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ABSTRACT: In orthopedic surgery, metals are preferred to Shoce

Stirrer
support or treat damaged bones due to their high mechanical Cathode 7
strength. However, the necessity for a second surgery for implant MEE LGP

removal after healing creates problems. Therefore, biodegradable Power

metals, especially magnesium (Mg), gained importance, although —mitem H,0 = Meca1/(cap-zn) | physial and
their extreme susceptibility to galvanic corrosion limits their U — > Chemical
applications. The focus of this study was to control the corrosion of MgCal i Characterization
Mg and enhance its biocompatibility. For this purpose, surfaces of . MgCal/(CaP) | - cytotoxicity
magnesium—calcium (MgCal) alloys were modified with calcium __| || Flectrolyte Solution - Cell-Material

phosphate (CaP) or CaP doped with zinc (Zn) or gallium (Ga) via
microarc oxidation. The effects of surface modifications on
physical, chemical, and mechanical properties and corrosion
resistance of the alloys were studied using surface profilometry,
goniometry, scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), nanoindentation, and
electrochemical impedance spectroscopy (EIS). The coating thickness was about S—8 ym, with grain sizes of 43.1 nm for CaP
coating and 28.2 and 58.1 nm for Zn- and Ga-doped coatings, respectively. According to EIS measurements, the capacitive response
(Y.) decreased from 11.29 to 8.72 and 0.15 Q' cm™ s” upon doping with Zn and Ga, respectively. The E_,, value, which was
—1933 mV for CaP-coated samples, was found significantly electropositive at —275 mV for Ga-doped ones. All samples were
cytocompatible according to indirect tests. In vitro culture with Saos-2 cells led to changes in the surface compositions of the alloys.
The numbers of cells attached to the Zn-doped (2.6 X 10* cells/cm?) and Ga-doped (6.3 X 10* cells/cm?) coatings were higher than
that on the surface of the undoped coating (1.0 X 10° cells/cm?). Decreased corrosivity and enhanced cell affinity of the modified
MgCa alloys (CaP coated and Zn and Ga doped, with Ga-doped ones having the greatest positive effect) make them novel and
promising candidates as biodegradable metallic implant materials for the treatment of bone damages and other orthopedic
applications.
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1. BACKGROUND their degradation products should be tolerable by the body.”
Magnesium (Mg)-based alloys are the most commonly studied
biodegradable metals in this regard.’"® Mg has the advantages of
being lightweight with a density of 1.74—2.0 g/cm?, a value that
is close to the density of the natural bone and much less than that
of titanium or stainless steel (ca. 4.5 and 7.8 g/cmS,
respectively).”'’ In addition, Mg is an essential element
required in a broad variety of physiological functions.''

Metals have been used in the repair of damaged and/or
nonfunctioning organs and tissues for many years." Although
some novel materials such as polymers, ceramics, and their
composites are replacing metals in many applications, use of
metallic implants is still preferred in orthopedic applications due
to their exceptional mechanical strength, especially in the
treatment of defects in load-bearing bones.”™* To eliminate the
need for a second surgery for the removal of metallic implants

after completion of the healing process, or due to outgrowth of Received: August 25, 2021
the implant in pediatric cases, researchers focused on Accepted: December 14, 2021
biodegradable metals. These materials gradually degrade within Published: December 27, 2021

the body upon implantation but maintain their strength at a
satisfactory level until the tissue regeneration process is
complete. An important consideration for these metals is that
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Table 1. Electrolyte Composition and the Microarc Oxidation (MAO) Parameters

electrolyte components (g/L for solids and mL/L for
liquids)

samples

MgCal (uncoated control)

MgCal/(CaP) (calcium phosphate coating)

potassium dihydrogen phosphate [KH,PO,]

ethylenediamine [C,HN;]

ammonia water [NH,OH] (25%)
ammonium dihydrogen phosphate

[NH,H,PO,]

sodium calcium edetate [C,,H;,N,04CaNa, ]
potassium dihydrogen phosphate [KH,PO,]

MgCal/(CaP+Zn) (CaP coating doped with zinc)

ethylenediamine [C,HN,]

ammonia water [NH,OH] (25%)
ammonium dihydrogen phosphate

[NH,H,PO,]

sodium calcium edetate [C,oH;,N,03CaNa,]
zinc nitrate [Zn(NO;),]

potassium dihydrogen phosphate [KH,PO,]
ethylenediamine [C,HN;,]
ammonia water [NH,OH] (25%)

ammonium dihydrogen phosphate

MgCal/(CaP+Ga) (CaP coating doped with
gallium)

[NH,H,PO,]

sodium calcium edetate [C,,H;,N,04CaNa, ]

gallium nitrate [Ga(NO;);]

conductivity

applied voltage
(mS/cm) V)

pH

15
60
S0
17

10.2 43.8 275

35
45
60
NY
17

11.3 33.6 250

45
30
25
60
S0
17

295

35
8.8

One drawback of pure Mg is its high corrosion rate, which is
accompanied by the rapid release of ions and hydrogen gas in the
physiological medium.'>"® Furthermore, when there are traces
of iron, nickel, or copper in the metal, the degradation rate
increases significantly."* To control the rapid hydrogen gas
release, alloying Mg with other elements such as aluminum (Al),
calcium (Ca), strontium (Sr), manganese (Mn), zirconium
(Zr), tin (Sn), zinc (Zn), rare-earth elements, and ytterbium
(Yb) was studied.">'® Another issue with pure Mg is that its
mechanical strength is not high enough for use in load-bearing
applications. The tensile strength for cast Mg metal is reported
as 21 MPa, which increases to approximately 100 MPa for
extruded and 140 MPa for rolled metal,'” while the tensile
strength of the femur is reported as 92—188 MPa.'® These also
point out to the need for new Mg alloys with enhanced
mechanical properties.'”°

New alloys of Mg could be prepared for use in medical
applications by modifying their microstructure,” mechanical
strength,21 osteogenic proggerties,zz’23 degradation rates,"® and
degradation products.”*~*® It has been shown that coating the
surface of magnesium alloys with various metals or modification
of the surface structure by creating nanodesigns, pores, or
crystals enhances the biocompatibility of Mg alloys.”” ™"
Alloying Mg with Ca improves the osteoconductive bioactivity
of Mg as well as its thermal stability, but this may increase the
corrosion rate.”” In physiological media, a Mg-based biodegrad-
able metal implant is oxidized by producing metal ions and
electrons. The electrons cause reduction of water, forming
hydrogen gas (H,) and hydroxide ions (OH™). These OH™ ions
can further react with the metal, forming metal hydroxide
(MOH) layers on the surface, which can decrease the rate of
dissolution.” Meanwhile, some macromolecules such as proteins
or lipids may adsorb on the surface, delay the degradation, and
enhance cell attachment and bond integrity.”>** Upon protein
adsorption, cell affinity toward the surface of the metal also
increases; more cells attach to the surface start proliferating and
depositing extracellular matrix (ECM) to regenerate the tissue.
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All of these reactions change the physiological equilibrium in the
microenvironment of the implant.”*°

Hydrogen gas formed during the corrosion may act as an
antioxidant; it has preventative and therapeutic effects on many
acute oxidative stress-induced diseases, including neonatal
cerebral hypoxia, Parkinson’s disease, ischemia, or reperfusion
of the spinal cord, heart, lung, liver, kidney, and intestine.>”*®
On the other hand, subcutaneous emphysema caused by H, gas
may cause discomfort in patients, and lead to further
complications such as toxicity due to alkalization of the local
environment, tissue necrosis as a result of surgical wound
reopening, and defects in the regenerating bone tissue.””*’ To
overcome this problem, calcium phosphate (CaP) coatings are
often applied to the surface of Mg-based orthopedic implants
using various methods.*" Alloying with Ca allows tailoring of the
degradation behavior of Mg-based implants for specific in vivo
applications, as the degradation rate changes with the Ca
content of the alloy.*>** Introduction of other elements to Mg—
Ca binary alloys also improves the in vivo performance of the
material. For example, improved mechanical strength and
degradation properties were reported for Zn-added Mg—Ca
binary alloys,** while Ga addition enhanced corrosion
resistance, bone-implant bonding, and osteoblast regenera-
tion.”""** Bazhenov and colleagues investigated the mechanical
strength and corrosion properties of a Mg—Ga—Zn system and
the alloy with a 4% (w/w) Zn and Ga content was proposed as a
suitable implant material.*®

