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Magnesium (Mg) alloys are increasingly recognized as a promising material for the next generation of implants
due to their biocompatibility, favorable mechanical strength, and ability to biodegrade effectively in physio-
logical environments. However, their clinical utility is hindered by rapid corrosion. This study introduces and
investigates the application of an ultrathin, ultrasmooth, and corrosion-resistant nitrogen-doped amorphous
carbon (a-C:N) thin film on a magnesium alloy (Mg-0.5Zn-0.2Ca) for the first time. The a-C:N film was syn-
thesized using a polymer composite based on branched polyethyleneimine and subsequently applied to the
magnesium alloy surface to enhance its corrosion resistance. Comprehensive characterization using advanced
techniques confirmed the amorphous nature of the synthesized film, revealing the presence of sp>-C, sp>-C, and
C-N bonds. AFM analyses and electrochemical corrosion tests demonstrated that the synthesized a-C:N film
exhibits excellent corrosion resistance and reduces the corrosion rate of the substrate. Additionally, cytotoxicity
tests indicated that the film is non-toxic and compatible for orthopedic implant applications, thereby expanding
the potential clinical use of Mg-based implants. Carbon, being a biocompatible and inert nonmetallic element,
makes it a suitable choice for enhancing the biocompatibility and corrosion resistance of Mg-based implants.

1. Introduction

For many years, orthopedic problems such as osteoporosis, osteoar-
thritis, bone fractures (including open fractures), nonunion fractures,
and bone tumor removal have posed significant challenges for health-
care systems [1,2]. These problems require long-term treatment and are
often associated with high complication rates and costs, and place
substantial burdens on patients and their families. Despite the wide-
spread use of both autografts- tissue from the patient’s own body- and
allografts- tissue from a donor- in clinical treatments, both methods have
several limitations. For instance, autografts may be inadequate for
treating large-area defects, while allografts carry a risk of
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immunological rejection [3]. In the search of innovative biomaterials for
improved implant devices, biodegradable implantable materials like
polymers and ceramics offer the advantage of gradual degradation and
full resorption by the body [4]. However, their poor mechanical prop-
erties, brittleness, and potential to cause adverse tissue responses pre-
sent significant barriers for clinical application. Research indicates that
the degradation byproducts of these polymers may provoke unfavorable
tissue reactions, making them unsuitable for use in clinical implants
[5,6].

In recent years, magnesium and its alloys have demonstrated sig-
nificant promise as implant materials compared to polymeric or other
metallic alternatives. Their mechanical properties closely resemble
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those of natural bone, which helps mitigate stress shielding effects,
thereby reducing the risk of inflammation and refractures during im-
plantation. Magnesium alloys offer an appealing combination of low
density, high strength-to-weight ratio, and exceptional dimensional
stability [7,8]. With a Young’s modulus ranging from 41 to 45 GPa,
these materials are much closer to that of human bone (10 to 40 GPa)
than alternatives such as titanium alloys, 316L stainless steel, and
cobalt-based alloys, which have Young’s moduli of 110 GPa, 189 GPa,
and over 230 GPa, respectively [9]. Moreover, magnesium’s biode-
gradability eliminates the need for secondary implant removal proced-
ures and facilitates new bone growth through the release of magnesium
ions [10]. However, a key challenge with magnesium-based implants is
their rapid degradation in the body, which occurs much faster than with
inert metals like titanium alloys and stainless steels [9,11]. This rapid
degradation leads to generation of hydrogen gas and significant changes
in local alkalinity, which can compromise the mechanical integrity of
the implant before the healing process is completed [12-14]. To ensure
the long-term stability of magnesium-based implants during healing, it
is critical to improve the surface corrosion resistance of magnesium and
its alloys.

Several strategies have been employed to address the issue of mag-
nesium’s rapid degradation, including alloying, surface modification,
and coatings, all aimed at enhancing the corrosion resistance of pure
magnesium and its alloys [15-20]. In surface modifications, the physical
vapor deposition (PVD), chemical conversion, sol-gel, micro-arc
oxidation, and electrodeposition are some of the techniques that have
been investigated [21]. Among PVD, Arc ion planting is significantly
utilized in industries because of its high rates of ionization and deposi-
tion. However, due to the emissions of macroparticles, it often results in
notable surface roughness and low coating density [22,23]. To provide
smoother, denser coatings, the magnetically filtered cathode vacuum arc
(FCVA) approach was developed. This method successfully eliminates
large particles [24,25]. However, FCVA may be constrained by its
increased operational expenses and complexity. Whereas, the use of
microwave-synthesized, polymer-based thin films over the surface of
metals has shown promising results in enhancing the degradability of
metals, while maintaining low complexity and cost [26].

Amorphous carbon, with its mix of sp2 and sp3 bonds, offers high
chemical stability, wear resistance, and biocompatibility, making it
ideal for implants. The coating performance depends on the sp®/sp?
balance: sp® enhances mechanical strength, while sp? improves elec-
trical conductivity. However, high internal stress can lead to coating
failure [27]. Recent advances in deposition techniques show that doping
with nitrogen has several advantages. Nitrogen improves hydrophilicity
and cellular adhesion, while tuning the sp?/sp° ratio further optimizes
biocompatibility [28]. Several other methods of preparation of nitrogen
doped amorphous carbon coating have been developed to modify
metals. For instance, the use of nitrogen doped diamond-like carbon
(DLC) coatings [23], hydrogen-free DLC coatings [25], utilization of
chemical vapor deposition [29] to apply a nitrogen-doped amorphous
film onto a copper substrate, demonstrating beneficial properties such as
hydrophobicity, nano-scale thickness, and resistance to ion transport.
Superhydrophobic coatings and graphene-based coatings have shown
potential in enhancing corrosion resistance. Despite their effectiveness,
these coatings often involve complex preparation processes, while
graphene-based composite coatings tend to be costly [29-32]. As a
result, there is a growing need for an eco-friendly, low-cost, easily
accessible, and effective nitrogen-doped amorphous carbon coating for
corrosion protection of magnesium alloy.

