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ABSTRACT: The work is focused on the degradation, cytotoxicity, and
antibacterial properties, of iron-based biomaterials with a bioactive coating
layer. The foam and the compact iron samples were coated with a
polyethylene glycol (PEG) polymer layer without and with gentamicin sulfate
(PEG + Ge). The corrosion properties of coated and uncoated samples were
studied using the degradation testing in Hanks’ solution at 37 °C. The
electrochemical and static immersion corrosion tests revealed that the PEG-
coated samples corroded faster than samples with the bioactive PEG + Ge
coating and uncoated samples. The foam samples corroded faster compared
with the compact samples. To determine the cytotoxicity, cell viability was
monitored in the presence of porous foam and compact iron samples. The
antibacterial activity of the samples with PEG and PEG + Ge against
Escherichia coli CCM 3954 and Staphylococcus aureus CCM 4223 strains was
also tested. Tested PEG + Ge samples showed significant antibacterial activity
against both bacterial strains. Therefore, the biodegradable iron-based materials with a bioactive coating could be a suitable successor
to the metal materials studied thus far as well as the materials used in the field of medicine.

1. INTRODUCTION
There is a long-term growing demand for orthopedic implants
in the world, mainly due to the increased number of fractures
and injuries, especially in the elderly population. These injuries
significantly affect the quality of life of patients; therefore, bone
implants have become a sought-after group of implants.1,2

Metals play an important role in the human body. In the form
of implants, metals are used, for example, in bone joint
replacements and dental implants. Most metal implants find
application in orthopedic surgery due to their advantages, such
as higher tensile strength and durability compared to ceramics
and polymers. Metals, such as stainless steel, Co−Cr alloys, or
titanium and its alloys, are still used in biomedical permanent
implants.3−5

Biodegradable materials have become a trend in recent
years. Their biggest advantage is controlled resorption directly
in the patient’s body. Metallic biodegradable biomaterials have
good mechanical properties, but they are made of metals that
can be released in a certain amount due to the corrosive
environment of body fluids. Therefore, in addition to the
possible toxicity of the material, the potential toxicity of its
degradation products must also be considered. These proper-

ties affect the living system in which they are implanted and
can lead to deterioration of the implant’s properties, resulting
in damage to the implant itself and consequently to a reduction
in its biocompatibility.6−9

Iron as a biomaterial is compatible with human physiology,
has a similar density to human bone, as well as good
mechanical compatibility.10 This work focuses on iron porous
as well as compact materials because, despite the indisputable
advantages of porous materials, some properties of compact
iron can be used in load-bearing applications. In the same way,
the use of compact materials compared to foams is
advantageous, for example, in some tests as reference materials,
for example, from the point of view of biocompatibility testing.
Compact iron exhibits a Young’s modulus of 210 GPa.
However, Young’s modulus is in the range of 10−20 GPa for
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cancellous bone and 3 × 10−4−3 × 10−3 GPa for trabecular
bone. The use of compact iron materials in the form of
implants can result in stress shielding mainly due to the
different stiffness of the implant and the bone, which is
precisely what the production and use of porous iron materials
are trying to prevent. Porous iron-based materials with porosity
in the range of 45.6−86.9% exhibit a compressive modulus of
elasticity in the range of 218−845 MPa, which is close to the
values of trabecular bone. The size and mutual connectivity of
the pores represent the key factors that influence the biological
and mechanical properties of porous materials.11,12

The porous structure of degradable materials is used mainly
due to the similarity with the structure and properties of
human bone, faster biological degradation, as well as the ability
to transport damaged tissues of body fluids, which can
significantly shorten the necessary regeneration time.10,13

A suitable approach in the design of biodegradable implants
for medical purposes may be to combine the good mechanical
properties of metallic biomaterials with the biocompatibility
and degradation properties of polymeric biomaterials by
applying polymeric coatings to metals. Due to its high
solubility in aqueous media, good biocompatibility, biodegrad-
ability, hydrophilicity, and mechanical properties similar to
those of some soft tissues, polyethylene glycol (PEG) is
suitable for biomedical applications including surface mod-
ification, bioconjugation, drug delivery, and tissue engineering.
Moreover, PEG can be attached to the surface of drug-
encapsulating materials to increase stability and solubility in
vivo and reduce the rate of degradation from the bloodstream,
thereby optimizing the efficacy of the administered drug.14−17

Surface coating can also improve antibacterial properties to
prevent any postoperative infections,18,19 which are among the
most common complications after surgery and may be
dangerous to patients. Bone infections are among the main
problems that occur when a foreign body is implanted in the
physiological environment. The use of drug delivery systems
specifically is an effective means of treating local infec-
tions.20−22 Antibiotics such as vancomycin or gentamicin have
been popularized for local antibiotic administration by
incorporating these antibiotics into bone cement used to fix
prosthetic implants. However, several recent studies have

reported that these antibiotic-loaded bone cements are not
very effective. Controlled antibiotic-release coatings based on
biodegradable materials are, therefore, becoming a possible
alternative. Biodegradable coatings with an antibiotic content
on the surface of the implants support the release of the drug
during the degradation of the surface layers that reach the
interface of the implant surface and tissue.23

Gentamicin sulfate is an aminoglycoside antibiotic used
mainly to deal with bone infections due to its relatively broad
antimicrobial spectrum and high thermostability.21,24,25