The aim of this study was to develop surface-modified Mg—
Ca binary alloy-based biodegradable metallic implant materials
with a controlled corrosion rate and enhanced biocompatibility.
For this purpose, MgCa alloys (denoted MgCal) were prepared,
and their surfaces were modified with calcium phosphate (CaP)
coatings containing Zn or Ga by a microarc oxidation process.
The Zn element was selected as a dopant due to its stimulatory
effect on osteoblast growth"”** and prominent antibacterial and
antifungal effects.”” "> Ga was selected as a dopant as it was
shown to improve biological fixation"*** and exhibit low in vitro
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Figure 1. Schematic presentation of preparation of alloys and the tests carried out.

cytotoxicity.”* Physical, chemical, and structural properties of
the alloys were studied with surface profilometry, goniometry, X-
ray diffractometry (XRD), scanning electron microscopy
(SEM), and energy-dispersive X-ray spectroscopy (EDS).
Moreover, the mechanical properties of the coatings applied
to MgCal alloy were investigated in terms of hardness, adhesion,
roughness, and elastic modulus. In vitro corrosion resistance was
evaluated by electrochemical tests to determine the efficacy of
the coatings against corrosive attacks. Indirect cytotoxicity tests
were conducted with fibroblast cell line 1929, and material—cell
interactions were investigated by culturing with the human bone
cancer (osteosarcoma) cell line, Saos-2. Changes in physical,
chemical, and structural properties of the alloys upon cell culture
were also investigated with the aforementioned characterization
techniques.

2. MATERIALS AND METHODS

2.1. Materials. Magnesium—calcium binary alloy was obtained
from Helmholtz Centre Geesthacht (Germany). Potassium dihydrogen
phosphate [KH,PO,] was purchased from Carl Roth GmbH + Co.
(Germany). Ammonium dihydrogen phosphate [NH,H,PO,] was
purchased from VWR Chemicals. Ethylenediamine [C,HgN,], zinc
nitrate [Zn(NOj), ], and sodium calcium edetate [C;,H;,N,03CaNa,]
were obtained from Sigma-Aldrich (Germany). Gallium nitrate
[Ga(NO;);] was purchased from Alfa Aesar. RPMI 1640 (w/ 2 mM
L-glutamine), fetal bovine serum (FBS, heat inactivated, EU grade),
trypsin—EDTA solution B (0.25% trypsin, 0.05% EDTA), and
penicillin/streptomycin (100 U-mL™'/100 pg-mL™") were obtained
from Biological Industries (Israel). The live—dead cell viability/
cytotoxicity kit (for mammalian cells) was purchased from Thermo
Fisher. Dulbecco’s modified Eagle’s medium (DMEM) (w/ 3.7 g/L
NaHCO; and 4.5 g/L p-glucose, w/o L-glutamine and phenol red),
DMEM high-glucose powder, and ammonia water [NH,OH] (25%)
were purchased from Merck (Germany). L-Glutamine (200 mM) was a
product of Lonza (Switzerland).

2.2. Methods. 2.2.1. Preparation of Magnesium Alloys. The
magnesium—calcium alloy (MgCal) containing 1.04% (w/w) Ca and
less than 0.04% (w/w) Si, Al, Fe, Cu, Mn, Zn, or Zr was produced by the
permanent mold direct chill casting technique. The cast ingots were
cylindrical with 60 mm diameter and 170 mm length. These ingots were
extruded to form rods that are 15 mm in diameter and then divided into
3 mm thick disk-shaped samples by means of mechanical processing
(CNC turning). These disk-shaped MgCal samples were then surface
modified by the microarc oxidation technique using different aqueous
electrolyte solutions, where the composition of the electrolytes
determined the composition of the coating layers obtained. The
samples prepared, electrolyte compositions, and the microarc oxidation
(MAO) parameters used in the study are given in Table 1. All samples
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were used in in vitro cytotoxicity and cell-material interaction
experiments, as well as in characterization tests before and after cell
culture. The experimental scheme is presented in Figure 1.

2.2.2. Physical, Chemical, and Mechanical Characterizations.
2.2.2.1. Thickness, Phase Composition, and Ca/P Ratio of the
Coatings. Coating thicknesses were determined with a reversed
incident light microscope (DMi8, Leica, Germany). The samples were
metallographically prepared to measure the coating thickness. Briefly,
the samples were embedded in epoxy resin and ground flat with 500 grit
silicon—carbide sandpaper (SAPHIR 250, ATM Qness GmbH,
Germany) and then with 1200 grit silicon—carbide sandpaper for 1
min. After grinding, samples were cleaned ultrasonically in distilled
water for 1 min and polished with diamond paste (from 9 to 1 ym grit)
for 5 min, cleaning with alcohol after each change of the grit size. The
final polishing was achieved with a special alcohol-based polish Etosil E
(ATM Qness GmbH, Germany) for 1 min. Afterward, the polish was
cleaned again with alcohol and dried with hot air.

The phase composition was evaluated by the grazing-incidence X-ray
diffraction (XRD) technique using a SmartLab diffractometer with Cu
Ka radiation (Rigaku) from 20 to 100° with a step size of 0.02°/min
and an incident angle of 3°. The analyses were performed in accordance
with ISO 13779-3:2018.

The Ca/P ratio was determined by the energy-dispersive
spectrometry (EDS) module (Bruker, Germany) of a scanning electron
microscope (SEM, TM3030 Plus, Hitachi, Japan).

2.2.2.2. In Vitro Corrosion Resistance. Electrochemical tests were
performed using a potentiostat/galvanostat (VersaSTAT 3, Princeton
Applied Research), and the data were recorded using VersaStudio
(Princeton Applied Research) software, according to the ASTM GS-94
standard (reapproved 2011). The tests were performed in DMEM
solution at 37 + 0.5 °C. For this purpose, a classical three-electrode cell
was used with platinum as the counter electrode, a saturated calomel
electrode (SCE) as the reference electrode, and the investigated
samples as the working electrode (with 1 cm?” exposed area, mounted in
a Teflon holder). Prior to testing, the samples were monitored for 1 h
while the open-circuit potential (E,.) in time was recorded. A magnetic
stirrer was used at a low agitation rate to disperse and eliminate
frequently formed gas bubbles resulting from the reactivity of
magnesium samples with the DMEM solution.

Electrochemical impedance spectroscopy (EIS) was also performed
to investigate the electrochemical behavior of the materials, high-
lighting the properties of the coatings. The applied amplitude of the
perturbation signal was 10 mV for root mean square versus E . in a
frequency range of 0.2—10* Hz. The impedance data was displayed as
Nyquist and Bode plots. Analysis of the spectra was performed by
equivalent circuit fitting using Zview (Zview Inc., USA) software. The
average error of the regression (y*) was used to describe the quality of
the fit. Moreover, Tafel plots were obtained by applying a potential of
—250 to 250 mV versus E,, with a scanning rate of 0.167 mV/s. EIS
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measurements were performed according to the ISO 16773-2:2016
standard.