To address these limitations, in this study we use branched poly-
ethyleneimine (b- PEI) with glucose in specific proportions to synthesize
a biocompatible nitrogen doped amorphous carbon (a-C:N) thin film.
The synthesis of the a-C:N film was carried out using microwave tech-
nology, followed by its transfer onto the surface of a targeted magne-
sium alloy. In this work, the synthesized a-C:N film was easily and
directly transferred onto the magnesium alloy for the first time,
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remaining undamaged and attached throughout the study. This
approach not only demonstrates a novel method for coating magnesium
alloys but also addresses existing gaps in the literature regarding the
direct transfer of a-C:N films onto magnesium-based substrates, their
stability, and their corrosion resistance in biologically relevant envi-
ronments. Additionally, this is a rapid, direct single step, low-cost syn-
thesis method on target substrate with significant scalability as
compared to other synthesis processes like chemical or physical vapor
deposition, pulsed laser deposition, sputtering, filtered cathodic carbon
arc evaporation. After the film transfer, its corrosion resistance was
assessed through electrochemical corrosion tests, and immersion tests
were conducted to observe morphological changes. Additionally, the
cytotoxicity tests of the coated samples were evaluated using cell assays
to determine the cytotoxicity of the film in relation to the underlying
alloy.

2. Materials and methods
2.1. Mg alloy: Preparation

The magnesium alloy (Mg-0.5Zn-0.2Ca) was fabricated using the
direct-chill casting process. The raw materials included pure Mg (99.95
wt% Magnesium Elektron Ltd., UK), Zn (99.99 wt% Wilhelm Grillo
Handelsgesellschaft GmbH, Germany), and Ca (99.51 wt% Alfa Aesar
GmbH & Co KG, Germany). The alloy melt was maintained at the tem-
perature of 720 °C in an Ar-SF6 protective environment before being
cast into molds. The steel molds were pre-heated to 680 °C and coated
with boron nitride. The melt was solidified in the prepared molds via
water quenching, producing cylindrical casting ingots with a length of
180 mm and a diameter of 65 mm. To achieve a more homogeneous
microstructure, the ingots were subjected to solution annealing at
450 °C for 16 h, followed by quenching in cold water at room temper-
ature. The chemical composition test of the Mg-0.5Zn-0.2Ca alloy was
carried out using a SPECTRAMAXx emission spectrometer with spark
excitation.

2.2. a-C:N film: Synthesis and transfer

Fig. 1 schematically illustrates the synthesis of nitrogen doped ultra-
thin amorphous carbon (a-C:N) film and its subsequent transfer onto the
entire targeted metal surface. The precursor solution for the a-C:N film
was prepared by mixing branched polyethyleneimine (b-PEI, MW 25
000, Sigma Aldrich, Merck Life Science Pvt. LTD) and D-(+) glucose
(Merck Life Science Pvt. LTD). Initially, a 60 mg/ml solution of b-PEI
was prepared in distilled water using ultrasonication. Additionally, a
1.5 M aqueous solution of D-(+) glucose was prepared by dissolving D-
(+) glucose in distilled water with a vortex shaker. The two solutions
were then mixed in a 1:1 vol ratio, followed by vortex mixing, and left to
stand for 12 h.

Just before spin coating, the solutions were filtered through a 0.45
mm polyvinylidene fluoride (PVDF) filter. A p-doped conductive Si
wafer (10 S/cm) with a 300 nm SiOy layer was treated with Oz-plasma
for 5 min at 200 W. The filtered precursor solution was spin-coated onto
the wafer at 2000 rpm for 20 s. The film was softly baked on a hot plate
at 70 °C, then placed in a microwave oven, where it was irradiated with
260 W of microwave power for 90 s. The wafer was allowed to cool in air
at room temperature and was subsequently washed with water, ethanol,
and acetone. The thickness of the a-C:N thin film can be adjusted by
varying the concentration of b-PEI and glucose in the precursor solution
as well as the spin coating conditions.

For the transfer of the ultrathin a-C:N film onto a metal alloy, a 6 wt%
solution of poly(methyl methacrylate) (PMMA, Sigma Aldrich, average
MW = 350,000 by GPC) was spin-coated on top of the as-synthesized a-
C:N thin film. The PMMA-coated sample was soft baked on a hot plate at
70 °C for 5 min and then at 90 °C for 10 min. The sample was then
immersed in a diluted HF solution (0.3 wt%) to etch the thick SiO, layer,
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Fig. 1. Schematic representation of the microwave-assisted synthesis of the nitrogen-doped ultra-thin amorphous carbon film. The process involves the preparation
of an aqueous solution of b-PEI and aqueous solution of glucose. The as-synthesized film was transferred onto the entire surface of the targeted metal substrate.

allowing the PMMA-coated a-C:N film to float on the pure water surface.
The film was carefully transferred onto metal alloy samples which were
circular with a radius of 3.5 mm and a thickness of 0.5 mm. Finally, the
PMMA layer was removed by dissolving it in dichloromethane.

