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This study sought to elucidate the molecular principles by which bovine lactoferrin (bLF) governs ruthe-

nium(III) coordination and to assess how protein-guided binding translates into structural and biological

effects. The protein was modified using potassium aquapentachlororuthenate(III) (K2[RuCl5(H2O)]) as a

metal precursor. The obtained LF–Ru systems were comprehensively examined using spectroscopic

(spectrofluorimetry, DLS, ATR-FTIR, SRCD), spectrometric (ICP-OES), microscopic (LM, SEM-EDS,

TEM-EDS), scattering (SAXS), and electrophoretic (SDS-PAGE) techniques. Antibacterial activity was evalu-

ated for LF and LF–100Ru against Gram-positive (Enterococcus faecalis) and Gram-negative (Escherichia

coli, Klebsiella pneumoniae) bacteria. The cellular response to LF–Ru complexes was investigated using

murine fibroblast (L929), human hepatocellular carcinoma (HepG2), and human colorectal adeno-

carcinoma (Caco-2) cell lines. Molecular docking indicated favorable Ru(III) binding in histidine-containing

regions related to native metal-binding motifs. Molecular dynamics simulations supported conformational

stability upon metal binding, whereas quantum-mechanical calculations on simplified residue models

were used only to assess qualitative donor preferences. The adsorption isotherm was better described by

the Langmuir model, indicating saturation-like binding of Ru(III) to accessible LF regions at low and mod-

erate loading. At the highest precursor concentrations, BET-style analysis together with TEM observations

suggested additional secondary Ru accumulation within the protein matrix. Fluorescence quenching

demonstrated strong interactions in the LF–Ru system (Ka = 1.789 × 104 M−1). Desorption studies indi-

cated only minor metal release from LF–100Ru after incubation in simulated gastric and intestinal fluids.

Importantly, LF–100Ru reduced the viability of HepG2 and Caco-2 cells while showing comparatively low

toxicity toward normal L929 fibroblasts under the tested conditions, indicating a differential cellular

response.

1. Introduction

Protein–metal interactions play a significant role in biological
systems by controlling catalysis, oxygen transport and storage,
electron transfer, structural organization of biomolecules, and
cellular signaling and regulatory processes.1 Understanding
the mechanisms of molecular interactions in protein–metal
systems is of great value for the design and development of
promising therapeutic strategies.2

Ruthenium (Ru) complexes are recognized by their wide
therapeutic spectrum, including antitumor, antibacterial, and
antioxidant activities.3,4 The multiplicity of Ru oxidation states
(from −II to +VIII) enables the synthesis of diverse complexes
with a broad range of biological interactions and new mecha-
nisms of action, including DNA damage, ROS-mediated apop-
tosis, and antimetastatic activity.5 Among them, Ru(II) and
Ru(III) coordination compounds are considered the most appli-
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cable due to them having the highest chemical stability. Lastly,
Ru(III) complexes are considered a better alternative to com-
monly implemented platinum drugs for cancer treatment,
which is mainly attributed to their lower toxicity and better
drug resistance.6,7 However, the most promising Ru(III) drug
candidates, namely NAMI-A and KP1019, did not achieve the
expected efficiency in clinical chemotherapy studies due to
severe side effects and limited bioavailability.8 A series of limit-
ations necessitated the search for safer and at the same time
efficient strategies for cancer treatment.

Targeted therapy is a relatively new and advanced approach
in cancer therapy that is not as widely implemented as chemo-
therapy. The key principle of targeted therapy is based on
drugs interacting with specific molecular targets (proteins, e.g.
receptors, enzymes, factors) responsible for the survival and
proliferation of cancer cells.9 Several advantages offered by tar-
geted therapy, such as improved selectivity and better tolerabil-
ity by the patient, enabled the development of diverse drug-
delivery systems. In this case, a series of emerging challenges
related to targeting efficiency, stability of delivery systems, and
their biocompatibility must be overcome.

In recent decades, bovine lactoferrin (bLF), a member of
the transferrin family of proteins, has been recognized as a
potential carrier for biologically active substances, e.g. metal
ions, nanoparticles, fatty acids, nucleic acids, lipopolysacchar-
ides, vitamins, and other proteins.10,11 Additionally, bLF is
known to be a biodegradable, non-toxic, and non-immuno-
genic protein that shows antibacterial, antivirus, antioxidant,
anti-inflammatory and anticancer activities.12 This diverse
spectrum of biological properties makes bLF an attractive can-
didate for biomedical applications. It is well defined as a large
glycoprotein (Mw ∼ 77–91 kDa) characterized by a high binding
affinity for iron (KA ∼ 1020 M−1).10,13 Therefore, LF naturally
acts as an iron carrier, enabling its efficient intestinal absorp-
tion through a receptor-mediated endocytosis mechanism.14

LF receptors (LFRs) are expressed on the surface of various
types of cells, e.g. intestinal epithelial cells, hepatocytes, fibro-
blasts, lymphocytes, neurons, neutrophils, and macrophages.15

What is important is that the overexpression of LFRs in cancer
cells has been reported, suggesting high potential of LF as a
drug carrier for targeted anticancer therapy.16 It is worthwhile
noting the ability of ruthenium to mimic iron for binding to
transferrin family proteins; thus it might be assumed that Ru
uptake occurs in a similar way to that of Fe – by receptor-
mediated endocytosis. Previous studies have primarily focused
on investigating interactions between Ru(III) complexes and
transferrin (TF); however, information regarding the LF–Ru
binding mechanism remains limited.17 It was shown that
KP1019 coordinated to the specific iron-binding sites of
human apo-transferrin (apo-hTF) in a 2 : 1 molar ratio,
whereas at higher molar ratios, it bound non-specifically.18

Analogously, Levina et al. noticed that KP1019 competed for
the iron-binding site in holo-TF, which led to disruption inter-
actions between TF and the TF receptor (TFR), resulting in
poor metal uptake.19 In contrast, Wang et al. demonstrated
that TF-mediated uptake of Ru(III) by human Caucasian pro-

myelocytic leukemia (HL-60) cells was not affected by co-
ordinated Fe(III), as the two metals occupied distinct binding
sites.20 Although LF and TF belong to the same protein family
and share about 60% sequence homology, their structural
differences are substantial.21 For instance, iron release from
LF occurs approximately 100 times more slowly than from TF;
thus its structure shows a higher resistance to proteolytic
digestion.22 Besides, the isoelectric point of LF is considerably
higher (approximately 8–9) compared to TF, which is in the
range of around 5–6.23 The protein isoelectric point signifi-
cantly affects surface charge properties and, consequently, the
tendency to engage in electrostatic interactions with other
molecules.24 Thus, the design of LF–Ru complexes will allow
for significant improvement of the delivery of Ru(III) complexes
through receptor-mediated pathways.25 Importantly, the
design of LF–Ru complexes may provide new insights into
both the structural characteristics and biological activity of the
functionalized biomolecule.

This study aims to uncover the molecular principles govern-
ing Ru(III) coordination within LF and to evaluate how such
protein-guided binding translates into structural and biologi-
cal outcomes. For this purpose, potassium aquapentachloror-
uthenate(III) (K2[RuCl5(H2O)]) was selected as a precursor. In
contrast to commonly used Ru(III) precursors such as ruthe-
nium(III) chloride hydrate (RuCl3·xH2O), K2[RuCl5(H2O)] is a
well-defined coordination complex with enhanced hydrolytic
stability in aqueous solution and reduced tendency toward
uncontrolled polymerization.26–28 Consequently, its use for LF
modification provides greater control and reproducibility in
binding studies and the preparation of LF–Ru complexes. The
given Ru(III) complex was not previously recognized by any
specific biological properties; however, it is characterized by
high solubility in water and compactness, and therefore we
assume it may be easily bound within the LF biomolecule. The
nature of interactions in the synthesized LF–Ru complexes was
analyzed by a number of spectroscopic (fluorescence spec-
troscopy, ATR-FTIR, DLS), spectrometric (ICP-OES), scattering
(SAXS), microscopic (LM, SEM-EDS, TEM-EDS), and electromi-
gration (SDS-PAGE) techniques. The application of a number
of computational methods, including molecular docking,
molecular dynamics (MD), and density functional theory
(DFT), enabled filling the gap with experimental data. The bio-
logical activity of the LF–Ru complexes was assessed by testing
their antibacterial properties against Gram-negative (E. coli,
K. pneumoniae) and Gram-positive (E. faecalis) bacteria. The
impact of the LF–Ru complexes on cell viability along with
their cytotoxicity was examined on several cell lines, including
murine fibroblast (L929), human hepatocellular carcinoma
(HepG2), and human colorectal adenocarcinoma (Caco-2).

2. Experimental
2.1. Materials

The bovine lactoferrin (bLF) used for analysis was the same as
in the previous study.29 Potassium aquapentachlororuthenate
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(III) (K2[RuCl5(H2O)]), glacial acetic acid (CH3COOH), and
sodium acetate (CH3COONa) were purchased from Sigma
Aldrich (St Louis, Missouri, USA).

2.2. Batch isotherm study of Ru(III) binding to LF

The mechanism of LF–Ru binding was analyzed by using a
batch sorption approach. In this study, potassium aquapenta-
chlororuthenate(III) was applied as the ruthenium precursor.
Appropriate amounts of the Ru(III) complex were dissolved in
0.1 M acetic buffer (pH 4) at the following concentrations:
1.25, 2.5, 5, 10, 25, 50, 75, 100, 150, 250, and 500 mg L−1.
Similarly, LF was suspended in acetic buffer (pH 4) at a con-
centration of 1000 mg L−1 and then mixed with the Ru(III)
complex solution at a ratio of 1 : 1 (v/v). The Ru-to-protein
molar ratios in the respective mixtures were 0.27/1, 0.53/1,
1.07/1, 2.14/1, 5.34/1, 10.68/1, 16.02/1, 21.36/1, 32.04/1, 53.40/1,
and 106.79/1 (mol Ru per mol LF). The reaction mixture was
incubated for 24 h at 37 °C and 400 rpm using an Eppendorf
ThermoMixer (Hamburg, Germany). Afterwards, it was trans-
ferred to an Amicon-0.5 centrifugal filter with a 3 kDa mole-
cular weight cut-off (MWCO) and centrifuged at 14 000 rpm
for 5 min to separate the formed complex and the unbound
metal ions. The collected filtrate was dissolved in 2% nitric
acid and then the Ru(III) concentration was determined by
ICP-OES.

2.3. Kinetic study of Ru(III) binding to LF

The mechanism of LF–Ru complex formation was further
investigated by performing a kinetic binding study. Initially,
the LF solution (1000 mg L−1) was mixed with the Ru(III)
complex solution at two different concentrations (10 and
100 mg L−1) at a ratio of 1 : 1 (v/v). The mixture was incubated
(37 °C; 400 rpm) for different time periods, namely 2, 5, 10, 20,
30, 60, 120, 300, 450, 600, and 1440 min. Unbound Ru(III) was
quantified using the same procedure as that described in the
previous step.

2.4. Preparation of LF–Ru complexes

Based on the isothermal and kinetic studies, three concen-
trations of potassium aquapentachlororuthenate(III) (1.25,
100, and 500 mg L−1) were selected for the large-scale
synthesis of LF–Ru complexes, designated as LF–1.25Ru,
LF–100Ru, and LF–500Ru, respectively. According to the iso-
thermal study, the molar ratios of bound Ru to bLF in the
complexes were determined to be 0.10/1, 8.43/1, and 28.85/1
(mol Ru per mol LF), respectively. The synthesis conditions
were identical to those described in section 2.2. After 24 h of
incubation, the reaction mixture was transferred to Amicon-
15 centrifugal filters with a 3 kDa MWCO and centrifuged
(6000 rpm, 4 °C, 40 min). The concentrate containing the
LF–Ru complex was washed twice with distilled water and
subsequently freeze-dried (−54 °C, 0.080 mbar) overnight
using a lyophilizer (Labconco, Kansas City, MO, USA) until a
dry powder was obtained.

2.5. Study of the fluorescence properties of the LF–Ru
complex

2.5.1. 3D spectra measurements. Initially, LF and
LF–100Ru were dissolved in deionized water at a concen-
tration of 100 mg L−1. The 3D fluorescence spectra were
recorded using a Jasco FP-8300 spectrofluorometer (JASCO,
Easton, MD, USA) at specific excitation (200–730 nm) and
emission (210–750 nm) ranges. The measurements were
performed at an interval of 5 nm and a scan speed of
5000 nm min−1.