2.2.2.3. Wettability and Surface Energy. Contact angles of all Mg-
based alloys prepared were determined using a goniometer (Attension,
Biolin Scientific, Sweden) by employing the sessile drop method. Water
and N,N-dimethylformamide (DMF) drops (7 uL) were placed on the
disk-shaped samples, and at least three drops were used to obtain
statistically meaningful contact angle values for each liquid. Surface free
energies (SFEs) were calculated from the measured contact angles
using Zisman plots, where one minus cosine of the contact angle (1—
cos 0) versus surface tension of the liquid (y) was plotted.*>>® The
extrapolation of the line to the surface tension value that gives cos 0 = 1
(the intercept at the x-axis) was noted as the surface free energy of the
samples. The surface tension values for water and DMF at room
temperature were taken as 72.04 mJ-m~%*’ and 36.35 mJ-m~2°*
respectively.

2.2.2.4. Mechanical Testing of the Coatings. 2.2.2.4.1 Hardness
and Elastic Modulus. The hardness of Mg-based implant materials was
investigated using a nanoindentation system (Hysitron Premier TI,
Bruker, Germany). For the tests, a Berkovich indenter with a radius of
100 nm and a total included angle of 142.30° was used. Prior to each
test,a 15 X 15 um? area was scanned at a normal force of 2 uN to study
the roughness of the area where the indents will be performed. For each
sample, at least three indents were carried out at S ym apart from each
other using an applied force of 10 mN. The hardness and reduced
modulus were determined using the Oliver—Pharr method. The tests
were performed according to the protocol presented in ISO 14577-
1:2002 standard (revised by ISO 14577-1:2015).°%°

2.2.2.4.2. Coat Adhesion. The adhesion of the coating to the alloy
surface was evaluated by scratch tests using the UMT-TriboLab
platform (Bruker, Germany) equipped with an acoustic sensor using
the following parameters: indenter, 0.2 mm radius diamond tip; load, a
continuous increase from 0 to 100 Nj; scratching speed, 10 mm/min;
scratching distance, 10 mm (parameters were selected based on the
EN1071-3:200S standard). Failure of coat integrity was observed with
an optical microscope, and the critical load (L,), at which failure occurs,
was determined using an acoustic sensor (EN1071-3/2005 standard).

2.2.3. Cytotoxicity, Cell Viability, and Cell—-Substrate Interactions
on Implant Materials. Material cytotoxicity and cell behavior on the
Mg-based alloys were investigated by indirect cytotoxicity testing
according to the ISO 10993-5 standard and direct cell-material
interaction tests using the live—dead viability/cytotoxicity kit as
described below. Samples were sterilized by immersion in 70% ethyl
alcohol for 2 h prior to in vitro cell culture experiments.

2.2.3.1. Indirect Cytotoxicity. Indirect cytotoxicity tests were carried
out using extracts of the alloys according to the ISO 10993/EN 30993
MEM-extraction test standard.®’ Briefly, the disk-shaped samples were
sterilized by immersion in 70% ethyl alcohol solution for 2 h, washed
with phosphate-buffered saline (PBS, pH 7.4, 10 mM), and then placed
in falcon tubes containing 15 mL of DMEM high-glucose cell culture
medium (supplemented with 10% FBS and 1% (v/v) penicillin (10 000
U/mL)/streptomycin (10 mg/mL)) at 37 °C for 24 h on a shaker
incubator operating at 60 rpm to obtain extracts. Meanwhile, the L929
cell line was incubated in DMEM high-glucose culture media
(supplemented with 10% FBS and 1% (v/v) penicillin (10000 U/
mL)/streptomycin (10 mg/mL)) for 24 h at standard culture
conditions (37 °C, 5% CO,). Cells were trypsinized and seeded in
12-well plates with a density of 10* cells/well. After 24 h of incubation,
cells reached 70% confluency and the culture media was replaced with 1
mL of alloy extracts (syringe-filtered). Latex was used as a negative
control, and ultrahigh-molecular-weight polyethylene (UHMWPE)
was used as a positive control for all tests. After 72 h, cell viability was
quantified using AlamarBlue reagent. Cytotoxicity of each implant
extract on L1929 cells was graded based on examinations of cell
confluency, % dead cells present, morphological changes, and inhibition
of cell growth under an inverted light microscope (Primovert, Zeiss,
Germany) at 24, 48, and 72 h of incubation with the extracts. The
results were compared with the ones obtained from negative and
positive controls. All tests were conducted as triplets. A cytotoxicity
index was obtained by adding the average of the scores obtained from
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the first three observations (confluency, dead cell percent, morpho-
logical change) to the score of the 4th observation (inhibition of cell
growth). This index (which falls within a range of 0—8) was used to
determine the cytotoxicity of the implant materials, with cytotoxicity
index values between 0 and 3 indicating the material is not cytotoxic and
3-S5 indicating the requirement of additional testing, and 5—8
indicating cytotoxicity.

2.2.3.2. Cell Viability. Cell viabilities on Mg-based alloys were
assessed using the live—dead viability/cytotoxicity kit. For this purpose,
human osteosarcoma cells (Saos-2) were incubated in a culture flask
containing RPMI 1640 cell culture medium supplemented with 10%
FBS and 1% penicillin/streptomycin in an incubator at 37 °C and 5%
CO, until confluency, with cell medium refreshed every 2 days. Cells
were lifted off the flask surface using trypsin—EDTA, centrifuged at
3000 rpm to collect the cell pellet, and resuspended in the complete
culture medium. Saos-2 cells were seeded on each sample (sterilized by
immersion in 70% ethanol for 2 h prior to experiments) with a cell
density of 5§ X 10* cells/sample and incubated in 24-well plates with
complete culture medium at 37 °C and 5% CO, for 2 days. Cells with
the same density were seeded in three empty wells as the tissue culture
polystyrene (TCPS) control.

On day 2, cell viability was analyzed using the live—dead cell
viability/cytotoxicity kit. Briefly, the culture medium was discarded,
and samples and controls were washed with DMEM colorless medium
supplemented with 1% penicillin/streptomycin. Samples and controls
were then double-stained with Calcein-AM (2 uM, in 1 mL of DMEM
colorless) and ethidium homodimer-1 (4 M, in 1 mL of DMEM
colorless) for 15 min at 37 °C and 5% CO, in an incubator. Cell viability
on stained samples and controls was observed under a confocal laser
scanning microscope (CLSM, LSM 800, Zeiss, Germany). Micrographs
of different regions of interest (Rol) were analyzed using Image] (NIH)
software to quantify cell viability.

2.2.3.3. Comparison of Surface Properties before and after Cell
Culture. 2.2.3.3.1. Surface Roughness. Surface roughness profiles of
the Mg-based alloys with or without surface modifications were
determined using a surface profilometer (S Neox, Sensofar, Spain)
before and after 2 days of cell culture with osteosarcoma cell line Saos-2.
Surface roughness profiles of the samples are given as the mean and
standard deviation of the root mean square of heights (Sq) and
arithmetical mean deviation of the assessed profile (Sa).

2.2.3.3.2 Surface Morphology and Chemistry. Surface morpholo-
gies of all samples before and after cell culture for 2 days were studied
with a scanning electron microscope (QUANTA 400F Field Emission
SEM, FEI, The Netherlands) after sputter coating with gold—palladium
(Au-Pd) under an argon atmosphere. X-ray spectroscopy (EDS)
(Bruker, Germany) was used to assess the chemical compositions of the
surfaces. At least three random points were analyzed on each material
surface, and atomic percentages (At %) obtained from each repetitive
measurement were averaged. The statistically significant changes in the
surface elemental composition before and after 2 days of cell culture for
each group were analyzed with multiple t-tests. SEM and EDS analyses
were also carried out for the samples after being kept in phosphate-
buffered saline (PBS, pH 7.4, 10 mM) for one week after the cell culture
tests.