Research by Nichol et al. revealed that the addition of
gentamicin to a monolayer organic−inorganic hybrid sol−gel
coating completely eradicated planktonic bacteria as well as
biofilms of a panel of clinically relevant staphylococci, while
such a coating did not interfere with bone healing.26 Likewise,
high- and long-term doses of gentamicin can trigger serious
adverse reactions in the surrounding nerves, so it is important
to choose only the necessary concentration of the drug for the
given time.27 Since bacterial colonization usually occurs in the
first hours after material implantation, short-term systemic
prophylaxis is as effective as long-term prevention. In fact, a
short-term local drug delivery system can meet the require-
ments to prevent local infection while limiting possible long-
term adverse side effects.28

The application of polymeric and bioactive antibiotic
coatings (containing gentamicin sulfate) on iron substrates
represents a new concept for improving degradation and
biocompatibility. The combination of an iron-based sample, a
polymer PEG coating, and an antibiotic (gentamicin sulfate)
also represents a promising concept in terms of antibacterial
properties, which have not been sufficiently investigated for
these materials. Staphylococcus aureus is one of the most
common pathogenic bacteria that causes local infection.29 Both
porous foam iron samples and solid iron samples in the form of
pellets with a bare polymeric and bioactive coating containing
gentamicin were prepared in this work and then examined for
degradation properties, as well as cytotoxicity and antibacterial
properties. The obtained results demonstrated the suitability of
the prepared materials for potential use in health care, mainly
due to their suitable degradation properties, good biocompat-
ibility, and antibacterial properties.

Figure 1. (a) Polymeric and (b) bioactive coating deposition scheme.
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2. MATERIALS AND METHODS
2.1. Iron Foam Preparation. Foam iron samples (fFe)

were prepared by pouring PUR (polyurethane) foam (Filtren,
Czech Republic) cylinders with a diameter of about 1 cm into
a suspension prepared by dissolving 0.2 g of gelatin (Sigma-
Aldrich, USA) in 6 mL of distilled water and then adding of
carbonyl iron powder, (BASF, type CC d50, fraction 3.8−5.5
μm) which was used as the base material. The suspension-
impregnated cylindrical samples were sintered in an Aneta 1
tube furnace (ANETA, Trencǐanska ́ Tepla,́ Slovakia) in two
steps. The first step, at 450 °C for 120 min in an inert
atmosphere (N2) to remove the PUR foam. The second step,
the sintering of the suspension-impregnated cylinders
themselves at 1120 °C, for 60 min took place in a reducing
atmosphere of hydrogen (heating rate 5 °C/min, cooling rate
4−5 °C).
2.2. Iron Compact Preparation. Compact samples (cFe)

were prepared from carbonyl iron powder (CIP, BASF, type
CC d50, fraction 3.8−5.5 μm) by cold pressing into pellets
with a diameter of 12 mm at a pressure of 600 MPa. The
pressed samples were then sintered at 1120 °C in a reducing
atmosphere of hydrogen for 1 h.
2.3. Surface Modification of the Prepared Material.

2.3.1. Deposition of Polymer Coating on the Iron Samples.
The surface of both the porous foam iron samples and the
compact iron samples was modified with a poly(ethylene
glycol) 4000 (Sigma-Aldrich, USA) coating layer. An ethanol
solution containing 10 wt % PEG was prepared. The samples
were first cleaned with sandpaper and then ultrasonically for 10
min in acetone and ethanol and then immersed in the PEG
solution for 3 h at room temperature and dried for another 3 h
at 45 °C (Figure 1a). The samples were marked as fFe-PEG
and cFe-PEG.
2.3.2. Deposition of Bioactive Coating on Iron Samples. A

part of the foam and compact iron samples was modified with a
polymeric bioactive coating consisting of PEG and gentamicin
(Figure 1b). An ethanol solution was prepared containing 10
wt % PEG and 300 mg of gentamicin sulfate (cell-culture
tested, 590 μg of gentamicin base/mg, Sigma G-1264) for 50
mL of solution.
The compact samples were first cleaned with sandpaper and

then ultrasonically for 10 min in acetone and ethanol and then
immersed in the PEG solution containing gentamicin for 3 h at
room temperature and dried for another three h at 45 °C. The
samples were marked as fFe-PEG + Ge and cFe-PEG + Ge.
2.4. Characterization of Materials. 2.4.1. Surface

Morphology and Composition. Macroscopic images of the
prepared materials were taken with a Dino-Lite Premier
AM4013MT digital microscope (1.3 MPx, 20× magnification).
The morphology of the prepared samples was studied by

scanning electron microscopy (SEM) and the surface
composition by energy dispersion analysis (EDX) (JEOL
JSM-7000F, Japan with EDX INCA).
The specific surface area of the samples was determined by

the low-temperature nitrogen adsorption method, and the
specific surface area values of the tested samples (values
represent the average of five measurements) were obtained
using the Brunauer−Emmett−Teller (BET) method (NOVA
1200 e Surface Area and Pore Size Analyzer, Quantachrome
Instruments, London, UK).
FTIR (Fourier transform infrared spectroscopy) spectra

were recorded on an infrared spectrometer by using the ATR

(Attenuated Total Reflectance) method (Bruker Optik GmbH,
Ettlingen, Germany).
The porosity of the prepared foam materials was determined

by using ImageJ software. To calculate the porosity of the iron
samples, the SEM images were converted to RGB format and
digitized in an ImageJ Analyzer. Pixel segmentation was then
performed using a threshold formula distinguishing between
black pixels (porosity) and gray pixels (sample), allowing the
total optical porosity to be quantified.30