2.5.2. Analysis of the quenching mechanism in the LF–Ru
system. A series of solutions of the Ru(III) complex with con-
centrations of 1.25, 2.5, 5, 10, 25, 50, 75, 100, 150, 250, and
500 mg L−1 were prepared for the Stern–Volmer experiment.
The protein solution (1000 mg L−1) was mixed with the metal
complex in a 1 : 1 (v/v) ratio. The specific maximum emission
wavelength was used according to the previously recorded 3D
spectra of LF (Fig. S1). The changes in fluorescence intensity
were analyzed with a Varioskan™ LUX Multimode Microplate
Reader (Thermo Fisher Scientific, Waltham, MA, USA) at λex/
λem = 280/330 nm.

2.6. Particle size and zeta potential measurements

The changes in hydrodynamic diameter and zeta potential of
the LF–100Ru complex and LF dispersed in different media
(distilled water and 0.1 acetic buffer at pH 4) at a concentration
of 1000 mg L−1 were analyzed using a Malvern Zetasizer Nano
ZS (Malvern Instruments, UK). DTS0012 and DTS1070 cuvettes
were used for the particle size and zeta potential measure-
ments, respectively. The analyses were performed at 25 °C with
an equilibration time of 120 s by using a manual mode of
runs.

2.7. Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR)

The lyophilized samples of bLF, LF–1.25Ru, LF–100Ru, and
LF–500Ru were analyzed in the MIR range (3500–900 cm−1)
with a resolution of 4 cm−1 using an Alpha FTIR spectro-
meter (Bruker, Billerica, MA, USA) equipped with a
diamond crystal. The collected spectra were subjected to
baseline correction using the second derivative method
(zeroes) followed by normalization using the OriginPro
2024 software (OriginLab Corporation, Northampton, MA,
USA). The amide I band (1720–1580 cm−1) was deconvo-
luted using the second derivative method (to identify
hidden peaks) combined with the Savitzky–Golay smooth-
ing derivative method with a polynomial order of 2 and a
window of 20 points. The areas of the fitted peaks were cal-
culated using the Gaussian function. The achieved coeffi-
cient of determination (R2) was 0.999 and a chi-square tol-
erance value of 1 × 10−6 was reached for each sample. The
percentage of each secondary structure type was deter-
mined as the ratio of the area of the individual fitted peak
(assigned to a given secondary structure) to the sum of the
areas of all fitted peaks.
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2.8. Synchrotron radiation circular dichroism (SRCD) study

Circular dichroism (CD) spectra of protein samples were
recorded on the AU-CD beamline of the ASTRID2 synchrotron
radiation source at the Department of Physics and Astronomy,
Aarhus University, Denmark. The spectra were collected at
25 °C using a Hellma quartz suprasil cuvette type 121.000 with
a nominal 0.1 mm path length under a nitrogen atmosphere.
The CD spectra were collected every 1 nm with an average of 2
per measurement. The final CD spectra were calculated as the
smoothed average of five independently measured and base-
line corrected spectra recorded between 178 and 280 nm. The
spectra were smoothed using a seven point Savitzy–Golay filter.
The protein concentration was determined using the biuret
method. The secondary structure content of analyzed proteins
was calculated using BestSel.30

2.9. Small angle X-ray scattering (SAXS) analysis

SAXS curves were collected at beamline P12 of the Petra III
storage ring at DESY (Deutsches Elektronen-Synchrotron) in
Hamburg.31 Protein samples (20 μL) were analyzed either in
deionized water or in phosphate buffer, and the corresponding
solvent/buffer was used for background subtraction. Before
measurement, the samples were centrifuged to remove aggre-
gates. All data were collected at 15 °C with a scattering vector
(s) range of 0.0088–5 nm−1, and overlays of the merged data
sets were used to detect concentration-dependent scattering in
the lowest s region. All SAXS data were processed using the
ATSAS package.32 Integration, scaling and buffer subtraction
were performed using the PRIMUS program. The resulting
curves were used for all further calculations and reconstruc-
tions. Models were calculated using DAMMIF.33 Structural
parameters and theoretical intensities were calculated using
CRYSOL.34 The radius of gyration (Rg), maximum diameter
(Dmax) and pair-distance distribution function p(r) were deter-
mined using GNOM.35

2.10. Microscopy imaging

2.10.1. Light microscopy (LM) and scanning electron
microscopy with energy-dispersive X-ray spectroscopy
(SEM-EDS). Small amounts of the dried bLF, LF–1.25Ru, LF–
100Ru, and LF–500Ru samples were mounted on carbon
adhesive disks (Leit Tabs) and fixed onto SEM specimen stubs.
The morphology and elemental composition were examined
using an Axio Zoom.V16 light microscope (Carl Zeiss
Microscopy GmbH, Jena, Germany) and an EVO 15 scanning
electron microscope (Carl Zeiss Microscopy GmbH,
Oberkochen, Germany) equipped with a backscattered electron
detector (BSE) and a SmartEDS energy dispersive X-ray spectro-
meter (EDS).

2.10.2. Transmission electron microscopy with energy-dis-
persive X-ray spectroscopy (TEM-EDS). TEM samples were pre-
pared by dispersing a few milligrams of the material in 99.8%
anhydrous ethanol, followed by sonication for 5 s in an ultra-
sonic bath. Subsequently, a 5 μL aliquot of the resulting sus-
pension was deposited onto a carbon-coated copper grid with

holes (Lacey type, Cu 400 mesh, Plano). The solvent was
allowed to evaporate under ambient conditions, and the dried
material adhering to the grid was subjected to TEM analysis.
The prepared samples were analyzed with a Tecnai X-Twin
transmission electron microscope (FEI Company, Hillsboro,
OR, USA) equipped with a dark field detector (BF), a high-
angle annular dark field detector (HAADF), and an Edax RTEM
energy dispersive X-ray spectrometer (EDS).

2.11. Desorption study

Primarily, the LF–100Ru complex was dissolved in water to
prepare a solution at a concentration of 10 000 mg L−1.
Samples were mixed with gastric (pH 1.4) and intestinal fluids
(pH 7.25), prepared according to European Pharmacopeia
guidelines,36 at a 1 : 4 ratio (v/v) and then incubated at 37 °C
for 1, 2, and 3 h. Afterwards, the reaction mixture was trans-
ferred to Amicon centrifugal filters (cut-off 3 kDa) and centri-
fuged for 5 min at 14 000 rpm. The remaining filtrate was
appropriately dissolved in 2% HNO3 and the amount of
released Ru(III) ions was analyzed using ICP-OES. In parallel,
the LF–100Ru solution (10 000 mg L−1) was mineralized in
aqua regia at 80 °C for 3 h to determine the initial concen-
tration of Ru(III) in the complex.

2.12. SDS-PAGE analysis

The electrophoretic separation of LF and the LF–100Ru
complex was performed in 4–12% polyacrylamide gel (Thermo
Scientific, Waltham, MA, USA) under non-reducing conditions.
Non-reducing conditions were achieved by adding 5 μL of 4×
Bolt lithium dodecyl sulfate (LDS) Sample Buffer (Thermo
Scientific, Waltham, MA, USA) to 15 μL of the sample.
Electrophoresis was run at 200 V for 22 min using the 1× MES
running buffer. Band visualization was performed by gel incu-
bation for 1 h in Coomassie Blue R-350, followed by overnight
destaining in deionized water.

2.13. Peptic digestion kinetics

Peptic digestion kinetics were investigated in a similar way to
the procedure previously described by Pryshchepa et al.37

Initially, a pepsin stock solution (2000 U mL−1) was prepared
in deionized water and subsequently diluted to 5 U mL−1 with
simulated gastric fluid. The substrates, LF and the 100LF–Ru
complex, were individually dissolved in water to obtain
working solutions at a concentration of 5000 mg L−1. The
enzyme/substrate mixture was prepared at a 0.1 U per 100 µg
ratio, in which the final protein concentration was 1000 mg
L−1. A series of samples were incubated in an Eppendorf
ThermoMixer (Hamburg, Germany) at 37 °C for 1, 2, 5, 15, and
30 min. The reaction was terminated by adding 0.7 M Na2CO3

(35% of the total sample volume) to the reaction mixture.
Finally, all samples were analyzed by SDS-PAGE in reducing
mode. Reducing conditions were achieved by adding 2 μL of
10× Bolt Sample Reducing Agent (Thermo Scientific, Waltham,
MA, USA) containing 500 mM dithiothreitol (DTT) per 20 μL of
the total reaction mixture.
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2.14. Molecular docking in LF–Ru systems

Holo- and apo X-ray crystallography bLF structures were used for
docking. In the PDB database, there is only one holo- (iron-satu-
rated) X-ray crystallography bLF with two high affinity metal
coordination sites – histidine 253 and 595. This structure (PDB
ID: 1BLF) with a resolution of 2.80 Å comprises residues
5–689.38 Also, there is only one apo- (iron-free) X-ray crystallogra-
phy structure of bLF (PDB ID: 4OQO), with a resolution of
2.42 Å, which comprises residues 342–689.39 In this structure,
the histidine 253 residue is missing; thus, only the histidine 595
site can be studied. Protein structures were prepared in the
Protein Preparation Module of the Schrödinger Suite.40

Hydrogen atoms were added to the structure, and bond orders
and disulfide bonds were assigned. Protein protonation states
were assigned using PROPKA at pH 4.0.41 The protein energy
minimization was performed in the OPLS4 force field.42 The
[RuCl5(H2O)]

2− complex was constructed using Maestro and sub-
jected to DFT geometry optimization and single point energy cal-
culations using Jaguar, an application of the Schrödinger
Suite.43 For geometry optimization, B3LYP-D3 was used with the
LANL2DZ basis set for the Ru atom and 6-31G** for the remain-
ing atoms. The calculations were conducted in water solvent
using the polarizable continuum model. After geometry optimiz-
ation, electrostatic potential charges were determined using
single point energy calculations, with the total complex charge
set to −2. In MetalDock, the ruthenium geometry optimization
and single point energy calculations were part of the automated
workflow, and were executed using ORCA 5.0.4.44 DFT calcu-
lations utilized the B3LYP theory and the def2-TZVP basis set for
all atoms. Molecular docking was performed in the Schrödinger
Suite using the Glide application45 and in the MetalDock44 work-
flow, which uses the AutoDock4 docking engine. Two Glide-
specific docking methods were used: standard precision and
induced fit docking.46 The docking grid box was centered on the
protein histidine residues 253 and 595. MetalDock is an open-
source workflow specifically developed for molecular docking of
metal complexes to biomolecules. The vacancy in the first
coordination sphere of the Ru atom was indicated, and a
dummy atom was added to the metal complex for direct coordi-
nation of the metal atom to a protein residue. Molecular
docking was also performed using AutoDock4 as a docking tool.

2.15. Molecular dynamics (MD) and density functional
theory (DFT) studies

We carried out theoretical calculations in two stages: (1) DFT
and (2) classical MD. In the DFT calculations, we optimized
the structure of individual amino acids, the isolated
[RuCl5(H2O)]

2− complex, and the [RuCl5(H2O)]
2− complex

interacting with amino acids to obtain their minimum-energy
ground-state configurations utilizing the Gaussian09 code.47

The B3LYP hybrid functional was employed, with the GENECP
keyword used to define the LANL2DZ basis set for Ru(III), while
the 6-31G basis set was applied for Cl, H, O, C, and N
atoms.48,49 The optimized structures and corresponding elec-
tron density distributions were visualized using GaussView 5.0.

Guided by the molecular docking results, only selected amino
acids were considered for quantum mechanical calculations to
reduce the computational cost. For each system, all possible
binding sites were examined, and the most favorable configur-
ation corresponding to the lowest ground-state energy was
chosen for further interaction analysis.

For classical MD simulations, the initial structure of bovine
lactoferrin (bLF) was obtained from the RCSB Protein Data
Bank: 1BLF for the holo-form and 4OQO for the apo-form.
After molecular docking of the three modeled configurations,
the highest-scoring pose in each case was used as the starting
structure for MD simulations. GROMACS was used for simu-
lations with the CHARMM force field for the protein residues,
and EasyPARAM-derived parameters were used for [RuCl5]

2−,
respectively.50–52 Before the MD run, the protein with the
[RuCl5]

2− complex was solvated with SPC/E water molecules in
a cubic box of 10 nm in edge length.53 The total energy of the
system was minimized to relax bonds and remove possible
structural clashes. Particle Mesh Ewald (PME) was used to cal-
culate long-range electrostatic interactions, and the cut-off for
non-bonded interactions was set to 1.2 nm. After minimiz-
ation, the system was heated to 300 K under the NVT ensemble
using a Langevin thermostat. Subsequently, the system was
equilibrated under the NPT ensemble at 1 bar and 310 K. Each
equilibration step lasted 100 ps. Production runs were contin-
ued for 30 ns, after which the trajectories were analyzed and
the root mean square deviation (RMSD) was calculated.