2.2.4. Statistical Analysis. All in vitro tests were conducted with at
least three biological repeats and three technical repeats where required.
Data obtained from the measurements were evaluated comparatively
using analysis of variance (ANOVA) and the Dunn—Sidak or Tukey
test (multiple comparisons) with @ = 0.0S in GraphPad Prism 8.0.1
software (GraphPad Software Inc., La Jolla). Statistical analysis was
performed before and after cell culture to compare the properties of the
samples. Differences were noted not significant if p-values were more
than 0.0 (ns: p < 0.05); significant if p-values were less than 0.05 (*: p
< 0.05); and highly significant if p-values were less than 0.01 (**: p <
0.01), 0.001 (**%*: p < 0.001), or 0.0001 (****: p < 0.0001). All results
were represented or plotted as the mean + standard deviation.
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Figure 2. Schematic representation of the biocorrosion of magnesium under physiological conditions. (A) Due to impurities and agglomerated
cathodic phases on the grain boundaries, the magnesium matrix starts to undergo galvanic corrosion and Mg** ions are released. (B) Protective
Mg(OH), layer formation on the surface of the material. Organic molecules in the physiological medium adsorb onto this new surface, influencing the
biocorrosion process. (C) Chloride ions in the physiological medium react with the protective Mg( OH), layer, forming the highly soluble magnesium
chloride. Magnesium chloride dissolves in the medium, creating cavities on the material surface (pitting corrosion). Calcium and phosphate ions in the
medium form calcium phosphate deposits on the intact portions of the Mg( OH), protective layer. Cells also adhere to the Mg(OH), surface. (D) Cells
attached to the surface of the material proliferate and form new tissue, while some magnesium particles break free from the bulk magnesium matrix.
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the corrosive attack).

3. RESULTS AND DISCUSSION

Preparation of biodegradable metallic implants for use in
medical applications is a very challenging subject.*'® The most
commonly used biodegradable alloys are based on Mg.””*°
Degradation of pure Mg is a fast process, leading to formation of
ions, production of hydrogen gas, and eventually protein
adsorption and cell adhesion in the physiological environment
(Figure 2). In this study, magnesium—calcium alloys (MgCal)
were modified with calcium phosphate (CaP) coatings doped
with zinc (Zn) or gallium (Ga) via microarc oxidation. Phase
composition, adhesion, wettability, and mechanical properties of
the coatings and corrosion resistance were investigated after
surface modifications. Indirect cytotoxicity and cell viability
were evaluated with 1929 cells and Saos-2 cells, respectively.
Topographical and morphological analyses were conducted with
profilometry, SEM, and EDS before and after cell culture
experiments.

3.1. Physical, Chemical, and Mechanical Character-
izations. 3.1.1. Thickness, Phase Composition, and Ca/P
Ratio of the Coatings. Cross sections of the MgCa alloys with
CaP-based coatings are presented in Figure 3A. All three
coatings exhibited the typical two-layer morphology of MAO
coatings with a compact inner layer that strongly adheres to the
substrate and an outer layer that is microporous in nature due to
the microarc oxidation process.””** The coating thickness was
nonuniform for the undoped CaP coating (Figure 3A,i)
compared to the Zn- (Figure 3Ajii) and Ga-doped (Figure
3Aiii) coatings. The average coating thickness values were 8.25
+2.63, 5.40 + 0.55, and 8.00 + 0.82 yum for CaP, CaP+Zn, and
CaP+Ga, respectively. Coating thicknesses from 1 to 16 ym are
reported in the literature with the MAO method.”>"%° CaP+Zn
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was the most compact among all coatings and exhibited an
organized, columnar cross-sectional morphology with rodlike
deposition patterns (Figure 3A,ii), while undoped and Ga-
doped coatings exhibited an unorganized deposition pattern.

XRD diffractograms for modified surfaces and uncoated
MgCal alloy as control group are presented in Figure 3B.
Coatings exhibited almost the same peaks as the substrate in the
diffractogram, rendering it difficult to differentiate the peaks of
the coating from those of the substrate. According to the
standard ICDD#03-065-3583, formation of the magnesium
carbide (Mg,C) phase can be observed from the peaks located at
28.68, 31.25, 33.5, and 52.24°. Consistent with ICDD#01-071-
3765, the peaks located at 32.16, 34.49, 36.63, 47.93, 57.50, and
63.16° are attributed to Mg. The peak located at 36.63°
associated with Mg is also visible after coating deposition. The
peak located at 32.16°, which has a similar position to the Mg
alloy, can be related to the formation of the CaP phase on the
substrate based on the changes in the peak intensity. According
to the ICDD#09-0432 standard, the CaP phase has the same
peaks as the uncoated MgCa substrate. However, two peaks,
located at 42.47 and 61.87°, are attributed to CaP only. The
changes in the intensity of these two peaks for coated samples
indicate successful alteration of the substrate surface with the
CaP phase. The peak located at 42.47° has a higher intensity for
Zn- and Ga-doped coatings compared to the undoped CaP
coating. For the doped coatings, no peaks of dopants were
detected. This is due to the similarities between the peaks of the
uncoated substrate and those of coatings and dopants. However,
XRD patterns of doped coatings are slightly distorted compared
to those of the undoped CaP, indicating that the dopants are
present in the sample.
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Figure S. Electrochemical impedance spectroscopy results for MgCa-based materials. (A) Nyquist and (B) Bode plots for the samples investigated.
(C) Electrical equivalent circuit models used for fitting: (i) model representing uncoated MgCal as the substrate and (ii) model representing CaP-
coated variants as the substrate. (C) EIS data of the samples investigated after fitting.

Using the peak located at 42.47° attributed to the CaP phase,
which appeared after the coating process, the Ggrain size was
calculated according to the Scherrer formula.’® The results
showed that undoped CaP has a grain size of 43.1 nm, while Ga-
and Zn-doped CaP coatings have grain sizes of 58.1 and 28.2
nm, respectively.

The Ca/P ratios of all CaP-based coatings prior to corrosion
testing are presented in Figure 3C. Ca/P ratios varied between
0.21 and 0.35 for all samples, which are considerably lower than
that of the stoichiometric hydroxyapatite (1.67).”

3.1.2. In Vitro Corrosion Resistance. The change in the open-
circuit potential during the immersion of samples in Dulbecco’s
modified Eagle’s medium (DMEM) solution was recorded for 1
h (Figure 4). The curves obtained for the coated samples were
similar, with more electropositive values being recorded at the
beginning of the test. After a quick decrease, the potential was
stabilized, and all specimens reached a steady-state value at the
end of the test. Different behavior was exhibited by uncoated
MgCal. The E, increased gradually for this sample, reaching a
stable value of —1843 mV, followed closely by MgCal/(CaP
+Zn), whose E, value was —1944 mV (Figure 4C). However, a
relatively high potential was observed for the coated sample
doped with Ga, with the final E _ being —258 mV.

Tafel plots in Figure 4B show that the samples exhibit
different corrosion behaviors according to their composition. A

more positive corrosion potential (E,) and lower corrosion

cor.
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current density (i) was observed for the Ga-doped sample, an
indicator of its effectiveness in enhancing the corrosion
resistance. The rest of the samples showed corrosion behavior
similar to uncoated MgCal; however, they reached smaller
values of iy,

All coated specimens displayed better corrosion resistance
than the uncoated MgCal substrate, with MgCal/(CaP+Ga)
having the lowest value of corrosion current (i o, = 0.065 pA-
cm™2) (Figure 4C), followed by MgCal/(CaP+Zn) and
MgCal/(CaP).

The polarization resistance was calculated based on one form
of the Stern—Geary equation using previously determined
values of E_,,, ico, and Tafel slopes (3, and f3.)

1 (Ai) B+ 181
— =\ =23 |—F—— Leorr
RP AE E.. ﬂa |ﬂc| (1)

Considering the polarization resistance (Rp)' corrosion
resistance was in the decreasing order MgCal/(CaP+Ga) >
MgCal/(CaP+Zn) > MgCal/(CaP) > MgCal.

The protection efficiency (P,) was calculated taking into
account the corrosion current values of the coated samples and
the uncoated MgCaléS’69 with the following formula

]-100

i )
corr_coating
R= (1 -
i

(2)

corr_substrate
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Figure 6. SEM micrographs of the specimens after the corrosion test. (A) MgCal, (B) MgCal/(CaP), (C) MgCal/(CaP+Zn), and (D) MgCal/

(CaP+Ga). Scale bars, 500X—200 pm; Insets, 3000X—30 yum.