XPS (X-ray photoelectron spectroscopy) data were recorded
using a Thermo Scientific K-Alpha XPS system (Thermo
Fisher Scientific, UK) equipped with a microfocused
monochromatic Al Kα X-ray source (1486.6 eV). A 400 μm
X-ray beam at 6 mA × 12 kV was used. Spectra were acquired
in the constant energy mode of the analyzer with a pass energy
of 200 eV for the survey. Narrow regions were collected with a
pass energy of 50 eV, with an energy step size of 0.1 eV. The
Thermo Scientific Advantage software, version 5.9931
(Thermo Fisher Scientific), was used for digital acquisition
and data processing. The surface composition (atomic %) was
determined by considering the integrated peak areas of the
detected atoms and the corresponding sensitivity factors. Each
spectrum represents the average of the three measurements.
2.4.2. Electrochemical Measurements. The prepared

materials were subjected to a dynamic degradation test by
means of an anodic polarization method using an Autolab
PGSTAT 302N potentiostat. A three-electrode system was
used in which the prepared sample was a working electrode, a
silver chloride electrode (Ag/AgCl/KCl (3 mol/L) was a
reference electrode, and a platinum electrode was used as an
auxiliary electrode. The potentials were scanned in the range
from -400 to -800 mV at a scan rate of 0.1 mV/s. During the
test, the samples were immersed in Hanks’ solution, which is
used as a simulated physiological environment. It is a balanced
salt solution that mimics the ionic composition of human
extracellular fluid and provides a suitable environment for
evaluating material degradation and biocompatibility (with
composition: 8 g/L NaCl; 0.4 g/L KCl; 0.14 g/L CaCl2; 0.1 g/
L MgSO4·7H2O; 0.1 g/L MgCl2·6H2O; 0.06 g/L Na2HPO4·
2H2O; 0.06 g/L KH2PO4; 1 g/L Glucose; 0.35 g/L NaHCO3,
and pH = 7.4 ± 0.2) and tempered at 37 ± 2 °C.
Three samples were studied for each analysis. The corrosion

rate was subsequently calculated using the Tafel extrapolation
method according to eq 1 based on ASTM G59:31

=
j

d
CR

KEWcorr

(1)

where CR is the corrosion rate (mm/year), jcorr is the current
density (A/cm2), K is the constant determining the resulting
units, EW is the equivalent weight of the material, and d is the
material density (g/cm3).
After the measurement, the samples were removed from the

Hanks’ solution, rinsed with ethanol, and dried in air.
Prior to the start of the degradation tests, the open circuit

potential (OCP) was recorded for 60 min after solution
stabilization. The OCP value was used in the measurement of
electrochemical impedance spectroscopy (EIS), which was
performed with the same three-electrode system as for the
electrochemical degradation test. The samples were immersed
in 50 mL of Hanks’ solution during the measurement. The
measurement took place in the frequency range of 10 mHz−
100 kHz with an alternating current amplitude of 10 mV.
Gentamicin release tests were carried out using EIS and
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conductivity measurements. EIS measurements were carried
out by using Solartron Analytical Modulab (mdl. 2100 A),
within the frequency range from 100 kHz to 1 Hz with
amplitude 10 mV at the potential 15 mV vs reference
electrode. The EIS measurement data were fitted and evaluated
by using the Zview program. The PBS solution was used for
EIS measurement, and distilled water was used for conductivity
measurements. These measurements were performed via a
WTW Inolab conductivity meter Level 1.
2.4.3. Immersion Degradation Tests. The immersion

corrosion test was also performed in Hanks’ solution. Prior
to the start of the test, the samples were weighed (mi) and then
ultrasonically cleaned in acetone and ethanol for 10 min.
Subsequently, the three sets of test samples were immersed in
Hanks’ solution. The first set of samples was subjected to an
immersion corrosion test for 4 weeks, the second for 8 weeks,
and the third for 12 weeks at 37 °C. Three samples from each
species were studied in each set. At the end of the test, the
samples were ultrasonically cleaned in acetone and ethanol for
10 min to remove the excess corrosion products, then air-dried
and weighed (mf). The corrosion rate was determined from the
change in weight according to the eq 2 based on ASTM G31
standard:32

=
m m K

Atd
CR

( )i f

(2)

where CR is the corrosion rate, mf is the mass of the sample at
the end of the test, mi is the mass of the sample at the
beginning of the test, K is constant (87600), A is the surface
area of the sample, t is the exposure time, and d is the material
density.
2.4.4. Cytotoxicity Test. The sample toxicity testing was

performed in vitro according to STN ISO 10993-5 norm33 at
37 °C. Samples of fFe, cFe, fFe-PEG, cFe-PEG, fFe-PEG + Ge,
cFe-PEG + Ge, and stainless steel (SS) were sterilized by UV
and placed in polypropylene (PP) centrifuge tubes, where 2
mL of the culture medium consisting of Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS)
and 1% antibiotic solution (ATB) was added. To obtain the
extracts, the samples were immersed in the culture medium for
two different time intervals, 4 and 24 h. Subsequently, samples
were taken from the tubes and the obtained extracts were
centrifuged for 5 min at 10,000 rpm.

The cell population was determined in a Bürker chamber
prior to the experiments. Centrifuged extracts were sub-
sequently used to determine the in vitro cytotoxicity. Human
dermal fibroblast (Human Dermal Fibroblasts, HDFa; Sigma-
Aldrich) cells were placed in a 96-well plate (Grade Brand
culture microplate, adherent cells); 100 μL of culture medium
was added to each well of the plate so that there was 104 HDFa
in each cell. Cultivation until the formation of monolayers took
place in an incubator (37 °C, 95% humidity, and 5% CO2).
After 24 h of incubation, the culture medium from each well
was removed and subsequently, prepared extracts were added
to the wells with seeded cells and were left for incubation for 4
h. After incubation, the extract from each well was pipetted off
and the cytotoxicity was determined by MTS proliferation
assay (CellTiter 96 AQueous one solution cell proliferation
assay, Promega, USA). 100 μL of MTS reagent was placed in
each well of the plate, which was placed in an incubator at 37
°C for 4 h. Afterward, the absorbance of formazan was
determined at 490 nm using UV VIS spectrophotometer
(Shimadzu), and then cell viability was calculated using eq 3:

