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Nickel-free porous stainless-steel nanocomposites
for versatile biomedical applications: fabrication,
characterization, and evaluation of
electrochemical and immunogenicity detection
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This study focuses on the development of nickel-free stainless-steel nanocomposites with porosities
tailored for surgical implants and biological applications. Alloy F2581 (Fe-17Cr-10Mn-3Mo-0.4Si—
0.5N-0.2C wt%), modified by replacing Mo with metals such as Al, Cu, Ti, and W, was successfully fabri-
cated via a solid-state reaction method. X-ray diffraction analysis revealed a significant alteration in the
crystal phase, accompanied by the formation of nanostructures, including nanowires, square nanotubes,
wave-like configurations reminiscent of a growing clover farm, and nanofibers. The particle sizes of
these structures were determined to be 73, 27.2, 76 and 98.5 nm for Al, Cu, Ti, and W ions, respectively,
indicating a distribution of nanopores. Biological evaluation of adult male Albino rats after exposure to
single intraperitoneal doses of various concentrations (10, 20, and 50 mg kg™ wt%) were assessed with
testing alloys (Cu, AL, W, and Ti, respectively). Over a subacute period lasting 60 days, a comprehensive
evaluation of biological responses, including hepatic function, renal performance, oxidative and/or
nitrosative stress parameters, and the levels of serum immune modulators was conducted. Notably, low
doses elicited negligible immune responses, higher doses, barring copper, induced notable reactions.
Interestingly, aluminum demonstrated optimization within biological settings, alongside titanium and
tungsten. These findings highlight the applicability of copper and tungsten for medical implantation and
biological applications under controlled circumstances, particularly at lower dosage levels.
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the development of diverse bone scaffolds and augmentations.'™
These implants should be similar to the mechanical and micro-
structural properties of natural bone to substantially improve the
remediation process.’ ® Generally, humanoid bones are categor-
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tion, nutrient diffusion, and bone ingrowth.''™*® Furthermore,
biomaterials essentially need corrosion resistance, wear resis-
tance, and biocompatibility and to possess strong osseo-
integration, which is the ability to combine with bone and
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other tissues, which is a good biological environment for the
effective movement of medications, and good hardness, tensile
strength, and elongation, while being extremely nontoxic
and/or anti-allergenic.’* Metal alloys are widely used as bio-
materials. Iron alloys containing at least 11% anti-rusting
chromium, which also increases heat resistance,'® with less
than 1.2% carbon, and other alloying components are known
as stainless steels. The mechanical qualities can be enhanced
by additive elements like nickel, molybdenum, niobium, man-
ganese, titanium, copper, aluminum, and tungsten. Moreover,
the corrosion resistance and mechanical qualities of stainless
steel can be further improved.”® The inclusion of Cr and Mo is
responsible for the exceptional biocompatibility, mechanical
qualities (strength and ductility), and resistance to pitting and
crevice corrosion of the material.*!

Porous stainless steel represents one of the most important
metal alloys used in the manufacture of biomaterials. It can
contribute to lightweight materials with excellent mechanical,
thermal, and electrical properties.?* Ferrous metals have found
widespread application in the fabrication of stents and dental
and orthopedic implants, including bone plates, fixtures, dental
posts, and screws, as well as surgical instruments. However, the
release of iron (Fe) ions can lead to interactions with peroxides,
leading to the generation of radicals. This phenomenon can have
deleterious consequences, potentially culminating in severe out-
comes such as coma or fatality owing to the deleterious produces
of free radicals on lipids, proteins, DNA, and ultimately, cellular
integrity.>®> Owing to its comparatively lower cost than those of
cobalt-chromium alloys, pure titanium, and titanium alloys,
316 L stainless steel is frequently employed in orthopedic
implants. Its utilization in this context is observed at a ratio
ranging from ten-to-five.>® While numerous studies have
explored the mechanical and microstructural properties of
trabecular bone, replicating these properties in materials poses
a significant challenge. Metals like stainless steel, Co-Cr alloys,
and titanium alloys are commonly utilized in the production of
various biomedical implants.>® However, achieving the desired
porosity in these materials is difficult because of their high
melting points, which limits the usage of conventional manu-
facturing techniques such as casting. Several studies have
investigated the fabrication of porous stainless steel via con-
ventional methods like casting and powder metallurgy, but
these approaches present significant challenges. To overcome
these challenges, researchers have explored alternative techni-
ques, including rapid prototyping®® and the sol-gel method.?”
For example, Mariotto et al. synthesized steel foam samples
containing 30% ammonium carbonate and conducted electro-
chemical tests in a chloride-containing medium, comparing
the corrosion resistance of the foam samples to that of bulk
steel. The results indicated that the corrosion resistance of
foam samples was superior to that of the bulk steel.>® Noor
et al. reported that porous SS316L has no cytotoxic potential for
biomedical implants.?® Babaie et al. produced a sample with a
tight pore structure and a multimodal pore size, but the
samples were subjected to a cytotoxicity test.'® Other studies
have used powder metallurgy to produce porous stainless steel.
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Dewidar et al. produced highly porous 316 L stainless steel
samples whose mechanical properties match those of human
bone.?° Salahinejad et al. manufactured porous Cr-Mn-N aus-
tenitic stainless steel, and nanostructured austenitic stainless
steel was developed with a comparative density of 85%.%"
Dudek et al. discussed the chances of obtaining materials with
controllable porosity. The samples produced in hydrogen
and under vacuum have high corrosion resistance and high
porosity, and these samples can be used for medical purposes.*?
Essa et al. investigated porosity content control in capsule-free
powder and reported a substantial increase in the pore fraction
of the samples with increasing powder particle size, which was
related with a decrease in the compressive strength, elastic
modulus, hardness, and ductility of the samples.>* Zielecka et al.
developed a porous stainless steel that exhibited extreme porosity
in comparison to other ingredients, and the allocation of pores
was classified as micropores.*® The samples produced can be used
in biomedical applications because their properties simulate those
of human bones.** Weipeng et al. fabricated Fe-Cr-N stainless
steel via powder metallurgy, achieving porosities ranging from
28.21% to 60.16%. This stainless steel exhibited high biocompat-
ibility, corrosion resistance, and mechanical properties compar-
able to those of human bone, which was attributed to its nonnickel
and manganese composition. The pore morphology, microstruc-
ture, and mechanical characteristics of the porous stainless steel
were thoroughly analyzed. As the porosity increased, the compres-
sive yield strength, elastic modulus, and compressive strength
decreased.*® Moreover, rapid prototyping methodologies offer
promising avenues for fabricating materials with structural simi-
larities to trabecular bone.*®*” In the realm of biomaterials,
considerable attention has been given to Ti- and- Co-based alloys,
because of their notable biocompatibility and robust mechanical
properties.’®*° Tungsten implants, categorized within the refrac-
tory metal class, demonstrate exceptional resistance to both heat
and corrosion, rendering them suitable for bone fracture
applications.* Investigations into the clinical efficacy of alumina
substrates have also been undertaken.*!

