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ABSTRACT

One trend of the modern world is the search for 
new biologically active substances based on renewable 
resources. Milk proteins can be a solution for such 
purposes as they have been known for a long time as 
compounds that can be used for the manufacturing of 
multiple food and non-food products. Thus, the goal 
of the work was to investigate the parameters of Zn-
bovine lactoferrin (bLTF) interactions, which enables 
the synthesis of Zn-rich protein complexes. Zinc-bLTF 
complexes can be used as food additives or wound-heal-
ing agents. Methodology of the study included bLTF 
characterization by sodium dodecyl sulfate-PAGE, 
MALDI-TOF, and MALDI-TOF/TOF mass spectrom-
etry as well Zn-bLTF interactions by attenuated total 
reflection-Fourier-transform infrared, Raman spectros-
copy, scanning and transmission microscopy, and zeta 
potential measurements. The obtained results revealed 
that the factors that affect Zn-bLTF interactions most 
significantly were found to be pH and ionic strength 
of the solution and, in particular, the concentration of 
Zn2+. These findings imply that these factors should be 
considered when aiming at the synthesis of Zn-bLTF 
metallocomplexes.
Key words: bovine lactoferrin, zinc-lactoferrin 
interactions, whey proteins, metallocomplexes

INTRODUCTION

The connection between the quality of food and 
health has led to development of “functional foods,” 
which implies the search and modification of naturally 
occurring compounds. Dairy products and their deri-
vates are considered healthy and safe to consume, thus 
making them an attractive source for manufacturing 

new value-added goods (Ortiz et al., 2017). Proteins 
are the most valuable components of dairy products, 
and thus the production of food additives and supple-
ments based on milk proteins is of high interest among 
dietitians, scientists, and food producers. Additionally, 
the utilization of milk proteins for the production of 
antibacterial agents is considered (Pomastowski et al., 
2016; Buszewski et al., 2021).

Lactoferrin (LTF) is one of the most attractive 
milk proteins. Lactoferrin is a multifunctional protein 
belonging to the family of transferrins, which are non-
heme iron-binding glycoproteins (Takayama, 2012). 
The transferrin family in mammals comprises serum 
transferrin (TR), LTF, and melanotransferrin (Baker, 
1994). The main functions of both TR and LTF are 
Fe3+ transport and regulation. However, a more im-
portant function of the LTF is the host immune re-
sponse for infection or inflammation (Lambert, 2012). 
The wide spectrum of biological activity of LTF also 
includes antimicrobial (Yoshida et al., 2000), antivi-
ral (Waarts et al., 2005), antifungal (Andersson et 
al., 2000), immunoregulatory, and antiinflammatory 
properties (Grigorieva et al., 2019). Additionally, LTF 
plays a role in cell proliferation and migration; among 
others, topical administration of bLTF enhances wound 
closure (Takayama, 2012). What is interesting is that 
intravenously injected bovine lactoferrin (bLTF) 
was shown to be able to cross the blood-brain barri-
er (Takayama, 2012). Studies on adult mice have shown 
that bLTF given orally can absorb effectively from the 
intestine in an unchanged state (Fischer et al., 2007). 
Thus, the unique properties of LTF are the reason for 
the extensive investigations into LTF as a potential 
active drug substance (Wang, 2016; Sabra and Agwa, 
2020). Lactoferrin can be used in pharmaceutical 
preparations with a wide spectrum of therapeutic ef-
fects: promotion of microelements absorption, boosting 
of the immune system, improvement of wound healing, 
including infected wounds, and so on. Indeed, prepara-
tions containing bLTF have already been developed. 
However, they usually are in the form of a mechanical 
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mixture of zinc salts and LTF, which may not be as 
effective as Zn-protein complexes.

Zinc is an indispensable microelement that ensures 
numerous functions of an organism: protein structural 
component (zinc fingers and related motifs), co-factor 
of enzymes, signaling mediator, and so on (Kambe et 
al., 2015; Santos et al., 2020). Zinc deficiency is an is-
sue in both developing and developed countries and is 
a subject of numerous research (Santos et al., 2020). 
The bioavailability of microelements is highly depen-
dent on the form in which they are provided to the 
organism (Kawakami et al., 1993; Ianni et al., 2019). 
Increased bioavailability is observed for microelements 
in form of proteinates (Tang and Skibsted, 2016; Ianni 
et al., 2019). For instance, the Zn2+ and Fe2+ complex-
ation with whey proteins significantly increased their 
uptake by Caco-2 cells as compared with inorganic 
salts (Shilpashree et al., 2020). Moreover, Zn2+ ions ex-
hibit antibacterial properties (Bong et al., 2010; McDe-
vitt et al., 2011), and in combination with bLTF may 
have a synergistic effect against a wide spectrum of 
microorganisms. Thus, such Zn-bLTF complexes may 
also have potential in wound healing preparations and 
can be a solution in the search for value-added goods 
derived from milk.

The metal-binding function of the transferrins is 
determined by their structure (i.e., by the presence of 
2 intramolecular iron-binding sites comprising 2 tyro-
sines, aspartic acid, and histidine; Mizutani et al., 2012; 
Takayama, 2012). Apart from iron, the transferrins can 
reversibly bind other metals, and thus are suggested 
to play role in the metabolism of other metals, such 
as aluminum, manganese, copper, and zinc (Baker, 
1994). Interestingly, Ainscough et al. (1980) reported 
that in human milk LTF appears with loosely bonded 
zinc, where zinc to protein ratio has the same order 
as iron to protein ratio. This may indicate the similar 
significance of LTF for zinc absorption as for iron. It 
is noteworthy to mention that the meaning of “satu-
rated” regarding metalloproteins most often implies 
only the state when structurally defined metal-binding 
sites are filled. However, it was revealed that depend-
ing on conditions LTF can bind much more Fe3+ than 
can be explained only by the presence of intramolecular 
binding sites (Kawakami et al., 1993). For Zn2+, it was 
shown that at least 2 additional metal-binding sites can 
appear at pH 8.6 on the surface of the C-lobe separated 
from LTF (Jabeen et al., 2005).

The process of metal ions binding to proteins is 
studied intensively as it is important and required for 
the understanding of the mechanisms of protein activ-
ity (e.g., catalytic), structural stability, and functional 
regulations (Gurd and Wilcox, 1956; Bou-Abdallah and 

Giffune, 2016). However, such studies mostly include 
only the process of the metals embedding into intra-
molecular binding sites. Nevertheless, the data indicate 
that zinc binding sites in proteins often include differ-
ent combinations of histidines and cysteines. Moreover, 
glutamic and aspartic acid also can be involved in the 
chelation of the Zn2+ in proteins (Auld, 2013). What 
is interesting is that one of the action mechanisms of 
zinc in enzymes is the “water activation” by lowering 
its dissociation constant pK. Thus, zinc, while binding 
to protein, still can have water molecules in its coordi-
nation sphere (Auld, 2013; Bou-Abdallah and Giffune, 
2016). Little information was found in the literature 
about the interaction of zinc with proteins through 
functional groups oriented to the surface of the pro-
tein. According to the existing knowledge, regardless of 
other conditions, stable Zn2+ complexes with proteins 
require the involvement of nitrogen-containing groups 
for metal chelation (Gurd and Wilcox, 1956; Yamauchi 
et al., 2002; Bou-Abdallah and Giffune, 2016; Alhazmi, 
2019). Interestingly, the ability of Zn2+ to lower the 
pK of coordinated water molecules can lead to its dis-
sociation and formation of ZnO. Such a feature of zinc 
was the reason for the formation of ZnO-protein nano-
composites, which were synthesized with the utiliza-
tion of whey proteins (Shi et al., 2008) and ovalbumin 
(Buszewski et al., 2021). However, it should be noted 
that nanocomposites generally have a wider spectrum 
of toxic effects than other forms of metal compounds. 
The formation of homogeneous Zn-protein complexes 
was observed with the utilization of β-LG (Buszewski 
et al., 2020) and caseins (Pomastowski et al., 2014). 
The abovementioned facts indicate the need for the 
comprehensive study of the Zn-protein complexes for-
mation.