= ×V(%)
OD

OD
100%

NC (3)

where OD is the optical density of the iron samples and ODNC
is the optical density of the negative control. The experiment
was repeated three times for each sample using wells without
extracts as a negative control.
2.4.5. Antibacterial Activity Test. The antibacterial activity

of Fe-PEG and Fe-PEG + Ge was tested against bacterial
strains of Escherichia coli CCM 3954 and Staphylococcus aureus
CCM 4223 (Czech Collection of Microorganisms, Brno).
2.4.5.1. Disc Diffusion Method. The bacterial strains tested

to determine the antibacterial activity of Fe-PEG and Fe-PEG
+ Ge were cultivated for 18 h. Subsequently, the suspensions
were prepared in a sterile physiological solution and adjusted
to a value of 0.5 on the McFarland scale. The thus-prepared
suspensions were inoculated on Mueller−Hinton agar (MHA)
in a volume of 100 μL. Consequently, 10 μL of PEG and PEG
+ Ge were added on paper discs with a diameter of 6 mm in a
concentration range from 6 to 0.047 mg/mL. Antibacterial
activity was evaluated by measuring the diameter of the
inhibition zone in millimeters. An antibiotic disc with
gentamicin (10 μg) was used as a control.

Figure 2. SEM images of foam and compact iron-based samples: (a) fFe, (b) fFe-PEG, (c) fFe-PEG + Ge, (d) cFe, (e) cFe-PEG, and (f) cFe-PEG
+ Ge.
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2.4.5.2. Spectrophotometric Test. The antibacterial activity
of the Fe-PEG + Ge solution was determined spectrophoto-
metrically by measuring the absorbance. The PEG + Ge
solution was diluted in BHI (Brain-Heart Infusion) broth in
96-well plates in a concentration range of 150−4.7 μg/mL.
The tested bacterial strains were cultivated for 18 h, and the
prepared suspensions in a sterile physiological solution were
adjusted to a value of 1.0 on the McFarland scale.
Subsequently, the bacterial suspensions were added to the
diluted PEG + Ge solution in a ratio of 1:1. After 24 h of
incubation at 37 °C, the antibacterial activity was spectropho-
tometrically determined by measuring the absorbance at a
wavelength of 600 nm using a Biotek Synergy 2 device. BHI
broth with the tested bacterial strains was used as a control.
The results were evaluated by using the Dunnett test in the
statistical program Prism 8.3.0.

3. RESULTS AND DISCUSSION
3.1. Morphology and Surface Composition. SEM

images of the surface of the prepared foam and compact
(Figure 2) materials were taken as further confirmation of the
presence of the polymeric coating. Both the micropores (with a
size from 0.5 to 5 μm) and macropores (with a size from 450
to 1500 μm) were present in the prepared foam samples.
In the case of coated iron foams, the macropore size

decreased, and the walls thickened as compared to the
uncoated foam samples. As a result of the coating deposition,
the cells were partially or wholly filled with polymer, and the
macropores were reduced or completely closed. Moreover, the
deposition of the PEG coating caused the micropore closure,
smoothing out the structure and creating a glossier and
smoother surface of the material. These changes in the surface
of the coated samples are well observable from the SEM
images depicted in Figure 2b,c. The presence of scratches on
the surface of the uncoated compact samples (Figure 2d) was
observed due to the cleaning of the material with sandpapers
prior to coating. Application of the pure PEG coating as well as
the coating containing gentamicin resulted in the smoothing of
the surface of the material (Figure 2e,f).
The porosity of the prepared foam samples was determined

to be 56.23% (Figure 3a), 44.97% (Figure 3b), and 41.32%
(Figure 3c) for the fFe, fFe-PEG, and fFe-PEG + Ge samples,
respectively. Black areas in Figure 3 show the pores that are
present.
To examine the surface properties of the prepared foam

samples, we determined the specific surface area values (SBET)
of the samples were determined. The results are shown in
Table 1. The specific surface area values for the fFe-PEG and
fFe-PEG + Ge samples were lower by almost half compared to
the uncoated Fe, which is related to the smoothing of the
surface and the reduction of the pore size of the polymer-
coated samples.

The surface areas of the compact samples were determined
by geometric calculation. The average surface area of the
compact samples was 3.18 × 10−4 m2 which corresponds to a
specific surface area of approximately 1.59 × 10−4 m2/g.
The presence of a polymeric PEG coating layer on the

surface of the coated samples was confirmed by the surface
EDX analysis based on the presence of oxygen and carbon on
the surface of the analyzed cFe-PEG, fFe-PEG, cFe-PEG + Ge,
and fFe-PEG + Ge samples, which were not observed in the
case of pure iron. Nitrogen and sulfur were not detected on the
surface of any foam samples due to their low content. In the
case of the compact cFe-PEG + Ge sample, the pre-presence of
sulfur was detected to confirm the gentamicin sulfate on the
surface. The average values of the content of individual
elements on the surface are listed in Table 2. In the case of the
fFe-PEG + Ge sample, the presence of iron was observed on
the surface, which was caused by the uneven distribution of the
coating on the sample surface and the tips of Fe nodes
protruding from the coating layer. In the case of uncoated iron
samples (fFe and cFe), only Fe was observed on the surface.
The presence of the polymer coating was also confirmed by

infrared spectroscopy. Figure 4a shows the infrared spectra of
the pure PEG, Ge, Fe, Fe-PEG, and Fe-PEG + Ge samples. In
the infrared spectrum of pure PEG, functional group vibrations
were identified as follows: valence vibrations of the −OH
group at 3400 cm−1, asymmetric and symmetric valence
vibrations of the −CH2 group at 2869 cm−1, valence vibrations
of the −CO group at 1099 cm−1 and deformation vibrations of
CH groups at 960 and 840 cm−1. The absorption bands at
1461, 1359, and 1280 cm−1 further characterize the
deformation vibrations of CH2 groups. The presence of a
triple peak of valence vibrations C−C and C−O in the range
from 1000 to 1200 cm−1 is evidence of the existence of a
crystalline phase and was found in the spectrum of pure PEG
as well as in Fe-PEG and Fe-PEG − Ge samples.34

