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A B S T R A C T

In this work biodegradable Mg1Ca alloy underwent surface modification using hydroxyapatite (HAp), aluminium 
oxide (Al2O3), and treatments with phosphoric (H3PO4), hydrofluoric (HF), and acetic (CH3COOH) acids. The 
resulting surface-treated Mg substrates were assessed in terms of phase content and chemical composition 
through X-ray diffraction (XRD) and glow discharge optical emission spectrometry (GDOES). Additionally, 
atomic force microscopy (AFM) and scanning electron microscopy (SEM) were employed to examine the sur
face’s topography and structure, while the corrosion behavior and cytotoxicity were surveyed using electro
chemical impedance spectroscopy (EIS), alongside WST-1 reduction and lactate dehydrogenase (LDH) release 
assays on L929 mouse fibroblasts. The findings indicated that the surfaces of all samples were uniformly 
structured, while chemical analysis of the treated surfaces suggested the presence of mostly thin films. 
Furthermore, EIS results highlighted that the HAp-treated Mg1Ca alloy exhibited superior corrosion resistance, 
and the cytotoxicity assessment of Mg1Ca-HAp and Mg1Ca-H3PO4 alloys showed minimal cytotoxic effects on 
mouse fibroblasts, compared to other treated surfaces, suggesting enhanced biocompatibility of those two surface 
treatments. Overall, this constitutes the first comparative study of different surface treatments developed on 
biodegradable Mg1Ca alloy, aiming to identify optimal modification strategies for biomedical applications.

1. Introduction

Magnesium (Mg) alloys are recognized for their mechanical strength, 
biocompatibility, and rapid dissolution, qualities that render them ideal 
for use in biomedical fields [1]. However, the practical deployment of 
Mg alloys as biodegradable materials faces obstacles due to their un
controlled reactive nature and a tendency toward corrosion, which often 
leads to hydrogen production and localized alkalization [2,3]. Ironi
cally, what is considered one of Mg alloys’ key benefits – their fast 
dissolution – also presents a significant challenge. To mitigate these is
sues, a range of tactics has been employed. These include developing 

new Mg alloy compositions through the introduction of alloying ele
ments [4,5], as well as employing surface treatments [5,6] designed to 
reduce corrosion rates to manageable levels of degradation [7].

Incorporating elements like aluminium (Al), Rare Earth Elements 
(REE), zinc (Zn), and calcium (Ca) into Mg alloys can markedly enhance 
their mechanical strength, resistance to corrosion, and biocompatibility 
[8]. Nevertheless, it is crucial to closely monitor the alloying elements 
due to the possible toxicity risks they present. This is particularly 
important because the significant release of Mg and other potentially 
hazardous elements during biodegradation can result in elevated cyto
toxicity levels [9]. In contrast to pure Mg, incorporating Al as an alloying 

* Corresponding author.
E-mail address: cristina.neves@ua.pt (C.S. Neves). 

Contents lists available at ScienceDirect

Surface & Coatings Technology

journal homepage: www.elsevier.com/locate/surfcoat

https://doi.org/10.1016/j.surfcoat.2024.131704
Received 17 October 2024; Received in revised form 13 December 2024; Accepted 23 December 2024  

mailto:cristina.neves@ua.pt
www.sciencedirect.com/science/journal/02578972
https://www.elsevier.com/locate/surfcoat
https://doi.org/10.1016/j.surfcoat.2024.131704
https://doi.org/10.1016/j.surfcoat.2024.131704
http://crossmark.crossref.org/dialog/?doi=10.1016/j.surfcoat.2024.131704&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Surface & Coatings Technology 497 (2025) 131704

2

element enhances both the mechanical strength and corrosion resistance 
[10]. However, it is important to note that Al is a recognized neuro
toxicant which, in high concentrations, can damage the nervous system 
and may be linked to various neurological disorders [3,9,11]. Conse
quently, the release of Al from Mg alloys needs to be strictly regulated to 
avoid Al-induced neurotoxicity. On the other hand, REE are usually 
added to Mg alloys to increase their mechanical strength and corrosion 
resistance [12]. To this end, several Mg alloys containing REE, including 
WE43, Mg5Gd, and LAE442, have been explored [13]. Yet, similar to the 
use of Al, a careful balance between potential toxicity and benefits must 
be maintained. This is because the inclusion of elements like cerium 
(Ce), praseodymium (Pr), and yttrium (Y) is linked with severe liver 
toxicity [14]. Therefore, beyond certain concentrations, Al and REE are 
considered inappropriate as alloying elements in biomedical Mg 
materials.