Hence, the study aimed to investigate the parameters 
of Zn-bLTF interactions that enable the synthesis of 
homogeneous Zn-rich complex. One of the basic as-
sumptions taken into account during the study was 
the formation of the Zn-bLTF complexes at any of the 
investigated conditions. The present study can be con-
sidered as an indispensable first step for the investiga-
tion of Zn-bLTF complexes as possible food additives 
for managing zinc deficiency or agents that promote 
wound healing, including infected wounds.

MATERIALS AND METHODS

Chemicals and Materials

The chemicals and materials used were of the high-
est available purity offered by suppliers. Standard 
lactoferrin from bovine milk (bLTF), ultrapure water 
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(liquid chromatography-MS purity >99%), acetonitrile, 
trifluoroacetic acid, ammonium bicarbonate, sodium 
bicarbonate, ammonium citrate dibasic, tri-sodium 
citrate dihydrate, sinapinic acid (SA), sodium chloride, 
sodium hydroxide, nitric acid, zinc nitrate hexahydrate, 
hydrochloric acid, dithiothreitol, iodoacetamide, Ami-
con Ultra Centrifugal membrane filters, ICP multiele-
ment standard solution IV, Zinc standard solution for 
ICP, and Scandium standard solution for ICP were 
purchased from Sigma-Aldrich. Invitrogen Bolt 4–12% 
Bis-Tris Plus polyacrylamide gel 10 and 12 wells, Sim-
ply Blue Safe Stain (Coomassie G250 stain), SeeBlue 
Plus 2 Pre-Stained Protein Standard, MES running 
buffer, load sample buffer, and sample reducing agent 
were supplied by ThermoFisher Scientific. Peptide 
calibration standard II, protein calibration standard 
II, α-cyano-4-hydroxycinnamic acid (HCCA), Anchor-
Chip, and GroundSteel target plates were obtained 
from Bruker Daltonics. A set of automatic pipettes and 
all laboratory plastics were obtained from Eppendorf. 
Moreover, trypsin for protein MS from Promega was 
used. Deionized water was obtained with the Milli-Q 
RG system from Millipore (Millipore Intertech).

Characterization of LTF

Zeta Potential Measurements and Isoelectric 
Point Determination. Zeta (ζ) potential measure-
ments were performed on a Malvern Zetasizer NanoZS 
(Malvern) using a DTS1070 cuvette (Malvern). The 
analysis was carried out in the automatic selection 
mode of voltage and number of runs. The results were 
obtained taking into account the Smoluchowski ap-
proximation (Oćwieja et al., 2015):

	 ζ = ηµ ε εe r 0 ,	 [1]

where η = solution viscosity; μe = electrophoretic mo-
bility; ε0 = electric permeability in vacuum, and εr = 
dielectric constant of the solution.

Each measurement was performed in triplicate. For 
isoelectric point (pI) determination, the zeta potential 
was measured as a function of pH. The potentiometric 
acid-base titration in the pH range from 4.0 to 9.0 was 
performed with the utilization of 1 mg/mL of bLTF 
solution obtained by protein suspension in 0.09% NaCl. 
The pH adjustment was performed by a dropwise 
addition of 0.1 M hydrochloric acid or 0.1 M sodium 
hydroxide solutions. Here and later, the pH of the so-
lutions was determined using the FiveEasy Plus pH 
meter (Mettler Toledo) with a combined electrode with 
glass membrane and Ag/AgCl reference system (Met-
tler Toledo). Before the measurements, the pH meter 

was calibrated by standard buffered solutions with pH 
values 4.0, 7.0, and 10.0.

Intact Protein Analysis by MALDI-TOF-
MS. Sinapinic acid was used as a matrix for MALDI 
analysis. Intact protein was suspended in the 0.1% 
trifluoroacetic acid to a concentration of 10 mg/mL. 
The saturated solution of SA was prepared in the TA30 
solvent [30:70 (vol/vol) acetonitrile:​0​.1​% trifluoroacetic 
acid]. Then, 1 µL of the samples was applied on the 
GroundSteel target plate by dried droplet technique 
with utilization of 1 µL of the matrix solution. Protein 
calibration standard II was used for mass calibration. 
All the MS spectra were obtained using the MALDI-
TOF/TOF mass spectrometer UltrafleXtreme (Bruker 
Daltonics) equipped with modified neodymium-doped 
yttrium aluminum garnet (Nd:​YAG) laser operating at 
a wavelength of 355 nm and frequency of 2 kHz. The 
system was controlled using the Bruker Daltonics soft-
ware (flexControl and flexAnalysis). The MS spectra 
were obtained in the linear positive mode in an m/z 
range of 10,000 to 100,000, applying an acceleration 
voltage of 25 kV and the minimum laser power of 60% 
and attenuation of 50%. Spectra were acquired by sum-
ming up 3 individual spectra obtained with 500 laser 
shots each and were plotted using the Origin software 
(v. 2015, OriginLab Corp.) from raw data without any 
modifications.

SDS-PAGE Coupled to Protein In-Gel Tryptic 
Digestion and MALDI-TOF/TOF-MS Analysis. 
The SDS-PAGE separation was carried out by the 
standard procedure recommended by the manufacturer. 
In-gel tryptic digestion was carried out by procedure 
described in the study by Shevchenko et al. (2006) with 
only one modification [i.e., the digestion step was per-
formed by the protocol recommended by the producer 
of trypsin (Promega)]. For MALDI-TOF/TOF-MS 
analysis, the HCCA was used as a matrix. The matrix 
solution was prepared as follows: HCCA was dissolved 
in a mixture containing 85% acetonitrile, 15% ultrapure 
water, and 0.1% trifluoroacetic acid to a final concen-
tration of 1.4 mg/mL. One microliter of the protein 
tryptic digest solutions was applied on an AnchorChip 
target plate by dried droplet technique with the utiliza-
tion of 1 µL of the matrix solution. Peptide calibration 
standard II (Bruker Daltonics) was used for mass cali-
bration. The MS spectra for protein digests (peptide 
fingerprints mass spectra) were recorded in a reflectron 
positive mode in the range of m/z 500 to 3,500. The 
measurements were performed with the utilization of 
acceleration voltage of 25 kV, minimum laser power of 
80%, and attenuation of 27%. Spectra were acquired 
by summing up 3 individual spectra obtained with 500 
laser shots each. The peptide spectra analysis was car-
ried out using the BioTools and ProteinScape software 
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(Bruker Daltonics). Protein identification was carried 
out by applying Mascot search with nonstandard search 
parameters (i.e., cysteine modified by carbamidometh-
ylation) and mass tolerance was set to 0.1 Da.