The results show that by Zn and Ga addition into CaP
composition, the protection efficacy was increased, reaching a
value of P, = 99.7%, the highest among coated variants, in the
case of MgCal/(CaP+Ga) (Figure 4C).

The results of electrochemical impedance spectroscopy for
the MgCa-based samples are shown in Figure S. The diameter of
the semicircle obtained in the Nyquist plot is related to the
corrosion resistance of the sample, and the shape of the
experimental data gives an insight into the electrochemical
reactions happening during the EIS analysis (Figure SA).
Nyquist and Bode plots show a clear trend of corrosion
resistivity for the samples: MgCal/(CaP+Ga) > MgCal/(CaP
+Zn) > MgCal/(CaP) > MgCal. Moreover, a significant
difference was observed between the Ga-doped, CaP-coated
sample and the rest of the analyzed samples, where the |Z| values
recorded show more than one order of magnitude of difference
(Figure SB).

Data obtained from EIS measurements were fitted using an
equivalent circuit model (EEC), as presented in Figure SC. It
represents the solution for both uncoated MgCal and the coated
samples. Rs stands for the solution resistance and CPE denotes a
constant-phase element (characterized by the admittance Y, and
power index number 1, as follows: Y = Y;(jw)"). The value of n
may differ; when n = 1, the CPE behaves like an ideal capacitor.”’
In the case of n < 1, which represents our system, a CPE that
considers the deviation from the ideal dielectric behavior is used
and it is related to surface inhomogeneity. The model shown in
Figure 5C,i represents uncoated MgCa used as the substrate. In
this case, CPE1 and R1 parameters represent the double electric
layer capacitance and charge-transfer resistance, respectively,
and are used to characterize the electrode—solution interface.
The EEC proposed for the CaP-coated variants is shown in
Figure 5C,ii, where CPEc and R, represent the capacitance and

mm

resistance of the CaP coating (with or without Zn and Ga
doping), respectively. In this case, R, is used to simulate the
resistance associated with the current flow through the pores
generated by the coating defects. The Warburg element (W) was
added to electrical equivalent circuits used for fitting the
obtained impedance data to investigate the diffusion process
across the investigated interface. The Warburg impedance was
used as an insight into the presence of mass-transfer reactions.
Low y* values obtained indicate good fitting for all models
(Figure 5D).

The main parameters describing the electrochemical behavior
of samples during EIS measurements are presented in Figure 5D.
There is a certain tendency regarding the coated specimens
when it comes to capacitive response; Y, decreased from 11.29
Q™' em™ s" for MgCal/(CaP) to 8.72 Q' cm™ 5" for the Zn-
doped sample, and an even greater decrease to 0.15 Q™' cm ™2™
was observed for the Ga-doped sample. The same trend was
observed for Y;, which characterizes the electrolyte—substrate
interface (Figure SD). The results indicated better protection of
the deposited coating for the MgCal/(CaP+Ga) sample,
followed by MgCal/(CaP+Zn) and MgCal/(CaP).

The resistance associated with the coatings (R.) reached a
higher value for MgCal/(CaP+Ga), suggesting that this
specimen had the least number of defects. This finding can
also be attributed to the roughness since there is a drop
regarding n_ for CaP+Ga/MgCal (Figure SD). This gives an
indication of the nature of the coatings and their nonideal
character, with the lowest dispersion being observed in the case
of CaP/MgCal (n. = 0.86). However, at the interface with the
substrate, there is an indirect phenomenon; the higher the n,
value is, the lower the n; becomes. MgCal/(CaP+Ga) was the
least affected by this phenomenon among the coated variants,
with an n, value even higher than the uncoated MgCal sample
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angles of Mg-based alloys.

(Figure SD). These deviations in n values arise either from the
differences in properties along the surface of an electrode (e.g.,
roughness) or properties normal to the surface (e.g, thick-
ness).”

The charge-transfer resistance (R;) was higher for uncoated
MgCal compared to that for the coated samples, except for
MgCa/(CaP+Ga) (Figure SD). The Warburg impedance (W)
parameter also indicated that Ga-doped coating had the best
resistance when it comes to mass-transfer reactions.

The corrosion process in the human body is more complex as
compared to that in a simple salt solution since blood plasma
and intracellular fluid contain a variety of organic compounds in
addition to the inorganic ions (Mg**, Ca**, CI", HCO; ™, etc.).”
However, simulated body fluid (SBF) could not be used in
corrosion testing because calcium carbonate clusters formed
after immersion of samples in SBF for 1 day, which would
obviously complicate the results.”” Furthermore, DMEM
provided a better test environment compared to SBF,
phosphate-buffered saline (PBS), or Hank’s balanced salt
solution (HBSS) as this cell culture medium contains amino
acids, minerals, glucose, and vitamins that help better simulate
the physiological environment.”* The high resistance to
corrosion of our samples in DMEM could be related to the
development of a protective layer on top of the examined
surfaces by adsorption of these proteins and other organic
elements from the DMEM composition. A similar ﬁndin% was
reported by Popa et al. in the case of bioglass coatings.” In
addition, DMEM simulates a stable physiological pH and has
been reported to lead to a degradation rate and a degradation
layer similar to that obtained under in vivo conditions.”®
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It was reported that the corrosion rates of Zn-doped
magnesium in the minimum essential medium (MEM) and in
MEM-containing 40 g/L bovine serum albumin (MEMp) were
0.959 mm/year and 1.716 mm/year, respectively, while it was
much lower, 0.378 mm/year, in vivo.”” Wan et al. showed that
zinc addition to Mg increases corrosion, and it was concluded
that zinc was not a favorable element for Mg modification in
biomedical applications.” Our results show that although Zn-
doped coatings improve corrosion resistance compared to the
uncoated MgCal substrate, the effect of Zn doping is not
significant compared to the undoped CaP coating. Meanwhile,
Ga doping has significantly improved the corrosion resistance of
the CaP coating applied, which is in accordance with the
literature.”®

Surface morphologies of the samples after the corrosion test
are presented in Figure 6. Micron-sized, mainly Ca-based flakes,
appeared on the surface of uncoated MgCal after the corrosion
test (Figure 6A). The origin of these flakes on the sample surface
is attributed to the CaCl, content in the DMEM solution used
during the test. It is understood that a uniform oxidative process
was maintained during corrosion testing since oxygen (O) was
present in the EDS spectra of all specimens (data not shown). At
higher magnifications, a clear deterioration of the coarse
structure of the coatings is visible due to the corrosion process.
The MgCal/(CaP) sample had the most homogeneous surface,
which changed into a surface with more pronounced features
with the addition of dopants Zn and Ga. Ca/P ratios of the
coatings after corrosion testing varied between 0.22 and 0.46
(Figure 6B—D).
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Figure 8. Mechanical testing of the CaP-based coatings. (A) Acoustic emissions from the scratch testing and the resulting scratch force versus time
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coating types.

3.1.3. Wettability and Surface Free Energy. Surface
wettability and, by extent, surface free energy (SFE) are
important parameters that determine the degree of affiliation
of an implant material with host cells and tissues and the
physiological environment, affecting the host response to
implantation.”” Surface wettability influences protein adsorption
and subsequently the adhesion and proliferation of preosteo-
blasts on implant surfaces.”” Moderate wettability is advanta-
geous for orthopedic implant materials in terms of cell
attachment, proliferation, and mineralization of the implant
surface.”’ The surface energy of the implant material is also
important for mineralization.”” Therefore, the wettability and
surface energy of all samples were investigated. Contact angles of
the samples were determined using water and N,N-dimethyl-
formamide (DMF) as the contacting liquids (Figure 7A).

