm path-length quartz cell at 280 nm after appropriate dilu-
tion., The value of the coefficient of molar extinction of ovalbumin 30,957 Mିଵcmିଵ was 
used for concentration calculations. 

All fluorescence spectra were recorded on a Solar 2203 (Solar ZAO, Minsk, Belarus) 
fluorescence spectrometer equipped with a 10 mm path-length and volume 3.5 mL 
quartz cell. The excitation wavelength was set at 280 nm and the emission wavelength 
was recorded in the range of 290–410 nm. The excitation and emission slit widths were 
fixed at 4 and 10 nm, respectively. The experiment was operated at two different tem-
peratures 296 and 311 K. 
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The fluorescence studies of interaction between OVA and IONPs were performed at 
different pH according to [9]. The pH values were selected to simulate the biological en-
vironment of the protein in the egg equal to pH 7.4 and at the isoelectric point of the 
protein pH 4.6. 

2.4. Fourier Transform Infrared Spectroscopy (FTIR) Analysis 
FTIR spectra were obtained by a spectrophotometer Tensor 37 FTIR Spectrometer 

(Bruker Optik GmbH, Ettlingen, Germany) with help of software OPUS (Bruker Optik 
GmbH, Ettlingen, Germany) in absorbance mode. Spectral acquisition was performed on 
samples in the 400 and 4000 cm−1 range with 4 cm−1 resolution and after 32 scans. Spectra 
were obtained at room temperature, using hydrated films. 

Analysis of the secondary structure of OVA and its complexes with IONPs was car-
ried out on the basis of an approach that allows it to be determined from the shape of the 
amide I band [10]. The spectrum was calculated by means of the second derivative in the 
region 1725–1575 cm−1. Seven peaks for OVA and its complexes with IONPs were re-
solved. The above spectral region was deconvoluted by the curve-fitting method and the 
area was measured with the Gaussian function. The area of all the component bands as-
signed to a given conformation were then summed up and divided by the total area. The 
curve fitting analysis was performed using the Origin v. 19 (OriginLab Corporation, 
Northampton, MA, USA) software. 

2.5. Statistical Analysis 
The statistical analysis involved the use of one-factor analysis (ANOVA) for a series 

of parallel measurements (n = 3) and subsequent comparison by Tukey-Kramer test. The 
value of p < 0.05 was considered statistically significant. The classical t-Student’s test was 
applied to assess significant differences between foams properties. All data were ex-
pressed as the X ± ∆X with X as an average value and ∆X as the confidence interval. Sta-
tistical data were processed using the Minitab ver. 18 (Minitab Inc., State College, PA, 
USA). 

3. Result and Discussion 
3.1. Fluorescence Spectroscopy 
3.1.1. Fluorescence Quenching Mechanism 

To evaluate the interactions between IONPs and molecules of OVA, spectrofluoro-
metric titration in the stationary state based on the protein intrinsic fluorescence was 
used [9]. Ovalbumin intrinsic fluorescence will be dominated by tryptophan fluorescence 
since it contains 3 tryptophan residues Trp160, Trp194, and Trp275 [11]. Tryptophan has 
the strongest fluorescence of all 20 proteinogenic amino acids. The intensity of this fluo-
rescence is dependent on the environment conditions of ovalbumin and especially on its 
interactions with other particles or molecules. Tryptophan absorbs electromagnetic radi-
ation with a wavelength of 280 nm (maximum) and emits solvatochromically in the range 
of 300–350 nm, depending on the molecular environment of tryptophan. 

This effect is important for studying the conformation of proteins. Tryptophan res-
idues in a hydrophobic environment in the center of the protein shift its fluorescence 
spectrum by 10–20 nm toward the short wavelength (values close to 300 nm). If trypto-
phan residues are located on the surface of the protein in a hydrophilic environment, 
then the emission of the protein is shifted towards long waves (close to 350 nm). The pH 
of the solution also affects the fluorescence of tryptophan. Thus, at low pH values, the 
addition of a hydrogen atom to the carboxyl groups of amino acids adjacent to trypto-
phan can reduce the intensity of its fluorescence (quenching effect). Figure 1 showed the 
fluorescence intensities of OVA solutions in the absence and presence of IONPs when 
excited at 280 nm. 
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Figure 1. (a) Emission spectral profile of OVA (2 µM) at different concentrations of IONPs (2–100 
µM) at pH = 4.6 and temperature 296 K; (b) The plot of Fo/Fas a function of IONPs concentration at 
various pH and temperature 296 K (Sterne-Volmer plots for fluorescence quenching of the OVA in 
present of IONPs shown by dashed line). 

The maximum spectrum of OVA was around 335 nm. The fluorescence intensity of 
OVA decreased progressively when the concentration of IONPs increased. It is indicating 
that the binding of iron oxide nanoparticles to molecules of OVA quenched the intrinsic 
fluorescence of OVA. The introduction of IONPs into the system leads to a decrease in 
the intrinsic fluorescence intensity of the protein and a shift in the emission maximum to 
the “blue region” by 7 nm, similarly to what was observed in the study [12]. A similar 
shift to shorter wavelengths was explained by the authors by the fact of selective 
quenching of several different tryptophan residues that were present in the system under 
consideration and were differently accessible to the quencher. The shift to the short 
wavelength region of the spectrum is associated with a faster quenching of those tryp-
tophan residues that emit at longer wavelengths, which indicates the interaction and 
changes in the protein structure [13]. Similar changes occur for the studied systems when 
both the pH of the medium and the temperature change. 