Preparation of Samples for the Study  
of Zn-Lactoferrin Interactions

The Zn-bLTF interaction study was performed in 3 
different buffers, namely 0.09% sodium chloride solu-
tion pH 6.0; 0.1 M ammonium bicarbonate/ammonium 
citrate buffer, pH 7.4; and 0.1 M sodium citrate/so-
dium, bicarbonate buffer, pH 8.6. Each of the buffers 
was prepared as follows: sodium chloride was dissolved 
in deionized water and adjusted to pH 6.0 with 0.1 M 
sodium hydroxide or 0.1 M hydrochloric acid; 0.1 M 
ammonium bicarbonate was prepared in deionized 
water and adjusted to pH 7.4 with 0.1 M ammonium 
citrate solution; and 0.1 M sodium bicarbonate and 0.1 
M trisodium citrate were prepared in deionized water, 
mixed (1:1, vol/vol), and adjusted to pH 8.6 with 0.1 M 
sodium hydroxide solution. The bLTF was suspended 
in the buffers to gain the concentration of 5 mg/mL 
(by weight). The Zn2+ solutions were obtained from 
stock (6 g/L prepared from ZnNO3 in deionized water) 
by dilution in the buffers to obtain solutions with a 
metal concentration of 6, 60, and 600 mg/L (the ex-
act Zn2+ concentrations were measured by ICP-MS). 
The bLTF and Zn2+ solutions were mixed at the ratio 
1:1 (vol/vol) and incubated with stirring for 24 h at 
room temperature (≈23°C). The protein after interac-
tion with Zn2+ (product of interaction) was separated 
and washed twice with ultrapure water to remove the 
electrolytes excess by utilization of membrane filters 
cut-off 3 kDa (Amicon Ultra Centrifugal Filters). The 
obtained products were lyophilized and subjected to 
analysis. Moreover, the obtained first supernatant was 
analyzed for the determination of the Zn2+ adsorption 
capacity of protein.

Characterization of Prepared Samples

ICP-MS Analysis. Metal quantification in the solu-
tions was performed on a Shimadzu ICP-MS 2030 with 
scandium as an internal standard. Determination of the 
metal content in bLTF and the products of Zn-bLTF 
interactions were carried out on mineralized samples. 
Nearly 2 mg of the samples was placed in Eppendorf 
tubes and mixed with 100 µL of nitric acid. Then, the 
Eppendorf tubes were closed tightly and heated at 80°C 
for 3 h. The mineralized samples were quantitatively 
transferred to polypropylene tubes and diluted with 

ultrapure water. Subsequent dilutions were performed 
with 1% HNO3. The obtained solutions were subjected 
to inductively coupled plasma (ICP)-MS analysis.

For the determination of the metal adsorption capac-
ity of protein, the equilibrium concentration of Zn2+ 
in the supernatant was determined. The supernatant 
dilutions were performed with 1% HNO3 in polypro-
pylene tubes. The adsorption capacity was calculated 
according to

	 q
C C V

m
=

−( )×0 ,	 [2]

where q is the amount of adsorbed Zn2+, m is the mass 
of the protein dispersed in the reaction mixture (g), C0 
is the initial concentration of Zn2+ in the reaction mix-
ture (mg/L), C is the equilibrium concentration of Zn2+ 
in the reaction mixture (mg/L), and V is the volume of 
the reaction mixture (L).

Fourier Transform Infrared Spectroscopy. Fou-
rier transform infrared spectroscopy (FTIR) analysis 
was performed for verification of the changes as a result 
of bLTF interactions with Zn2+. Infrared spectra for 
both native bLTF and after incubation with Zn2+ in 
different conditions were recorded in the mid-infrared 
range (4,000–400 cm−1). The spectra were collected 
with the utilization of attenuated total reflection 
(ATR) mode on Alpha FTIR spectrometer (Bruker). 
The FTIR spectra were plotted using the Origin soft-
ware (v. 2015, OriginLab Corp.).

Raman Spectroscopy. Raman spectroscopy as a 
complementary technique for FTIR was performed to 
distinguish more precisely the functional groups that 
may be involved in the interactions between bLTF 
and Zn2+. The bLTF and the products of Zn-bLTF 
interactions were placed on borosilicate microscope 
slides. The Raman spectra were recorded on Senterra 
II Dispersive Raman Microscope (Bruker) in the range 
of 4,000 to 400 cm−1. The excitation wavelength at λ 
= 532 nm was used with a power of 20 mW. Raman 
spectra were plotted using the Origin software (v. 2015, 
OriginLab Corp.) and were normalized by a signal of 
the amide I band.

Electron Microscopy. The products of Zn-bLTF 
interaction dispersed in ethanol were placed on a 
carbon-coated copper grid (Lacey Carbon Support 
Film 400 mesh, Electron Microscopy Sciences), dried at 
room temperature, and subjected to analysis by trans-
mission electron microscopy coupled with an energy-
dispersive X-ray spectrometer (TEM-EDX-FEI Tecnai 
F20 X-Twin) and scanning electron microscopy (LEO 
1430 VP, LEO Electron Microscopy Ltd.).
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RESULTS AND DISCUSSION

Interactions Between BLTF and Zinc

The bLTF was analyzed using gel electrophoresis 
with a 4 to 12% gradient. Numerous bands of proteins 
were observed in the range of 14 to 198 kDa (Figure 1). 
The obtained results indicated the presence of multiple 
impurities in the product as well as bLTF dimer. The 
supplier declared the purity of the standard to be not 
less than 85% by SDS-PAGE assay. This emphasizes 
the need to perform characterization of the target pro-
tein before the study of the interactions with metal 
ions. The presence of other proteins in the sample may 
affect the binding of the studied metal ions to the tar-
get protein. Interactions of the proteins from impurities 
can be assigned as interactions of the target protein 
with metal ions and lead to distorted interpretation of 
the results.

Ion-exchange chromatography is one of the most 
common techniques for the isolation and purification of 
bLTF (Ye et al., 2000; Yoshida et al., 2000). The high 
isoelectric point of bLTF (higher than 8; Takayama, 

2012) enables its selective isolation from other whey 
proteins. Lactoperoxidase is another whey protein that 
has a pI value (9.2–9.9) and molecular weight close to 
bLTF (89 kDa), which makes it the major impurity of 
bLTF. However, the concentrations of lactoperoxidase 
in the bLTF isolates usually are at a very low level and 
can be neglected (Du et al., 2013). Another source of 
the bLTF impurities may arise from the degradation as 
a result of the cleavage of the protein chain during iso-
lation or storage. Proteins can undergo multiple reac-
tions that affect their biological activity; among others, 
peptide bond hydrolysis and protein oxidation may be 
a reason for their fragmentation. Peptide bond cleavage 
occurs in the presence of water and is promoted even 
under mildly acidic conditions (Simpson, 2010). Whey 
acidification is usually used for casein separation and 
is one of the major steps in whey protein fractionation 
(Yoshida et al., 2000; Pomastowski et al., 2016). More-
over, acidification as well as other technological pro-
cesses such as spray-drying, high-pressure treatment, 
and so on can lead to partial protein denaturation and 
therefore to higher susceptibility to the protein primary 
structure degradation. It should be noted that metal 