In the infrared spectrum of pure gentamicin, functional
group vibrations were identified as follows: the amide (N−H)
bending vibrations of primary aromatic amines at 1620 and
1524 cm−1 and the S−O bending vibration and S−O stretch at
600 and 1040 cm−1.35 No gentamicin peaks were detected in
the spectrum of the Fe-PEG − Ge sample due to the low
content of gentamicin in the polymer coating; therefore, PEG
peaks predominated in the sample.

Figure 3. Porosity determination of foam (a) fFe, (b) fFe-PEG, and (c) fFe-PEG + Ge samples using ImageJ software.

Table 1. Specific Surface Area Values of Porous Foam
Samples

sample SBET (m2/g)

fFe 0.34
fFe-PEG 0.17
fFe-PEG + Ge 0.21
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Moreover, XPS analysis was performed to further examine
the chemical state of elements present at the sample surface. In
the case of the Fe sample, the presence of peaks corresponding
to oxygen on the surface due to the formation of iron oxides
(the main Fe 2p signal at 710.9 eV corresponding to iron
oxides, Figure 4b, Table 3) on the surface of the sample was
observed.
In the Fe-PEG sample, the surface was almost completely

covered with polymer; therefore, only peaks corresponding to

Table 2. Surface Composition of Fe, Fe-PEG, and Fe-PEG − Ge Samples Determined by EDX Analysis

Fe C O S

wt % at % wt % at % wt % at % wt % at %

foam samples
fFe 100 100

fFe-PEG 62.27 68.73 37.73 31.27
fFe-PEG + Ge 16.56 4.44 56.04 69.90 27.40 25.66

compact samples
cFe 100 100

cFe-PEG 64.08 70.38 35.92 29.62
cFe-PEG + Ge 64.17 70.46 35.83 29.54 0.41 0.33

Figure 4. (a) Infrared spectrum of the prepared studied materials − Fe, Fe-PEG, Fe-PEG + Ge, pure polyethylene glycol (PEG), and gentamicin
sulfate (Ge), (b) survey XPS spectra of prepared Fe, Fe-PEG, and Fe-PEG + Ge samples, and (c) survey XPS spectra of prepared Fe, Fe-PEG, and
Fe-PEG + Ge samples.

Table 3. Apparent Surface Chemical Composition
Determined by XPS

sample

surface chemical composition (at %)

C 1s O 1s Fe 2p N 1s S 2p

Fe 46.4 41.2 10.2 2.3
Fe-PEG 78.5 21.5
Fe-PEG + Ge 68.1 30.9 0.7 0.3
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oxygen and carbon from the PEG coating were observed (see
Figure 4c, C 1s at ca. 286.0 eV confirms C−O from PEG).
Based on the S 2p and N 1s peaks, the presence of gentamicin
in the Fe-PEG + Ge sample was confirmed.
Some nitrogen was also observed in the case of the Fe

sample, which is mainly at ca. 400.0 eV, corresponding to the
C−N group. This probably comes from some contamination of
the Fe surface. In the case of the Fe-PEG + Ge sample, N 1s is
mainly at 401.1 eV, corresponding to −NH3

+ and S 2p is at ca.
168.2 eV, corresponding to sulfate. This clearly confirms the
presence of charged gentamicin sulfate on the surface.
Fe-PEG + Ge is fully coated by PEG (68.1 at % of carbon

with main C−O signal at 286.0 eV, Table 3, Figure 4c). A
certain amount of gentamicin is bound to the surface of this
layer. Similar results were observed in studies where the
presence of surface-bound drugs (gentamicin) was observed on
microspheres produced using polylactic acid (PLLA) and
copolymer of lactic acid and glycolic acid (PLGA).36,37

3.2. Corrosion Behavior. 3.2.1. Electrochemical Corro-
sion Behavior. The OCP potential was registered for 60 min.
After about 40 min, the OCP values stabilized in the range
from −0.54 to −0.62 V for each porous foam sample (Figure
5a) and in the range from −0.48 to −0.57 V for each compact
sample (Figure 5b). The lowest OCP values were observed for
the fFe-PEG, cFe-PEG, fFe-PEG + Ge, and cFe-PEG + Ge

samples. This indicates an increased tendency to corrosion in
the coated samples.
To determine the corrosion rate (CR), dynamic polarization

tests were performed in Hanks’ solution at 37 °C. Table 4

shows the values of corrosion potential (Ecorr), corrosion
current density (jcorr), and CR values determined by the Tafel
extrapolation method from the potentiodynamic polarization
curves (Figure 5c, d). A potential shift to a more negative value
was observed for both compact and foam samples with the
PEG coating and the PEG coating containing gentamicin,
indicating a higher tendency to corrosion compared with the
uncoated samples.

Figure 5. Time dependence of the OCP for (a) foam iron-based samples, (b) compact iron-based samples, and potentiodynamic polarization
curves of (c) foam, and (d) compact samples Fe, Fe-PEG, and Fe-PEG + Ge in Hanks’ solution.