Copper is renowned for its potent antimicrobial properties
and is frequently employed as a filter. To enhance antibacterial
efficacy and ensure optimal biocompatibility in orthopedic
implants, precise dosages of copper must be incorporated into
titanium and other metallic materials. Currently, copper ions
and metallic copper represent the two primary forms utilized in
biomaterials, both of which exhibit robust antibacterial cap-
abilities. Additionally, copper ions are known to impede DNA
replication and protein synthesis.**

This study aims to investigate the physiochemical character-
istics of porous stainless steel samples synthesized through a
solid-state reaction method, wherein molybdenum is replaced
with various elements, including copper, aluminum, titanium,
and tungsten, in accordance with ASTM F2581 standards
(Fe-17Cr-10Mn-3MX-0.4Si-0.5N-0.2C in wt%; MX: Al, Cu, Ti,
and W) for medical implantation and biological applications.
Characterization of samples was performed via XRD, FT-IR, and
SEM analyses. Furthermore, the electrochemical kinetic para-
meters are determined via dynamic polarization techniques

Mater. Adv,, 2025, 6, 448-462 | 449


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma01024h

Open Access Article. Published on 12 December 2024. Downloaded on 12/10/2025 6:54:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

and electrochemical frequency modulation (EFM). The suba-
cute effects of administering single intraperitoneal doses of the
examined alloys at concentrations of 10, 20, and 50 mg kg™ " to
a rat animal model were subsequently investigated over a
period of 60 days. The assessment involves monitoring the
serum activities of the liver enzymes alanine transaminase
(ALT) and aspartate transaminase (AST) to evaluate liver function.
Additionally, the serum creatinine levels reflect renal performance
in the experimental rats. Furthermore, hepatic superoxide dis-
mutase (SOD) activity and reduced glutathione levels are assessed
to evaluate global oxidative stress, whereas nitric oxide (NO) levels
serve as indicators of nitrosative stress. The levels of serum
cortisol, a primary stress hormone, are measured along with the
levels of the immunomodulators interleukin 1 (IL1) and inter-
leukin 10 (IL10) to elucidate the cellular immune response to each
injected alloy.

2. Materials and methods

2.1. Materials

Powders of FeCl, MnO,, CrCl, SiO,, NiO, C, and metal oxides
(MX) e.g. (MX: CuO, WO,, TiO, and Al,0;) were purchased from
Sigma-Aldrich Limited and Al-Gomhouria Chemical Company
in Cairo, Egypt. All powders were mixed in an agate mortar
with stoichiometric ratios (with composition of ASTM F2581:
(Fe-17Cr-10Mn-3MX-0.4Si-0.5 N-0.2C in wt%)) and sintering
aid (Mn-11.5 wt% Si) powders.

2.2. Preparation of porous stainless-steel composites

Four sets of samples were prepared by substituting MX with four
additive composite materials in powder form. The mixtures were
ground in an agate mortar for 40 minutes until well blended,
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followed by dissolution in methanol through ultra-sonication, and
the powders were manually ground by hand to achieve a homo-
geneous mixture before proceeding with dissolution. The solu-
tions were subsequently heated via a magnetic stirrer at 80 °C for
approximately 2-3 h to evaporate the alcohol and dry the samples.
Manual grinding in an agate mortar was then performed for two
hours to achieve a fine powder consistency. The samples were
calcined in an alumina crucible at 600 °C for 3 h with a heating
rate of 7 °C in a closed programmable muffle box furnace
(Fengshi made in Germany, with a chamber size of 400 X
400 x 500 mm W x H x D), followed by gradual cooling to room
temperature naturally. Afterward, further grinding was carried out
for an hour and sieved using a 100-um mesh screen. Furthermore,
the samples were compressed via a hydraulic press at a pressure
of 5 tons cm ™2 for 5 min in a forming die, resulting in samples
with dimensions of 10 mm, and 1-1.5 mm in diameter and
thickness, respectively. Finally, the samples were sintered in a
muffle furnace at 1150 °C for 6 h, followed by quenching in air
(Scheme 1).

2.3. Electrochemical corrosion

The samples were prepared in the form of an electrode (2.0 x
5.0 mm diameter) via a hand press. A group of samples was
prepared for the purpose of measuring electrochemical corrosion
products to obtain samples for conducting an electrochemical
corrosion test on a stainless-steel pallet, which was conducted
after 5 min as it was ready to perform the required examination.

2.4. Instrumental characterization

2.4.1. Physical characterization. Structural properties of
synthesized nanoparticles were analyzed via an X-ray diffracto-
meter (Rigaku Ultima IV) equipped with a CuKo radiation
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Scheme 1 Schematic diagram representing preparation steps and applications of nickel-free porous stainless-steel nanocomposites.
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source (A = 1.541 A) operating at 40 kV and 40 mA. Scans were
conducted over a 20 range from 10° to 80° at a scanning rate of
5° min~*. The relative abundance of phases present and the
crystallite size were determined through Rietveld analysis.
A precisely known quantity of nanocrystalline powder served
as the standard reference, as previously described.** The sur-
face morphology (shape and size of the nanoparticles) of the
synthesized samples was determined via FE-SEM (Model-
Quanta FEI200, FE-SEM). Fourier transform infrared (FT-IR)
spectroscopy was performed with a Mattson 5000 spectrometer
(Unicam, UK) via the KBr technique (transmission mode with
0.5 mg sample and 100 mg KBr ratio, due to the sample being
highly absorbed).

2.4.2 Electrochemical corrosion characterization. Bones
undergo perpetual immersion in bodily fluids such as blood,
which are characterized by diverse acidic and saline constituents.
This prolonged exposure results in erosion and subsequent
release of its structural components. Evaluating the composition
and quantities of the elements liberated in various liquid envir-
onments, which mimic those encountered by natural bones, is
imperative. Electrochemical corrosion resistance serves as a pivo-
tal parameter for gauging the endurance or robustness of a bone-
alloy metal composite within the physiological milieu, given the
array of chemical reactions involving cathodic and anodic pro-
cesses. Notably, the reduction of dissolved oxygen emerges as a
consequential cathodic reaction, represented by the following
equation:

0, + 2H,0 + 4e~ — 40H"~ (1)

The reduction of hydrogen ions is another associated reaction,
depicted by the following equation:

2H" +2e”~ — H, (2)