Pryshchepa et al.: CHARACTERIZATION OF ZINC-LACTOFERRIN COMPLEXES

Figure 1. Sodium dodecyl sulfate-PAGE electropherogram of (A) protein markers (lane 1), intact bovine lactoferrin (bLTF; lane 2), and 
bLTF after membrane ultrafiltration (lane 3) with cut-off 50 kDa; (B) intact bLTF (lane 1); from left to right products of bLTF interaction with 
Zn2+ at pH 6.0, 7.4, and 8.6 with metal concentration of 6 mg/L (lanes 2, 5, and 8), 60 mg/L (lanes 3, 6, and 9), and 600 mg/L (lanes 4, 7, and 
10), respectively; and (C) enlarged fragment of the electropherogram B corresponding to dimer bands.
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ions are important factors that stabilize the proteins 
against degradation by tertiary structure stabiliza-
tion (Kambe et al., 2015; Franco et al., 2018). Consider-
ing the bLTF structure, the peptide bridge connecting 
the 2 protein lobes is the most compliant place for deg-
radation and enzymatic digestion (Takayama, 2012). 
The SDS-PAGE analysis showed the band between 38 
and 49 kDa, which can correspond to the parts of bLTF 
molecule such as the N-lobe and C-lobe. The smaller 
proteins, with bands present on the electropherogram, 
can be derivatives of bLTF further cleavage. From 
Figure 1A, it can be observed that it was possible to 
obtain the pure bLTF by membrane ultrafiltration with 
a 50 kDa cut-off value. Thus, it can be suggested that 
all impurities were introduced during the LTF isolation 
and storage. Moreover, bLTF ordered from another lot 
revealed almost no evidence of impurities (Figure 1B.1).

The SDS-PAGE analysis of the protein after inter-
action with Zn2+ did not show significant changes in 
the intensity and position of the main band of bLTF. 
However, slight changes in the electrophoretic mobility 
of the bLTF dimer band can be observed (Figure 1C). 
The changes in the protein mobility were observed for 
all samples obtained at pH 8.6 and pH 7.4, where the 
highest changes were for samples synthesized at pH 8.6 
and with the utilization of higher Zn2+ concentration. In 
the previous study of bLTF by PAGE-IEF, such slight 
changes in electrophoretic mobility were observed for 
the protein with different iron saturation levels, which 
influences the pI value (Voswinkel et al., 2016). Thus, 
it can be deduced that changes in the electrophoretic 
mobility may be due to the Zn2+ binding to the pro-
tein. However, it should be noted that such drift of the 
protein band position can also be due to interference 
of the excess of ions in the sample, which comes from 
the buffer used. Still, it was shown that NaCl up to a 
concentration of 0.4 M has little effect on the migration 
of the protein bands (See et al., 1985). In the study, 
the buffers used had a concentration of 0.1 M and the 
samples were washed twice with ultrapure water after 
synthesis.

By utilization of MALDI-TOF-MS in linear positive 
mode, it was possible to estimate the molecular weight 
of bLTF ([M+H]+) (Figure 2). Average masses of bLTF 
were in the range of 82 to 84 kDa with a maximum of 
nearly 83,200 Da. In the previous study of our group, the 
average masses of isolated bLTF were in the range of 77 
to 81 kDa with a maximum of 77,700 Da (Pomastowski 
et al., 2016). Bovine lactoferrin is the glycoprotein and 
the differences in masses are related to its glycosylation 
degree. Bovine lactoferrin has 5 possible glycosylation 
sites and 4 of them are always glycosylated (Asn233, 
368, 476, and 545), whereas the fifth (Asn281) is glyco-

sylated in about 15 to 30% depending on the stage of 
lactation (van Veen et al., 2004). Moreover, the level of 
bLTF glycosylation is also dependent on other factors 
such as inflammation, environmental, and stress condi-
tions (Wei et al., 2000). Yoshida et al. revealed that 2 
different forms such as bLTF-a (molecular mass, Mr, 
≈ 84,000) and bLTF-b (Mr ≈ 80,000) can be isolated 
both from colostrum and mature milk (Yoshida and Ye-
Xiuyun, 1991; Yoshida et al., 2000). Moreover, it was 
shown that bLTF-a is more resistant to proteolytic deg-
radation than bLTF-b. Additionally, a previous study 
has shown that bLTF-a displays a higher bacteriostatic 
activity against Escherichia coli than bLTF-b (Yoshida 
et al., 2000). The studies indicated the significance of 
the degree of glycosylation of proteins on their biologi-
cal activity, which should be taken into account dur-
ing the investigation. Other signals were suggested to 
correspond to multiple-charged bLTF ([M+2H]2+) ions 
and the impurities in the sample, namely [M1+H]+, 
signals marked by F, and other smaller proteins. On 
the spectrum of the protein after filtration with 50 kDa 
cut-off, only the signals from multiple-charged ions of 
bLTF can be seen and additional small signals of some 
impurity near 22.5 ([M2+H]+) and 14 kDa. Still, it 
should be noted that even though protein degradation 
is an unwanted process, the peptides derived from whey 
proteins have numerous useful properties. For instance, 
lactoferricin of bLTF reveals even higher bactericidal 
ability than bLTF itself (Takayama, 2012; Dullius et 
al., 2018).

Further bLTF samples were subjected to SDS-
PAGE separation and in-gel tryptic digestion coupled 
to MALDI-TOF/TOF-MS analysis, which enabled 
the identification of 6 proteins that were found to be 
the most abundant in the mixture. Almost all studied 
proteins were identified as bLTF as well as its dimer 
and fragments, but the protein with a mass of nearly 
14 kDa was shown to be bovine keratin. The obtained 
results may serve as additional evidence of the bLTF 
degradation during isolation and storage as the main 
source of impurities as was suggested from SDS-PAGE 
analysis (Figure 1). All subsequent analyses, including 
the studies of bLTF-Zn interactions, were performed 
using the bLTF standard with higher purity with no 
additional purification.

Zeta potential measurement is usually used for the 
characterization of electrochemical properties of bio-
molecules. The knowledge about proteins’ net charge 
is important for the prediction of their behavior in the 
solutions (e.g., their dispersion stability, interaction 
with sorbents or membranes during separation and 
purification). One of the applications of ζ-potential 
measurements is the protein pI determination, at which 
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the net charge of the protein equals zero. At pI proteins 
become more hydrophobic, compact, and less stable, 
and hence can easily aggregate and precipitate (Salgın 
et al., 2012). What is important is that the protein net 
charge may affect the process of metal-protein inter-
action (Gurd and Wilcox, 1956; Roosen-Runge et al., 
2013). Thus, the pI value is an important parameter 
for the description of the mechanisms of metal binding 
to protein.

In our study, the protein acid-base potentiometric 
titration has shown that, as a function of pH (Figure 
3), ζ-potential values of bLTF vary from +20 to −6 
mV at the pH values of 4 to 9. The ζ-potential changes 
in the specified pH range fit a linear model. This al-
lows determining the pI value of bLTF, which was 
established at pH = 7.4 ± 0.2. The utilization of other 
models did not show significant changes. The majority 
of literature sources indicate a bLTF pI value in a range 
between 8.0 and 9.0 (Lambert, 2012; Takayama, 2012). 
The differences in the pI values are related to differ-
ences in the measurement technique used. For instance, 
for A-type lipase of Candida antarctica pI value at 4 
was determined by electrophoretic mobility, whereas 
the isoelectric focusing technique showed the pI value 
as 7.5 (Salgın et al., 2012). Moreover, the studies per-
formed in our group have shown that depending on the 
ions present in the solution the determined pI values 
for β-LG were from 5.3 to 7.6 within the same tech-
nique (Gołębiowski et al., 2020). The study indicates 
the high importance of the effect of specific protein-
ion interactions on the obtained results. Moreover, the 
ionic strength of the dispersion medium also can result 

in differences in pI values (Salgın et al., 2012). What is 
interesting is that the previous investigation performed 
in our group for bLTF with molecular weight ≈78 kDa 
has revealed a pI value of 6.0 ± 0.3 (Pomastowski et 
al., 2016). Both in the present study and in the one 
performed by Pomastowski et al. the conditions for 
pI determination of bLTF were the same, namely the 
protein was titrated in 0.09% NaCl, indicating the in-
fluence of the glycosylation level on the electrochemical 
features of proteins.