Table 4. Values of jcorr, Ecorr and Corrosion Rates for the Fe,
Fe-PEG, and Fe-PEG − Ge Samples

Ecorr (mV) jcorr (μA·m−2) CR(mmpy)

foam samples
fFe −558 28.685 0.333

fFe-PEG −604 62.555 0.727
fFe-PEG + Ge −610 64.750 0.752

compact samples
cFe −444 25.319 0.294

cFe-PEG −532 47.543 0.552
cFe-PEG + Ge −548 55.264 0.642
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The increase in the corrosion rate of the coated samples as
compared to the uncoated sample can be attributed to the
slight acidity of the corrosion medium in the vicinity of the
surface of the coated samples due to the oxidative degradation
of PEG.
The degradation of PEG begins with oxidation of the

terminal OH group and splitting of the hydrogen atom, which
leads to a decrease in the pH of the solution. The change in pH
is also caused by the interaction between the polymer and
water. A local reduction of the pH value near the surface of the
coated samples subsequently leads to increased solubility of
corrosion products and the formation of a less compact and
dense passive layer, which accelerates their degradation.38 The
acidic environment leads to increased proton reduction at the
cathode, which can cause higher corrosion current density and
thus a higher corrosion rate.39,40 When iron-based substrates
with polyethylene glycol (PEG) coating are exposed to Hanks’
solution, the corrosion rate increases due to the enhanced
oxidation rate of iron caused by the interaction between the
hydrophilic polymer layer and the iron surface.41,42 However, it
is also possible to influence the time of its degradation by the
thickness of the polymer layer and thus adjust the properties of
the biomaterial according to the requirements of the given
application.
Nyquist diagrams of the prepared samples obtained before

and after 60 min immersion in Hanks’ solution are shown in
Figure 6a,b. The diagrams demonstrate that the iron-based
samples exhibit two types of loops: a capacitive loop in the
high and medium frequency range and the induction loop in
the low-frequency range. The capacitive loop is related to
charge transfer, and the inductive loop is caused by the
dissolution of iron.43 For the foam as well as the compact
samples, the high-frequency capacitive loop was described

using the capacitance and charge transfer resistance, which
characterized the bulk layer of the corrosion products.44

The occurrence of the semicircle in the low-frequency range
reflects the surface inhomogeneity of the samples prepared by
the powder metallurgy method. The semicircle diameters for
the cFe and fFe samples are larger than those for the cFe-PEG,
fFe-PEG, cFe-PEG + Ge, and fFe-PEG + Ge samples,
indicating higher charge transfer resistance. The Nyquist
diagrams of the uncoated and coated samples were modeled
using the equivalent circuit shown in Figure 6c. In this circuit,
Rs represents the solution resistance, Rc represents the polymer
layer resistance, Rct represents the charge transfer resistance,
and CPE are elements of a constant phase.
The Rct values, which represent the polarization resistance,

were calculated for all samples as the difference in impedance
at lower and higher frequencies (Table 5). The values for foam

and the compact samples with the PEG coating layer as well as
for foam and the solid samples containing gentamicin were
lower than those for samples without the polymer layer
indicating lower resistance to corrosion, which confirms the
same trend as potentiodynamic polarization measurements
Higher Rct values for uncoated cFe and fFe samples indicate

the formation of a passivation layer of degradation products,
such as iron oxides, iron hydroxides, and carbonates, while

Figure 6. Nyquist diagram of (a) foam, (b) compact iron-based Fe, Fe-PEG and Fe-PEG + Ge samples before corrosion and (c) equivalent circuit
− Rs − solution resistance, Rc − polymer layer resistance, Rct − charge transfer resistance, CPE − elements of a constant phase.

Table 5. Impedance Parameter Rct for Foam and Compact
Fe, Fe-PEG, and Fe-PEG + Ge Samples

Rct [Ω·m−2]

foam samples compact samples

Fe 168.93 312.74
Fe-PEG 114.90 254.41
Fe-PEG + Ge 100.07 235.21
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lower values obtained for the coated compact (cFe-PEG, cFe-
PEG + Ge) and foam (fFe-PEG, fFe-PEG + Ge) samples
indicate the desired higher corrosion rate.
The discrepancy between the increase in the Rct value for the

foam fFe-PEG + Ge and compact cFe-PEG + Ge samples
compared with the fFe and cFe samples may be related to the
complex nature of the layer formed and the partial breakdown
of the surface film in some areas due to the addition of the
antibiotic.
3.2.2. Immersion Corrosion Behavior. The static immer-

sion degradation method was also used to determine the rate
of degradation. The macroscopic images of the surface of the
materials after immersion in Hanks’ solution for 4, 8, and 12
weeks are shown in Figure 7a,b.
After 4 weeks of continuous immersion corrosion testing, it

was still possible to observe several uncorroded sites on the
surfaces of corroding samples. A thin layer of orange and
brown corrosion products was visible on the surface of the Fe
sample (Figure 7a). In the case of the fFe-PEG and fFe-PEG +
Ge samples, a more pronounced coverage of the samples with
corrosion products was observed. After 12 weeks of corrosion,
the foam samples were relatively fragile; the walls of the

samples were significantly damaged, and the surfaces of the
samples were almost completely covered with a layer of
corrosion products. The same trend was observed for compact
samples (Figure 7b). However, even after 12 weeks of
corrosion, the compact samples kept their shape relatively
intact, which is due to the significantly smaller porosity and
several times smaller surface area on which the corrosion took
place.
The degradation rate for orthopedic implants depends on

the specific application and requirements of implant. For small
injuries, implants with accelerated degradation may lead to
premature loss of mechanical support.45 Conversely, in cases
requiring medium-speed degradation, the use of implants with
controlled degradation rates can ensure proper healing without
compromising structural integrity.46