In this quest for novel biodegradable Mg alloys without Al, REE or 
other harmful elements, some studies have reported Zn and Ca as 
appropriate alloying elements for Mg [15–18]. Zn and Ca are both 
biological and essential elements in the human body. Due to these 
characteristics, Mg alloys containing Zn and/or Ca such as Mg1Zn, 
Mg1Ca or Mg5Ca have been proposed, in the past years, for the devel
opment of biodegradable implants [9,19,20]. Zn is used to improve the 
strength and lower the corrosive effect of iron (Fe) and nickel (Ni) im
purities [21], while Ca is used to improve corrosion resistance and 
thermal stability of Mg [19,22]. Moreover, Ca also improves the 
biocompatibility of the alloys [4]. In a recent study of our research group 
[3] we have compared Mg1Ca with the biodegradable Mg10Gd alloy in 
terms of corrosion rate and induced cytotoxicity. Our findings showed 
that Mg1Ca exhibits a slower degradation rate compared to Mg10Gd. 
This reduced degradation is attributed to the incorporation of Ca as an 
alloying element, which enhances the stability of the corrosion product 
layer formed in various electrolytes. Furthermore, in cytotoxicity as
sessments, Mg10Gd displayed toxicity under all tested conditions, 
whereas Mg1Ca demonstrated minimal toxicity.

Although Mg1Ca alloy exhibits improved corrosion resistance and 
favorable biological characteristics, the sole use of alloying falls short in 
achieving the necessary level of corrosion resistance. This shortfall is 
due to the negative potential of Mg (E◦ = − 2.4 V vs. SHE), anomalous HE 
in water [23] and its weak tendency to form passive layers. Additionally, 
localized forms of corrosion like pitting corrosion, often resulting from 
inhomogeneous microstructures in Mg alloys, may accelerate the 
corrosion processes [3]. Therefore, taking into consideration the bio- 
based applications of this alloy, it is critical to minimize the localized 
corrosion to maintain its mechanical strength and reduce pernicious side 
effects, such as hydrogen evolution, that may occur during the alloy 
service time. This can be achieved through the application of surface 
treatments able to form a protective layer, which can delay the direct 
contact between Mg alloys and the surrounding environment allowing 
to control the fast degradation of the alloys [24]. These surface treat
ments can include chemical, physical and mechanical treatments as well 
as surface modification with coatings.

Regarding MgCa biodegradable alloys, different surface modification 
methods have been reported namely, conversion coatings resulting from 
acid pickling [25,26], calcium phosphate [27] (CaP) and magnesium 
fluoride [28] (MgF2) coatings, microarc oxidation [29], surface modi
fication with polymer coatings [30–33] and mechanical surface treat
ment such as laser shock peening (LSP) [34] and burnishing [35]. These 
methods have shown to decrease the corrosion rate of the alloys while 
improving biomineralization [25,26,28,32,33] and enhancing cell af
finity [27,28,31]. Despite these advancements, surface modification 
methods still present significant limitations, including difficulties in 
producing defect-free coatings (e.g., pores), poor adhesion, and the 
inherent tendency of Mg alloys toward localized corrosion [36,37]. 
Additionally, the corrosion products of Mg alloys are not impermeable, 
which further compromises their protective capabilities even after sur
face treatments [36,37].