2.16. Resazurin-based assessment of the antibacterial activity
of LF and LF–100Ru

The antibacterial response of LF and LF–100Ru was evaluated
using three bacterial strains: Escherichia coli ATCC 33876,
Enterococcus faecalis ATCC 51299, and Klebsiella pneumoniae
B34. Initially, bacteria were inoculated in Mueller–Hinton
broth (MHB) and incubated for 24 h under aerobic conditions.
Afterwards, the prepared 0.5 McFarland bacterial suspension
was diluted 100-fold. A series of solutions of LF and LF–100Ru
were prepared in MHB at concentrations of 10 000, 5000, 2500,
1250, 625, and 312.5 mg L−1. Then, 100 µL of bacterial suspen-
sion was mixed with 100 µL of the analyzed samples in a
96-well plate and incubated overnight at 37 °C. The bacterial
suspension and culture medium alone were used as the posi-
tive and negative controls, respectively. Subsequently, 10 µL of
resazurin solution (100 mg L−1) was added to each well and
the plate was additionally incubated at 37 °C for 1 h. Bacterial
viability was determined from the changes in fluorescence
intensity at λex/λem = 560/590 nm using a Varioskan™ LUX
Multimode Microplate Reader. All analyses were performed in
triplicate for both samples and controls. The value of the nega-
tive control was subtracted from each analyzed sample and
from the positive control. The fluorescence value of the posi-
tive control was taken as 100% bacterial viability.

2.17. In vitro cell line assessment

The cytotoxic potential of the LF–Ru complexes was assessed
on the L929 murine fibroblast cell line and human epithelial
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colorectal adenocarcinoma Caco-2 cells, both obtained from
the American Type Culture Collection (ATCC), as well as on
hepatocellular carcinoma HepG2 cells acquired from the
European Collection of Authenticated Cell Cultures (Sigma
Aldrich). All cell lines were cultured in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM; Biowest) sup-
plemented with 10% fetal bovine serum (Biological Industries)
and antibiotics, namely penicillin (100 U mL−1) and streptomy-
cin (100 μg mL−1) (Capricorn Scientific GmbH). Cultures were
incubated at 37 °C in a humidified incubator under a 5% CO2

atmosphere. Subculturing was performed routinely, 2–3 times
a week, using a 0.05% trypsin–EDTA solution (Capricorn
Scientific GmbH) once the cells reached approximately 70%
confluence.

2.17.1. Cell viability by the MTT assay. The proliferative
response of cells to LF–Ru complexes was assessed via the
MTT assay (3-(4,5-dimethylthiazolyl)-2,5-diphenyltetrazolium
bromide; Thermo Fisher Scientific). Initially, L929, HepG2,
and Caco-2 cells were seeded into 96-well culture plates (Jet
Biofil) at a concentration of 5 × 104 cells per mL within 100 μL
of supplemented DMEM per well and pre-incubated at 37 °C
for 24 h. Following this incubation, cells were exposed to the
LF–Ru complexes for 48 h. Stock solutions of the complexes
were prepared and then subjected to serial dilutions in the
medium to obtain the final concentrations of 625, 1250, 2500
and 5000 mg L−1, respectively. Furthermore, a control sample
containing unmodified lactoferrin was prepared, with
additional concentrations of 20 000 and 10 000 mg L−1. After
treatment, the medium was removed and replaced with 100 μL
of MTT solution (0.5 mg mL−1) prepared in PBS. Plates were
incubated for 2 h at 37 °C to allow for formazan formation.
After the incubation period, the MTT reagent was carefully
removed, followed by the addition of 50 μL of absolute
dimethyl sulfoxide (DMSO) to each well. The plates were gently
agitated for 10 min. Absorbance readings were then taken at
570 nm and a reference wavelength of 630 nm, using a
Varioscan™ LUX Multimode Microplate Reader. Viability per-
centages were calculated by comparing the treated cells to the
untreated controls designated as 100% viable. All tests were
conducted in five separate replicates. Additionally, obser-
vations of cell shape and density were made with an Olympus
EP50 inverted phase-contrast microscope.

2.17.2. Measurement of cytotoxic effects through LDH
activity. The cytotoxic effects were quantified by measuring
lactate dehydrogenase (LDH) release using the CytoTox96 Non-
Radioactive Cytotoxicity Assay Kit (Promega, Madison, WI,
USA), following the manufacturer’s protocol. Each condition
was analysed in quintuplicate. For analysis, 50 μL of culture
supernatants collected after 48 h of incubation with the test
substances from L929 murine fibroblasts, human epithelial col-
orectal adenocarcinoma Caco-2 cells, and hepatocellular carci-
noma HepG2 cells were transferred to a new 96-well plate (Jet
Biofil). The CytoTox96 reagent was freshly prepared by combin-
ing the assay buffer with the substrate mixture. The positive
controls, representing 100% LDH release, were generated by
treating cells with 0.8% Triton X-100 for 45 min. The negative

controls included untreated cells in the culture medium, while
blanks contained the medium alone or the medium with the
specified test substance, which were applied in order to elimin-
ate background effects in the measurements. Subsequently,
50 µL of the reagent was added to each well, followed by incu-
bation for 30 min at 21 °C in the dark. The reaction was halted
by adding 50 µL of the stop solution. LDH release, reflecting
membrane damage, was measured from the absorbance at
490 nm using a Varioskan™ LUX Multimode Microplate
Reader. The results are presented as mean values ± standard
deviation (SD). Statistical analysis was performed using one-
way ANOVA with Tukey’s post hoc test for multiple comparisons.
All computations were carried out using GraphPad Prism 8.0.2
software (La Jolla, CA, USA). The levels of significance are rep-
resented as follows: * p < 0.05; ** p < 0.01; *** p < 0.001. For
instances where cell viability surpassed the control values of
the same concentration of LF, statistical significance was
marked with a ‘#’ symbol instead of an asterisk.

3. Results and discussion
3.1. Isotherm study

The binding behavior in the LF–Ru systems was investigated
through the application of two isotherm models, namely the
Langmuir and Freundlich models (Fig. 1A). A detailed descrip-
tion of the isotherm models and thermodynamic parameters
used to analyze Ru(III) binding to LF is provided in the SI.

The calculated sorption parameters for both applied
models are shown in Table 1.

The experimental sorption capacity ranged from 0.12 to
36.4 mg g−1. The determined molar ratios of bound Ru to bLF
in the formed LF–Ru complexes are shown in Table 2. The qeq/
Ceq relationship was better fitted by the Langmuir model (R2 =
0.993) than by the Freundlich model (R2 = 0.969), indicating a
saturation-like binding of Ru(III) to a limited number of acces-
sible LF regions under the studied conditions.54 The calcu-
lated maximum sorption capacity (qmax) was 56.9 mg g−1, con-
firming a substantial affinity of Ru species for LF. The pre-
viously determined qmax of Fe(III) for LF was 36.3 mg g−1.55

Remarkably, RL decreased as C0 increased, consistent with
the used relationship. The determined dimensionless equili-
brium parameter (RL = 0.28–0.99) indicates favorable LF–Ru for-
mation. Although the experimental data were better fitted by the
Langmuir model, a Freundlich contribution should not be
excluded, suggesting that the system is not perfectly uniform
across the entire loading range. The heterogeneity factor (1/n <
1) likewise supports favorable binding.56 To further probe the
high-loading behavior, the data were additionally examined
using a modified BET-style representation. The resulting plot
suggests that, after an initial saturation-like binding regime, a
secondary accumulation step may occur at higher Ru precursor
concentrations (Fig. 1B). In this context, the BET-type interpret-
ation should be treated as a phenomenological description of
high-loading behavior rather than as proof of classical multilayer
adsorption on a porous solid. In particular, it may reflect sec-
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ondary Ru accumulation or aggregation within the protein
matrix instead of a strictly defined surface multilayer. This
interpretation is more consistent with the TEM observations
obtained for LF–500Ru, where Ru-rich domains were detected
only at the highest loading. The calculated binding efficiency of
Ru(III) on LF ranged from 24.0 to 49.6% (Fig. 1C). It increased
from 37.5 to 49.0–49.6% as the initial Ru(III) complex concen-
tration increased from 1.25 to 10 mg L−1. Subsequently, the
efficiency decreased from 44.8 to 24.0% over the 25–500 mg L−1

range, supporting progressive saturation of the most accessible
binding regions. The calculated change in Gibbs free energy
(ΔG) ranged from −19.6 to −16.6 kJ mol−1 across the tested con-
centrations, confirming that LF–Ru formation is spontaneous
under the given conditions (T = 310 K). For comparison, the pre-
viously determined ΔG values for the LF–Ag system ranged from
−25 to −11 kJ mol−1.37

3.2. Kinetic study

To evaluate the kinetics of LF–Ru binding, the two initial Ru
(III) complex concentrations, namely 10 and 100 mg L−1, were
tested (Fig. 2).

A detailed description of the kinetic models used to evalu-
ate Ru(III) binding to LF is provided in the SI. Thus, a zero-
order kinetic model was applied to evaluate the changes in Ru

(III) concentration over time (Ct). For 10 mg L−1 as the initial
metal complex concentration, a fast metal binding to LF
within 2 min (k0 = 0.48 mg L−1 min−1) was observed, resulting
in a decrease of the initial Ru(III) concentration (C0) from
1.39 mg L−1 to a Ct of 0.42 mg L−1 (Fig. 2A). In the next step
(5–30 min), a gradual increase in Ct from 0.55 to 0.93 mg L−1

was observed. This phenomenon might be associated with
structural changes in LF, leading to metal desorption and sub-
sequent relocation of Ru(III) to more favorable binding sites.
The obtained Weber–Morris plot indicated fast transport of Ru
(III) from the solution to the protein surface, which is generally
described as boundary layer diffusion and/or external mass
transfer (Fig. 2B).57 Subsequently, a sharp decrease in sorption
capacity was observed, which might be caused by the release
of weakly bound Ru(III). Finally, the formed LF–Ru system
reached equilibrium after 30 min. The calculated sorption
efficiency (%E) ranged from 29.2 to 69.7% over the analyzed
time period (Fig. 2C). The results are comparable to a zero-
order kinetic plot, showing the highest percentage of bound
Ru(III) in 2 min, followed by gradual metal desorption and a
decrease in sorption efficiency. After 30 min of incubation, the
sorption efficiency remained nearly constant (29.2–35.3%),
suggesting that the protein had reached its Ru(III)-binding
equilibrium, possibly due to saturation of accessible binding
sites. In the case of 100 mg L−1 as the initial complex concen-
tration, Ru(III) binding to LF was a one-step process which
occurred rapidly (k0 = 3.14 mg L−1 min−1) in 2 min (Fig. 2D). A
minor desorption of Ru(III) occurred in the range of 2–20 min
which corresponded to Ct ∼ 9–11 mg L−1. The observed fluctu-
ations might be caused by rearrangements in the LF structure
followed by redistribution of the bound Ru(III). The Weber–
Morris model confirmed fast binding of metal ions on the
external surface (Fig. 2E). It was shown that intra-particle

Fig. 1 (A) Isotherm of Ru(III) sorption onto LF, (B) modified BET isotherm, and (C) bar chart of the sorption efficiency of Ru(III) on LF.

Table 1 Sorption parameters for Freundlich and Langmuir models

Freundlich model Langmuir model

n
KF [mg
g−1] S R2

qmax [mg
g−1]

KL [L
mg−1] S R2

1.63 3.24 45.8 0.969 56.9 0.033 10.3 0.993

Table 2 Molar ratios of n(Ru)/n(LF) in the obtained LF–Ru complexes (mol Ru per mol LF)

n(Ru)/n(LF)

LF–1.25Ru LF–2.5Ru LF–5Ru LF–10Ru LF–25Ru LF–50Ru LF–75Ru LF–100Ru LF–150Ru LF–250Ru LF–500Ru
0.10/1 0.22/1 0.48/1 0.94/1 2.21/1 4.10/1 6.89/1 8.43/1 13.91/1 21.70/1 28.85/1
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diffusion was not a key rate-limiting step; thus the Ru(III) ions
initially bound on the protein surface underwent a brief redis-
tribution before the system reached equilibrium. The calcu-
lated sorption efficiency was relatively constant over the whole
time period and ranged from 30.5 to 39.9%, indicating greater
stability and faster saturation of the LF–Ru complex at a
higher initial concentration of the applied complex (Fig. 2F).58

3.3. 3D fluorescence spectroscopy analysis

Fig. 3 presents the 3D spectra of LF and the LF–100Ru
complex. All registered peaks are labelled in Table 3. Two main
peaks at λex/λem = 280/330 nm and λex/λem = 225/327 nm are
observed in the 3D fluorescence spectra of LF which might be
assigned to aromatic amino acids.