The spectra obtained within ATR-FTIR analysis of 
native bLTF have revealed a typical pattern of absorp-
tion bands (Figure 4). The bands that occurred in the 
region from 2,800 to 3,700 cm−1 represent stretching 
(str.) vibrations related to hydrogen-containing groups. 
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Figure 2. The MALDI-TOF-MS spectra of native bovine lactoferrin (bLTF; on the left) and bLTF after membrane filtration with cut-off 
value 50 kDa; signals [M1+H]+, [M2+H]+, and F correspond to signals of impurities.

Figure 3. Zeta potential of bovine lactoferrin as a function of pH. 
pI = isoelectric point.
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The absorption band with a maximum at 3,280 cm−1 
corresponds to O–H and N–H str. vibrations. The broad 
shape of the band indicates the involvement of amino 
and hydroxyl groups in the hydrogen bond. The bands 
at 3,078, 2,980, 2,936, and 2,886 cm−1 come from C-H 
asymmetric and symmetric stretching vibrations of CH3 
and CH2 groups as well as aromatic rings (Nandiyanto 
et al., 2019). Additional band for δas(CH3) (1,472 cm−1) 
is almost undetectable on the spectrum of native bLTF 
due to signals overlay. Instead, the band for δ(CH2) was 
visible at 1,451 cm−1 (Barth, 2007; Nandiyanto et al., 
2019). After interaction with Zn2+ in all of the samples, 
the new band at 3,653 cm−1 has appeared. The band 
might appear due to the unbounded O–H group vibra-
tions, which are more often connected to the presence 
of water in the sample, but also may be due to the 
hydrogen bonds destruction in the protein (Socrates, 
2004). The results may indicate that the samples were 
not dried completely after the synthesis. However, the 
signals were even more intense in samples obtained at 
pH values 7.4 and 8.6. As Zn2+ appears in the solu-
tion as aqua complex (Krężel and Maret, 2016), the 
results may indicate the metal adsorption on the pro-
tein surface with a coordination sphere partially filled 
with water molecules, thus enhancing the water signal 
in the spectrum. It should be noted, that water always 
accompanies the protein molecules. Some scientists 
claim that water molecules are the indispensable part 
of the protein that take part not only in the tertiary 
structure formation but also participate actively in the 
protein reactions, for instance in the directed proton 
transfer (Kotting and Gerwert, 2007). More interest-
ingly, the unusual enhancement of the signals of the 
methyl and methylene groups was observed, especially 
in the samples formed at pH 7.4 and 8.6, which may 
be due to the changes in the protein crystal structure 
rearrangement. For instance, similar but less significant 
effects were observed in the case of the study of solid to 
liquid transitions in long-chain alkanes (Corsetti et al., 
2017). In the fingerprint region, the signal 1,637 cm−1 
was assigned to the characteristic band for the peptide 
bond of amide I. The absorbance of the band in ≈80% 
is due to CO str. vibrations (Socrates, 2004). However, 
the out-of-phase C-N str. vibration and NH in-plane 
bending (≈10% each) also contribute to the amide I 
band (Socrates, 2004; Barth, 2007). The position of 
the band is dependent on the protein secondary struc-
ture and indicates the presence of a large number of 
β-sheet structures in the bLTF molecule. The data de-
rived from crystallography studies also indicate a high 
amount of β-sheet in the proteins from the transferrin 
family (Baker, 1994; Mizutani et al., 2012; Takayama, 
2012). The amide II band, which comes from out-of-

phase NH in-plane bending and the CN str. vibration 
with a small contribution from CO in-plane bending 
and CC/NC str. vibrations, was observed at 1,533 cm−1 
(Socrates, 2004; Barth, 2007). The bands appeared 
at 1,338 cm−1, 1,309 cm−1 (α-helix), and 1,240 cm−1 
(β-sheet) can be assigned to amide III modes, which 
mainly comes from CN str. and NH bending (≈30% 
each; Singh et al., 1993; Barth, 2007). The more in-
tense band at 1,240 cm−1 also indicates the prevalence 
of β-sheet structures in the protein molecule. The 
enhancement and shifts of the amide III bands after 
protein interaction with Zn2+ may indicate the metal 
complexation through NH and CN groups and changes 
in protein secondary structure (Socrates, 2004). The 
relatively strong absorption band at 1,391 cm−1 can 
be attributed to νs(COO−) of glutamic and aspartic 
acids (Nandiyanto et al., 2019). The band may shift 
significantly upon cation chelation (+60/−90 cm−1). 
Bovine lactoferrin has 40 glutamic and 36 aspartic 
acid residues in a single molecule, which makes up 11% 
of the total number of residues and may indicate the 
high potential in metal ion chelation (Pomastowski et 
al., 2016). The bands at 1,159 cm−1 and 1,129 cm−1 
can be assigned to ν(C–O) of serine, aspartic, and glu-
tamic acid, whereas the band at 1,067 cm−1 comes from 
ν(C–O) of threonine. The band that occurred at 967 
cm−1 could also arise from the serine residue (Barth, 
2007). The significant enhancement of the bands after 
protein interaction with Zn2+ indicates the changes in 
the composition of the accompanying metal ions in the 
protein and the involvement of all of the assigned AA, 
namely serine, aspartic, and glutamic acids. The bands 
below the 800 cm−1 come from amide IV–VII, the in-
terpretation of which is hard to perform due to a lack 
of information for protein in the literature (Socrates, 
2004). Detailed changes in FTIR bands and their in-
tensities can be found in Table 1, where an increase or 
decrease in intensities was assigned by arrows.

Raman spectroscopy can be considered as comple-
mentary to FTIR vibrational spectroscopic technique, 
which can provide more structural details on chromo-
phores as they are saturated in π-electrons and thus 
can be polarized more easily (Wen, 2007). Obtained 
Raman spectra of native bLTF have several absorption 
bands, characteristic for proteins (Figure 5). The broad 
band with a maximum at 3,325 cm−1 can be assigned 
to O–H and N–H str. vibrations involved in hydrogen 
bonding (Socrates, 2004). The band at 3,055 cm−1could 
also be due to N–H str. vibrations, whereas intensive 
bands at 2,931 and 2,873 cm−1 come from aliphatic 
C–H str. vibrations. The band of amide I appeared at 
1,669 cm−1. Similar to FTIR, the position of the amide 
I band indicates the high impact of β-sheet structures 
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in the molecule. However, in the amide III region, the 
intensive band at 1,284 cm−1 and the less intensive one 
at nearly 1,329 cm−1 should indicate the presence of 
all structures, namely α-helix, β-sheet, and random 
coils (Wen, 2007). The changes in the signal distribu-
tion of the amide III bands after bLTF interaction with 
Zn2+, the same as in the FTIR spectra, may indicate 
the changes in the secondary structure of the protein 
as well as the significant role of CN and NH groups in 
metal ion binding. What is interesting is that according 
to literature data the amide II band should have low 
intensity in Raman spectra (Socrates, 2004; Jacob et 
al., 2009). However, in our study, the vibrational band 
at 1,503 cm−1, which may be related to amide II, has 
rather medium intensity. The band at 1,602 cm−1 was 
assigned to ring modes of aromatic residues, namely 

phenylalanine, tyrosine, and tryptophan. The addi-
tional bands for each of the residues can be found at 
1,206, 1,168, and 835 cm−1 for tyrosine, 1,035 and 1,003 
cm−1 for phenylalanine as well as 1,550 (indole ring 
modes), and 874 and 757 cm−1 for tryptophan (Wen, 
2007; Rygula et al., 2013).