One of the critical anodic reactions involves the oxidation of
metals employed in bone materials, resulting in the formation
of molten or solid erosion byproducts. An essential criterion for
any alloy intended for bodily use is its ability to avoid generat-
ing corrosion products that might pose risks to the organism.
While certain metallic elements are deemed safe under ordinary
circumstances, they have the potential to produce toxic ions or
compounds. Therefore, samples were measured and examined
via the Gamry REF 3000 potentiostat/galvanostat/Zra instru-
ment for data acquisition, alongside Echem Analyst 7.8.2 for
comprehensive analysis, synthesis, and graphical representation.
Electrochemical kinetic parameters were acquired through two
distinct methodologies: potentio-dynamic polarization techniques
and electrochemical frequency modulation (EFM). Electrochemi-
cal corrosion products were analyzed at the National Organization
for Drug Control and Research (NODCAR). Following a storage
period of one week, models were established to perform electro-
chemical corrosion testing via voltammetry (Metrohm 797 VA
Computrace for trace analysis). The reference electrode utilized
was Ag/AgCl, with a platinum auxiliary electrode. The test medium
consisted of an electrolyte solution comprising serum at a pH of
7.40 (representative of 50% biological body fluids) supplemented

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with phosphate-buffered saline,****
37.0 £ 0.1 °C.

The chloride ion concentrations in the serum and urine
were within the range of 105-125 mmol L. Electrolyte solu-
tions containing 10% serum with a pH of 7.40 and phosphate-

and the temperature used is

buffered saline were prepared for electrochemical measure-
ments, with temperature control ensured via a water bath.
All test electrolytes were prepared without any nonaerated
treatments, and samples were analyzed in triplicate to ensure
accuracy and reproducibility. Ethical considerations were strictly
adhered to throughout the collection and handling of biological
samples. Voltammetry measurements of the polarization curves
were conducted within the E.,, & 250 mV range at a scan rate of
10 mV s~ . Steady-state cyclic polarization curves were obtained
over the potential range of —800 to +200 mV versus Eco,, With a
scan rate of 0.5 mV s~ '. Periodic polarization curves were also
obtained within the potential range of —800 to +200 mV versus

Eoopr at a scan rate of 10 mv s~ %,

2.5. Biological tests

Human urine and serum were ethically collected from healthy
subjects who provided the signed consents of the donors,
according to the ethical rules of research in Egyptian univer-
sities. The participants underwent routine health check-ups,
and no known chronic diseases were present in the cohort.
The total number was five male participants, aged between
35-45 years. Inclusion criteria comprised male participants
aged 35-45 years with no history of chronic diseases, who were
generally healthy and underwent routine health check-ups.
Exclusion criteria included individuals with a history of chronic
conditions such as diabetes, hypertension, cardiovascular dis-
eases, kidney or liver diseases, any acute illness at the time of
the study, or those on medications that could affect the study
outcomes. The serum and urine samples collected averaged
5 mL of serum and 20 mL of urine per participant, respectively.

Animal study: adult male Albino rats, weighing approxi-
mately 150 £+ 15 g, were employed for this study. The rats were
housed in the animal facility of the National Organization for
Drug Control and Research for seven days prior to the experi-
ment, where they were maintained under standard laboratory
conditions with ad [libitum access to food and water. The
experimental procedures were conducted in accordance with
the ethical guidelines set forth by the Institutional Animal Care
and Use Committee at the Faculty of Veterinary Medicine, Cairo
University (Vet. Cu. IACUC), with approval number Vet. CU.
09092023786.

2.5.1. Experimental design. Following the acclimatization
period, the rats were divided into five groups, each comprising
six animals. Group 1 served as the control and received a basal
diet, whereas groups 2-10 were subjected to single intraperitoneal
dosing with varying concentrations (10, 20, and 50 mg kg~ " BW) of
the investigated alloys (Cu, Al, W, and Ti).

2.5.1.1. Blood sample collection. Blood samples were collected
from each rat’s retro-orbital vein under light diethyl ether anesthe-
sia, as described by Cocchetto et al.*® After clotting, the blood was
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centrifuged at 3000 rpm for 15 min to obtain the serum. The
serum was then utilized for assessing liver enzyme activities,
monitoring kidney function, and evaluating stress and immune
response parameters.

2.5.2. Preparation of liver samples. Following blood sam-
pling, the animals were euthanized by cervical dislocation, and
their liver tissues were promptly exercised, rinsed with ice-
cooled saline, blotted dry, and weighed. A portion of each liver
sample was then homogenized with ice-cold saline (0.9% NaCl)
via a homogenizer (Medical Instruments, MPW-120, Poland)
to obtain a 20% w/v homogenate. The homogenate was subse-
quently centrifuged for 5 minutes at 4000 rpm, and the resulting
aliquot was utilized for the assessment of SOD, GSH, and NO.

2.5.2.1. Measurement of liver enzyme activities in serum. Liver
function was assessed by quantifying the serum levels of ALT
and AST enzymes, which are reliable markers of liver function,
via Egyptian Company for Biotechnology (S.A.E), Obour City
Industrial Area, Block 20008, Piece 19 A, Cairo, Egypt kits. The
results are reported in units per liter (U L™1).*

2.5.3. Assessment of antioxidant status by measuring SOD
activity. Spectrophotometric analysis was employed to measure
superoxide dismutase (SOD) activity,*® allowing for the evalua-
tion of the antioxidant defense against superoxide radicals.
SOD activity serves as an indirect marker of oxidative stress, a
condition that can potentially lead to lipid peroxidation. This
spectrophotometric quantification method is based on the
inhibition of pyrogallol autoxidation at 325 nm, where pyro-
gallol undergoes autoxidation in the presence of oxygen, pro-
ducing superoxide radicals that are dis-mutated by SOD into
oxygen and hydrogen peroxide. The assay was conducted within
a linear range of 0.05-2.5 U mL~' SOD activity, with one unit
(U) defined as the amount of enzyme causing 50% inhibition of
pyrogallol autoxidation under optimal conditions (pH 8.0-8.2).
The method demonstrated high specificity for SOD activity, a
detection limit of 0.01-0.05 U mL ™', and excellent reproduci-
bility with coefficients of variation (CV) below 2%.