The maximum emission peak was slightly blue-shifted
from 329 to 328 nm and from 327 to 324 nm after LF–Ru
complex formation, which might be explained by less exposure
of aromatic amino acid residues, especially Trp, to the polar
solvent and rearrangement of their microenvironment to one
that is more hydrophobic.59 Such changes in polarity near Trp
could provide more compact and stable protein confor-
mation.60 The additional peak arising at λex/λem = 265/531 nm
was attributed to the quartz cuvette (Fig. S2). Despite this, the
evident fluorescence quenching from 6219 to 3006 a.u. con-
firms the binding of Ru(III) to bLF. More detailed insights into
the nature of the interactions between the fluorophore and
quencher were obtained from the Stern–Volmer experiment
presented in the next subsection.

3.4. Analysis of the LF–Ru quenching mechanism

The changes in LF fluorescence intensity were examined in a
broad range of concentrations of the Ru(III) complex (quencher).
Addition of the Ru(III) complex to the LF solution induced an
effective decrease in protein fluorescence intensity (Fig. 4A).

Quenching mechanisms were analyzed with the application
of the Stern–Volmer eqn (1):

F0=F ¼ 1þ KSV½Q� ¼ 1þ Kqτ0½Q� ð1Þ

where F and F0 are the fluorescence intensities of LF with and
without the added quencher, KSV is the Stern–Volmer constant
(M−1), [Q] is the concentration of the quencher (M), Kq is the
quenching rate constant (M−1), and τ0 is the fluorescence time
of the fluorophore without the quencher, which is typically
equal to 10−8 s.

The evident quenching of fluorescence intensity confirms
the binding of Ru(III) to bLF. Based on the Stern–Volmer plot,
a linear relationship (R2 = 0.9895) was observed at low Ru(III)
concentrations, up to 0.2 mM, corresponding to a 16 : 1 molar
ratio of metal to protein. The determined KSV (Fig. 4B) was
(2.044 ± 0.094) × 104 M−1 in the mentioned concentration
range, which indicates a high availability of fluorophores to
quencher molecules.61 For example, the calculated KSV for the
system of human transferrin (hTF) and the pentachloro
complex of Ru(III) with a bidentate carbazole–pyridine car-
boxylic acid ligand was equal to 1.09 × 105 M−1.62 As observed,
the plot curved upwards at higher metal concentrations. The

Fig. 2 (A and D) Zero-order kinetic model of LF–Ru binding, (B and E) Weber–Morris intra-particle diffusion model and (C and F) bar chart of the
efficiency of Ru(III) sorption onto LF at the applied initial Ru(III) complex concentrations of (A–C) 10 mg L−1 and (D–F) 100 mg L−1.

Research Article Inorganic Chemistry Frontiers

Inorg. Chem. Front. This journal is © the Partner Organisations 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
5/

20
26

 1
:0

8:
32

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6qi00255b


positive curvature of the Stern–Volmer plot might be explained
by the complicated nature of quenching effects. In general, the
fluorescence quenching might be described as either a
dynamic mechanism or a static mechanism. Dynamic quench-
ing is characterized by collisional interactions between the bio-
molecule and quencher molecules in an excited state, while a
static mechanism involves the formation of a non-fluorescent
ground-state complex.63 The static quenching phenomenon is
commonly observed at high concentrations of the quencher.64

Thus, we can suggest that the fluorophore–quencher complex
forms at [Q] ≥ 0.2 mM, whereas collision occurs at lower con-
centrations. Consequently, the obtained plot reflects the com-
bination of both dynamic and static fluorescence quenching
mechanisms.65 Besides, the calculated Kq was equal to 2.044 ×
1012 M−1 which is much higher than the maximum value of Kq

for dynamic quenching. For a more accurate determination of
the quenching mechanism, the changes in Kq should be corre-
lated with temperature.63 Alternatively, the positive curvature
might also be associated with the unequal accessibility of
fluorophores to the quencher.66 Indeed, the bLF molecule con-
tains 13 Trp residues, each of which might be differently
exposed to the Ru(III) complex.67

For a more detailed analysis of the LF–Ru binding mecha-
nism, the double logarithmic eqn (2) was applied and the rele-
vant plot was designed (Fig. 4C):

log½ðF0 � FÞ=F� ¼ log Ka þ n log½Q� ð2Þ

where Ka is the binding constant and n is the number of
binding sites.

The double log plot of LF–Ru binding showed good linear-
ity (R2 = 0.9958) (Fig. 4D). The calculated Ka was (1.789 ±
0.0002) × 104 M−1 and n was 0.998 ± 0.029, indicating strong
interactions in the LF–Ru system. Under the tested conditions,
this result is best interpreted as one dominant fluorescence-
reporting binding event rather than definitive proof that only
one Ru-binding site exists in the LF molecule. Similar binding
parameters were previously reported for the LF–gallic acid
system (T = 298 K), where the determined Ka was 1.17 × 104

M−1 and n was 1.08.68 Likewise, Yan et al. indicated Ka and n
values of (1.190 ± 0.012) × 104 M−1 and 1.27 ± 0.02, respect-
ively, for the LF–ginsenoside (LF–Re) system at 298 K.69 In con-
trast, the calculated Ka and n values for the apo-hTF/TM34
ruthenium system were (37.44 ± 1.27) × 104 M−1 and 1.186,
respectively.70

3.5. Characterization of the LF and LF–Ru hydrodynamic size
and zeta potential changes

DLS results revealed substantial changes in LF size depending
on the medium used and the presence of the metal complex
(Fig. 5A).

In the case of LF at pH 4, the presence of small particles of
7.5 and 43.8 nm as well as bigger aggregates of 5560 nm was
observed; nevertheless, their contribution was much lower in
comparison with LF dispersed in water. Remarkably, a notable
decrease in the hydrodynamic diameter of LF after binding to
the ruthenium complex was observed. The individual sharp
peak at 24.3 nm indicates the formation of a monodisperse
system. Based on this, ruthenium might be involved in stabiliz-
ation of the LF structure, preventing protein aggregation. This
suggestion was also confirmed by zeta potential measurements.

All analyzed samples displayed a positive zeta potential under
the established conditions (Fig. 5B). As expected, LF dispersed
in water formed the least stable colloidal system (ζ = 9.3 ±
0.5 mV), since the pH of the given medium (pH 7) was near the

Fig. 3 3D spectra of (A) LF and (B) the LF–100Ru complex dissolved in deionized water at a concentration of 100 mg L−1.

Table 3 Peaks observed on 3D fluorescence spectra of LF and the LF–
100Ru complex (100 mg L−1)

Sample

Peak 1 Peak 2

λex
[nm]

λem
[nm]

Intensity
[a.u.]

λex
[nm]

λem
[nm]

Intensity
[a.u.]

bLF 280 329 9634 225 327 6219
bLF–
100Ru

280 328 4397 225 324 3006
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protein isoelectric point (pI). Previously, Pryshchepa et al. indi-
cated that the pI of bLF was about 7.4 ± 0.2.71 In contrast, LF dis-
solved at pH 4 exhibited a more positively charged surface; thus
its zeta potential was ζ = 11.6 ± 0.8 mV. Similarly, Bokkhim et al.

showed that the ζ of native LF was +18 at pH 4, and it decreased
to +10 mV at pH 7.72 A more acidic medium typically promotes
the protonation of amino (–NH2) functional groups, leading to
increased zeta potential.73 Samples with zeta potentials higher

Fig. 4 (A) Stern–Volmer plots for fluorescence quenching in the presence of the ruthenium complex, (B) zoomed-in image of the selected region
of Ru(III) complex concentration, (C) double Stern–Volmer plots for fluorescence quenching for the LF–Ru system analyzed at 298 K, and (D)
zoomed-in image of the corresponding range of log c (Ru complex).

Fig. 5 (A) Particle size distribution and (B) zeta potential of LF and the LF–100Ru complex.
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than +20 mV and lower than −20 mV are described as stable.74

Both LF samples, dispersed in water and in acetic buffer,
formed fairly unstable colloids. The addition of the Ru(III)
complex significantly affected the LF charge properties. Indeed,
LF–Ru showed the highest zeta potential (ζ = 23.8 ± 0.8 mV)
among all analyzed samples, thereby forming the most stable
colloidal system. The evident increase in zeta potential could be
related to conformational changes in the LF structure after Ru
(III) binding that led to improved surface availability of positively
changed amino acids, such as lysine, arginine, and histidine.75

Besides, Ru(III) might be potentially involved in interaction with
carboxylate groups (–COO−), inducing the neutralization of nega-
tive charge in the LF molecule.73

3.6. ATR-FTIR

ATR-FTIR analysis was performed to identify the protein func-
tional groups involved in the binding with metal ions.
Moreover, the observed shifting of amide bands provided
information on the changes in the LF secondary structure. The
obtained ATR-FTIR spectra of LF and the respective LF–Ru
complexes are shown in Fig. 6.

The characteristic amide A band observed in the range of
3300–3100 cm−1 assigned to stretching vibrations of N–H and
O–H of the LF functional groups was blue-shifted as the
amount of bound Ru(III) in the protein increased.76 These
changes indicate that complexed Ru(III) might affect the
strength of hydrogen bonding in the polypeptide backbone. In
turn, a peak found at 3100–3050 cm−1 was attributed to
stretching vibrations of N–H (amide B band). Similar to amide
A, it was shifted to a shorter wavelength from 3061 to
3065 cm−1. The characteristic bands observed in the ranges of
2965–2960, 2925–2920, and 2875–2870 cm−1 might be attribu-
ted to the stretching vibrations of asymmetric –CH3, asym-
metric –CH2 and symmetric –CH2, respectively.

77,78

The range of 1700–1600 cm−1 is characteristic of the amide I
band and is commonly used for the determination of secondary
structure content in the protein since it is considered to be less
affected by amino acid side chain vibrations in contrast to
amide II and amide III.79,80 It mainly corresponds to the stretch-
ing vibrations of CvO (80%) coupled with the C–N (20%) group
in the peptide backbone whose peak position might differ
depending on the characteristic secondary structure type, e.g.
β-sheet (1640–1610 cm−1), random coil (1650–1640 cm−1),
α-helix (1660–1650 cm−1), or β-turn (1690–1660 cm−1).81

Deconvolution of the amide I band allowed us to distinguish the
contribution of each type of secondary structure (Fig. 7).

Indeed, β-sheet (50.3%) was the dominant type of second-
ary structure present in bLF, followed by β-turn (37.3%),
α-helix/random coil (11.1%), and aggregated β-sheet (1.3%)
(Fig. 8).

A significant increase in α-helix content after Ru(III) com-
plexation indicated that the protein adopted a more stable and
ordered conformation, particularly in the LF–100Ru sample,
which is consistent with our fluorescence results. A similar
tendency was previously observed by Chen et al., resulting in
LF complexation with lactose.82 On the other hand, Alhazmi
et al. reported that the binding of metal ions, such as Fe(II), Ir
(III), and Pt(IV), to BSA caused a visible decrease in α-helix
content.83 It was also indicated that the decrease in α-helix
content resulted in AgNP immobilization onto BSA.84

Interestingly, Hadden et al. reported minor differences in the
secondary structure of iron unsaturated and saturated hLF.85

Slight changes in the α-/β-structure ratios observed for LF–
1.25Ru and LF–100Ru indicate conformational rearrangements
dependent on the amount of bound metal. Besides, loss of
α-helix was observed in the LF–500Ru complex simultaneously
with the increase of random coil structure. Thus, we can
assume that excess bound Ru(III) might negatively affect the
stability of the protein, leading to its partial unfolding.