According to classical concepts, fluorescence quenching includes dynamic quench-
ing and static quenching in terms of the mechanism of this phenomenon [14]. The 
quenching mechanism of interaction between OVA and IONPs were analysis using 
Stern–Volmer equation: 

Fo/F = 1 + Ksv[Q] = 1 + Kqτo[Q] (1) 

where Fo and F are the corrected emission intensities fluorescence intensities in the ab-
sence and presence of the IONPs, respectively; Ksv is the Stern–Volmer quenching con-
stant; [Q] is the ligand concentration (quencher); Kq is the bimolecular quenching con-
stant (2 × 1010 L·mol−1·s−1) and τo is the average lifetime without quencher equal 10−8 s ac-
cording to [14]. It follows from Equation (1) that the graph of the value of Fo/F versus the 
value of [Q] is a straight line, the slope of which is equal to the quenching constant Ksv. In 
the case of the presence of one type of quenching the graph in the Stern-Volmer coordi-
nates is linear (Figure 1a). This dependence is valid up to a IONPs concentration of 15 
µM. At higher concentrations of iron oxide nanoparticles, a deviation from linearity is 
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observed, i.e., in the interaction of IONPs with OVA, both dynamic and static types of 
quenching are observed. 

Figure 1b shows linearization of Equation (1) to calculate the Stern–Volmer 
quenching constant at concentration of IONPs before 15 µM. A linear Stern–Volmer plot 
of Fo/F against [Q] as an example at temperatures 296 and pH 4.6 and 7.4 was shown in 
Figure 1b by dashed line and the correlation coefficients were 0.9994 and 0.9900, respec-
tively, indicating a good linearity. Thus, the effects of the pH value (4.6 and 7.4) and 
temperature (296 and 311 K) on the interactions of the IONPs with OVA were evaluated. 
The results of this study are presented in Table 1. 

Table 1. Stern-Volmer constant parameters for IONPs at different pH values and temperature 
conditions. 

pH Temperature, K 
Stern-Volmer Constant 

KSV·104,  

L·mol−1 
 ܀

Kq·1012 

L·mol−1·s−1 

4.6 
296 4.70  0.27 0.9900 4.70 
311 4.45  0.27 0.9887 4.45 

7.4 
296 5.72  0.08 0.9994 5.72 
311 5.63  0.13 0.9984 5.63 

According to the results (Table 1), the values Ksv decreased with increasing temper-
atures independent of the pH. Thus, the interaction process of nanoparticles of iron oxide 
with molecules of OVA occurred predominantly through the static quenching mecha-
nism based on non-fluorescent complex formation [15]. 

Based on Equation (1), the values of the bimolecular quenching constant Kq were 
determined. These values varied from 4.45 ×·1012 to 5.72 × 1012 L·mol−1·s−1 depending on 
temperature and pH (Table 1). These values significantly exceed the value of 2 × 1010 
L·mol−1·s−1, that indicates a static quenching mechanism [16]. The Ksv values increased 
with increasing pH values. This trend is different from what was observed in studies 
with the influence of quenchers of other types on OVA quenching [9,17]. The fact that Ksv 
values decrease with increasing of the pH was explained by the authors with the effect of 
a more acidic environment on the main tryptophan residues, which leads to less folding 
in the protein structure, and thus to a stronger interaction [14]. 

3.1.2. Stoichiometry, the Binding Constant and Thermodynamic Parameters 
The obtained experimental data of fluorescence spectroscopy make it possible to es-

timate the binding affinity of a nanoparticles IONPs with molecules of OVA. It is a rele-
vant parameter for the protein–nanoparticle interaction study, and it can be expressed by 
binding constant Kb values and the number of sites, n, occupied by the nanoparticle in the 
protein structure. The binding constant and the number of sites was calculated according 
to Equation (2) [9]: 

log [(Fo − F)/F] = nlgKb + nlg [1/([Q] − (Fo − F)[P]T/Fo)] (2) 

where [P]T is the total protein concentration. 
The results of calculations on experimental data according to Equation (2) are pre-

sented in Table 2. The binding site number, n, was calculated, where it was observed that 
for IONPs, the values range from 0.74 to 0.78, indicating that the interactions between 
these nanoparticles of iron oxide and molecules of ovalbumin occur in a ratio of 1:1. It is 
found that the values of Ka increase with the temperature increasing. This fact demon-
strates that the stability of IONPs–OVA complex reduces with temperature rising at pH 
4.6 and vice versa for pH 7.6. The number of n approximately equal unity, showing that 
there is nearly one independent class of binding sites for IONPs on the OVA molecule for 
nanoparticles. 
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Table 2. Binding constant, the number of sites and thermodynamics parameters of the interaction 
of OVA with IONPs at different pH and temperature conditions. 