The concentration of reduced glutathione (GSH) and oxidized
glutathione (GSSG) was determined using high-performance
liquid chromatography (HPLC) based on the method outlined
by Jayatilleke and Shaw (1993).*® Reference standards for GSH and
GSSG were obtained from Sigma Chemical Co. and prepared as
stock solutions (1 mg mL™") in 75% methanol. These stock
solutions were diluted as necessary before injection into the HPLC
system. The analysis was performed using an Agilent HPLC
system, equipped with a quaternary pump, column oven, Rheo-
dyne injector with a 20 pL loop, and a UV variable wavelength
detector. Data analysis and chromatograms were generated using
ChemsStation software (Agilent). Separation was achieved on a
Synergi RP Max column (3.9 mm), with detection at 210 nm. The
mobile phase was an isocratic mixture of potassium phosphate
buffer and acetonitrile at pH 2.7, with a flow rate of 2 mL min™,
whereas the nitric oxide (NO) concentration (in nmol g™ tissue)
was determined via HPLC according to Papadoyannis et al
(1999).>° NO was determined as the summation of nitrite and
nitrate; the HPLC method involved preparing reference standard

452 | Mater. Adv., 2025, 6, 448-462
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solutions with a stock concentration of 1 mg mL™" for each
sodium nitrite and sodium nitrate. A standard mixture containing
equal concentrations of nitrite and nitrate was prepared to
determine retention times and achieve peak separation. Samples
were analyzed using an Agilent HP 1100 series HPLC system (USA)
with a PRP-X100 Hamilton anion exchange column (150 x
4.1 mm, 10 pm). The mobile phase consisted of a mixture of
0.1 M NaCl and methanol in a 45 : 55 volume ratio, with a flow rate
of 2 mL min~", and detection was performed at 230 nm.

2.5.4. Determination of stress factor and immune response
element parameters in the serum. Cortisol, (Cloud-Clone Corp.
(China) model: SEA056Hu) a stress factor, and the levels of the
immune response elements IL-1 (Cusabio Technology LLC
(China), model: CSB-E13066h) and IL-10 (Elabscience Biotechnol-
ogy Co., Ltd (China) model: E-EL-H0149) were quantified via
laboratory available enzyme-linked immunosorbent assay (ELISA)
kits following the manufacturers’ instructions.

3. Results and discussion

3.1. X-ray diffraction

Fig. 1(a) shows the XRD pattern of sintered samples of F2581:
(Fe-17Cr-10Mn-3MX-0.4Si-0.5 N-0.2C wt%) with MX addi-
tives, including (a) Cu, (b) W, (c) Ti, and (d) Al. Rietveld analysis
of the XRD data reveals the formation of a single-phase
austenitic structure following sintering at 1100 °C. Notably,
samples were quenched in water to attain the austenitic struc-
ture after sintering. The relatively low signal-to-noise ratio in
the XRD pattern was attributed to the presence of amorphous
phase in the material. Furthermore, XRD analysis (Fig. 1)
reveals the presence of Fe and Al phases, as evidenced by the
curve patterns, with no intermetallic phase detected. Addition-
ally, the mean crystallite size was determined to be less than
98.5 nm (73, 27.2, 76, and 58 nm for Al, Cu, Ti, and W,
respectively), which is consistent with previous studies employ-
ing various methods for the preparation of nanostructured
powders.*>>* Microscopic studies further confirmed the
presence of this nanoscale structure even after the sintering
process, reflecting a significant reduction in grain growth.>>>?

3.2. FT-IR spectroscopy

FT-IR spectra of the prepared F2581 (Fe-17Cr-10Mn-3MX-
0.4Si-0.5 N-0.2C in wt%) samples containing MX = (a) Cu,
(b) W, (c) Ti, and (d) Al additives are shown in Fig. 1(b). The
samples exhibited single-phase austenitic structures; the sam-
ples with metal elements presented peaks related to the crystal-
line planes as shown in the XRD patterns that were linked to
the austenitic iron structure of all the samples. The crystallite
size and phase percentages were calculated via Rietveld analysis
of the XRD results. The structures of the samples were further
confirmed by FT-IR spectroscopy, as shown in Fig. 1(b). The
FT-IR spectra of all sample nanoparticles were recorded in v
400-4000 cm ™. The characteristic stretching modes of C=0
and C-O bonds are assigned to the significant bands at v 1130
and 1730 cm ™" vibrations, respectively. The peak at v 2962 cm ™ *

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD powder patterns (up) and FT-IR transmittance (down) (a, b, ¢, and d) of an alloy composed of (Fe—Cr-Si—-Ni—-Mn-C), with doped elements

including AL, Cu, Ti, and W ions; respectively.

can be attributed to the aromatic stretching mode. The transmit-
tance bands at v 3459 and 3478 cm ' arise from the stretching
mode of the O-H group, which reveals the existence of a small
amount of water absorbed by the nanostructure. The peak shift
observed at approximately v 1117 cm ™" to a higher wavenumber
of v 1130 em™* corresponds to the Al, Cu, W, and Ti additives in

© 2025 The Author(s). Published by the Royal Society of Chemistry

F2581: (Fe-17Cr-10Mn-3MX-0.4Si-0.5 N-0.2C in wt%) samples in
the host lattice.>*>®

3.3. FE-SEM investigation

The morphological features of the synthesized F2581 samples
(Fe-17Cr-10Mn-3MX-0.4Si-0.5N-0.2C wt%) with various metal
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additives (MX) such as Cu, W, Ti, and Al were characterized
using field emission scanning electron microscopy (FE-SEM).
The SEM images at a magnification of 6000x provided detailed
insights into the nanoscale morphology and uniformity of the
samples, offering a better understanding of how these metal
additives influence the microstructural characteristics of the
nanocomposites.

3.3.1. Al additive (Fig. 2a). The FE-SEM images of the
Al-doped sample revealed that the nanoparticles predominantly
form nanowires. This unique morphology could be attributed
to the specific interaction of aluminum with the matrix during
synthesis, promoting the growth of wire-like structures. The
presence of these nanowires indicates a high surface area,
which may have implications for improving the material’s
mechanical properties, such as strength and wear resistance.
Notably, the 6000x magnification image also showed the
presence of small pores, which suggests the formation of a
porous network. This porosity could be a beneficial feature for
applications where lightweight and high surface area materials
are desirable, such as in catalysis or filtration systems.

3.3.2. Cu additive (Fig. 2b). The Cu-doped sample exhibited
a distinct square nanotube shape. The SEM images showed
that these nanotubes were well-formed, with a regular square or
rectangular cross-sectional shape. This morphology is indicative of
the influence of copper in promoting specific growth mechanisms
during the formation of the composite. The distribution of pores
within the nanotubes could potentially enhance the material’s
mechanical properties, as the interconnected porosity might lead
to improved impact resistance. The presence of well-dispersed
pores in all Cu-containing composites further suggests that copper
could assist in controlling the microstructure and pore size, leading
to enhanced performance in structural applications.