2.3. Characterization

The topology, thickness, and conducive parameters of the film were
examined using atomic force microscopy (AFM) using a Dimension Icon
XR microscope (Bruker, Santa Barbara, CA, USA) operating in the air
under PeakForce Tapping (PFT) mode. Standard silicon cantilevers were
used with a nominal spring constant of 0.4 N/m, triangular tip geome-
try, and a nominal tip radius of 2 nm.

The elemental composition and bonding configuration of the syn-
thesized film were determined through X-ray photoelectron spectros-
copy (XPS) using a PHI VersaProbe II Scanning XPS system, which
employed monochromatic Al Ka (1486.6 eV) X-rays focused on a 100 um
spot. The photoelectron take-off angle was set at 45°, with the analyzer
pass energy set to 117.50 eV for survey scans and 46.95 eV for high
resolution spectra. Dual beam charge compensation, using 7 eV Ar" ions
and 1 eV electrons, was applied to maintain a stable surface potential
regardless of sample conductivity. All XPS spectra were referenced to the
unfunctionalized, saturated carbon (C—C) C 1 s peak at 285.0 eV. The
operating pressure in the analytical chamber was maintained at less than
3 x 10 mbar. Deconvolution of spectra was carried out using PHI
MultiPak software (v.9.9.3) with background subtraction performed
using the Shirley method. Functional group analysis of the film was
conducted using Fourier transform infrared (FTIR) spectroscopy with a
PerkinElmer spectrophotometer, with spectra recorded in the range of
400-4000 cm ™. To further characterize the amorphous nature of the
film, X-ray diffraction study (XRD) was performed using a powder X-ray
diffractometer (Bruker D8 Advance eco) having a copper X-ray tube with
CuKa radiation (A = 1.5418 A, 25A, 40 V). The Scanning rate was 2° per
minute in the 2 © range from 10°—70°. High Resolution Transmission
Electron Microscope (HR- TEM) employed using Tecnai G2 20 TWIN,
FEI Company of USA (S.E.A.) PTE, LTD.

The morphological and structural evaluation of the film was carried
out via scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) using an Inspect S50 microscope (FEL, USA) with an
Octane Elect EDS detector. SEM images were captured both before and
after immersion in dilute HCl (pH 6.9) and phosphate-buffered saline
(PBS, pH 7.4) at room temperature. Additionally, Raman Spectrum was
obtained by LabRAM HR Evolution by Horiba Inc. with the wavelength
of laser excitation 633 nm and spot size of laser excitation was 721 nm.

2.4. Electrochemical corrosion tests

Potentiodynamic polarization curves were obtained using an

electrochemical workstation (Biologic, SP-300 potentiostat, operated
via EC-Lab® software). Electrochemical corrosion tests were conducted
in 50 ml of Phosphate-Buffered Saline (PBS) solution of pH 7.4 and
37 °C, utilizing a three-electrode cell setup. A magnesium alloy was used
as the working electrode, a platinum mesh served as the counter-
electrode, and an Ag/AgCl, saturated KCl electrode was employed as
the reference electrode. All samples were sealed with a silicon rubber
sheath, exposing a working surface area of 0.785 cm? Before mea-
surements, the electrodes were immersed into the PBS solution at Open
Circuit Potential (OCP) for 1 h at 37 °C to allow for stabilization. The
testing equipment was placed inside a Faraday cage to minimize elec-
tromagnetic interference. The EIS tests were registered with a 102H z to
10° Hz range and an amplitude of 10 mV at Open Circuit Potential
(OCP). The data were then fitted by ZSimpWin software using the
opportune equivalent circuit. The potentiodynamic polarization tests
were carried out using a scan rate of 1 mV/s, ranging from — 0.3 Vto 0.3
V. The natural corrosion current (Ioory), natural corrosion potential
(Ecorr), cathodic Tafel slope (B.), and the anodic Tafel slope (B,) were
determined by using Tafel extrapolation.

2.5. Cytotoxicity test with MG-63 cell line (osteoblast-like cells)

Samples were incubated in cell culture medium containing Dulbec-
co’s Modified Eagle Medium supplemented with 10 % fetal bovine
serum (FBS), 2 % antibiotics (penicillin/streptomycin), 1 % amino acids,
and 1 % L-glutamine (all reagents from Sigma-Aldrich, United Kingdom)
for 24 h at 37 °C in a shaking incubator (IKA KS 3000 ic) set at 100 rpm.
The surface to volume ratio for all samples was 87.5 mm?/ml. Indirect
cytotoxicity tests were performed using serial dilutions of the extracts
(100 %, 50 %, 25 %, and 12.5 %). Two samples of each type were tested.
MG-63 cells were seeded in a 96-well plate at a density of 2 x 10* cells/
ml. After 24 h, the medium was replaced with the extracts from mate-
rials incubations at the specified dilutions, and the cells were incubated
for another 24 h. Four replicates were conducted for each sample. The
next step involved assessing metabolic activity using CellTiter-Blue®
Assay (Promega). The medium containing the sample extracts was
replaced with 80 pl of fresh medium and 20 pl of CellTiter-Blue® Re-
agent, followed by incubation at 37 °C for 4 h. Subsequently, 100 pl from
each well was transferred to a new plate, and fluorescence was measured
at 560,590 nm using the GloMax Discover System (Promega) microplate
reader.