What is important is that the bands of these AA 
are sensitive to the local environment. Moreover, the 
π-cation interactions affect some of the bands such 
as 757 and 1,550 cm−1 of tryptophan, which should 
be helpful for the study of metal-protein interactions 
(Wen, 2007). Thus, the changes in relative intensities of 
the bands indicate the changes in the cation content in 
the protein. The bands at 1,450 and 1,096 cm−1 corre-
spond to C–H and C–N deformation vibrations (Rygula 
et al., 2013). The bands that occurred in region 500 to 
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Figure 4. Attenuated total reflection-Fourier-transform infrared spectra of native bovine lactoferrin (bLTF) and bLTF after interactions 
with Zn2+ (fingerprint region).
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600 cm−1 could arise due to the S–S stretching vibra-
tions (Wen, 2007), whereas 417 cm−1 can be assigned 
to the Fe–O or Fe–NO complexes in iron-binding pro-
teins (Ashton et al., 2017). The changes in intensities 
of some of the bands that correspond to S–S stretching 
vibration indicate the changes in the protein secondary 
and tertiary structure. Detailed changes in the bands 
and their intensities after the Zn-LTF interactions can 
be found in Table 2, where an increase or decrease in 
intensity was assigned by arrows.

Table 3 presents the results of ICP-MS determination 
of the 6 most common for proteins metal ions. Accord-
ing to obtained results, it is visible that Zn2+ binding 
occurred only at pH 7.4 and 8.6, but not at pH 6.0. The 

changes in the FTIR and Raman spectra observed for 
samples obtained at pH 6.0 may be due to the decrease 
of all metal contents in the sample as a result of the 
washing steps after the synthesis. Further discussion of 
the observed phenomena will be provided in the next 
section, which presents the proposed mechanisms of the 
metal-protein interaction.

Scanning electron microscopy images revealed mi-
nor changes in the protein surface structure. However, 
reasonable conclusions could not be derived because 
the main drawback of the method is a spatial reso-
lution, which limits detailed characterization of the 
changes in protein structure after the interaction. In 
addition, observation of the protein structure is one 

Pryshchepa et al.: CHARACTERIZATION OF ZINC-LACTOFERRIN COMPLEXES

Figure 5. Raman spectra of native bovine lactoferrin (bLTF) and bLTF after interactions with Zn2+.
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of the main challenges in protein science (i.e., due to 
its low stability under exposure to high energies). The 
previous study with ovalbumin revealed that the Zn2+ 
interaction with proteins can lead to the formation of 
ZnO nanoparticles (Buszewski et al., 2021). Hence, 
the transmission electron microscopy (TEM)-energy-
dispersive X-ray spectrometry analysis of the samples 
was performed. It was possible to detect Zn only in the 
samples prepared with the utilization of Zn2+ solution 
of 600 mg/L at pH 7.4 and 8.6. However, the formation 
of ZnO nanoparticles was not observed even for these 
samples. Thus, it could be deduced the formation of 
homogeneous metal-protein complexes at pH 7.4 and 
8.6 (Figure 6).

Mechanisms of Zn-bLTF Interactions

The ICP-MS analysis revealed that after bLTF in-
teraction with Zn2+ the changes in the quantity of all 
6 of the most common metals that usually accompany 
proteins have occurred. What is interesting is that 
among all metals the Fe3+ has the highest affinity to 
bLTF (Takayama, 2012), but after interaction with zinc 
solutions in all utilized conditions, the iron content has 
decreased. The most dramatic decrease (i.e., ≈45%) 
was observed when Zn2+ solution with the concentra-
tion of 600 mg/L at pH 6.0 was used. The effect may be 
connected with 2 factors, and the first one is the acidic 
conditions that weaken the bond between Fe3+ and 
bLTF. The second factor is the competition of Zn2+ for 
metal-binding sites, which become more evident with a 
higher concentration of metal in the solution (Gurd and 
Wilcox, 1956). In all other cases, the decrease of iron 
content was in the range from 13 to 30 %. For pH 7.4 
and 8.6, the main factor that should affect iron content 

is the presence of citrate ions in the solution. Citrate 
ions compete with bLTF for the metal ion. Generally, 
the native bLTF had 1.45 ± 0.06 mg/g of iron, which 
equals the ratio of metal:​protein = 2.1:1, and thus 
means that both metal-binding sites were filled with 
iron. After the reaction, the portion of the iron was 
released from the protein, which enables the embed-
ding of the Zn2+ into bLTF. However, at pH 6.0 the 
utilization of zinc solution of 6 mg/L also decreased the 
Zn2+ content. When solutions of 60 and 600 mg/L were 
used, a slight increase in Zn2+ content was observed. 
However, such small changes can be neglected because 
even they cannot compensate for the amount of van-
ished Fe3+, leaving the bLTF unsaturated. Almost the 
same was the case when a solution of 6 mg/L at pH 
7.4 and 8.6 was used. In turn, with the usage of zinc 
solution of 60 mg/L for both 7.4 and 8.6 the amount 
of bonded Zn2+ was already higher than vanished Fe3+. 
Thus, it can be suggested that some portion of Zn2+ 
was bonded to surface functional groups of bLTF. The 
usage of the solution with a zinc concentration of 600 
mg/L enables to bond ≈16 and 22 of Zn2+ at pH 7.4 
and 8.6, respectively, which implies the formation of 
new metal-binding sites on the protein surface.

The deep chemistry of reactants should be considered 
for the proper description of the processes on the sur-
face of the protein. Consideration of the participation of 
AA and peptides as building blocks of the protein can 
simplify the description. Subsequently, the extrapola-
tion of obtained data for peptides and AA can be used 
for the description of interactions of more sophisticated 
molecules such as proteins. Such an approach was used 
by Sych et al. (2018) for the prediction of place(s) of 
formation of Ag clusters in protein. Tang and Skibsted 
(2016) reported the discussion of the bioavailability of 
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Table 3. Results (± SD) for the inductively coupled plasma MS measurements of the metals content in the native bovine lactoferrin (bLTF) 
and after interaction with the Zn2+ solution of 6, 60, and 600 mg/L at pH 6.0, 7.4, and 8.6