The water contact angle (WCA) of uncoated MgCal alloy
was found to be 95.29 + 6.12°, demonstrating a hydrophobic
surface (Figure 7B). The WCA values decreased significantly for
coated samples, indicating that a more hydrophilic material
surface was achieved with the coatings. This considerable
difference in wettability between uncoated and coated samples
was ascribed to the increased surface roughness and the porous
nature of the coatings.”’ MgCal/(CaP+Zn) showed the highest
surface wettability among the coated samples (WCA: 19.23° +
8.69), followed by MgCal/(CaP) (27.92° +2.90) and MgCal/
(CaP+Ga) (59.98° + 0.69). All coated samples had WCA < 60°,
which generally favors the attachment of anchorage-dependent
osteoblasts,” suggesting the surface-modified alloys would
demonstrate good cell—material surface interactions.

Surface free energies of all samples were determined using the
Zisman model. Zisman plots of the samples were constructed
using the contact angles (0) obtained with water (Figure 7B)
and N,N-dimethylformamide (DMF) (Figure 7C). The SFEs
obtained from Zisman plots are presented in Figure 6A. Coated
samples had lower values of SFE compared to the uncoated
alloy. Meanwhile, among the coated variants, doping with Zn or
Ga did not cause a significant change in the SFE values. This
finding is attributed to the similarities between the properties of
the dopants Zn and Ga (atomic numbers 30 and 31 and
electronegativity values 1.65 and 1.81, respectively). Studies
show that cell adhesion improves with increasing SFE** and
osteoblast differentiation is promoted on materials with high
SFEs.** However, morphological features such as roughness and
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porosity are known for having a more prominent effect on cell
adhesion and proliferation than the SFE profiles.***

3.1.4. Mechanical Testing of the Coatings. 3.1.4.1. Hard-
ness and Elastic Modulus. Hardness (H) and elastic modulus
(E) values of the CaP coatings were determined using a
nanoindenter system with the Oliver—Pharr method. Dopant
addition was shown to decrease the hardness of the coatings, the
effect being most evident for the Zn-doped CaP coatings. The
MgCal/(CaP) sample presented the highest hardness value,
followed by MgCal/(CaP+Ga) and MgCal/(CaP+Zn)
(Figure 8). A similar trend was observed for the elastic modulus.
However, no significant difference was observed between the E
values of Ga- or Zn-doped CaP coatings. The resistance to
plastic deformation, represented by the H*/E? ratio, was higher
for undoped CaP coating, indicating a better toughness
compared to the Zn- and Ga-doped coatings. However, the
H/E ratio, which characterizes brittleness, was lower for Zn- and
Ga-doped variants, meaning that a less brittle coating was
achieved with doping. The wear resistance of the coatings,
indicated by the H/E® ratio, was greater for Ga-doped CaP
coating compared to that for other variants. Meanwhile,
undoped CaP coating performed better than the Zn-doped
coating in this regard.

Zn doping is shown to improve the surface hardness and
modulus for Mg alloys in the literature, which was not in
accordance with the results obtained in this work.***® However,
it should be noted that these results depend heavily on the
composition of the alloys, composite preparation technique,
homogeneity, and grain size.

3.1.4.2. Coat Adhesion. The adhesion strength of the CaP-
based coatings to the MgCal substrate was investigated by
scratch tests (Figure 8). The undoped CaP coating exhibited
poor adhesion to the MgCal substrate, while the Ga-doped
coatings showed higher adhesion, followed closely by Zn-doped
CaP coatings (Figure 8A). Delamination of the undoped CaP
coatings from the MgCal substrate surface started around 2 N,
while for Zn- and Ga-doped coatings, delamination started after
the application of a force of 6 N (Figure 8B).

It is important for CaP-based coatings to display and maintain
strong adhesion to the MgCal substrate, as this will affect the
resulting implant material’s ability to sustain resistance to
corrosion under physiological conditions. Coating adhesion is
strongly dependent on the surface properties of the substrate.
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Figure 9. Indirect cytotoxicity test results. (A) Morphology of L929 cells after 24, 48, and 72 h treatment with the sample, positive control, and negative
control extracts under a light microscope (X40). About 10* cells were seeded in each well initially. Latex was used as the negative control, and ultrahigh
molecular weight poly(ethylene) (UHMWPE) was used as the positive control. Scale bars: 20 zm. (B) Number of viable cells after 72 h treatment of
L1929 cells with extracts of the implant materials, compared to the positive control. (C) Inhibition (%) of cell growth (based on the negative control,
latex, taken as 100%) for each sample group. (D) Part A, indirect cytotoxicity evaluation according to ISO 10993/EN 30993*; and Part B, scores of the
samples after culturing 1929 cells with their extracts for 72 h. (*Extract of samples and controls obtained in DMEM high culture media were used to
treat L929 cells. **Cytotoxicity Index s calculated by taking the average of the scores obtained from the first three observations (* ® ©) and adding this
value to the score of the fourth observation (P).).

The strongest adhesion to the MgCal alloy was observed in the 3.2. Cytotoxicity, Cell Viability, and Cell-Substrate
Interaction on Implant Materials. 3.2.1. Indirect Cytotox-
icity Tests. For indirect cytotoxicity testing, extracts of Mg-based
mechanical properties. samples were obtained by immersion in DMEM high-glucose

case of Ga-doped CaP coating, which also exhibited good
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Figure 10. H, gas release from the samples and live—dead (viability/toxicity) evaluation of Saos-2 cells cultured on samples on day 2. (A) Micrographs
taken directly from the eyepiece of the CLSM showing H, gas bubbles released from different MgCal samples after 2 days in cell culture media: (i)
MgCal (control), (i) MgCal/(CaP), (iii) MgCal/(CaP+Zn), and (iv) MgCal/(CaP+Ga). (B) CLSM micrographs of Saos-2 cells on different
implant materials, costained with Calcein-AM and ethidium homodimer-1 dyes of the live—dead viability/cytotoxicity kit (green, Calcein-AM—Tlive;
red, ethidium homodimer-1—dead). (C) Quantification of Saos-2 cell viability on implant materials. Viability data is an average of live cells in the total
cell number, obtained from three different regions of interest of three different biological repeats with CLSM (ns, not significant, *p < 0.0, **#p <
0.001, ***%*p < 0.00001). TCPS was the control (green, live; red, dead). (Scale bars: $X—100 gm, 10X—S0 pm, and 20X—20 ym).

cell culture medium for 24 h. The 1929 fibroblast cell line was
then treated with these extracts. The confluency, percentage of
dead cells, morphological changes, and inhibition of cell growth
were evaluated after treatment with extracts (Figure 9). Cells
treated with the extracts of negative control (latex) showed
circular morphology, while those treated with the positive
control (UHMWPE) exhibited elongated morphology and good
spreading, similar to the reports in the literature.”” Cells treated
with the extracts of different Mg-based samples were similar in
morphology to those treated with the positive control,
demonstrating proper spreading (Figure 9A). AlamarBlue tests
showed that there was no significant decrease in the viable cell
numbers and no significant increase in growth inhibition
compared to the positive control after 72 h of incubation with
material extracts (Figure 9B). Cells treated with the extracts of
samples had about 1% growth inhibition (Figure 9C).