Fig. 6 ATR-FTIR spectra of LF and LF–Ru complexes.
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The amide II band was observed at 1580–1490 cm−1 and
could be assigned to N–H bending coupled with C–N stretch-
ing vibrations.86 A blue shift from 1517 to 1526 and 1524 cm−1

and a red-shift from 1517 to 1515 cm−1 were observed in the
case of LF–1.25Ru, LF–100Ru, and LF–500Ru, respectively, con-
firming the conformational changes in the LF induced by
binding with the Ru(III) complex. Although the given region is

characteristic of a β-sheet structure, it might additionally
overlap with the tyrosine C–C ring stretching vibration.85,87,88

Similarly, peak shifts were observed in the 1240–1230 cm−1

and 1165–1160 cm−1 ranges, which are also characteristic of
the tyrosine side chain.89 Based on this, we can suggest that
tyrosine might be potentially involved in the binding with Ru
(III). In turn, the peaks observed at 1450–1440 and
1400–1380 cm−1 could arise from the –CH3 asymmetric and
symmetric bending vibrations of the amino acid side chains,
respectively.90 Despite this, the range 1400–1380 cm−1 might
be attributed to aspartic acid side chain vibrations. Thus, the
blue shift of the following absorption band from 1389 to 1395
and 1393 cm−1 for LF–1.25Ru and LF–100Ru, respectively,
might be a result of the interaction between Ru(III) and the car-
boxyl group of aspartic acid.89 The characteristic region of the
amide III band is shown at 1350–1200 cm−1 which mainly
includes N–H bending and C–N stretching vibrations.91,92 The
peaks appearing at 1310–1305 cm−1 and 1240–1230 cm−1

confirm the presence of α-helix and β-sheet structures, respect-
ively, in LF and LF–Ru samples.91 In turn, the range
1200–950 cm−1 is considered a carbohydrate fingerprint and
the appeared peaks might be attributed to the carbohydrate
residues (C–O, C–C stretching and C–O–H deformation
vibrations) of LF as a glycosylated protein.78,93,94 The peak

Fig. 7 Amide I band deconvolution results.

Fig. 8 Changes in the secondary structure composition of LF after its
modification with Ru(III).
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shifting in the following region after Ru(III) complexation
might be caused by the difference in accessibility of glycans
resulting in LF conformational changes. Besides, the peak
found at 1054 cm−1 might be attributed to the tryptophan side
chain (CvC or C–N stretching and C–H bending vibrations).95

As shown, Ru(III) complexation caused shifts in the peak posi-
tions, which may be directly associated with conformational
modifications in the bLF structure.

3.7. Synchrotron radiation circular dichroism (SRCD)

The following technique was used for studying the changes in
bLF secondary structure resulting in Ru(III) binding. The appli-
cation of the BestSel algorithm allowed for the calculation of
secondary structure content from theoretical models. A com-
parison of the results obtained for the theoretical structures
and the experimental data is shown in Table 4 and SRCD
spectra are shown in Fig. 9.

The secondary structure element contents calculated for the
apo- and holo-forms based on their crystal structures showed
only minor differences. Likewise, superposition of the crystal
structures indicates that iron ions did not cause significant
changes in the spatial organization of bLF (Fig. 10).

In the next step, analysis of the models with docked Ru(III)
was carried out. Metal ions did not induce structural changes
in the LF structure. As observed, the secondary structure
content of the crystallographic and experimental structures of
LF showed differences. This might be caused by the high flexi-
bility of LF (random-coil content >30%). On the other hand,
the experimental data show that metal complexation does not
cause significant changes in the secondary structure of LF
with increasing concentrations of Ru(III). This behavior indi-
cates that Ru(III) binds to the LF molecule in a stable manner,
without disturbing its secondary structure. As shown, the
β-structure was a predominant secondary structure in all ana-
lyzed samples with contents ranging from 38 to 42%. The total
β-structure percentage for LF–1.25 and LF–100Ru samples was
in good agreement with FTIR results; nevertheless, the content
of individual structures differed. Remarkably, Ru(III) complexa-
tion with LF promoted only a minor increase in α-helix

content which is not consistent with previous FTIR results of
amide I band deconvolution.

The differences in secondary structure content obtained
from FTIR and SRCD analyses can be attributed to the specific
sensitivities and inherent limitations of each technique. As
mentioned previously, CD spectroscopy is considered a more
reliable method for quantifying α-helical structures, whereas
FTIR spectroscopy is generally more sensitive to β-sheet struc-
tures.96 For example, some amino acid side chains, particularly
aspartic acid and glutamic acid, may contribute slightly to
peptide bond vibrations in the amide I region
(1700–1600 cm−1), potentially affecting FTIR band assign-
ments.97 On the other hand, a major limitation of CD analysis
arises from spectral overlap between peptide backbone signals
and contributions from aromatic and sulfur-containing amino
acid side chains.98 Therefore, some authors recommend per-
forming CD measurements at wavelengths below 178 nm to
minimize such interference and improve secondary structure
discrimination.99

3.8. Small angle X-ray scattering

SAXS is a powerful method for studying the structure and oli-
gomerization of proteins in solution and enables calculations

Fig. 9 SRCD spectra of the analyzed samples (black – native LF, red –

LF–1.25Ru, blue – LF–100Ru).

Table 4 Comparison of the secondary structure content between experimental and theoretical data

Type of secondary structure

Theoretical Experimental

1BLF 4OQO 1 2 3 4 5 LF LF–1.25Ru LF–100Ru

α-Helix Helix 1 regular 17.4 17.8 17.4 17.9 17.4 17.4 17.4 16.1 16.7 17.3
Helix 2 distorted 12.2 12.1 12.2 11.4 12.2 12.2 12.2 0.0 0.0 0.0

Antiparallel β-sheet Anti 1 left-twisted 0.0 0.0 0.0 0.0 0.0 0.0 0.0 14.1 13.6 11.8
Anti 2-relaxed 1.7 1.2 1.9 1.9 1.2 1.2 1.7 23.7 25.8 24.3
Anti 3 right-twisted 10.4 10.7 10.6 9.4 10.6 10.6 10.3 1.6 2.6 1.9

Parallel β-sheet 5.5 6.0 4.9 5.4 5.3 5.3 5.3 0.0 0.0 0.0
β-Turn 18.3 15.6 18.7 17.4 17.5 17.5 17.5 13.3 11.1 12.4
Others (random coil) 34.5 36.6 34.3 36.6 35.8 35.8 35.6 31.3 30.2 32.3

This analysis was performed using the BestSel algorithm, where 1 = glide_His253_holo_1BLF, 2 = glide_His595_apo_4OQO, 3 =
glide_His595_holo_1BLF, 4 = metaldock_His253_holo_1BLF, and 5 = metaldock_His595_apo_4OQO.
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of structural parameters for crystal structures or theoretical
structures. Structural parameters for the analyzed models and
experimental data are summarized in Tables 5 and 6,
respectively.

The formation of aggregates may be related to changes in
the protein surface charge. To assess the influence of the
medium, measurements were performed in both water and
phosphate buffer. The linearity of the Guinier region con-

firmed that the analyzed LF solutions were monodisperse
under the respective conditions. Based on SAXS data, LF
existed predominantly as a dimer in water but as a monomer
in phosphate buffer.

The radius of gyration (Rg) of the monomer calculated
using CRYSOL is 3.6 nm. The Rg value determined for LF in
phosphate buffer was also approximately 3.6 nm, whereas for
LF analyzed in water it was about 6 nm. The maximum particle

Fig. 10 Comparison of the spatial structures of the analyzed crystal structures and models with docked ruthenium ions (A – 1BLF, B – 4OQO, C –

glide_His253_holo_1BLF, D – glide_His595_apo_4OQO, E – metaldock_His253_holo_1BLF, F – metaldock_His595_apo_4OQO).

Table 5 Comparison of structural parameters for crystal structures and analyzed models with docked ruthenium ions, where 1 =
glide_His253_holo_1BLF, 2 = glide_His595_apo_4OQO, 3 = glide_His595_holo_1BLF, 4 = metaldock_His253_holo_1BLF, and 5 =
metaldock_His595_apo_4OQO

Structural parameters 1BLF 4OQO 1 2 3 4 5

Rg [nm] 3.65 3.68 3.66 3.65 3.65 3.65 3.65
Dmax [nm] 9.88 10.3 10.2 9.95 9.96 9.96 9.96
Volume [Å3] 1.2149 × 105 1.2386 × 105 1.2517 × 105 1.2517 × 105 1.2517 × 105 1.2517 × 105 1.2517 × 105
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diameter (Dmax) likewise supported dimerization of LF in
water, and the calculated volume led to the same conclusion.
Analysis of the pair-distance distribution function and the
ab initio models indicated an elongated dimer, suggesting
association of the monomers along their longitudinal axes.
Together, these results show that the ionic strength of the
solution strongly influences LF oligomerization: LF behaves
predominantly as a monomer in phosphate buffer but as a
dimer in water.

Ru(III) interacted with LF and caused measurable changes
in its structural parameters. However, only the two lowest pre-
cursor concentrations led to an increase in particle size (Rg
and Dmax), whereas the highest concentration decreased the
apparent dimer size. This effect is likely related to the higher
ionic strength of the solution. Kratky plots provide qualitative
information on protein flexibility and unfolding (Fig. 11). The
analysis indicates that LF is a highly flexible protein and that
Ru(III) modification does not markedly alter the dynamics of
the LF polypeptide chain. Within the resolution of the SAXS
experiment, ruthenium binding therefore does not appear to
disrupt the global LF structure.

3.9. Microscopy study

3.9.1. LM and SEM-EDS. According to the LM images, the
LF structure is represented by large irregular plates (Fig. 12A).
On the other hand, the surface of LF–Ru complexes
became more crushed and granular, resulting in lyophilization
(Fig. 12D, G and J). Besides, characteristic changes in the color
of the LF–Ru complex with the measurable metal
concentration were observed (Fig. 12J). According to the SEM

images, the morphology of the LF surface might be described
as smooth-plated (Fig. 12B). In turn, the structure of the LF–
Ru complexes was characterized by a higher fragmentation
degree and increased roughness (Fig. 12E, H and K). The
energy-dispersive X-ray spectra indicated carbon (C), nitrogen
(N), oxygen (O), and sulfur (S) in all analyzed samples, which
are known as key elements that form the protein structure
(Fig. 12C, F, I and L). The previously determined weight ratio
of C : N : O : S for LF was 54 : 18 : 24 : 1.4, which is consistent
with the obtained results.29 Remarkably, EDS results con-
firmed an abundance of ruthenium (Ru) element in LF–500Ru
(Fig. 12L) samples whose content in the analyzed area was
2.48%. Moreover, the low amounts of iron (Fe), in the range of
0.11–0.18%, observed in all analyzed samples might be
explained by the natural ability of LF to chelate Fe(III) ions;
thus the initial iron saturation degree was 17% in non-modi-
fied LF.100

3.9.2. TEM imaging. The obtained TEM images indicated
significant changes in the LF microstructure with the increase
in bound Ru(III) (Fig. 13). The remarkable increase in C percen-
tage in all samples may be associated with the use of a carbon
grid for the analysis. As observed, the LF–1.25Ru sample was
mainly characterized by an amorphous protein matrix
(Fig. 13A–C). Ruthenium was not detected in the analyzed
region, which may be attributed to its low content and to the
limited quantitative reliability of EDS in such nanometer-scale
regions. The darker domains observed in LF–100Ru may
correspond to local Ru-rich regions (Fig. 13E–G). At this stage,
these observations should be interpreted cautiously as evi-
dence of heterogeneous Ru accumulation rather than defini-
tive proof of nucleation centers. Analogously to the SEM-EDS
results, Ru was detected in LF–500Ru samples (Fig. 13L) at
0.36%. According to the TEM images of LF–500Ru, spherical
heterogeneous metal nanoparticles were present (Fig. 13I–K).
The particle size ranged from 5 to 10 nm. Lattice fringes
visible in the magnified area were consistent with nano-
structured crystalline RuO2, for which the measured interpla-
nar distance (d-spacing) was 3.06 Å. This d-spacing is charac-
teristic of rutile-type RuO2 and corresponds to the (110)
plane.101

Fig. 11 SAXS data of LF and LF–Ru complexes: (A) experimental X-ray scattering data plotted as a function of the scattering angle for LF, (B) pair-
distance distribution function, and (C) Kratky plot for the analyzed samples, where LF – black line, LF in phosphate buffer – red line, LF–1.25Ru –

blue line, LF–100Ru – green line, LF–500Ru – violet line.