3.3.3. Ti additive (Fig. 2c). The FE-SEM images of the Ti-
doped sample revealed nanoparticles with a wavy, clover-like

R R S

Fig. 2 FE-SEM images of doped samples at the original magnification (6000x) (a

(Fe=Cr-Si-Ni-Mn-C), and (d) W (Fe=Cr-Si-Ni-Mn-C).
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morphology. This distinctive shape could be the result of the
interaction between titanium and the surrounding matrix,
influencing the nucleation and growth phases during synth-
esis. The uniform distribution of these particles at the nano-
scale, along with the well-formed pores, suggests that titanium
plays a crucial role in the control of particle shape and size. The
wavy morphology could have potential implications for enhan-
cing the material’s mechanical properties, such as flexibility or
resistance to cracking, making it suitable for use in more
dynamic, load-bearing applications.

3.3.4. W additive (Fig. 2d). In the case of the W-doped
sample, the FE-SEM images revealed the formation of nano-
fibers, which is a highly desirable structure in various engineer-
ing materials due to its high surface area and strength-to-
weight ratio. The uniform distribution of pores within these
nanofibers suggests that tungsten plays a significant role in
promoting fiber-like growth during the synthesis process. The
porosity in this sample could contribute to improving thermal
and electrical conductivity, as well as enhanced mechanical
properties such as toughness, making these composites parti-
cularly useful for high-performance applications such as in
electronics or high-temperature environments.

3.3.5. Comparison of additives. When comparing the four
additives—Al, Cu, Ti, and W—several trends emerge. Each
additive significantly influences the morphology and pore
structure of the composites, resulting in distinct shapes, such
as nanowires, nanotubes, wavy particles, and nanofibers. The
additives contribute to the creation of nanostructures with
varying degrees of uniformity, pore distribution, and surface
area. These differences in morphology directly affect the physical
properties of the composites, such as their mechanical strength,
corrosion resistance, and thermal conductivity, which will
be further explored in the electrochemical corrosion tests
(Section 3.4). The SEM analysis also indicates that the powder

S P
) Al (Fe—Cr=Si-Ni-Mn-C), (b) Cu (Fe—Cr-Si-Ni-Mn-C), (c) Ti

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma01024h

Open Access Article. Published on 12 December 2024. Downloaded on 12/10/2025 6:54:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

metallurgy method is effective in producing these complex
microstructures, which is promising for large-scale industrial
applications due to its low cost and environmental benefits.

3.4. Electrochemical corrosion test

The electrochemical behavior of the synthesized alloys was
evaluated using potentio-dynamic polarization and electro-
chemical impedance spectroscopy (EFM) at both pH 4 and
pH 7, with a temperature of 30 °C, as presented in Table 1.
The corrosion potential (E.oy,), corrosion current density (Ieorr),
Tafel slopes (8, and f.), and corrosion rate (k) were determined
for each alloy under both acidic and neutral conditions. The
analysis of these electrochemical parameters provides valuable
insights into the corrosion resistance and stability of these
nanocomposite materials in different environments.

3.4.1. Electrochemical kinetic parameters. In Table 1a, the
corrosion current density (I.or) and corrosion potential (Ecorr)
values for the alloys at pH 4 and pH 7 suggest differing levels
of corrosion resistance depending on the additive used. The
results indicate that the Ti alloy exhibited the highest corrosion
current density (I.orr = 43.08 HA cm ™2 at pH 4), which suggests
that it is more susceptible to corrosion compared to the Al, Cu,

Table 1

View Article Online
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and W alloys. This could be due to the inherent properties of
titanium, which, while highly resistant to corrosion in certain
environments, may be less stable in acidic conditions. In
contrast, the alloys with copper (Cu) and aluminum (Al) addi-
tives exhibited lower corrosion current densities, which sug-
gests that these alloys are more resistant to corrosion under
acidic conditions. At pH 7, the corrosion current densities were
generally lower for all alloys, indicating improved corrosion
resistance in neutral environments. The W and Ti alloys still
showed relatively high I, values (33.77 pA cm ™2 and 46.15 pA
em?, respectively), while Cu and Al alloys exhibited signifi-
cantly lower values, reflecting better corrosion resistance in
neutral conditions. These results suggest that the inclusion of
Cu and Al additives may improve the overall stability of the
alloys in physiological environments, which is critical for
biomedical applications such as implants.

3.4.2. Corrosion potentials. In Table 1b, the corrosion
potentials (E.o,;) for the alloys in the two different pH environ-
ments also revealed important trends. At pH 4, the corrosion
potentials for Ti and W alloys were more negative (—310 mV
and —391 mV, respectively), indicating a higher tendency to
corrode in acidic conditions. On the other hand, Al and Cu

(a) Electrochemical kinetic parameters obtained via the EFM technique for various alloys at pH = 4 and pH = 7 at 30 °C, (b) electrochemical

parameters for various alloys at pH = 4 and pH = 7 obtained via polarization measurements at 30 °C, (c) electrochemical corrosion coefficient values for
titanium alloys grown in two different biological solutions at 37 °C via Tafel diagram analyses, and (d) the values of Ey; and Eg,o for the Ti implant alloy in

two biological solutions at 37 °C with a scan rate of 10 mV s~*

pH Alloy Leorr (LA cm™?) Ba (mV dec™) Be (mV dec™) CF-2 CF-3 k (mpy)
@
4 Al 1.128 117.6 122.4 1.459 3.407 0.5156
Cu 1.248 52.1 62.98 1.239 2.762 0.5704
Ti 43.08 228.8 256.9 2.094 1.206 19.69
\%% 30.89 131.3 135.4 2.827 5.797 14.11
7 Al 1.471 86.3 87.88 1.316 9.534 0.6723
Cu 1.612 169.9 183 1.108 826.4 0.7367
Ti 46.15 221.8 248.2 2.065 842.1 21.09
%% 33.77 148.9 155.7 1.755 9.743 15.43
pH Alloy Ecorr V5. SCE (mV) Leorr (LA cm™?) Ba (mV dec™) B. (mV dec™) k (mpy)
(b)
4 Al —85.8 14.4 1679 1663 6.588
Cu —104 7.88 609.2 636.6 3.602
Ti —310 39.7 588.5 471.4 18.16
%% —391 154 2214 865.6 70.37
7 Al —109 11.9 813.7 797.8 5.432
Cu —53.7 1.41 337.6 320.6 0.6448
Ti —313 38.3 697.3 477.7 17.51
w —393 109 1702 831.9 50.02
Parameters
Solutions Ba (mV decade™) —B. (mV decade™) Lorr (MA cm™2) Ecorr (V)
(c)
Serum 85 50 0.35 —0.480
Urine 125 100 0.18 —0.430
Parameters
Solutions Ecorr,s (V) Ecorr,f (V) Epit (V) Eprot (V) Icorr (IJ-A Cmiz)
(@
Serum —0.460 —0.312 —0.180 —0.150 11.4
Urine —0.430 —0.115 0.2 —0.040 4.1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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alloys exhibited less negative E.,, values (—85.8 mV and
—104 mV), suggesting that these materials may provide better
protection against corrosion in acidic conditions.