Sample

Metal

Zn, mg/g Fe, mg/g Mg, µg/g Na, mg/g K, mg/g Ca, mg/g

Native bLTF 0.017 ± 0.003 1.45 ± 0.06 9.5 ± 2.3 0.96 ± 0.16 0.11 ± 0.02 <LOQ1

pH 6.0
  6 mg/L 0.007 ± 0.005 1.24 ± 0.19 20.9 ± 0.6 0.28 ± 0.05 0.08 ± 0.02 <LOQ
  60 mg/L 0.036 ± 0.002 1.17 ± 0.02 7.0 ± 3.6 <LOQ <LOQ <LOQ
  600 mg/L 0.034 ± 0.003 0.80 ± 0.14 18.1 ± 1.0 <LOQ <LOQ <LOQ
pH 7.4
  6 mg/L 0.037 ± 0.005 1.22 ± 0.05 6.1 ± 0.9 <LOQ <LOQ <LOQ
  60 mg/L 0.621 ± 0.022 1.25 ± 0.04 7.2 ± 1.4 <LOQ <LOQ <LOQ
  600 mg/L 12.392 ± 0.720 1.14 ± 0.08 6.0 ± 0.6 <LOQ <LOQ <LOQ
pH 8.6
  6 mg/L 0.056 ± 0.005 1.18 ± 0.07 5.6 ± 0.4 — <LOQ <LOQ
  60 mg/L 1.687 ± 0.080 1.11 ± 0.05 5.9 ± 1.0 — <LOQ <LOQ
  600 mg/L 16.885 ± 1.426 1.02 ± 0.01 5.3 ± 6.7 — <LOQ <LOQ
1Limit of quantification.
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Zn2+ from whey. On the other hand, the authors re-
ported the obtained data in an attempt to explain the 
role of individual AA in Zn2+ binding to the protein and 
therefore in Zn2+ homeostasis. Generally, this approach 
is well known from the first research on formation of 
metal ammine complexes (Gurd and Wilcox, 1956). 
However, such an approach should be applied carefully 
with consideration of the whole spectrum of intra- and 
supramolecular effects that can affect the interactions 

between the species. For instance, although Zn2+ ions 
form relatively stable complexes with glycine, this 
interaction is not significant for the binding of metal 
ions to protein. In this case, side chains of AA compris-
ing the protein are of higher importance. However, for 
small peptides, it was shown that nitrogen from peptide 
bonds participates in metal complexation (Gurd and 
Wilcox, 1956). Thus, such molecules as glycine may 
also participate in the metal complexation.

Pryshchepa et al.: CHARACTERIZATION OF ZINC-LACTOFERRIN COMPLEXES

Figure 6. Results of scanning electron microscopy (SEM) and transmission electron microscopy (TEM)-energy-dispersive X-ray spectrom-
etry (EDX) analysis of (A) native bovine lactoferrin (bLTF) and samples obtained with the utilization of Zn2+ solution of 600 mg/L at pH (B) 
6.0, (C) 7.4, and (D) 8.6.
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Sulfhydryl (thiol) groups of side chains of the AA 
comprising the protein can form the strongest bonds 
with metals, particularly Zn2+ (Gurd and Wilcox, 1956; 
Tang and Skibsted, 2016). Cysteine is of high impor-
tance in proteins containing zinc finger structures, 
where metal-binding sites comprise different combina-
tions of histidine and cysteine residues (Bou-Abdallah 
and Giffune, 2016). Bovine lactoferrin has 34 cysteines 
in its structure, which provides the respective amount 
of thiol groups (Pomastowski et al., 2016). However, 
free thiol groups are very reactive and undergo oxida-
tion reaction with the formation of sulfenic (R-S–OH), 
sulfinic (R–SO2H), and sulfonic (R–SO3H) derivatives 
as well as the disulfide bond. In general, the presence 
of free thiol groups is distinctive for proteins located 
in the cytoplasm, whereas proteins in other compart-
ments comprise oxidized thiol groups predominantly 
in form of disulfide bridges (Trivedi et al., 2009). In 
the bLTF, not only the number but also the position 
of cysteines predict 17 disulfide bonds (Schanbacher et 
al., 1993). The disulfide bridges are essential elements 
of the protein tertiary structure and are responsible for 
protein thermal stability (Trivedi et al., 2009). It was 
shown that Ag+ and Hg+ can easily break the disulfide 
bridges and form a highly stable bond with the thiol 
group (Gurd and Wilcox, 1956). For instance, Pomas-
towski et al. (2016) worked with both the experimental 
data as well as molecular dynamic analysis that have 
shown the involvement of disulfide bonds in Ag+ bind-
ing to bLTF. However, a vast number of other metals 
are supposed to react with cystine (oxidized form of 
cysteine, containing disulfide bond) in a way similar to 
simple AA (Gurd and Wilcox, 1956). Still, the disulfide 
bond can undergo degradation in a basic environment 
by direct attack of hydroxyl anion on the sulfur atom 
with the formation of sulfenic acid and thiolate an-
ion (Trivedi et al., 2009). Thus, although Zn2+ has a 
strong binding affinity to disulfides and cystine was 
thought to participate in intracellular Zn2+ homeostasis 
(Tang and Skibsted, 2016), the Zn2+ interactions with 
protein disulfide bonds are highly dependent on the 
reaction environment (Gurd and Wilcox, 1956). In our 
investigation, according to the Raman spectra, it can 
be observed that the changes in the signals correspond-
ing to the disulfide bonds have occurred. The obtained 
data indicate the changes in the bLTF molecule con-
formation: the increase of signal near 560 cm−1 with 
an increase of Zn2+ in the complexes may indicate the 
prevalence of less stable TGT conformer of S-S bond 
in the molecule, whereas the signal near 510 cm−1 from 
more stable GGG conformer disappears (Wen, 2007). 
Such changes may not be connected to metal binding 
through a disulfide bond, but show the effect of Zn2+ 
on bLTF structure.

Numerous studies, including the one carried out by 
Buszewski et al., indicated that glutamic and aspartic 
acids play an important role in Zn2+ coordination by 
proteins (Jabeen et al., 2005; Pomastowski et al., 2014; 
Buszewski et al., 2020). Moreover, Zn2+ appears in wa-
ter in form of aqua complex, which is considered as acid 
according to Brønsted-Lowry theory. The central ion in 
the complex causes the polarization of water molecules, 
resulting in a more labile proton. The dissociation of 
the proton leads to the formation of the aqua-hydroxo 
complex (Krężel and Maret, 2016). Similarly, the la-
bile proton can interact with carboxylic groups of AA, 
leading to the formation of the hydroxo complex with 
subsequent transformation to ZnO, which can lead to 
the formation of ZnO-protein nanocomposites (Shi et 
al., 2008; Buszewski et al., 2021). The TEM analysis 
of synthesized Zn-bLTF complexes showed that zinc 
oxide nanoparticles did not form at any of the uti-
lized conditions. Regarding the interactions between 
Zn2+and carboxylic groups, it should be noted that 
they have an electrostatic character. In addition, it 
was shown that glutamic and aspartic acids have low 
zinc binding affinity, which implies the involvement 
of other nitrogen-containing residues to form stable 
complexes (Gurd and Wilcox, 1956; Yamauchi et al., 
2002; Tang and Skibsted, 2016). The Lewis acid-base 
theory also indicates that because the Zn2+ belongs 
to borderline metal ions it has the highest affinity to 
ligands with nitrogen atoms such as nitrogen of peptide 
bond, imidazole ring, and guanidine (Alhazmi, 2019). 
In the present study, according to the results of ICP-
MS measurements (Table 3), the binding of Zn2+ was 
not observed at pH 6.0. The effect can be explained 
by the chemistry of the bLTF. Apart from cysteine, 
histidine can bind metal most strongly. However, the 
imidazole group of free histidine has pKa ≈5.99 (Belitz 
et al., 2009), whereas the inclusion of histidine to the 
protein chain shift the pKa to higher values (Gurd and 
Wilcox, 1956), which implies that at pH 6.0 the avail-
ability of imidazole group for Zn2+ is limited. Thus, the 
binding of Zn2+ to imidazole groups may not appear. 
Instead, the interactions with carboxylic groups are 
weak, so it cannot hold the Zn2+ on the protein surface. 
By changing the pH to the higher values (7.4 and 8.6), 
the imidazole groups become more available, resulting 
in Zn2+ binding to protein. The evidence of Zn2+ in-
teraction through carboxylic and imidazole groups can 
be observed from Raman and FTIR spectra from the 
changes in vibration intensity and shifts of appropriate 
bands, which appear in complexes synthesized in pH 
7.4 and 8.6. Still, bLTF has only 9 histidines in its 
structure and 2 of them are the part of clefts in metal-
binding sites. According to obtained results, both bind-
ing sites are filled with Fe ions (the bLTF:​Fe3+ molar 
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ratio is nearly 1:2). Thus, the effect of histidine on the 
Zn2+ binding ability of bLTF is not dominant, whereas 
other nitrogen-containing functional groups have much 
higher pKa, which indicates that a much more complex 
mechanism is involved in the process. Additionally, the 
FTIR spectra have revealed that serine and threonine 
may also be involved in the coordination of Zn2+. In-
stead, the changes in the signals of aromatic AA, which 
are sensitive to cation-π interactions, may indicate the 
changes in the cation content in the complexes.