Table 6 SAXS data collection and structural parameters for LF and LF–
Ru complexes

Structural parameters

Sample

LF LF–1.25Ru LF–100Ru LF–500Ru

Rg (from p(r)) (nm) 5.33 6.06 6.54 5.60
Rg (from Guinier) (nm) 5.17 5.89 6.75 5.78
Dmax (nm) 17.28 18.18 19.55 19.51
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Protein-assisted synthesis of metal nanoparticles is widely
recognized as a green synthetic approach. For example, He
et al. reported BSA-assisted synthesis of RuO2 nanoparticles
with a mean size of about 7 nm,102 whereas RuO2 nanoparticles
obtained by green synthesis from Murraya koenigii leaves were
found in the range of 5–12 nm.103 Interestingly, Kaur et al.
suggested that arginine, lysine, and tyrosine may participate in
electron-transfer processes during metal-ion reduction,104 and
dissolved oxygen can in turn promote oxidation, leading to
metal–oxide nanoparticle formation.105 However, in the present
system, TEM evidence for RuO2-like NPs was obtained only for

LF–500Ru, corresponding to the highest Ru loading. Therefore,
any link between LF residues, charge-transfer processes, and
nanoparticle growth should be treated as a possible high-
loading scenario rather than as a general mechanism of LF–Ru
complex formation. The present data do not allow us to con-
clude that nanoparticle formation contributes to the biological
response of LF–1.25Ru or LF–100Ru.

3.10. Desorption study

As indicated, no significant Ru release from LF–100Ru was
observed under simulated intestinal conditions over 3 h,

Fig. 12 Images of (A, D, G and J) LM, (B, E, H and K) SEM, and (C, F, I and L) EDS spectra recorded for (A–C) LF, (D–F) LF–1.25Ru, (G–I) LF–100Ru,
and (J–L) LF–500Ru.
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whereas metal loss under simulated gastric conditions without
enzymes did not exceed 1.5% over the same time. Indeed,
Marques et al. observed a similar trend in iron release from LF
incubated at pH 2 and 7.4 within short time intervals.95 The
evident metal desorption was noticed only after 16 h of incu-
bation at pH 2. Previously, Majka et al. confirmed the high
sensitivity of LF iron saturation to pH conditions. Thus, the
iron content in bLF decreased to about 1% after 24 h of dialy-
sis in citrate buffer at pH 2.106 Besides, Fe(III) release from bLF
incubated in 0.1 M hydrochloric acid (pH 1.2) and phosphate
buffer (pH 6.8) for over 2 h accounted for about 58 and 1.1%
of the metal, respectively.55 Based on the desorption study
results, a strong binding affinity between bLF and Ru(III) in the
formed complex can be assumed, which is consistent with the
isotherm and fluorescence study findings. Previously,
Raimondi et al. related low metal desorption to an effectively
irreversible binding process.57 From a practical perspective,
the high stability of LF–100Ru in physiological fluids may posi-
tively influence the potential bioavailability of the synthesized
complex.

3.11. SDS-PAGE study

SDS-PAGE results indicated a minor difference in electrophor-
etic mobility between LF and LF–100Ru. The molecular
masses of LF and LF–Ru separated under non-reducing con-
ditions were found to be 80 and 77 kDa, respectively (Fig. 14A).

In contrast, the sizes of LF and LF–100Ru were about 90
and 89 kDa under reducing conditions. Previously, a similar
phenomenon during the separation of native LF and the LF–Fe
complex was noted.55 The authors related the changes in LF
electrophoretic mobility under different modes to the loss of
the biomolecule’s metal binding properties after the addition
of a reducing agent. Additionally, high molecular weight aggre-
gates at Mw > 150 kDa were noted in all samples in both redu-
cing and non-reducing modes, which indicated that their
association was not regulated via disulfide covalent bonds.107

The results of pepsin digestion kinetics confirmed a high
sensitivity of both samples, LF and the LF complex, to gastric
conditions (Fig. 14B). Remarkably, LF–Ru was more stable
than LF at the initial stage of digestion (1 min). However, the

Fig. 13 TEM images of (A–C) LF–1.25Ru, (E–G) LF–100Ru, and (I–K) LF–500Ru and the elemental composition based on EDS results for (D) LF–
1.25Ru, (H) LF–100Ru, and (L) LF–500Ru.
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LF structure showed a higher resistance to pepsin in the later
stages (2–30 min). Previously, Pryshchepa et al. observed the
complete digestion of LF and the LF–Ag complex after 30 min
of sample incubation with the enzyme.37 Taking into account
the results of the control digestion, the LF–Ru structure exhi-
bits significantly greater sensitivity to SGF containing pepsin
than to SGF alone. Although the desorption study results con-
firmed a strong binding affinity in the formed LF–Ru com-
plexes, the high digestibility of LF–Ru under gastric conditions
minimizes its delivery efficiency to the target place (intestine).
Numerous previous studies have demonstrated the potential of
protein hydrolysates to act as carriers for various metal ions,
including Fe(II), Ca(II), and Zn(II), resulting in enhanced bioac-
cessibility and bioavailability.108 The binding affinity of a par-
ticular peptide for a metal is mainly influenced by its amino
acid sequence, molecular mass, and steric effects.108

Regarding Ru(III), several amino acids, including histidine
(His), cysteine (Cys), lysine (Lys), aspartic acid (Asp), and gluta-
mic acid (Glu), were mentioned as the most significant
ligands.109,110 Despite this, other residues, e.g. tyrosine (Tyr),
phenylalanine (Phe), glycine (Gly), alanine (Ala), and leucine
(Leu) residues, might be successfully involved in the binding
of Ru(III). Thus, it can be assumed that efficient peptic diges-
tion does not necessarily result in metal release, as Ru(III) may
remain coordinated to peptide fragments generated during
digestion. Conversely, the loss of the LF primary structure
during proteolysis may impair recognition by specific cellular
receptors, potentially reducing metal uptake.111 To preserve
the integrity of the LF–Ru system and facilitate its controlled,
site-specific release in the intestine, the application of an
appropriate encapsulation approach may be required.
Previously, Kilic et al. tested bovine serum albumin–tannic
acid (BSA-TA) microcapsules in order to enhance the LF bio-
availability.112 The proposed delivery system effectively pro-

tected LF against gastric degradation, thus enabling protein
release in the small intestine. Moreover, Niu et al. showed that
LF encapsulated in a pectin-based colloidal system retained
approximately 47 ± 1.4% of its native structure after 30 min of
in vitro gastric digestion, demonstrating a significantly higher
degree of protection compared to non-encapsulated LF, for
which only 7 ± 1.1% of the native structure remained.113

3.12. Molecular docking in the LF–Ru complex

3.12.1. Ligand complex – geometry optimization and
single-point calculation. Geometry optimization of the
[RuCl5(H2O)]

2− complex performed using the Schrödinger
Suite produced Ru–Cl bond lengths ranging from 2.27 to
2.35 Å, consistent with reported experimental values.114 The
electrostatic potential (ESP) atomic charge on the Ru atom was
+0.92, and the complex exhibited a near-octahedral geometry
with bond angles of 94–96°. For comparison, geometry optim-
ization performed using ORCA within the MetalDock workflow
resulted in slightly longer Ru–Cl bond lengths (2.34–2.43 Å)
and a lower Ru atomic charge (+0.52), likely due to differences
in the applied basis sets. Nevertheless, the complex geometry
remained close to octahedral with bond angles ranging from
94 to 98°.

3.12.2. Molecular docking – H253 site (holo-structure, PDB
ID: 1BLF). The potential binding of the Ru(III) complex to bLF
was investigated using molecular docking. Prior to docking,
the coordinated water molecule was removed from the
[RuCl5(H2O)]

2− complex, as it is expected to dissociate in
aqueous biological environments. The DFT-optimized
[RuCl5]

2− complex was treated as rigid during docking to pre-
serve its geometry (Fig. S3).

Rigid docking using Glide produced a docking score of
−8.708 kcal mol−1, with an initial Ru–Nε (His253) distance of
3.76 Å. After local minimization of the histidine residue, this

Fig. 14 (A) SDS-PAGE mass profiling of (1, 3) LF and (2, 4) the LF–100Ru complex performed under (1, 2) non-reducing and (3, 4) reducing con-
ditions; (B) pepsin digestion kinetics of (3, 5, 7, 9, and 11) LF and (4, 6, 8, 10, and 12) the LF–100Ru complex performed after 1, 2, 5, 15, and 30 min of
substrate incubation with the enzyme; control samples of (1) LF and (2) LF–100Ru.
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distance decreased to 2.37 Å, indicating the formation of a
coordination bond between Ru and His253 (Fig. 15A and B).
The chloride ligands formed salt bridges with positively
charged residues (K210, K301, R121) and halogen bonds with
Y92, Y192, K210, and K301. The Ru center also interacted with
D297 and formed π–cation interactions with Y92 and Y192,
which are known to coordinate Fe3+ in the native complex. The
coordination bond preserved an octahedral geometry with
angles of 88.5–92.7°. Distance-constrained docking shortened
the Ru–N bond to 2.26 Å but significantly worsened the
docking score (−2.006 kcal mol−1). Similarly, induced-fit
docking produced a less favorable pose (−4.104 kcal mol−1)
with a Ru–His distance exceeding 4 Å, indicating that rigid
docking provided the most favorable configuration.

To confirm the docking pose, the MetalDock workflow was
applied. A comparable orientation was obtained, with an
initial Ru–Nε distance of 2.48 Å, which decreased to 2.61 Å
after histidine minimization (Fig. 15C and D). The estimated
binding free energy was −6.83 kcal mol−1, and the interaction
pattern closely resembled the Glide result, although one
coordination angle (78.4°) slightly deviated from ideal octa-
hedral geometry.

3.12.3. Molecular docking – H595 site (holo-structure, PDB
ID: 1BLF). Docking at the alternative His595 site was also eval-
uated. This region forms a sterically constrained environment,
and most Glide poses positioned the complex 5–7 Å from the
Nε atom of His595. The closest pose showed a Ru–Nε distance
of 3.24 Å with a docking score of −2.411 kcal mol−1, suggesting
that coordination bond formation is unlikely (Fig. 15E and F).

Similarly, MetalDock docking at this site failed to produce a
stable coordination geometry, with the Ru atom remaining
approximately 4 Å from the His595 Nε atom.

3.12.4. Molecular docking – H595 site (apo-structure, PDB
ID: 4OQO). Docking was also performed using the apo-bLF
structure. In this case, the solvent-exposed C-lobe provided
greater spatial accessibility around His595, facilitating ligand
binding. The best Glide pose showed a Ru–Nε distance of 2.6 Å
with a docking score of −3.803 kcal mol−1 and the coordi-
nation bond geometry featured angles close to 90° (Fig. 15G).
MetalDock produced an even closer pose with a Ru–Nε dis-
tance of 2.46 Å and an estimated binding free energy of
−7.02 kcal mol−1. This configuration was additionally stabil-
ized by interactions with nearby residues, including D395
(Fig. 15H).