3. Results and Discussion
3.1. Mg-Zn-Ca alloy

The use of zinc (Zn) and calcium (Ca) as components of Mg alloys
enhanced the overall corrosion resistance by forming protective layers.



A. Rai et al.

However, excessive concentrations of these elements may increase the
vulnerability to pitting corrosion due to galvanic interactions. Zinc also
improves specific mechanical properties and affects phase formation
[33]. From the evaluation of literature, the suitable range of Zn between
0.4 wt.% to 1.8 wt.% at a constant Ca content of 0.2 wt.% to 0.5 wt.%
can enhance the corrosion resistance behavior without affecting
biocompatibility of alloy [34,35]. Also, the amount of Zn containing 0.5
wt.% can significantly refine the grain size of Mg-Ca system [35]. The
low-alloyed Mg-Zn-Ca systems contain a-M g-grains along with strip-
shaped phases of CapMggZng and Mg,Ca located at the grain bound-
aries. Higher ratio of Zn/Ca leads to formation of these three phases, in
which the electrochemical potential of CapMgeZns is highest. Among
other phases, the CayMggZng significantly acts as a temporary local
corrosion barrier against the corrosion attack of matrix [33,36].
Considering these factors Mg-0.5Zn-0.2Ca composition is chosen for
analysis. The spectrometer confirmed the elements present in the alloy,
showing the following composition (weight %): Mg 99.13 wt.%, Zn 0.51
wt.% and, Ca 0.23 wt.%. Furthermore, the SEM image of the alloy is
displayed in Fig. 2(a); no apparent corrosion cracks are present, however
scratches from mechanical polishing are visible. Fig. 2(b) illustrates the
EDS spectra of the corresponding as-cast Mg-0.5Zn-0.2Ca alloy. The
chemical composition of the alloy was confirmed by EDS, indicating the
presence of magnesium, zinc, and calcium. The minor presence of oxy-
gen suggests that the material used for film deposition was not corroded.
The corresponding chemical maps are demonstrated in Fig. 2 (c, d, e and
f), represent the distribution of O, Mg, Ca, and Zn respectively.

3.2. a-C:N film — morphology and characteristics

The SEM image in Fig. 3(a) reveals the homogeneous distribution
and persistence of the film across the surface before immersion in PBS
solution. It is evident that the film remained intact, with a uniform
distribution over the surface. The EDS analysis of the coated sample,
shown in Fig. 3(b), indicates the presence of carbon, oxygen, and ni-
trogen on the coated magnesium alloy substrate, confirming the depo-
sition of a protective anticorrosion film on the magnesium surface. The
AFM image of the deposited a-C:N film on p-doped conductive silicon
(Si) wafer is shown in inset Fig. 3(c). The thickness of the ultrathin film
was examined by scratching the a-C:N thin film layer. Hight profile of
scratched film shows that the average thickness of the film is
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approximately 34 nm. Additionally, Raman spectroscopy was conducted
to get a more comprehensive understanding of the vibrational modes of
the as-synthesized film. As shown in Fig. 3(d) peak corresponding to
1344 cm™! indicates the “disorder” D mode [37] of sp® containing car-
bon network with A;; symmetry [38] and the peak corresponding to
1578 em ™! indicates “crystalline” G mode with Epg symmetry [37] of sp>
containing carbon network [39]. Furthermore, X-ray diffraction study
was performed to investigate the phase structure of the as-synthesized
film. Fig. S1 (Supporting Information) revealed only a broad diffrac-
tion peak at~24°, indicates amorphous phase [40] of the carbon (200)
plane [41] as well as small particle size of the film [42]. TEM results of
the a-C:N film displays amorphous nature accompanied by the selected-
area electron diffraction (SAED) pattern. The emergence of more curved
multilayer structure in Fig. 3(e) indicates the presence of the spZ—C,
which supports XPS and Raman results [43]. The SAED image in Fig. 3(f)
contains diffused ring patterns which further proves the amorphous
nature of a-C:N film [26].

To further confirm the elemental composition and reveal the chem-
ical states, the a-C:N films were analyzed by XPS before corrosion.
Fig. 4a shows the survey scan of a-C:N film deposited on silicon wafer.
The acquired XPS survey scan indicates photo-emission signals origi-
nates from carbon, nitrogen, oxygen and silicon.

The detailed information about the chemical states of C, N, O and Si
was gained by registered high-resolution spectra. The curve-fitting high-
resolution spectra acquired in C1s, N 1s, O 1 s and Si 2p region are
shown in Fig. 4(b—e). The C 1 s spectrum (Fig. 4(b)) of the sample was
fitted with four components. The first line at 285.0 eV indicates aliphatic
carbon C—C [44], second line at 286.3 eV is attributed to the existence
of either C—N (pyrrolic nitrogen) and/or C—O—C bonds [45], third line
observed at 287.5 eV indicates presence of C—=0 bonds [46] and fourth
line centered at 288.8 eV represents N— (C—=O0) (pyridinic nitrogen)
type groups [44,45]. The N 1 s region (Fig. 4(c)), was fitted with two
components lies at 399.2 eV which corresponds to =—=N-C bonds and at
400.8 eV originates from ——N-(C=0) bonds [47]. As shown in Fig. 4
(d), the O 1 s spectrum was fitted with two lines. The first line at 532.1
eV is associated with O—C and/or —=N-(C=0)-N bonds [48], the
second line observed at 533.6 eV can originate either O-C and/or
—-OHtype bonds and/or adsorbed water [44,45]. The Si 2p spectra
(Fig. 4(e)) shown one doublet structure with 2ps,5 — 2p1/2 spin-orbit
splitting equal to 0.6 eV. The first main 2p3/, line observed at 102.2 eV is
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Fig. 2. (a) SEM image of the Mg alloy before coating, (b) corresponding EDS spectrum of Mg alloy indicating the presence of O, Mg, Zn and Ca (c, d, e and f) chemical

maps showing the distribution of O, Mg, Ca, and Zn, respectively.
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containing diffused ring pattern further proves amorphous nature of the film.