Indirect cytotoxicity evaluation was performed according to
ISO 10993/EN 30993, which scores the cell behaviors in the
range of 0—4 (Figure 9D—Part A). Each sample extract
investigated had a cytotoxicity index of 1 or 2 based on the
scoring guide, indicating that all samples were cytocompatible
(Figure 9D—Part B). Alloys with certain soluble elements such
as calcium, zinc, strontium, and zirconium and alloys with some
rare-earth elements such as Mg-Y, Mg-Nd, and Mg-Dy with
concentrations of 1-3% are shown to exhibit acceptable
cytotoxicity.”® Gu et al. examined the indirect cytotoxicity of
binary Mg alloys prepared with different elements such as Al, Ag,
In, Mn, Si, Sn, Y, Zn, and Zr with either cast or rolling processes,
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and observed no toxicity for Mg—Al, Mg—Sn, and Mg—Zn alloys
against fibroblasts (L929 and NIH3T3 cell lines) and
osteoblasts (MC3T3-El cell line).”” One study by Si et al.
recently demonstrated the positive effects of gadolinium (Gd)
and zinc (Zn) in Mg—Zn—Gd alloy membranes on guided bone
regeneration for rabbit calvarial defects.®” Meanwhile, none to
low cytotoxic effect and improvement of corrosion resistance for
Mg alloys modified with lower concentrations of gallium (Ga)
are available in the literature, although Ga is known as one of the
bone resorption inhibitors.*"*°

3.2.2. Cell Viability and Cell-Material Interactions. Cell
viability and cell-substrate interactions on uncoated and
surface-modified MgCal samples were studied with human
osteosarcoma cell line Saos-2. Culture media of all samples
showed a significant increase of pH toward the alkaline region on
day 2, indicated by the color change of phenol red in the culture
media to a bright pink compared to the yellowish color in the
control group (TCPS). This was attributed to the hydrogen ions
in the cell media being depleted by the production and release of
H, gas as a direct result of the reaction between magnesium alloy
and aqueous cell media.”" Consequently, an accumulation of H,
gas bubbles was present within the wells (Figure 10A).
Furthermore, a continuous release of H, gas was observable
under a microscope, either from large cavities present on the
surface of the uncoated MgCal alloy (Supplementary Video) or
from indentations at the edges where the integrity of the CaP-
based coatings was disturbed in coated samples, although gas

https://doi.org/10.1021/acsami.1c16307
ACS Appl. Mater. Interfaces 2022, 14, 104—122


https://pubs.acs.org/doi/suppl/10.1021/acsami.1c16307/suppl_file/am1c16307_si_002.mp4
https://pubs.acs.org/doi/10.1021/acsami.1c16307?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c16307?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c16307?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c16307?fig=fig10&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c16307?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces www.acsami.org
MgCal MgCal/CaP MgCal/(CaP +Zn) MgCal/(CaP + Ga)

Before
Culture

After
2d of Culture

After
7 din PBS

Figure 11. Mg-based implant materials before and after 2 days of culture with Saos-2 cells and after 7 days in PBS following 2 days of cell culture. Size of
samples: diameter, 15 mm; thickness, 3 mm.

A Before Cell Culture After Cell Culture After 7d in PBS

MgCa1

MgCa1/(CaP+Ga) MgCa1/(CaP+Zn) MgCa1/(CaP)

B Property Sq (um) Sa (um)
Sample Before Cell Culture After Cell Culture Before Cell Culture After Cell Culture
MgCal 0.537+£0.209 0.720+0.155 0.413+0.163 0.446+0.076
MgCa1l/(CaP) 1.899+0.061 1.718+0.428 1.244 £0.056 1.219+0.262
MgCal/(CaP+Zn) 2,403£0.130 2.481+0.247 1.761£0.476 2.030+0.326
MgCal/(CaP+Ga) 2.147 £0.536 1.880%0.276 1.298£0.243 1.109%0.148

Figure 12. Surface profilometry analysis of MgCal-based materials. (A) Surface topographies before (3, i, ii, iv) and after (v, v, vii, viii) 2 days of Saos-
2 cell culture and after fixation with 4% paraformaldehyde and storage in PBS for 7 days (ix, x, xi, xii). (B) Surface roughness values of MgCal-based
implant materials before and after 2 days of cell culture (Sq, root mean square of heights; Sa, arithmetical mean deviation of the assessed profile; N = 3).

release in the latter was minimal and most likely a result of nearly all of the cells seeded were detached from the surface or
handling. were dead, presumably due to the considerable corrosion of the
Samples were compared in terms of cell viability, attachment, substrate with rapid H, gas release from surfaces, which is in
and morphology (Figure 10B). On uncoated MgCal samples, agreement with the literature.”” Moreover, cells were probably
116 https://doi.org/10.1021/acsami.1c16307
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Figure 13. Surface morphology and chemistry of MgCal-based implant materials. (A) SEM micrographs before (i—viii) and after (ix—xvi) cell culture
tests (scale bars: 450X—200 pm, SO000X—before culture, 10 ym; SO00X—after culture, 20 ym). (B) Change in the atomic proportion of elements on
implant material surfaces upon cell culture according to EDS analysis: (i) MgCal, (ii) MgCal/(CaP), (iii) MgCal/(CaP+Zn), and (iv) MgCal/(CaP
+Ga) (ns, not significant, *p < 0.0S, **p < 0.01 ***p < 0.001, ****p < 0.0001). (C) Surface elemental compositions (atom %) of MgCal-based
implant materials from EDS analysis before and after cell culture.

stressed further in the newly formed highly alkaline environ- toxicity.” MgCal/(CaP) samples had viable cells attached to
ment, along with an increase in magnesium ion concentration the surface (1.0 X 10° + 4.4 X 107 cells/cm”) compared to the
within the culture media due to leaching, subsequently causing uncoated MgCal that did not show any viable cell on the
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surface, suggesting a positive effect of CaP coating on cell affinity
and survival (Figure 10B). Cell numbers on both surfaces,
however, were less than that of the TCPS control. Cell
morphology was also different from the control group; multiple
filopodia were extended from the cells on the MgCal/(CaP)
sample surface. This is possibly a result of the constant probing
of the substrate surface by the cells to find suitable sites to attach
to. The numbers of cells attached to the surface of Zn- (2.6 X 10*
+ 6.5 X 10° cells/cm”) and Ga-doped (6.3 X 10* + 1.6 X 10°
cells/cm?) coatings were higher than that on the surface of the
undoped coating. Cell morphology on Zn- or Ga-doped coatings
was similar to that of the control group. Disruption of coating
integrity was lesser in the Zn- or Ga-doped coatings compared to
that in the undoped CaP coating. This, in turn, minimized cell
detachment from the surface and supported cell viability.

Cell viability was also quantified and presented as the
percentage of live cells attached to the sample surface (Figure
10C). All coated samples performed better than the uncoated
MgCal substrate in maintaining cell viability. The decreasing
order of samples according to the number of viable cells attached
to the surface is MgCal/(CaP+Ga) > MgCal/(CaP+Zn) >
MgCal/(CaP) > MgCal (Figure 10C). However, it should be
noted that although MgCal/(CaP) sample had a higher
percentage of viable cells on its surface compared to the
uncoated MgCal alloy, the total cell number was considerably
lower than that of the TCPS control and the Zn- or Ga-doped
samples.

3.2.3. Comparison of Surface Properties before and after
Cell Culture. Samples were subjected to physical and chemical
characterizations of the surface before and after cell culture with
the Saos-2 cell line for 2 days and after 7 days immersion in
phosphate-buffered saline (PBS, pH 7.4, 10 mM). Surface
profilometry, goniometry, SEM, and EDS analyses were
conducted for all samples. Figure 11 shows the implant materials
before and after cell culture for 2 days and after 7 days in PBS
upon fixation following culturing. A white deposit was observed
after 2 days of cell culture on the surface of the uncoated MgCal
sample, possibly due to the reactive nature of magnesium in the
liquid media.”* The coated samples did not exhibit such a
deposit on their surface, presumably due to being shielded from
cell culture media by the coatings. However, surfaces of all
samples were covered with deposits after being immersed in PBS
for 7 days following fixation with 4% paraformaldehyde solution.
The amount of the deposit was the highest on uncoated MgCal
and least on MgCal/(CaP+Ga), consistent with the results of in
vitro corrosion testing. Oxide layer formation on the surfaces
was also observed as a change in the color of sample surfaces.”®
The effects of this reactivity on the chemical composition and
physical properties of the samples were further investigated by
profilometry, SEM, and EDS.