3.13. Molecular dynamics

Classical MD simulations were performed to elucidate the
interaction mechanism between the [RuCl5]

2− complex and
three structural configurations of bovine lactoferrin (bLF). The
equilibrated structures obtained after 30 ns of production
simulation are shown in Fig. 16. The initial configurations for
each system were derived from the molecular docking results
to ensure realistic starting orientations of the metal complex
within or near the protein binding regions. Throughout the
simulation, the [RuCl5]

2− complex exhibited a stable associ-
ation with several amino acid residues of bLF through short-
range non-covalent interactions, including hydrogen bonding,
halogen contacts, and van der Waals forces. In the apo-bLF

Fig. 15 Molecular docking of the Ru(III) complex to bLF H253 and H595 sites. (A and B) Glide docking to holo-bLF site H253 (PDB ID 1BLF): (A) Ru
complex interactions with the residues surrounding the coordination site H253, (B) distance and geometry of the coordination bond to H253 (non-
covalent interactions are omitted for clarity); (C and D) MetalDock docking to holo-bLF site H253 (PDB ID 1BLF): (C) Ru complex interactions with
the residues surrounding H253, (D) distance and geometry of the coordination bond to H253; (E and F) glide docking to holo-bLF site H595 (PDB ID
1BLF): (E) Ru complex interactions with the residues surrounding the coordination site H595, (F) distance and geometry of the coordination bond to
H595; (G and H) docking to apo-bLF site H595 (PDB ID 4OQO): Ru complex interactions and coordination bond obtained using (G) glide and (H)
MetalDock. Salt bridges in light pink and halogen bonds in magenta; π–cation interactions in green.
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system, the complex remained near the protein surface, stabil-
ized by surrounding water molecules that formed a well-
defined solvation shell. The closest interaction distances were
measured as 3.18 Å between the Ru atom and Cys335 (HB2)
and 2.06 Å between Arg349 (HE) and the Cl5 atom of the
complex after 28 ns of simulation. By the end of 30 ns, the
complex maintained solvation but shifted slightly away from
the protein surface, indicating dynamic yet non-dissociative
behavior. For the 1BLF–His253 configuration, the metal
complex localized near the His253 site, forming comparatively

stronger and more stable interactions with several residues:
Lys28–HZ2 (2.10 Å), Arg39–HE (2.15 Å), and Thr35–HG1
(2.16 Å). In contrast, in the 1BLF–His595 configuration, the
complex stabilized closer to the protein surface with the short-
est distances observed for Lys27–HZ2 (1.93 Å) and Lys100–HZ1
(4.53 Å). These observations suggest that arginine and lysine
residues play dominant roles in anchoring the complex
through short polar contacts, followed by contributions from
cysteine and threonine residues. The chlorine atoms of the
complex were particularly involved in halogen bonding and

Fig. 16 MD snapshot of BLF with the metal complex after the production run of (A and B) Apo_blf, Holo_blf at His253 (C and D), and His595 (E and
F), respectively. The metal complex is shown in (B), (D), and (F) as lime spheres.
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weak dispersion interactions with the side-chain donor atoms
of these residues. Collectively, these results indicate that both
polar and weakly hydrophobic residues cooperatively stabilize
the metal complex on the bLF surface, in good agreement with
the molecular docking predictions.

The structural stability and conformational behavior of
bovine lactoferrin (bLF) upon complexation with the metal
complex were evaluated through root mean square deviation
(RMSD) analysis, as shown in Fig. S4. RMSD quantifies the
average displacement of atomic positions relative to the refer-
ence structure and serves as a sensitive indicator of backbone
stability and equilibration during molecular dynamics simu-
lations. In all three systems, namely apo-bLF, His253-bound,
and His595-bound, an initial rise in RMSD was observed
during the first few nanoseconds, corresponding to the relax-
ation of the protein from its docked conformation toward an
energetically favorable state. The apo-bLF configuration
showed large fluctuations throughout the simulation, indicat-
ing higher conformational flexibility in the absence of the
metal complex. In contrast, both holo-systems showed a more
gradual RMSD stabilization after approximately 20 ns, reflect-
ing that the protein–metal complex systems had reached equi-
librium without any major structural distortion. Among the
two holo-configurations, the His253-bound complex main-
tained the lowest and most stable RMSD plateau suggesting
that the coordination of the [RuCl5]

2− anion at this site
enhances the rigidity of the surrounding structural domain
and promotes overall backbone stability. The equilibrated
His595-bound complex exhibited a slightly higher RMSD
plateau with moderate fluctuations, implying greater local
flexibility near the binding interface. The absence of continu-
ous RMSD drift beyond 20 ns confirms that none of the
systems experienced large-scale unfolding or denaturation
under the simulated conditions. Collectively, the RMSD pro-
files demonstrate that the Ru(III) complexation exerts a stabiliz-
ing influence on bLF, particularly at the His253 binding
site, likely through persistent polar and halogen-mediated
interactions that restrict large-amplitude backbone motions.

Furthermore, to complement the MD analysis, density func-
tional theory (DFT) calculations were performed on model
complexes formed between the [RuCl5]

2− species and represen-
tative amino acid functional groups. These calculations are
provided in the SI and were designed to study the intrinsic
donor preferences of the Ru(III) center toward N-, O-, and
S-donor atoms of individual amino acids (Figs. S5 and S6).

3.14. Antibacterial activity of LF and LF–100Ru

The ability of both LF and LF–100Ru to affect the growth of
the selected bacterial strains, namely, E. coli ATCC 33876,
E. faecalis ATCC 51299, and Kl. pneumoniae B34, was evaluated
over a wide concentration range of 312.5–10 000 mg L−1 using
a resazurin-based assay. This concentration range corresponds
to 3.30–105.4 mg L−1 of Ru in LF–100Ru. According to the
obtained results, both LF and the LF–100Ru complex affected
the viability of the analyzed bacterial strains (Fig. 17). It was
observed that the viability of E. coli notably decreased from 92
to 8% as the protein concentration increased. Previously,
Biernbaum et al. determined that the MIC values of pure LF
and raw LF found in bovine milk for E. coli were 3500 and
14 000 mg L−1, respectively.115 Moreover, it was indicated that
LF–Zn and LF–Cu complexes were characterized by higher anti-
bacterial activity against E. coli than native and apo-LF.116,117

The authors assumed that the greater antibacterial potential of
metal-modified LF complexes might be associated with their
ability to interact with bacterial cell surface, thereby resulting
in its damage (bactericidal effect). On the other hand, LF–Mn
complexes exhibited moderate antibacterial activity towards
E. coli and were less effective than native and apo-LF but more
effective than holo-LF.118 The enhanced activity of apo-LF can
be attributed to its bacteriostatic mechanism, characterized by
iron sequestration and the consequent inhibition of bacterial
growth. Based on our results, treatment with LF–100Ru at the
highest concentration resulted in a reduction of E. coli viability
to only 64%. Thus, we can assume that Ru(III) bound to LF
may negatively affect the protein’s inhibitory activity, either
due to the potential occupation of iron-binding sites by the

Fig. 17 Changes in bacterial viability ± SD after treatment with (A) LF and (B) the LF–100Ru complex.
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incorporated metal ions or weaker interactions with the bac-
terial cell membrane. As observed, supplementation with LF
promoted the growth of E. faecalis; thus, its viability was posi-
tively correlated with the protein concentration and increased
two-fold at 10 000 mg L−1 of LF. In the case of LF–100Ru, the
viability of E. faecalis ranged from 50 to 107%, depending on
the applied complex concentration. Remarkably, the highest
inhibitory potential of LF–100Ru was observed at a concen-
tration of 2500 mg L−1. Previously, it was confirmed that
E. faecalis strains were highly resistant to LF and the protein
supplementation may facilitate bacterial growth.119 Previously,
Garbe et al. explained this phenomenon with the ability of
E. faecalis to use glycans found in the LF structure as nutri-
ents.120 In contrast, Milanowski et al. indicated that the MIC
value of LF–Ag for E. faecalis was 1250 mg L−1 which might be
associated with the formation of a nanocomplex characterized
by a high antibacterial efficiency.121,122 Previous studies indi-
cated that Ru-based complexes exhibited a much higher anti-
bacterial effect toward Gram-positive species than towards
Gram-negative bacteria.123 For instance, ruthenium incorpor-
ation significantly enhanced the antimicrobial activity of shiki-
mate cross-linked chitosan composites against S. aureus.4

Indeed, no significant antibacterial effect of LF was observed
against K. pneumoniae, whose viability remained relatively con-
stant over the entire concentration range. On the other hand,
treatment with LF–100Ru at a concentration of 10 000 mg L−1

caused a decrease in bacterial viability to 78%. Remarkably,
Murata et al. reported that LF at a concentration of 8000 mg
L−1 inhibited the growth of K. pneumoniae by 50%.124 In con-
trast, Kutila et al. reported that the antimicrobial activity of LF
exhibited strain-dependent variability against
K. pneumoniae.125 It is worth noting that the tested concen-
tration range primarily allows for the evaluation of biocompat-
ibility and interaction trends rather than therapeutic antibac-
terial efficacy. For instance, the determined MIC values of era-
vacycline, the popular synthetic antibiotic, against clinical iso-
lates of E. coli, E. faecalis, and K. pneumoniae were 0.5, 0.25,
and 2 mg L−1, respectively.126 Furthermore, the MIC values of
a series of carbene–Ru(II) complexes against E. coli ranged
from 800 to 1000 mg L−1, whereas the MIC of ampicillin was
3.12 mg L−1.127 Overall, these findings indicate that Ru(III)
coordination modifies the biological response of LF in a
strain-dependent manner.

In relation to the obtained digestion results, it is worth
noting that LF-derived peptides, including LF1-11, lactoferri-
cin, and lactoferrampin, exhibit strong antibacterial activity
and may be more effective against bacteria than intact LF.128

The reported MIC values for LF and lactoferricin against
Staphylococcus aureus were 500 and 8 mg L−1, respectively.124

These N-terminal peptides are highly basic (pI ∼ 9.7–11.7) and
interact strongly with negatively charged lipopolysaccharides
(LPS), leading to membrane destabilization and subsequent
bacterial damage.128 The desorption study results confirmed
the strong binding of Ru(III) to the protein; therefore, it can be
assumed that Ru(III) bound to LF fragments may influence
their local charge distribution, potentially modulating the

strength of peptide–membrane interactions. Despite this, pre-
vious structural modelling and MIC studies have demonstrated
that the relative positioning of cationic residues flanking the
β-strand in lactoferricin, as well as their orientation with
respect to hydrophobic tryptophan residues, determines the
efficiency of membrane interaction and disruption.129 On the
other hand, Tomita et al. reported that the addition of iron
(0.1 M FeSO4) had no effect on the antibacterial activity of
pepsin-derived LF peptides against E. coli, confirming their
iron-independent (bactericidal) mechanism of action, in con-
trast to intact LF.130,131 In contrast, calcium and magnesium
ions at concentrations higher than 0.1 M significantly reduced
the activity of lactoferricin by interfering with peptide–mem-
brane interactions.132 Since the present study does not directly
address peptide-level interactions with Ru(III), this aspect
remains unclear and could represent an interesting direction
for future investigation.

3.15. Cytotoxicity of LF–Ru complexes and their impact on
cell viability

To evaluate the effects of the three LF–Ru complexes tested at
four different concentrations (625, 1250, 2500 and 5000 mg
L−1) on cell viability and membrane integrity, two complemen-
tary assays were performed using L929 fibroblasts,
HepG2 hepatic cells and Caco-2 intestinal epithelial cells. The
MTT and LDH assays were performed to evaluate the biological
response of the cells to LF–Ru treatment. The MTT assay
(Fig. 18A–C) assesses metabolic activity as an indicator of cell
viability, while the LDH assay (Fig. 19A–C) measures mem-
brane integrity, providing complementary information on
potential cytotoxic effects. The calculated concentrations of Ru
in the respective LF–Ru complexes are shown in Table 7.

For the L929 cell line (Fig. 18A), non-modified LF exhibited
cytotoxic effects at 20 000 and 10 000 mg L−1, as evidenced by
a significant reduction in cell viability to approximately 50 and
52%, respectively. Therefore, subsequent studies of LF–Ru
complexes began at 5000 mg L−1, a concentration at which LF
alone showed only borderline cytotoxicity, with viability
around 70%. At 2500 mg L−1 and below, LF no longer exhibi-
ted toxic effects, and a progressive increase in cell proliferation
was observed as the concentration decreased. The LF–Ru com-
plexes did not show clear cytotoxicity toward L929 cells under
most conditions. However, a decrease in cell viability was
observed for LF–100Ru at 625 mg L−1 and for LF–1.25Ru at
1250 mg L−1, with viability reaching 72 and 74%, respectively;
these results were accompanied by relatively high standard
deviations. Notably, at 5000 mg L−1, all three LF–Ru complexes
significantly enhanced cell proliferation compared with LF,
suggesting that Ru incorporation may reduce the adverse effect
of high LF concentrations in this model. The LDH assay
results for L929 (Fig. 19A) confirmed the cytotoxicity of high-
dose LF, showing a dose-dependent increase in LDH release at
20 000, 10 000, and 5000 mg L−1, indicative of membrane
damage and loss of integrity. In contrast, lower LF concen-
trations (<1250 mg L−1) showed LDH levels comparable to the
cellular control. Among the LF–Ru complexes, LF–500Ru
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induced only minimal LDH release across all tested concen-
trations, aligning with the MTT results. Similarly, LF–100Ru
displayed low LDH activity (∼11–17%). LF–1.25Ru consistently
elevated LDH release (∼18–25%) across all tested concen-
trations and therefore showed the highest membrane-dama-
ging tendency among the analyzed formulations, although the
overall cytotoxicity remained below 30%.