related to ==C-Si-O type bonds like in siloxane or silicone compounds
[48]. Thus, the detected Si 2p signal represents surface contamination
probably related to the presence of Si evaporated from the silicone-based
top layer of the tape that was utilized for sample preparation. The XPS
analysis did not reveal any other impurities or signals from the silica
substrate, which indicates that the synthesized film is continuous.
Additionally, we recorded the XPS spectrum of the a-C:N film on the
targeted Mg substrate. It was found that the N 1 s peak in a-C:N layer on
the Mg substrate shifted by 0.95 eV compared to the Si substrate, as
shown in Fig. 5(a). In case of O 1 s peaks, a shift of 0.35 eV was observed,

as shown in Fig. 5(b). This clearly indicates that functionalized pyridinic
and pyrrolic nitrogen present in the film acts as a ligand, donating
electrons to Mg and forming coordination bonds. Since nitrogen is a
Lewis base, it interacts strongly with Lewis acids like Mg*?, helping to
bind the a-C:N film to the Mg substrate. Furthermore, figure S2 (Sup-
porting Information) presents the FTIR spectrum, which confirms the
presence of pyridinic nitrogen, with a peak associated with C—N
stretching at 1155 cm’! [49]. It was reported that the use of amorphous
carbon can result in better adhesion between film and metal. However,
nitrogen doping can increase in sp? bond fractions, which further can
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increase the surface energy and reduces residual stress within the film
which ultimately contributes better adhesion [50,51]. Specifically, ni-
trogen content in the film enhances the clustering of sp? sites because of
preferential & bonding of nitrogen [51]. The presence of nitrogen con-
tent in a-C:N film contributes to the formation of C=N bonds with
shorter bond lengths than C—=C or C—C bonds, which leads to reduction
in strain within the film [52]. Overall, nitrogen doping lowers the in-
ternal stress and strain in the film, resulting in improved adhesion, film
toughness and reduces hardness. Moreover, nitrogen has a better donor
capability than oxygen and thus interacts more efficiently with Lewis
acid Mg?" ions in the substrate, further enhancing adhesion between the
film and substrate both before and after immersion [53]. Several
methods for preparing a-C:N films, such as incorporating graphene [32],
using nitrogen doped DLC coatings [23], and utilizing polymer based
coatings [26], have demonstrated better adhesion between films and
surface. For instance, a-C:N film synthesized by using branched poly-
ethyleneimine and glucose have exhibited very good adhesion,

remaining firmly attached to the substrate even after multiple folding
cycles. [26]. In this study, the composition obtained from XPS after
corrosion in PBS solution shows the presence of the film over the surface
of the alloy, which further proves the positive interaction between the
film and substrate, as discussed in the later section (3.3 corrosion tests).

3.3. Corrosion tests

Morphology after immersion in HCl and PBS solution

Fig. 6 and figure S3 (supporting information) show a detailed anal-
ysis using atomic force microscopy (AFM) to examine the surface
morphology of a-C:N thin films and any changes resulting from exposure
to a corrosive environment. The a-C:N thin films deposited on p-doped
conductive silicon (Si) wafers were submerged in a dilute hydrochloric
acid solution (pH 6.9) for a duration of 24 h each. As shown in Fig. 6, for
a range of 2 pm, the average roughness of the film was measured at
0.347 + 0.009 prior to immersion, increasing slightly to 0.375 4+ 0.006
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Fig. 6. Surface microstructure: 2-D cross sectional image of the a-C:N thin film (a) before and (c) after immersion in dilute HCI (pH 6.9) for 24 h. 3-D cross sectional

image of the a-C:N thin film (b) before and (d) after immersion.

afterward. As shown in figure S3 (supporting information), for a range of
10 pm, the average roughness was 0.330 + 0.012 before immersion and
0.381 + 0.010 after. This minor change suggests that the rate of
degradation or corrosion is negligible. In general, the smooth or flat film
surface contributes better corrosion resistance, however, this is not only
the sole factor for understanding corrosion resistance [20]. Additionally,
2-D cross-sectional images taken before immersion (Fig. 6 (a) and Fig. S3
(a)) and after immersion (Fig. 6 (c) and Fig. S3(c)) did not show any
significant alterations in the film structure. Similarly, three-dimensional
images captured before immersion (Fig. 6 (b) and Fig. S3(b)) and after
immersion (Fig. 6 (d) and Fig. S3(d)) also indicated no notable changes
took place. Collectively, these results reinforce the conclusion that the a-
C:N thin films demonstrate an exceptionally low corrosion rate, high-
lighting their stability and durability under corrosive conditions.