However, it should be noted that in the previous 
study on β-lactoglobulin interaction with zinc, the Zn2+ 
binding to protein was studied at pH 4.6, which is much 
lower than the pKa of imidazole groups (Buszewski et 
al., 2020). The majority of publications indicate the 
pI for β-LG at pH 5.1 to 5.3 (e.g., by free-flow elec-
trophoresis; Łapińska et al., 2017), but determined 
within the study of its interaction with Zn2+ was at 
pH 4.6 (by ζ-potential measurements; Buszewski et al., 
2020). Thus, it may indicate the significant effect of 
the net charge of the protein on the effectiveness of the 
metal binding to protein. Bovine lactoferrin is a protein 
with high content of cationic residues. The presence of 
positively charged functional groups in AA has been 
shown to decrease the metal-binding constant, which 
was assumed due to electrostatic repulsion (Gurd and 
Wilcox, 1956). Similarly, the electrostatic repulsion 
may decrease Zn2+ binding ability to protein. Thus, in 
discussion of the protein as a charged macromolecule, 
it is reasonable to consider the pH value of the system 
as compared with pI. The pI value for bLTF in the 
present study was defined at pH ≈ 7.4 ± 0.2. However, 
the accuracy of this method still may not exclude the 
presence of the slight positive charge on the protein 
surface at this pH value, especially after binding of a 
small portion of Zn2+. In addition, it implies that at pH 
8.6 the charge of the protein is negative, whereas at pH 
6.0 it is positive.

The effect of the protein charge can be observed on 
differences in metal binding in the solution at different 
pH. As it can be seen, the Zn2+ content in complexes 
obtained in pH 8.6 is 3 and 1.5 times higher than for 
pH 7.4 for the systems containing 60 and 600 mg/L of 
Zn2+. Moreover, it is important to notice that the effect 
of concentration on the metal-protein binding can be 
observed. The results of measurements of metal adsorp-
tion on the protein from solution with 60 and 600 mg/L 
of Zn2+ and pH 8.6 was determined as 6.16 ± 0.28 
and 64.60 ± 2.25 mg/g, respectively, whereas the Zn2+ 
content in the corresponding complexes was 1.69 ± 0.08 
and 16.88 ± 1.42 mg/g, respectively. The protein can be 
considered a biocolloid, which according to the DLVO 
(Derjaguin–Landau–Verwey–Overbeek) theory implies 

the presence of a double electric layer and solvation 
shell on the surface of protein particles. Thus, the high 
metal concentration in the solution by affecting the 
solvation shell probably makes it possible for Zn2+ ions 
to interact with several functional groups, resulting in 
much higher stability of the complex. Therefore, the 
amount of Zn2+ that remains bounded to the protein 
after washing steps is higher. The effect also can be 
seen for Zn2+ adsorption from solutions at pH 7.4, but 
with less difference with the corresponding Zn2+ con-
tent in the complex. The adsorption was determined 
as 2.8 ± 0.22 and 19.0 ± 1.24 mg/g, whereas metal 
content in the corresponding complexes was 0.62 ± 0.2 
and 12.39 ± 0.72 mg/g for 60 and 600 mg/L of Zn2+ 
concentration, respectively. However, while considering 
the interactions between Zn2+ and bLTF at pH 7.4 and 
8.6, the presence of citrate and bicarbonate ions also 
should not be avoided. The Zn2+ binding constants to 
bicarbonate and citrate indicate that in both systems 
Zn2+ ions appear predominantly in the form of citrate 
complex (Fouillac and Criaud, 1984; Krężel and Maret, 
2016), which implies the competition of citrate anion 
with protein for Zn2+. Thus, the higher adsorption of 
Zn2+ in the system with higher metal concentration 
may not indicate the changes in the shielding effect 
of the double electric layer, but the higher availability 
of metal ions, as the concentration of citrate remains 
stable. Still, the buffer with pH 8.6 comprises a higher 
concentration of citrate anion and the binding capabil-
ity of protein in pH 8.6 is higher, which may indicate 
the higher influence of protein net charge on its metal-
binding efficiency.

However, the tertiary structure of the protein also 
affects the metal-binding properties. The formation of 
stable metal-protein complexes involves the coordina-
tion of several functional groups by a metal ion. Thus, 
an appropriate number of functional groups is not 
sufficient because their location is also important. Ad-
ditionally, this may affect the thermodynamics of the 
process (Gurd and Wilcox, 1956). It is well known that 
the changes in free Gibbs energy must have a negative 
value for the occurrence of spontaneous reaction. The 
chelation of Zn2+ ions by proteins implies an enthalpy 
effect, which according to Tang and Skibsted (2016) for 
bLTF was determined as ∆H = −100 kJ/mol. However, 
the entropy for the reaction was determined as ∆S = 
−250.5 J/mol K (measured in pH 7.4). The Zn2+ chela-
tion by bLTF implies the release of water molecules 
from the aqua complex, which leads to the increase in 
entropy of the system. The determined negative value 
of the entropy may indicate the changes in the flexibil-
ity of the protein molecule. It is even more interesting 
to investigate how the pH difference may affect the 
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thermodynamics of the process, which is the aim of our 
future study. The pH and ionic strength of the system 
affect the conformation of the protein molecule and 
therefore the bLTF metal-binding properties as well as 
the thermodynamics of the process (Gurd and Wilcox, 
1956).

CONCLUSIONS

This study presents the results for the bLTF interac-
tion with Zn2+ at 3 different pH and 3 different metal 
concentrations. Study revealed that the Zn2+ immo-
bilization onto protein has occurred in the solution 
at pH 7.4 and 8.6, but not at pH 6.0. Obtained data 
indicate that the availability of nitrogen-containing 
functional groups and protein net charge (which can be 
manipulated by pH changes) have a significant impact 
on the ability of protein to bind Zn2+. Moreover, the 
higher ionic strength of the solution, in particular the 
Zn2+ concentration, increases the probability of metal 
ion chelation through several functional groups of the 
protein and thus formation of stable metallocomplexes. 
Finally, the pH and the ionic strength should affect the 
conformation of the protein, which also may result in 
the formation of structures favorable for Zn2+ binding. 
However, it is noteworthy to mention that changes in 
protein tertiary structure also change the thermody-
namics of the process.
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