The biodegradation rate of the samples was determined by
measuring the weight loss after immersion in Hanks’ solution
(Figure 7c,d). The calculated corrosion rates based on the
continuous immersion test of both pressed and foamed
samples after 4, 8, and 12 weeks are shown in Table 6. After
12 weeks of the immersion test, the degradation rate of pure
fFe foam was 0.025 mm/year; the degradation rate of Fe

Figure 7. Macroscopic images of iron-based samples after 4, 8 and 12 week immersion in Hanks’ solution at magnifications of 20×, (a) foam, (b)
compact samples and mass losses during immersion in Hanks’ solution for 4, 8, and 12 weeks for iron-based (c) foam (fFe, fFe-PEG, fFe-PEG +
Fe) (d) compact (cFe, cFe-PEG, cFe-PEG + Ge) samples.
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coated with the polymer coating (fFe-PEG) was 0.179 mm/
year, and the degradation rate of Fe coated with the
gentamicin-doped polymer coating (fFe-PEG + Ge) was
0.209 mm/year, which confirmed the required acceleration
of the corrosion of the given material due to the polymer and
bioactive coating. The highest weight loss was observed after 4
weeks of immersion in Hanks’ solution for the fFe-PEG and
after 12 weeks of immersion for the fFe-PEG + Ge foam
samples.
Changes in CR with immersion time for samples with the

polymer PEG layer as well as for samples with the PEG layer
containing gentamicin were more significant compared to
those of foams without a coating.
3.2.3. Gentamicin Release Tests. The gentamicin release

was studied via both electrochemical impedance spectroscopy
and measurement of the conductivity of the solution into
which the drug was released. EIS measurements were
performed every 15 s for 360 s for detailed study during the
first minutes and then every 30 min for 72 h. Conductivity
values were recorded continuously for 1 h.
The measurements were performed based on the assump-

tion that the release of gentamicin into the electrolyte solution
will affect its conductivity. At the same time, the degradation of
the polymer film and the release of the drug will affect the
interfacial electric properties that are possible to observe
through EIS measurements. The decrease in the semicircle
diameter can be seen in Figure 8 for all samples, indicating a
decrease in charge transfer resistance. However, even in the
case of a bare Fe sample without a coating and without a drug,
a decrease in the charge transfer resistance (an increase in
conductivity) was observed, which was caused by the
dissolution of iron in the solution and the formation of Fe
ions. After 1 h, it was possible to observe a slight increase in
the charge transfer resistance. A similar trend can be observed
in the case of the Fe-PEG sample, but the change in charge

transfer resistance after 360 s was more pronounced (25 Ω)
compared to that of the bare Fe sample (∼15 Ω).
For the Fe-PEG + Ge sample, the change in charge transfer

resistance after 360 s was even larger (approximately 30 Ω),
which was related to the release of the drug from this coating.
EIS measurements for sample Fe-PEG + Ge were performed
also for a longer time scale of 72 h. The results of the
measurements are shown in Figure 9b. During a wider time
scale, the charge transfer resistance increases with the
increasing time, but after 3 h, the values of charge transfer
resistance are approximately constant.
For comparison, the release of the drug from the biomaterial

sample was also studied by measuring the conductivity of the
solution formed by dissolving the samples in distilled water. As
can be seen in Figure 9a, the conductivity of distilled water has
only a very slight increasing tendency with time for the Fe
(from 1.3 to 2 μS/cm) and Fe-PEG samples (from 1.3 to 2.5
μS/cm). In the case of the Fe-PEG + Ge sample, a significant
increase in conductivity at the very beginning of the
measurement was observed: during the first 10 s, there was
an increase from 1.3 to 8.2 μS/cm. This confirms the
assumption that gentamicin is released from the surface of
the sample immediately after immersion to a significant extent.
However, the conductivity increases in the case of the Fe-PEG
+ Ge sample is nonuniform. These results suggest that drug
release occurs in two steps. In the first step, the drug is released
from the surface of the sample immediately after its immersion
in the solution, and in the second step, the drug, which is
embedded in the polymer coating, is gradually released. This
conclusion is also supported by the results of EIS measure-
ments, where the charge transfer resistance decreased during
the first 360 s. This could be caused by the accumulation of a
larger amount of gentamicin in the electrode space. But after a
time, when it started to be released from places inside the
polymer, the charge transfer resistance increased, because the
conductivity of the polymer film on the electrode surface
decreased since PEG is very poorly conductive.
3.3. Cytotoxicity. The MTS test was employed to evaluate

the cytotoxicity of the porous foam and compact samples
intended for potential application in the medical field. Figure
10 shows the viability of HDFa cells cultured in an extraction
medium for 4 and 24 h. All extracts showed a decrease in cell
viability compared with the negative control. After 4 h of
incubation, cells cultured in the extracts of the PEG-coated
foam sample showed the highest viability among the tested
samples, while cells cultured in the extracts of the uncoated Fe

Table 6. Corrosion Rate of Prepared Samples Based on a
Continuous Immersion Test

sample

CR (mmpy)

foam samples compact samples

immersion time/week immersion time/week

4 8 12 4 8 12

Fe 0.176 0.035 0.025 0.024 0.044 0.028
Fe-PEG 0.975 0.162 0.179 0.112 0.120 0.055
Fe-PEG + Ge 0.584 0.169 0.209 0.116 0.136 0.104