The changes in the chemical states of a-C:N films after EIS tests in
PBS solution were also studied by XPS. The elemental composition was
revealed by a survey scan, as shown in Fig. 7(a). As can be seen from
Fig. 7(a), the acquired scan for the a-C:N film deposited on the Mg alloy
reveals signals from C, O, N, and Si, which are part of the film compo-
sition, along with signals from Mg and other elements due to immersion
in PBS. The detected Na and Cl ions came from PBS, while Mg from the
substrate. All detected elements were further analyzed in terms of
chemical states by using high-resolution spectra registered in the C1s, N
1s,01s,Si2p, Mg 1s,Nal sand Cl 2p regions, as shown in Fig. 7.

The C1s,N1s,01 s and Si 2p spectra were fitted in the same
manner as for the film before immersion (shown in Fig. 4), indicating
that no new bonds were formed involving these elements. However,
after immersion, the concentration of aliphatic C—C carbon increased

(from 38.9 at.% to 41.7 at.%), while the concentration of N-containing
functional groups, such as pyrrolic nitrogen (from 4.2 at.% to 1.9 at.%)
and pyridinic nitrogen (from 6.4 at.% to 4.3 at.%), decreased. These
changes are not significant and can be explained by the formation of a
carbon residue after contact with the medium and drying of the sample,
which covers the signals coming from nitrogen atoms. Signals from
magnesium, sodium and chlorine were detected only in the film after
corrosion. The Mg 1 s spectrum was fitted with a single line centered at
1304.3 eV which indicates presence of Mg?' ions oxidation state in
either oxides or chlorides [54].

It is worth emphasizing that the concentration of Mg?" ions is trace
(0.8 at.%) and may result from the disruption of the a-C:N film, followed
by the corrosion of the substrate. The Na 1 s spectrum was fitted with
single line centered at 1071.6 eV which indicates Na™ oxidation state of
sodium [54]. The Cl 2p spectrum was fitted with doublet structure
(doublet separation 2p3,2 — 2p1 2 equals 1.6 eV) with the main 2p3,, line
centered at 198.2 eV which indicate presence of Cl ions in chlorides like
MgCly [54]. The XPS analysis shows that the synthesized a-C:N film does
not corrode, i.e. its chemistry does not change significantly after im-
mersion in PBS.

Fig. 8(a) examines a corroded sample after 7 days of immersion in
dilute HCI (pH 6.9). The SEM image indicates that the sample experi-
enced corrosion, resulting in a more discontinuous film. The uneven
distribution of elements is likely due to localized corrosion, which leads
to the formation of a mineral layer. This mineral layer is not uniformly
distributed across the film surface, resulting in a discontinuous film.
However, the advantage of this layer is that it is distributed across the
surface of the nanofilm, further serving as a corrosion barrier [55]. The
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covered Mg alloy after an hour in PBS.

EDS spectrum in figure S4 (supporting information) confirmed the
presence of oxygen in addition to the typical alloy components. Fig. 8
(b)—(f), display the corresponding chemical maps, indicating the pres-
ence and distribution of carbon, nitrogen, chlorine, oxygen and mag-
nesium, respectively. In Fig. 9, the uncoated and a-C:N film deposited on
the alloy surface was examined after immersion in the phosphate buff-
ered saline (PBS) solution. The a-C:N thin film demonstrated strong
adhesion to the underlying substrate, with no signs of delamination or
peeling even after repeated washing with water and ethanol. Further-
more, the a-C:N coating maintained its adhesion even when applied on
rough or uneven surfaces. To investigate the differences in the corrosion
rate, we analyzed the morphology of the coated sample after immersion
in PBS solution for 3 days. Following immersion, the uncoated sample
exhibited a rapid rate of corrosion, as seen in Fig. 9(a). In contrast, Fig. 9
(b) and (c) show negligible corrosion cracks on the surface of the
coating, with the film maintaining adhesion to the substrate throughout
this period. During three days of immersion, Fig. 9(a) depicts the
development of apparent mineral layers on the magnesium surface.
These layers would increase the substrate resistance to corrosion, lead-
ing to slower rates of corrosion during extended immersion. However,
given their multilayer nature, it is likely that the extensive defects and
poor adherence of these loosely packed sediments prevented them from

offering the substrate enough protection. The corrosion behavior of
coated surface was more complicated than that of uncoated sample. Due
to the a-C:N film hydrolysis and dissolution during immersion testing,
only minor defects were found in coating covering. The film contains
oxygen in a form of C=0 bonds, contributing to electrostatic attraction
between the film and the magnesium substrate, indicating strong
adhesion [55]. The minor defects observed after immersion are likely
due to the hydrolysis of the film and the release of hydrogen bubbles
caused by oxidation of the magnesium substrate [16,55]. In this case,
the oxidation of magnesium is relatively slow, leading to a low rate of
hydrogen evolution. However, the rapid accumulation of corrosion
products, particularly hydrogen bubbles, can still potentially damage
the coatings. Due to the relatively thin nature of the film, water mole-
cules can permeate through the small pores within the coating, which
may facilitate the expulsion of the hydrogen bubbles formed during the
corrosion process. Additionally, SEM images (in Figs. 8 and 9) confirmed
the presence of mineral deposits embedded within the film. These film-
mineral composites positively impact the long-term performance and
durability of the coating, as the formation of these film-mineral com-
posites helps prevent the detachment or shedding of the mineral com-
ponents. The interaction between the film and the mineral phases
enhances overall corrosion resistance [55-58]. Unlike previous
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Fig. 8. (a) SEM image of the coated alloy after 7 days of immersion in dilute HCI (pH 6.9), with (b) to (f) showing chemical maps of carbon, nitrogen, chlorine,

oxygen, and magnesium, respectively.