3.2.3.1. Surface Roughness. Changes in surface topography
and roughness before and after cell culture were investigated for
all samples (Figure 12A). The uncoated MgCal sample had
regular undulations on its surface (Figure 12A,i) as a result of
material processing, and these features were lost after cell culture
for 2 days (Figure 12A,v). Roughness analysis showed no
meaningful change in both the root mean square of heights (Sq)
and arithmetical mean deviations of the assessed profiles (Sa) for
this sample after cell culture (Figure 12B). This suggests that
undulations were lost through excessive corrosion of the alloy
surface in aqueous cell culture media, which formed corrosion
pits that produced a similar roughness profile to the undulated
alloy surface.
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After CaP-based coating application, the undulated surface of
MgCal alloy gave way to rough but leveled surfaces (Figure
12A,ii,ii,iv). Furthermore, coated samples had higher Sq and Sa
values prior to cell culture compared to the uncoated MgCal,
suggesting successful alteration of the surface with the coating
procedure (Figure 13B). Surface roughness values of Zn- or Ga-
doped samples were higher than that of the MgCal/(CaP)
sample, which is due to the electrically conductive Zn** and Ga**
ions increasing the reactive capacity of the electrolyte solutions
used in the microarc oxidation (MAO) method, subsequently
enhancing the deposition rate of the modified coatings.” All
coated variants showed similar values of surface roughness
before and after cell culture, indicating that the surface was not
altered significantly for the duration of the cell culture studies.

After immersion in PBS for 7 days, all samples presented
rougher surfaces with different geometries (Figure 12A). These
new geometries were presumably a result of H, bubbles being
trapped under the white deposits while Mg was reacting with
aqueous PBS. This enhanced corrosion of the samples and
alteration of surface morphology in PBS is largely attributed to
the high chloride ion content of the buffer compared to that of
the cell culture media, which is known to increase the corrosion
rate of magnesium alloys.”"”” Moreover, it should be
remembered that the in vitro conditions are different than
those in the in vivo environment, and the corrosion rate observed
in vivo is generally lower than the corrosion rate under in vitro
conditions due to the presence of organic components, such as
proteins, which adsorb onto the material surface, forming a
protective layer.”®

3.2.3.2. Surface Morphology and Chemistry. 3.2.3.2.1.
Surface Morphology. Surface morphologies of Mg-based
implant materials were observed before and after cell culture
with Saos-2 cells for 2 days (Figure 13A). Uncoated MgCal
alloy had undulations on its surface (Figure 13A,i), which were
lost after cell culture (Figure 13A,ix), in accordance with the
surface profilometry results. Higher magnifications show the
extent of intergranular and pitting corrosion that took place on
the uncoated alloy surface (Figure 13Axiii). Prior to cell culture,
coated samples were devoid of the undulations observed on the
surface of the uncoated MgCal sample (Figure 13A,ii,iii,iv), and
the coating was highly porous in nature (Figure 13A,vi,vii,viii).
The micron-sized pores of the coatings form as a result of the
molten oxide and gas bubble eruptions out of microarc discharge
channels during the coating process.””'%" After cell culture,
these samples retained their porous surface morphology (Figure
13A,x,xi,xii). Higher magnifications reveal signs of erosion and
microcrack formations on the surface; however, the integrity of
the CaP coat is largely maintained (Figure 13A,xiv,xv,xvi). This
retainment of coat integrity and porous surface morphology
under an aqueous environment is advantageous in terms of cell
attachment, tissue ingrowth, and interfacial fixation of the
implant material to the bone tissue under physiological
conditions.’

3.2.3.2.2 Surface Chemistry. Surface elemental compositions
were determined for all sample groups before and after cell
culture (Figure 13B,C). Traces of sodium (Na), potassium (K),
and chlorine (Cl) were found on all sample surfaces after cell
culture, possibly as salt depositions (Supplementary Figures
S1—-S4). The EDS spectrum of uncoated MgCal alloy was
devoid of calcium (Ca), and after cell culture, traces of Ca and
phosphorus (P) were found on this sample, possibly originating
from the culture medium (Figures 13B,i and C). Meanwhile, a
statistically significant increase in atomic percentages of oxygen
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(O) and carbon (C) was observed on the surface of the uncoated
MgCal sample exposed to culture conditions, suggesting an
oxidation reaction (MgO, CaO) or carbonate formation
(MgCO;, CaCO;) taking g)lace when the alloy was placed in
the aqueous environment.”” Another possible explanation for
this increase would be serum protein deposition onto the
material surfaces from the culture medium;'®" however,
nitrogen (N) and hydrogen (H) signals were not detected
from this sample. A similar increase in oxygen after cell culture
was observed for CaP-coated (Figure 13B,ii), Zn-doped (Figure
13B,iii), and Ga-doped (Figure 13B,iv) samples, while the
surface carbon content significantly decreased.

Atomic percentages (atom %) of the main alloy elements (Mg
and Ca) were different for uncoated and coated samples prior to
cell culture due to the introduction of Ca and P elements onto
the alloy surface with coating applications. Meanwhile, atom %
of Mg and Ca on all sample surfaces decreased proportionally
after cell culture treatment, which is caused principally by the
introduction of other elements (mainly C and O) to the material
surface.

MgCal/(CaP+Zn) samples contained 1.16 and 0.94% Zn,
and MgCal/(CaP+Ga) samples contained 0.49 and 0.45% Ga
before and after cell culture, respectively (Figure 13C). In both
cases, dopant atom % did not undergo a statistically significant
change. Mg, Ca, and P elements followed the same trend for
these samples, indicating that the composition of coatings and
the underlying alloy was not significantly altered when subjected
to culture conditions, which concurs with the surface
morphology results from SEM.

4. CONCLUSIONS

Magnesium alloys are preferred biodegradable metals in medical
applications, and the studies are concentrated on modifications
of Mg alloys to control their degradation rates and enhance their
biocompatibility. In this study, surfaces of MgCal alloys were
modified with CaP coatings undoped or doped with Zn or Ga
ions via the microarc oxidation technique. Uncoated MgCal
samples corroded rapidly in the cell culture medium, while CaP-
based coatings, especially those doped with Ga, had a significant
protective effect against corrosion of the MgCal substrate,
improving both cytocompatibility and cell viability. E_,,, value
increased from —1933 mV for CaP samples to more electro-
positive values of —275 mV for Ga-doped CaP coatings. Coating
process created a rougher, porous, and more hydrophilic surface
compared to the pristine alloy, promoting better cell attachment
and growth. All samples were found to be cytocompatible. In
vitro culturing of the samples with Saos-2 cells caused some
variations in the elemental composition of the alloys due to their
biodegradation. MgCal/(CaP+Zn) samples contained 1.16 and
0.94 atom % Zn and MgCal/(CaP+Ga) samples contained 0.49
and 0.4S atom % Ga before and after cell culture, respectively.
The numbers of cells attached to the surface of Zn-doped (2.6 X
10* cells/cm*) and Ga-doped (6.3 X 10* cells/cm?) coatings
were higher than that attached to the surface of the undoped
coating (1.0 X 10° cells/cm?). The adhesion of the CaP coating
to the MgCal alloy substrate was improved by Ga and Zn
additions. Zn and Ga doping also influenced the microstructure
of the CaP coating, which in turn affected the mechanical
properties. The hardness of the coating decreased from 4.58
GPa (CaP) to 1.62 GPa (CaP+Zn) and 3.34 GPa (CaP+Ga),
while the elastic modulus decreased from 81.90 GPa (CaP) to
60 GPa (CaP+Zn) and 67.90 GPa (CaP+Ga), resulting in a
material that could withstand plastic deformation during load

bearing, similar to that observed with human joints. Adhesion of
coating to the substrate was improved with Zn and Ga doping,
and these variants showed minimal coat deformation under in
vitro conditions, promising a sustainable corrosion protective
effect in long-term use under physiological conditions. In
conclusion, CaP-coated, Zn- and Ga-doped magnesium—
calcium alloys developed in this study are novel and promising
candidates as biodegradable metallic bone tissue implant
materials in terms of corrosion resistance and osteoconductivity.
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