At pH 7, the corrosion potential is less negative for all alloys,
with E..,, values for Cu and Al alloys being significantly more
positive compared to Ti and W alloys. This reinforces the
conclusion that Cu and Al additions enhance the corrosion
resistance of the alloys in neutral conditions. These findings
highlight the importance of adjusting alloy composition to
optimize performance in specific environmental conditions.

3.4.3. Corrosion rates (k) and protection. In Table 1(a, b):
the corrosion rates (k) in mpy (mils per year) further support the
trends observed in the corrosion potential and current density
data. Alloys with lower I..,,, values, such as the Cu and Al doped
alloys, exhibit reduced corrosion rates, indicating that these
materials are better suited for applications, where longevity and
stability are critical, such as in implants or protective coatings.
The higher corrosion rates for the Ti and W alloys may limit

(a)

0.2- ~
0.4- S
0.6-

\,
\
‘\
\f
]
2.2- Ecorr=-0.460 "
2.4- -—=Serum i

Logli}Alem)

N
*
Ecorr.iz 622.150 mv

Ecorcf -204.252 = mV

0.4-

View Article Online

Paper

their applicability in such environments unless further alloy
modifications are made.

In Table 1c the cyclic voltammograms of Ti and the
alloy were analyzed in serum and urine at 37 °C to investigate
their corrosion behavior. In serum, the anodic Tafel slope (f,)
was 85 mV decade !, the cathodic Tafel slope (—f.)
50 mV decade ', the corrosion current density (Icor)
0.35 pA cm %, and the corrosion potential (Eco;) was
—0.480 V. In urine, f, increased to 125 mV decade™ ', —f.
doubled to 100 mV decade ', I decreased significantly to
0.18 pA cm™ >, and E., shifted to —0.430 V. These findings
suggest a lower corrosion rate in urine compared to serum,
highlighting the influence of electrolyte composition on the
electrochemical performance of these alloys.

The electrochemical performance of the Ti implant alloy
in serum and urine at 37 °C, evaluated using a scan rate of
10 mV s~ ' as evaluated in Table 1d. The findings show distinct
behaviors. In serum, the corrosion potentials (Ecory,s and Ecoyrf)

was
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urine and serum at 37 °C.
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were —0.460 V and —0.312 V, with a pitting potential (Ep;) of
—0.180 V, a protection potential (Ep) of —0.150 V, and a
corrosion current density (I.o;) Of 11.4 pA cm 2 In urine,
Ecorr,s and Ecop ¢ shifted positively to —0.430 V and —0.115 V,
respectively, while Ep; increased significantly to 0.2 V,
Epror improved to —0.040 V, and I.,, dropped markedly to
4.1 pA cm > These results indicate that while the Ti alloy
exhibits superior resistance to pitting corrosion in urine, reflected
by the higher E and Ep. values, the significantly lower Icor
suggests better overall corrosion resistance in urine compared to
serum. This behavior highlights the influence of electrolyte com-
position on the alloy’s stability and performance.

3.4.4. Polarization measurements and biological solutions.
Fig. 3 shows the cyclic voltammograms for Ti, Al, and W alloys
in two biological electrolyte solutions, serum and urine, at
37 °C. The Tafel plots indicate that Ti implants exhibit superior
corrosion resistance in serum compared to urine, with a wider
passive region and lower corrosion current density (Icorm)-
This behavior is attributed to the formation of a stable oxide
layer on the titanium surface, which protects the material from
further corrosion in serum. However, the I.,.. values in urine
are higher, suggesting that the oxide layer is less stable or less
protective in this medium. For Al alloys, the polarization data
suggest moderate corrosion resistance in both serum and
urine, with corrosion current densities ranging between 0.25-
0.34 pA cm 2. This indicates that Al implants may offer an
intermediate level of corrosion resistance in biological environ-
ments, making them suitable for certain applications but less
durable than Ti in the long term.

W alloys displayed higher corrosion current densities in
both biological solutions, with values ranging from 0.25 pA cm™>
in serum to 0.34 pA cm™? in urine. The results suggest that
while W may provide adequate corrosion resistance, its perfor-
mance in biological environments may be surpassed by that of Ti
and Al alloys, particularly for applications requiring long-term
durability. These electrochemical corrosion tests provide a clear
comparison of the corrosion behavior of the various alloys in
different pH environments and biological solutions. The data
strongly indicate that Cu and Al alloys exhibit superior corrosion
resistance, particularly in neutral and acidic conditions, making
them promising candidates for applications in harsh environ-
ments. The results also emphasize the need to tailor alloy composi-
tion and processing conditions to achieve the desired balance of
mechanical and corrosion properties for specific applications, such
as in biomedical implants or protective coatings.

Ecort is the final corrosion, and Ecqs is the starting corrosion
potential after reversing the scan direction. Ep;, also known as the
pitting potential, is characterized by a continuous increase in the
anodic current. Similarly, the protection potential (Epro) refers to
the potential where the reverse scan intersects the forward scan,
completing the hysteresis loop. (f, and —f.), and corrosion
potentials were obtained from Tafel analyses based on cyclic
voltammetry (CV) curves. Log(i)/(A cm™2).

The experimental data of the corrosion potentials are tabu-
lated in Table 2. Table 2(a) shows the cyclic voltammograms
recorded for composites doped with Al and the alloy in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (a) Electrochemical corrosion coefficient values for Al alloys
grown in three different biological solutions at 37 °C via Tafel diagram
analysis. (b) Values of Eg and Epo: for the Cu implant alloy in two biological
solutions at 37 °C with a scan rate of 10 mV s~ (c) Electrochemical
corrosion coefficient values for the W implant alloy grown in three
different biological solutions at 37 °C via Tafel diagram analysis. (d) The
values of Ey;c and Ep,: for the Ti implant alloy in two biological solutions at
37 °C with a scan rate of 10 mV s™* (8, and —f.) and corrosion potentials
were obtained from Tafel analyses via cyclic voltammetry (CV) curves

Parameters

Solutions f, (mV decade ) —f. (mV decade ) Iorr (WA M 2) Eeorr (V)
(a)

Serum 80 190 0.34 —0.120
Urine 143 129 0.25 —0.194
Parameters

Solutions Ecorr,s (V) Ecorr,f (V) Epit (V) Epmt (V) Ic()rr (IJ-A Cmiz)

(b)

Serum —0.812 —0.815 —0.80 —0.250 7.4

Urine —0.294 —0.298 —-0.285 —0.155 5.12
Parameters

Solutions f, (mV decade ) —f. (mV decade ) I.orr (MA cm ™ 2) Eeorr (V)

(c)

Serum 92 43 0.214 —0.321

Urine 107 92 0.318 —0.374
Parameters

Solutions Ecorr,s (V) Ecorr,f (V) Epit (V) Epmt (V) Teorr (IJ'A Cmiz)

(d)

Serum —0.380 —-0.271 —-0.261 —0.122 12.48

Urine —0.358 —0.207 0.300 —0.086 22.21

biological electrolyte solutions (serum and urine) at 37 °C to
evaluate their corrosion behavior. In serum, the anodic Tafel
slope (f.) was 80 mV decade ', the cathodic Tafel slope (—f.)
was 190 mV decade ', the corrosion current density (Ieor) Was
0.34 uA cm™ 2, and the corrosion potential (Ecor) was —0.120 V.
In urine, f, increased to 143 mV decade™ ', —f. decreased to
129 mV decade ™}, I,y decreased to 0.25 pA cm™ 2, and Eopn
shifted to —0.194 V. These results indicate that the alloys exhibit
distinct electrochemical behaviors in the two electrolytes, reflect-
ing differences in corrosion kinetics and passivation.