Figure 8. Nyquist diagrams for Fe (a), Fe-PEG (b), and Fe-PEG + Ge (c) samples during 360 s.
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foam showed the lowest viability. The PEG-coated foam
sample showed very low cytotoxicity with approximately 95%
cell viability.
In the case of the fFe-PEG + Ge sample, the viability of

HDFa cells was 93%. The relative cell viability in extracts from
the fFe-PEG and fFe-PEG + Ge foams was about 3−5% higher
than in the extract of the uncoated fFe sample. This indicates
that the coating layer positively affected HDFa cell viability

and promoted cell proliferation (Figure 10a). The same trend
was observed for the compact samples (Figure 10b). For the
compact cFe-PEG + Ge sample, a decrease in viability of 3%
was observed compared with the foam fFe-PEG + Ge sample.
With the prolonged incubation time, the cell viability started to
decline, and after 24 h of cultivation, a decrease in viability
below 90% was observed in all tested samples. A slight
decrease of cell viability in extracts of the cFe-PEG + Ge and

Figure 9. Solution conductivity changes during 1 h for Fe (black line), Fe-PEG (red line), and Fe-PEG + Ge (blue line) (a). Dependence of charge
transfer resistance from time (b).

Figure 10. Relative viability of HDFa cells obtained from MTS assay after cultivation for 4 and 24 h in extraction mediums of (a) foam (fFe, fFe-
PEG, fFe-PEG + Ge) and (b) compact (cFe, cFe-PEG, cFe-PEG + Ge) samples, stainless steel sheet (SS) and a negative control (NC) and
antibacterial activity of Fe-PEG + Ge against (c) Escherichia coli CCM 3954 and (d) Staphylococcus aureus CCM 4223.
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fFe-PEG + Ge samples was observed compared to the PEG
coating, although studies showed that gentamicin alone shows
almost no decrease in viability compared to the control
sample.47

3.4. Antibacterial Activity. The antibacterial activity of
Fe-PEG and Fe-PEG + Ge was tested against E. coli CCM
3954 and S. aureus CCM 4223 using the qualitative diffusion
method and the spectrophotometric dilution method. With the
qualitative disc-diffusion method, the inhibitory activity was
evaluated by measuring the inhibition zones in millimeters. An
antibiotic disc with gentamicin (10 μg) was used as a control.
Based on the obtained results, no antibacterial activity was

detected for Fe-PEG, but Fe-PEG + Ge showed antibacterial
activity against E. coli CCM 3954 and S. aureus CCM 4223 in a
concentration range from 6 to 0.18 mg/mL. Antibacterial
activity was not detected at lower concentrations. The addition
of gentamicin to the Fe-PEG sample coating provides some
advantages such as better coating morphology, better
biocompatibility with implants, and better antimicrobial effect.
Biofilm-encrusted bacterial pathogens such as S. aureus and E.
coli are major sources of bacterial infections and are very
difficult to eradicate.
The antibacterial activity of PEG + Ge against E. coli CCM

3954 and S. aureus CCM 4223 was also tested using the
spectrophotometric dilution method in microtiter plates by
measuring the absorbance using Biotek Synergy 2. Concen-
trations from 150 to 18 μg/mL significantly suppressed the
growth of E. coli CCM 3954 compared to the control (Figure
10c). Concentrations from 150 to 4.5 μg/mL significantly
inhibited the growth of S. aureus CCM 4223 (Figure 10d).
Regarding the antibacterial mechanism of action, a general
mechanism with two following steps applies: an immediate and
physically reversible step and a time-dependent irreversible
molecular and cellular second step. In contact with a carrier
such as tissue, competition occurs between microbial
colonization and tissue integration.48 The results confirmed
that gentamicin, as an aminoglycoside antibiotic with broad-
spectrum antibacterial effect can bind to anionic compounds
on the surface of bacteria, causing their good antibacterial
properties.49

4. CONCLUSIONS
Two different types of samples were prepared: porous foam
samples and compact pellet samples. Samples with the bare
PEG coating layer as well as with the bioactive coating were
made to improve the degradation properties and the
biocompatibility of the iron biomaterials. Samples coated
with the polymeric layer (both bare PEG and PEG containing
gentamicin) corroded faster compared to the uncoated
samples. The reason for this acceleration was a local increase
in the pH of the solution around the dissolved polymer, which
led to an increased dissolution rate of the tightly adsorbed
corrosion products and exposure to a new metal surface
accessible for degradation. The faster degradation of the foam-
coated samples was observed compared to the compact-coated
samples, which was due to the larger surface area of the foam
samples.
A significant increase in conductivity was observed in the

case of the Fe-PEG + Ge sample compared with the Fe and Fe-
PEG samples, which confirmed the release of gentamicin from
the implant surface.
Cytotoxicity assays showed that cell viability decreased with

increasing culture time for both coated and uncoated samples.

A higher viability was observed for the cells cultured in the
extracts of the foam samples compared to that in the compact
samples. Tests to detect the antibacterial activity of Fe-PEG
and Fe-PEG + Ge against Escherichia coli CCM 3954 and
Staphylococcus aureus CCM 4223 proved that discs impreg-
nated with Fe-PEG + Ge showed antibacterial activity against
E. coli CCM 3954 and S. aureus CCM 4223 and spectrophoto-
metrically showed significant antibacterial activity against both
bacterial strains.
Research on gentamicin release and in vivo investigations of

the biocompatibility of such materials will be the topic of our
next study. In conclusion, increasing the rate of degradation of
biomaterials in a simulated physiological environment and the
promising resistance to basic strains of bacteria in the case of
drug-doped coatings offers the possibility of using polymeric as
well as gentamicin-doped coatings to improve the degradation
properties of degradable iron-based biomaterials for applica-
tion in the field of medicine.
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