pH Temperature, K 
Binding Parameters Thermodynamic Properties 

Preferential        
Interaction Kb·104 

L·mol−1 
n R2 

Δ G, 
kJ·mol−1 

ΔH, 
kJ·mol−1 

ΔS, 
J·mol−1 

4.6 
296 3.8  0.2 0.76 ± 0.04 0.9892 −11.3 ± 0.1 

−11.8 −40.0 Hydrogen bonding 
and Van der Waals 

forces 

311 4.0  0.4 0.76 ± 0.04 0.9875 −11.9 ± 0.1 

7.4 
296 3.5 ± 0.2 0.74 ± 0.07 0.9840 −11.2 ± 0.3 

−13.7 −44.0 
311 3.8 ± 0.4 0.78 ± 0.09 0.9858 −11.8 ± 0.3 

Thermodynamic parameters as free energy ΔG, enthalpy ΔH, and entropy ΔS of 
interaction are important to understand the binding mode of protein–ligand complexes. 
The study of the fluorescence interaction process at two different temperatures allowed 
calculation of the thermodynamic parameters involved in the interaction. Thermody-
namic parameters were evaluated using the following equations: 

ΔG = −RT lnKb (3) 

ΔH = T1T2 R ln(K2/K1)/(T2 − T1) (4) 

ΔS = (ΔG − ΔH)/T (5) 

where ΔG, ΔH and ΔS are free energy change, enthalpy change and entropy change, re-
spectively. ΔG reflects the possibility of reaction, ΔH and ΔS are the main evidence to 
determine acting forces [16]. In Equation (2), K is the quenching constant. The calculated 
thermodynamic parameters have been shown in Table 2. The negative value for Gibb’s 
free energy suggests that the binding process for the interaction between iron oxide na-
noparticles and OVA molecules is spontaneous. The affinity of binding of IONPs to 
molecules of ovalbumin is decreased by increasing the temperature and does not depend 
on the value of pH. Both enthalpy and entropy have negative values. The negative values 
of ΔH and ΔS show that the binding process is an enthalpy-driven and exothermic pro-
cess. It was demonstrated that the main relationships amongst the forces involved in the 
interaction process and the enthalpy and entropy are as follows: ΔH > 0 and ΔS > 0 (hy-
drophobic forces); ΔH < 0 and ΔS > 0 (electrostatic forces) and ΔH < 0 and ΔS < 0 (hy-
drogen bonding and Van der Waals forces [18]. Calculated thermodynamic parameters 
(Table 2) of binding of nanoparticles IONPs to molecules OVA are associated with the 
hydrogen bonding and van der Waals interaction. 

It can be concluded that the interaction of IONPs with OVA is carried out due to 
hydrogen bonds and electrostatic coordination interactions, which is consistent with the 
mechanism of interaction of iron oxide nanoparticles with different types of proteins [19–
21]. 

3.2. Analysis of Protein Conformation 
The results of FTIR spectroscopy of the studied system with a detailed analysis and 

discussion of the obtained absorption bands were presented earlier in the publication [7]. 
In this communication, the obtained data were used only to study the changes in the 
secondary structure of the protein upon interaction with iron oxide nanoparticles. 

An analysis of the protein secondary structure for the free OVA and its complexes 
with IONPs in hydrated films has been carried out and the results are shown in Table 3. 
These data are consistent with spectroscopic studies of OVA in aqueous solution [22]. 

Table 3. Secondary structure analysis (FTIR) from the free OVA and its IONPs complexes in hy-
drated film at pH 7.4. 
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Amide I Components Frequency Range, cm−1 Free OVA, % OVA-IONPs, % 

β-sheet 1610–1640 32.95 25.21 
random coil 1641–1649 7.02 21.14 

α-helix 1650–1660 43.78 18.38 
β-turn 1660–1680 16.28 34.15 
β-anti 1680–1692 - 1.12 

Upon IONPs interaction, a major decrease of a-helix from 43.78% (free OVA) to 
18.38% (OVA-IONPs) with an increase in random and turn structure. These changes in 
the secondary structure of the protein structure suggest a partial protein unfolding as 
results of interaction molecules OVA with nanoparticles of iron oxide. 

4. Conclusions 
The spectroscopic research presented here show that nanoparticles of iron oxide 

bind to molecules of ovalbumin in solutions. The static quenching was the preferential 
mechanism in formation of OVA-IONPs complex based on the Stern–Volmer. Results of 
the binding affinity research show that there is a single binding site on OVA for iron ox-
ide nanoparticles. According to thermodynamic parameters, the binding process of this 
nanoparticle to protein is an enthalpy-driven and exothermic process. The thermody-
namic parameters indicate that the predominant binding forces are hydrogen bonds and 
Van der Waals forces independent on the pH value of the medium. Iron oxide nanopar-
ticles binding alters protein secondary structure with an increase in β-sheet and random 
coil and decrease in α-helix suggest a partial protein unfolding as results of interaction. 

The data obtained allow a better understanding of the mechanism of formation of 
the microstructure of protein-containing food products with the addition of iron oxide 
nanoparticles. 
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