The results of the electrochemical behavior of a Cu implant
alloy were evaluated in serum and urine at 37 °C using a scan
rate of 10 mV s~ presented in Table 2(b). In serum, the start
and final corrosion potentials (Ecorr,s and Ecorr,r) were —0.812 V
and —0.815 V, respectively, while the pitting potential (Ep;;) was
—0.80 V, the protection potential (Ep.) was —0.250 V, and the
corrosion current density (I.orr) Was 7.4 HA cm ™ 2. In urine, Ecorrs
and Eco ¢ shifted to —0.294 V and —0.298 V, respectively, with
Epic at —0.285 V, Eppoc at —0.155 V, and I, reduced to 5.12 pA
cm 2. These results indicate enhanced corrosion resistance of
the Cu alloy in urine compared to serum, as evidenced by the
higher Ej,;c and lower I o, values.

The electrochemical corrosion behavior of a W implant alloy
was investigated in serum and urine at 37 °C using the Tafel

Mater. Adv,, 2025, 6, 448-462 | 457
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diagram analysis depicted in Table 2(c). In serum, the anodic
Tafel slope (B,) was 92 mV decade’, the cathodic Tafel slope
(—B.) was 43 mV decade ', the corrosion current density (Icor)
was 0.214 pA cm 2, and the corrosion potential (Ecor) Was
—0.321 V. In urine, f3, increased to 107 mV decade ™', — . more
than doubled to 92 mV decade™*, I.o. rose to 0.318 pA cm ™2
and E., shifted to —0.374 V. These findings suggest a higher
corrosion rate in urine compared to serum, indicated by the
increased I and more negative E... values, reflecting the
electrolyte’s impact on the corrosion kinetics of the W alloy.
The electrochemical behavior of a Ti implant alloy in serum
and urine at 37 °C was analyzed using Tafel analyses via cyclic
voltammetry (CV) curves, as shown in Table 2(d), with a scan
rate of 10 mV s '. Key parameters, including corrosion and
protection potentials as well as current densities, were mea-
sured to assess corrosion resistance. In serum, the initial and
final corrosion potentials (Ecors and Ecoys) were —0.380 V
and —0.271 V, respectively, with a pitting potential (Ep;) of
—0.261 V, a protection potential (Epror) of —0.122 V, and a
corrosion current density (Ior) of 12.48 pA cm 2. Compara-
tively, in urine, Ecoms and Econs shifted to —0.358 V and
—0.207 V, respectively, while Ep;; increased significantly to
0.300 V, Epro TOSE to —0.086 V, and .o was markedly higher
at 22.21 pA cm 2. The data indicate that while the Ti alloy
exhibited a higher resistance to pitting corrosion in urine,
as evidenced by the elevated Ep;, the increased I, suggests
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a greater general corrosion rate in urine compared to serum.
This highlights the influence of electrolyte composition on the
alloy’s electrochemical stability and overall corrosion behavior.

The comparison of the data of the electrochemical behavior
of Al, Cu, W, and Ti implant alloys in biological solutions at
37 °C reveals distinct corrosion characteristics that can be
concluded as: Al alloy exhibits moderate corrosion resistance,
with intermediate I.o, and E.o values influenced by the
electrolyte. But the Cu alloy shows higher corrosion rates in
serum (Ieor = 7.4 pA cm™ %) compared to urine (I = 5.12 pA cm ™ ?)
but demonstrates better pitting resistance in urine. Meanwhile,
the W alloy displays a relatively low I, in serum (0.214 pA cm™?),
indicating good corrosion resistance, though urine increases
its corrosion rate. Finally, the Ti alloy, while it has better pitting
resistance in urine (Ep; = 0.300 V), its higher I.o, in urine
(22.21 pA em™?) suggests increased general corrosion compared
to serum. Overall, Ti and Cu alloys show significant sensitivity
to electrolyte composition, while W generally offers higher
stability.

3.5. Biological and immunogenic effects of the
intraperitoneal injection of different alloys

The biological and immunogenic responses of male albino rats
following the intraperitoneal (i.p.) injection of various alloy
materials at different doses over a subacute duration of 60 days
were then explored. The alloys tested include aluminum (Al),
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Fig. 4 Multivariate analysis of the effects of different alloyed materials on liver function marker enzyme in rats scattered in a dose-dependent manner on
serum levels of ALT, serum levels of AST, and oxidative stress markers, SODs, and hepatic level of GSH, in rats scattered in a dose-dependent manner.

458 | Mater. Adv., 2025, 6, 448-462

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma01024h

Open Access Article. Published on 12 December 2024. Downloaded on 12/10/2025 6:54:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

copper (Cu), tungsten (W), and titanium (Ti), which were
administered at three dose levels: 10 mg kg™*, 20 mg kg *,
and 50 mg kg ' body weight (BW). Liver function, oxidative
stress markers, and immunological responses were monitored
throughout the study, with the data presented in Fig. 4.

3.5.1. Liver function (ALT and AST). The assessment of
liver enzymes (ALT and AST) revealed significant dose-dependent
changes in all treated groups, reflecting the systemic impact of the
alloys. Fig. 4(a) illustrates the serum ALT activities for the different
alloys at various doses. Notably, aluminum and titanium exhib-
ited marked increases in ALT levels at the medium (20 mg kg™ )
and high (50 mg kg~ ') doses, with aluminum showing particularly
elevated levels. This indicates hepatocellular damage, as ALT
leakage into the bloodstream is a known marker of liver injury.
In contrast, copper demonstrated the least impact on ALT levels,
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maintaining enzyme activity within normal ranges even at higher
doses, particularly at the 20 mg kg™ and 50 mg kg™ BW doses.
Tungsten and titanium, while showing less dramatic increases
than aluminum, still demonstrated some liver toxicity at higher
doses. These findings suggest that copper may have superior
biocompatibility in terms of hepatic function, compared to the
other metals in this study.