(c)

Fig. 9. SEM image of (a) uncoated and (b, c) coated Mg alloy after 3 days immersion in PBS solution.

observations, no peeling or delamination of the other coating films was
noted during immersion in PBS solution, even after 3-days soaking
period. Although minor defects and the presence of mineral deposits
were observed on these coatings, the films remained firmly adhered to
the substrate without any signs of detachment. The robust and stable
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nature of the protective coating contributed to significantly lower
corrosion rates of the underlying substrate. This multifaceted mecha-
nism involves several key processes: substrate corrosion, hydrolysis
(breakdown) of the polymeric components in the coating, and the sub-
sequent formation of polymer-mineral composite structures. These
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Fig. 10. (a) Nyquist and (b) Bode plots of the Mg alloy and coated alloy.
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findings strongly suggest that the film coatings not only provide initial
protection but also actively contribute to the generation of these
polymer-mineral composites. The formation of these composite struc-
tures has the potential to further enhance the long-term corrosion
resistance of the coated system. As a result, the coated sample exhibited
a remarkably low corrosion rate, even after extended immersion
periods.

Electrochemical corrosion tests.

Fig. 10 depicts the Nyquist and Bode plots for the substrate and
coated sample. The EIS plots show the presence of three-time constants
on both coated and free-coated substrate, namely, two capacitive loops
at high and medium frequencies (HF and MF, respectively), followed by
an inductive loop at low frequencies (LF), in agreement with data re-
ported in the literature for Mg alloy [20,23,25,59-62]. The capacitive
loop at HF has been associated with the charge transfer (electron
transfer) and electrochemical double-layer and barrier film effects. The
MF-frequency arc has been associated with mass transfer relaxation in
protective oxide films. Finally, the inductive loop at LF has been related
to the presence of relaxation of processes due to the adsorption of species
at the corrosion layer and/or pitting corrosion initiation [63].

To understand the electrochemical corrosion mechanism of the Mg
alloy and coated substrate, the EIS plots were fitted according to the
electrical equivalent circuits (EEC) [20,23,25,59-62] model shown in
Fig. 10(a) (inset), and the fitting results are listed in Table 1. Rg repre-
sents the solution resistance, R¢, and R represent the resistance of the
corrosion products layer on the substrate surface and charge transfer
resistance, respectively, CPE, and CPE are associated with the corro-
sion area of the electrode and the coating thickness on the substrate
surface, respectively. The constant phase element (CPE) was used in the
EEC as a replacement for the capacitance to account for the non-
homogeneity nature of the electrode surface and is composed of two
elements, Q and n; Q is caused by the dispersion effect through defects,
etc., and n is the dispersion index which varies from 0 to 1. Higher values
of n imply that the CPE behaves as a capacitor, whereas lower values
suggest rougher surfaces with higher coating porosity [23,25]. Lastly, L
and Ry represent the inductance and the resistance of the passivation
film formed through pitting [23,25]. y2 values were approximately
1073, suggesting that the EEC proposed was consistent with the corro-
sion phenomenon on the Mg alloy and coated substrate in PBS solution.

According to the literature [23,25,62], two different layers are
formed on the Mg alloy surface: a thin barrier layer of MgO, formed as
soon as the metal is immersed in the PBS solution, followed by a thicker
porous layer of Mg(OH), coating the MgO layer. The high-frequency
capacitive arc is due to the charge-transfer resistance of anodic and
cathodic reactions (Egs. (1) and (2)) [62]. The newly formed Mg2+ ions
react with the OH™ anions to form a Mg(OH), layer (Eq. (3)) [63]. The
overall degradation of Mg alloys in a water-based solution can be
depicted using (Eq. (4)) [23,25,63].

Mg—Mg*" + 2e” (€))
2H,0 +2¢"—H, + OH~ @
Mg** + OH —Mg(OH), 3)
Mg + 2H,0—Mg(OH), + H, 4

However, Mg(OH); is unstable in environments with chloride ions
concentration exceeding 30 mM, allowing the solution to diffuse
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through it and react with the substrate [25]. In PBS neutral solution, the
chloride ions concentration is around 0.14 M [64-66], leading to the
outer layer’s rapid deterioration. In this situation, Mg dissolved in the
film-free areas, and the Mg?" ions formed and then diffused through the
porous Mg(OH); layer, generating the second capacitance loop observed
in the EIS plots at MF [62]. Conversely, as shown in Fig. 10 (a and b),
with the application of the coating on the Mg alloy, the arc at the HF
range increases, and the maximum phase angle peak and peak width are
larger than the free-coating substrate. As can be seen from Table 1, the
charge transfer for the coated substrate is bigger than the free-coated Mg
alloy, denoting that the corrosion processes at the substrate are hindered
by the coating, which, in turn, also leads to the decrease of the capacitive
loop at MF.

The potentiodynamic polarization curves of the substrate and the
coated sample immersed in PBS are shown in Fig. 11, and the electro-
chemical parameters obtained through the Tafel extrapolation method
are listed in Table 2. The corrosion performance of a given metal mostly
depends on I values, while E o is @ measure of the corrosive ten-
dency. A smaller I, value corresponded to higher corrosion perfor-
mance [67]. The results revealed that thin film coating on the
magnesium alloy exhibited lower corrosion current (Ioo;) values and
more positive corrosion potential (E.o) values compared to the pure Mg
alloy, indicating that the coatings improve the corrosion resistance of
the Mg alloy by effectively inhibiting the passage of aggressive solutions
to the substrate. These results are consistent with those of the EIS
measurements.