HepG2 cells (Fig. 18B) exhibited a response to LF similar to
that of L929 cells. Concentrations of 20 000, 10 000, and
5000 mg L−1 led to a marked decline in viability, to approxi-

mately 25, 54, and 61%, respectively. In contrast, LF–500Ru
showed a potential stimulatory effect on HepG2 cells at all
tested concentrations, with viability at or above 100% and no
clear indication of cytotoxicity. While these values did not
differ significantly from the cellular control, significant
improvements relative to LF-treated cells were observed at 5000
and 2500 mg L−1, suggesting a more favorable response
profile. LF–100Ru at 5000 mg L−1 showed cytotoxicity compar-
able to that of LF, with viability around 61%, whereas lower
concentrations (625–2500 mg L−1) did not show overt cyto-
toxicity but remained close to the threshold level. LF–1.25Ru
did not display clear cytotoxicity; the 5000 mg L−1 dose was
borderline, while lower concentrations did not differ signifi-
cantly from either control. The LDH assay results for HepG2
(Fig. 19B) supported the MTT findings. LF induced a strong,
dose-dependent increase in LDH release, with the highest
membrane disruption observed at 20 000 mg L−1, reaching
approximately 21%. All three LF–Ru complexes showed low
LDH levels at 625–1250 mg L−1, consistent with good cellular
tolerance. At 5000 mg L−1, elevated LDH activity was recorded
for LF–500Ru (∼29%), LF–1.25Ru (∼25%), and LF–100Ru
(∼16%). Despite this increase, the MTT data indicated

Fig. 19 LDH release from (A) L929 fibroblasts, (B) HepG2 cells, and (C) Caco-2 cells after 48 h of exposure to LF, LF–1.25Ru, LF–100Ru, and LF–
500Ru was measured as an indicator of membrane integrity and cytotoxicity, and expressed relative to untreated controls (set as 100%). Data are
reported as mean ± SEM from five independent experiments. Statistical significance is indicated as follows: * p < 0.05, ** p < 0.01, *** p < 0.001.
Comparisons against the LF-treated group are marked with pound signs (# p < 0.05, ## p < 0.01, ### p < 0.001). The cytotoxicity threshold is
denoted by a dashed horizontal line.

Fig. 18 Viability of (A) L929 fibroblasts, (B) HepG2 cells, and (C) Caco-2 cells following 48 h of incubation with LF, LF–1.25Ru, LF–100Ru, and LF–
500Ru was assessed relative to untreated cells (defined as 100%). Results are presented as the mean ± SEM from five independent replicates.
Statistical significance is denoted as: * p < 0.05, ** p < 0.01, *** p < 0.001. Comparisons against the LF control are indicated by pound signs (# p <
0.05, ## p < 0.01, ### p < 0.001). A dashed line represents the established cytotoxicity threshold.

Table 7 Ruthenium concentration in the tested LF–Ru complexes

Concentration
of the added
LF–Ru
complex [mg
L−1]

LF–1.25Ru LF–100Ru LF–500Ru

Ruthenium concentration

Ru
[mg L−1]

Ru
[µM]

Ru
[mg L−1]

Ru
[µM]

Ru
[mg L−1]

Ru
[µM]

5000 0.62 6.12 52.7 521.2 175.8 1739.6
2500 0.31 3.06 26.3 260.6 87.9 869.8
1250 0.15 1.53 13.2 130.3 44.0 434.9
625 0.08 0.77 6.6 65.2 22.0 217.5
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enhanced cell viability in the presence of LF–500Ru and LF–
1.25Ru, suggesting that the observed LDH release may reflect
transient stress responses rather than classical cytolytic effects.

In Caco-2 cells (Fig. 18C), LF exhibited no cytotoxic activity
across the entire concentration range, highlighting its good
biocompatibility with intestinal epithelial cells. By contrast,
LF–500Ru induced a significant reduction in viability (approxi-
mately 34–39%) across all tested concentrations (625–5000 mg
L−1), without a clear dose–response trend. LF–100Ru was cyto-
toxic only at 5000 mg L−1, while lower concentrations were well
tolerated. The LF–1.25Ru complex reduced cell viability at con-
centrations ranging from 5000 to 1250 mg L−1, demonstrating
high cytotoxicity (approximately 37–41%). The concentration
of 625 mg L−1 was considered borderline, with cell viability
reaching 75%. Interestingly, LDH measurements in Caco-2
cells (Fig. 19C) revealed low levels of enzyme release across all
conditions, regardless of compound or concentration. LDH
values remained comparable to the cellular control, indicating
preserved membrane integrity and the absence of acute cell
damage. This apparent discrepancy with MTT results – where
a reduction in metabolic activity was observed, particularly for
LF–500Ru – suggests a non-cytolytic mechanism of action. The
data indicate that these complexes may exert cytostatic effects,
inhibiting proliferation or metabolic function (e.g., via cell
cycle arrest or mild stress induction), without disrupting mem-
brane structures or inducing necrotic cell death.

The results obtained from the MTT and LDH assays provide
important insight into the cellular response to LF and LF–Ru
complexes across different models. While LF induced cytotoxic
effects in L929 and HepG2 cells at higher concentrations, it
did not affect the viability of Caco-2 cells, which is consistent
with the known compatibility of LF with intestinal epithelial
models. For example, Matsuzaki et al. demonstrated that intact
bovine LF was actively taken up and released by Caco-2 entero-
cytes without compromising cell integrity.133 Zhao et al. like-
wise showed that bLF enhanced Caco-2 viability in a concen-
tration-dependent manner at 50–200 mg L−1 and improved
transepithelial electrical resistance (TEER) together with tight-
junction protein expression.134 LF–Ru complexes displayed
cell-line- and loading-dependent effects rather than a uniform
toxicity pattern. LF–500Ru enhanced viability in HepG2 and
L929 cells under several conditions, but the same formulation
reduced metabolic activity in Caco-2 cells, indicating that its
response is context dependent. The most intriguing obser-
vations were made in the Caco-2 model, where decreases in
metabolic activity occurred together with minimal LDH
release. This pattern suggests a predominantly non-cytolytic
effect, more consistent with cytostatic or metabolic modu-
lation than with acute membrane damage. In the present
study, LF–100Ru was relatively well tolerated by normal L929
fibroblasts, while a decrease in viability was observed for
HepG2 and Caco-2 cancer cells at 5000 mg L−1 (corresponding
to 521.2 µM Ru). These findings indicate a differential cellular
response under the tested conditions rather than pharmaco-
logical selectivity. For comparison, cisplatin has been reported
to induce approximately 90% loss of colorectal cancer cell via-

bility (HT29 and SW480) at 10 µM, whereas KP1019 reduces
cell viability by about 50% (IC50) at 50–80 µM, depending on
the cell line.135 Similarly, the IC50 values of a series of Ru(II)
polypyridyl complexes and cisplatin against HepG2 cells were
17.7–25.3 µM and 11.5 µM, respectively.136 Notably, the corres-
ponding free ligands did not exhibit cytotoxicity. Such obser-
vations highlight that Ru-based systems often exhibit biologi-
cal effects at comparatively higher concentrations than plati-
num drugs. In contrast, although NAMI-A demonstrated sig-
nificant antimetastatic activity, it did not decrease the viability
of mammary adenocarcinoma (TS/A), oral carcinoma (KB), or
melanoma (B16-F10) cell lines even at 100 µM,137 and its
reported IC50 against HT-29 cells was 339 µM.138 Accordingly,
the assays performed in this study were intended primarily to
evaluate biocompatibility and preliminary cellular responses
rather than therapeutic efficacy.

Cellular morphology was evaluated after 48 h of incubation
using an inverted phase-contrast microscope. All images are
shown in the SI. Representative images of L929 fibroblasts
(Fig. S7), HepG2 hepatocytes (Fig. S8), and Caco-2 epithelial
cells (Fig. S9) are presented after exposure to all three LF–Ru
complexes at 5000 and 625 mg L−1 together with the respective
controls.

The comparative analysis of cell morphology was consistent
with the results of the MTT and LDH assays, further confirm-
ing the observed cytotoxic or biocompatible effects of the
tested compounds. Microscopic analysis of L929 fibroblasts
revealed a typical spindle-shaped morphology and uniform
adherence, consistent with healthy cell architecture. No signs
of cytotoxic damage were observed. The LF–500Ru complex
was suspended directly in the culture medium, which explains
the presence of dark particulate matter visible in all its
micrographs.

Phase-contrast microscopy of HepG2 cells revealed mor-
phology consistent with the biochemical assays. In cultures
treated with LF–500Ru, both tested concentrations (5000 and
625 mg L−1) preserved normal epithelial features: the cells
remained polygonal, tightly packed, and adherent, indicating
good cytocompatibility. This was particularly evident at 625 mg
L−1, where the image was not disturbed by visible particles of
the complex. Treatment with LF–100Ru at 5000 mg L−1 led to
visible morphological alterations, including cell rounding,
partial detachment, and decreased confluence, consistent with
cytotoxicity; however, at 625 mg L−1, most cells maintained
near-normal morphology. For LF–1.25Ru, cells exposed to
5000 mg L−1 showed minor morphological changes, such as
reduced density and occasional rounding, whereas at 625 mg
L−1, the monolayer structure remained largely intact.

In the control and LF-treated cells at both 5000 and 625 mg
L−1, Caco-2 cells maintained a characteristic cobblestone-like
morphology and dense monolayer structure, indicative of high
viability and the absence of overt cytotoxicity. Microscopic
evaluation of Caco-2 cells after treatment with LF–Ru com-
plexes revealed changes that were generally consistent with the
viability and LDH results, although not all biochemical effects
were mirrored by marked structural damage. Although the
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MTT assay showed reduced metabolic activity for LF–Ru com-
plexes at 5000 mg L−1, phase-contrast microscopy revealed
only minor morphological changes at both tested concen-
trations (5000 and 625 mg L−1). The cells displayed reduced
density but largely retained their epithelial cobblestone mor-
phology, with only minor signs of reduced confluence and
focal detachment. These results suggest that metabolic activity
was impaired, as confirmed by the MTT assay, whereas overall
membrane integrity and basic cell architecture remained rela-
tively preserved, consistent with the low LDH release observed
in these samples.

4. Conclusions

In the present work, bLF was successfully modified with Ru(III)
ions and the resulting LF–Ru systems were characterized using
complementary experimental and computational methods.
Batch sorption experiments revealed saturation-like binding
behavior, with binding efficiencies ranging from 24.0 to
49.6%. Thermodynamic analysis indicated favorable and spon-
taneous LF–Ru formation (ΔG < 0). Kinetic studies showed
that most Ru(III) uptake occurred rapidly within approximately
2 min and was followed by only minor redistribution before
equilibrium was reached. Fluorescence quenching confirmed
strong interactions in the LF–Ru system; however, the n ≈ 1
result should be interpreted as one dominant fluorescence-
reporting binding event rather than proof that only one Ru-
binding site exists in lactoferrin. Desorption experiments
demonstrated only minor Ru release from LF–100Ru in SGF
and SIF without enzymes, indicating high stability of this for-
mulation under the tested conditions. At the same time,
pepsin digestion showed rapid loss of the intact LF scaffold in
SGF, suggesting that although Ru may remain associated with
digestion fragments, receptor-mediated delivery of intact LF–
Ru could be limited without additional formulation strategies.
ATR-FTIR suggested loading-dependent conformational
rearrangements, whereas SRCD and SAXS indicated that the
overall secondary structure and solution flexibility of LF were
largely preserved. Molecular docking and MD simulations
identified His253 in holo-bLF as the most favorable modeled
binding region and supported stable association of the
[RuCl5]

2− species through polar and halogen-mediated con-
tacts. DFT calculations on simplified residue models were
used only as qualitative descriptors of donor preference and
do not define the actual coordination environment in folded
LF. TEM data further suggest that Ru-rich domains and RuO2-
like nanoparticles may arise only at the highest loading (LF–
500Ru), indicating a secondary high-loading phenomenon
rather than a general mechanism of LF–Ru formation.
Biologically, antibacterial activity was evaluated for LF and LF–
100Ru, whereas desorption was studied for LF–100Ru. Selected
LF–Ru formulations produced differential cellular responses
in vitro: LF–100Ru was relatively well tolerated by L929 fibro-
blasts but reduced metabolic activity in HepG2 and Caco-2
cells at 5000 mg L−1, while the Caco-2 response was largely

non-cytolytic according to the LDH data. Together, these
results show that lactoferrin can act as an active coordination
scaffold for Ru(III), but the final biological outcome depends
strongly on Ru loading and on whether the system remains a
protein-bound complex or proceeds to secondary Ru accumu-
lation at high precursor concentrations.
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