The AST levels in Fig. 4(b) support these observations,
showing a similar pattern. Significant increases in AST were
noted in the aluminum and tungsten groups, especially at
higher doses, while copper and titanium exhibited more
moderate increases in AST activity. These results align with
the observed changes in ALT, suggesting a dose-dependent liver
damage associated with the alloys, particularly aluminum and

tungsten.
bx
§
50
§—

Cortisol levels

az
bz,
=3
10

Dose (mg/kg)

Group
17.5( zz aluminum
SN Copper

B Tungsten
15.0 mmm Titenivm

Cortisol (pg/ml)

Interleukin-1 levels

ay bz
10

Group
Z2 Aluminum
N Copper

B Tungstcn

80| Titanium

o
S

IS
3

Interleukin-1 (pa/ml)

20

ay
by
bz,
20
§
20

Zero 10
Dose (mg/kg) Dose (mg/kg)
Interleukin-10 levels

40 a | = wl Group

£ Aluminum
w N - £ Copper

35 3 B Tungsten
. WM Titanium

1L-10 (pg/mL)

15

0.5

0.0 Zero 10

&

20 50
Dose (mg/kg)

Fig. 5 Multivariate analysis of the effects of different alloy materials on the following: nitrosative stress markers (nitric oxide), serum cortisol level
(as a stress marker) in rats scattered in a dose-dependent manner, serum creatinine level (as a renal performance marker), serum IL-1 level (as an immune
response marker) and serum IL-10 level in rats scattered in a dose-dependent manner.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv., 2025, 6, 448-462 | 459


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma01024h

Open Access Article. Published on 12 December 2024. Downloaded on 12/10/2025 6:54:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

3.5.2. Oxidative stress and antioxidant enzyme activity (SOD
and GSH). The assessment of oxidative stress markers, including
SOD and GSH, revealed important insights into the alloys’ effects
on the rat’s antioxidant defense system. Fig. 4(c) shows signifi-
cant reductions in SOD activity in rats treated with aluminum
and tungsten, particularly at the 50 mg kg™' BW dose. This
suggests that these alloys induce oxidative stress, depleting
antioxidant defenses. Interestingly, copper exhibited relatively
stable SOD activity, particularly at lower doses, suggesting that
copper may mitigate oxidative damage more effectively than the
other alloys. The GSH levels presented in Fig. 4(d) also reflected
the effects of oxidative stress. GSH levels were significantly lower
in the aluminum and tungsten groups at the medium and high
doses, further indicating that these alloys provoke oxidative
damage. On the other hand, copper and titanium groups exhib-
ited less reduction in GSH levels, with copper maintaining
higher GSH concentrations across all doses. This supports the
hypothesis that copper may have a protective effect against
oxidative damage, potentially explaining its more favorable liver
function results.

3.5.3. Nitric oxide (NO) and immune response (cortisol,
IL-1, and IL-10). In terms of nitrosative stress, the data from
Fig. 5(a) demonstrate that all alloys except titanium induced
increased levels of nitric oxide (NO) at the 50 mg kg~ " dose.
This surge in NO production suggests the onset of inflamma-
tory responses and liver damage. The titanium group showed a
more favorable profile with minimal alterations in NO levels,
which is consistent with its more moderate impact on liver
function and oxidative stress. The cortisol levels, measured as
an indicator of stress, were significantly elevated in all treat-
ment groups at the higher doses (50 mg kg '), with the
aluminum group showing the most pronounced increase in
serum cortisol Fig. 5(b). Copper, however, appeared to be the
least disruptive to the stress response, with less of an increase
in cortisol levels, supporting its role in mitigating stress-
induced effects. The tungsten and titanium groups showed
moderate increases in cortisol, indicating a dose-dependent
stress response, though these increases were less pronounced
than those observed for aluminum. In terms of immune
response, interleukin-1 (IL-1) concentrations in Fig. 5(d) were
elevated in the aluminum and tungsten groups at the higher
doses, reflecting an inflammatory immune response. Conversely,
copper exhibited a more stable IL-1 profile, with significantly
lower levels of IL-1 at the 20 mg kg™ ' and 50 mg kg~ " doses,
suggesting a more favorable immune response. Titanium
showed intermediate IL-1 levels, which were significantly lower
than those of aluminum and tungsten, aligning with its rela-
tively mild biological effects. IL-10, an anti-inflammatory cyto-
kine, was notably elevated in the copper group, indicating a
potential modulatory effect on immune response Fig. 5(e). This
anti-inflammatory response was not observed in the aluminum
and tungsten groups, where IL-10 levels decreased at higher
doses, suggesting that these alloys provoke a more pronounced
inflammatory response.

3.5.4. Nephrotoxicity (creatinine). Lastly, serum creatinine
levels, which are indicative of renal function, were significantly
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altered in the treated groups, particularly at the 50 mg kg™
dose (Fig. 5(c)). While copper did not significantly affect creati-
nine levels across any dose, aluminum and tungsten exhibited
substantial increases in serum creatinine at higher doses,
suggesting nephrotoxic effects. Titanium also showed minimal
changes in creatinine levels, reinforcing its more favorable
biocompatibility profile compared to the other alloys.

4. Conclusions

Nickel-free porous stainless steels composed of F2581 (Fe-
17Cr-10Mn-3MX-0.4Si-0.5 N-0.2C in wt%; MX = Al, Cu,
Ti, and W) were synthesized via a solid-state reaction method.
The XRD pattern revealed the crystal structure of the Fe phase.
The crystallite sizes are approximately 73, 27.2, 76, and 98.5 nm
for samples with Al, Cu, Ti, and W, respectively. The morpho-
logy of the synthesized nanoparticles is as follows: nanowires,
square nanotubes, wave-like (growing clover farm) and nano-
fibers for Al, Cu, Ti, and W ions with nanopores distributed in
shapes, respectively. The experimental data revealed that the
samples with Cu and Ti seemed to be the most suitable for
medical implantation and biological macromolecule applica-
tions. Furthermore, the electrochemical kinetic parameters
were obtained via two different methods: EFM and polarized
techniques. In our practical study of electrochemical corrosion
properties of three alloys (Ti, Al, and W) grown in biological
solutions by electrochemical techniques, the results revealed
that, compared with those of other alloys in serum and urine,
the corrosion resistance of Ti alloy in blood serum was the
highest. A pilot study evaluating the biological performance
and immunogenicity of these alloys revealed that the high dose
of each alloy induced biological alterations and introduced
immunogenicity at high doses. In contrast, Cu, W, and Ti at
low doses are safer and do not present any immune response
for subacute doses, and the medium dose exhibited the same
response but for Cu only.
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