3.4. Cytotoxicity tests

Fig. 12 shows the survival rate of human osteoblast cells cultured in
extracts from both the uncoated and the coated magnesium alloy sam-
ples. The data indicates no significant differences in cell survival be-
tween the materials studied. A 100 % value corresponds to control,
where cells were incubated with the complete medium. In general,
relative metabolic activity above 70 % is considered indicative of non-
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Fig. 11. Potentiodynamic polarization curves of the Mg alloy and coated alloy
in PBS solution.

Table 1
EIS parameters for the Mg alloy and coated alloy in PBS solution.
Sample R, (@ Cm?  CPE, Rep (@ Cm?) Re(@ Cm?) LHem™2) Ry (Q Cm?)  %2(10%)
Qep (MQ'em 25" ng, Q(n@'em 25"  ng
Mg alloy 20.32 52.02 0.806 94.57 0.81 1320 4934 372.3 2.58
Coated alloy 21.34 14.56 0.96 671 0.89 7722 5740 1283 1.78
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Table 2
Potentiodynamic polarization data of the Mg alloy and coated alloy in PBS
solution.

Sample Ecorr (V) Ba(Vdec)  Bc(Vdec!)  Ieorr (A cm™3)
Mg alloy ~1.728 0.270 0.174 32.12
Coated alloy ~ —1.689 0.292 0.235 8.82
140 - Mg alloy
] Coated samples
120 -

100
Concentration of extract [%]

50 25 12,5

Relative metabolic activity (% of control)

Fig. 12. The coated samples (green) and the magnesium alloy (orange) relative
metabolic activity vs concentration of extract were represented. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

toxic material [68]. In the case of the coated sample at 100 % extract
concentration the value was at the threshold of non-toxicity, measuring
68.7 &+ 8.1 %, while all other values were above 70 %. In case of all
dilutions of extracts from both coated and uncoated alloy the cells sur-
vival was at the level of control sample indicating no stressful or cyto-
toxic conditions. Previous studies have also shown that non-toxic Mg-
Zn-Ca alloys and a-C:N thin films are suitable for biomedical applica-
tions [69,70]. Importantly, coatings on metallic biomaterials are widely
studied solution to design materials eliciting specific biological response
of the attaching tissues along with improving corrosion resistance
[71-73]. The indirect cytotoxicity assay is an essential initial step of
biological evaluation performed for biodegradable materials, including
biomedical alloys, polymers and composites. It enables to investigate if
degradation products possess any significant harmful effect on cells in
the in vitro conditions that would eliminate such material from further
assessment towards biomedical applications. In this work, we confirmed
that the a-C:N coating, which improves the corrosion resistance of
magnesium alloys, is non-toxic. However, further in-depth biological
studies are necessary to confirm the safety of both the alloy and the
coating for orthopedic implants.

4. Conclusions

In this work, a-C:N thin film has been synthesized using aqueous
solution of b-PEI and D-(+) glucose, mixture in 1:1 vol ratio. After the
synthesis of the film, it was transferred onto the surface of Mg-0.5Zn-
0.2Ca alloy. Furthermore, the influence of the nitrogen-containing a-C:
N film on the surface has been studied. The effects of the a-C:N film on
surface properties, such as corrosion, toxicity, morphology, and
compositional changes, have also been explored. Based on this study, the
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following conclusions have been drawn:

(1) The synthesis process for a-C:N film involves the mixing of
aqueous solution of b-PEI and glucose in 1:1 vol ratio, which is
cost effective. Also, the transfer process and nitrogen concentra-
tion have been optimized by changing the concentration of b-PEI
and glucose in the initial solution.

(2) The amorphous nature of the a-C:N film was further demon-
strated by the HRTEM and XRD results. XPS results before and
after corrosion, along with Raman spectroscopy revealed the
presence of sp? clusters. Because nitrogen has a greater ability to
donate electrons than oxygen, it may interact more effectively
with the Lewis acid Mg?" ions in the substrate. This interaction
significantly enhances the adhesion between the film and the
substrate. Additionally, it was observed that film is not delami-
nated from the surface even after seven days of immersion in dil.
HCI solution.

(3) The electrochemical tests results demonstrated that the I ., value
for coating is significantly lower than that of the substrate, while
the Ry, Rt values for coating are higher than those of the alloy,
indicating that the film enhances corrosion resistance. After long-
term immersion in PBS and HCI, the coated surface exhibited less
degradation than the bare magnesium alloy, demonstrating
exceptional corrosion resistance.

(4) Carbon, being a biocompatible and inert nonmetallic element, is
an attractive choice for this application. Importantly, cytotoxicity
tests revealed that the a-C:N film is non-toxic, making it a suitable
candidate for orthopedic implants. However, further studies on
biocompatibility can be employed for testing the a-C:N film
compatibility over the surface of magnesium alloy.

Overall, this study represents the first report on the utilization of a-C:
N film on the Mg-0.5Zn-0.2Ca alloy synthesized by using microwave.
The film is ultrathin, ultra-smooth, and corrosion-resistant, opening new
ways for the development of advanced Mg-based implants with
enhanced long-term performance and improved clinical outcomes for
patients.
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