Most corrosion evaluation and biocompatibility tests reported so far, 
have been performed under simplified physiological environments, such 
as simulated body fluid - SBF or Hanks’ solution. However, bearing in 
mind the bioapplications of the alloys, a more complex and represen
tative environment should be considered. Minimum Essential Media 
(MEM), a widely used cell culture medium, is not only significant for in 
vitro cell growth and toxicity assays but also offers active corrosion 
protection to MgCa alloys, as previously reported by our group [3]. 
Additionally, MEM effectively replicates an in vivo setting, closely 
resembling the protein composition of mammalian cells [38]. While its 
Ca and Mg content is marginally lower than that found in blood, MEM 
contains glucose, a higher concentration of amino acids, vitamins, and 
comparable concentrations of HPO4

2− and HCO3
− , making it a more 

reliable medium to mimic in vivo behavior of different materials.
In this study, we present a compreenshive investigation of the impact 

of five distinct surface treatments on the surface morphology, electro
chemical corrosion properties, and cytotoxicity of the biodegradable 
Mg1Ca alloy, using MEM as the selected immersion medium. Our study 
systematically compares a range of surface treatments, including con
version layers obtained via acid pickling with phosphoric (H₃PO₄), hy
drofluoric (HF), and acetic (CH₃COOH) acids, chemical surface 
modification with hydroxyapatite (HAp), and growth of aluminium 
oxide (Al₂O₃) by atomic layer deposition (ALD). This comparative 
analysis provides a detailed examination of their effects on corrosion 
resistance and cytotoxicity, which has not been extensively covered in 
existing literature. Conversion coatings were applied due to their 
simplicity and low cost. Acid pickling, in particular, promotes the for
mation of thin films on the substrate surface, constituting a protective 
layer that can delay the subsequent corrosion of the Mg1Ca alloy [8]. 
Chemical surface treatment provides initial protection from corrosion, 
with inorganic coatings such as HAp improving the biocompatibility of 
the substrate [39]. On the other hand, ALD is an innovative technique 
for depositing of thin films with precise thickness control, offering a 
promising way to overcome the corrosion susceptibility of Mg alloys. 
Therefore, the present study aims to identify a surface treatment that not 
only reduces Mg1Ca degradation from corrosion but also improves its 
surface cytocompatibility.

The novalty of our work lies in three key aspects: (i) Multi-technique 
approach where a robust combination of analytical techniques was 
employed including GDOES, SEM-EDS, AFM, XRD, EIS and SEM cross- 
sectional analysis. This multi-faceted approach provides a thorough 
and reliable investigation of the coatings, enhancing the depth and ac
curacy of our findings. This synergy between techniques allows for a 
deeper understanding of coating performance than any single method 
could provide; (ii) Comprehensive comparison, providing a unique 
comparative analysis of different surface treatments, assessing their 
impact on corrosion resistance and cytotoxicity in a single framework; 
(iii) Use of Minimum Essential Media (MEM), which was used as a more 
reliable medium for evaluating the real-world biomedical performance 
of the materials, in contrast to many studies that utilize simpler physi
ological environments such as SBF or Hanks’ solution. This distinction 
further highlights the innovation and practical relevance of our 
research.

Overall, our study aims fill a critical knowledge gap by identifying 
and validating surface treatments that reduce Mg1Ca degradation while 
enhancing cytocompatibility. The insights gained from this research are 
expected to contribute to the development of more effective surface 
treatments for Mg alloys, with potential applications in biomedical field.

2. Experimental section

2.1. Materials

2.1.1. Chemicals
All the chemicals used in this study were bought from Sigma-Aldrich 

at an analytical grade and used in its original form without additional 
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purification. The cell culture medium, supplements, and reagents were 
acquired from Gibco, Thermo Fisher Scientific, USA.

2.1.2. Metal substrates
The biodegradable Mg alloy Mg1Ca chosen for the proposed 

research, was cast at the Helmholtz-Zentrum Hereon in Geesthacht, 
Germany. The chemical composition of this alloy was previously re
ported [3].

2.1.3. Surface treatment of Mg alloys
Before surface treatment, the metal substrate surfaces were polished 

using silicon carbide (SiC) paper (from 400 to 2500 grit), rinsed with 
isopropanol and dried in a warm stream of air.

For the surface treatment of Mg1Ca substrates five protocols were 
defined (see Fig. 1), which included acid pickling with phosphoric acid 
(H3PO4) (Treatment 1), hydrofluoric acid (HF) (Treatment 2) and acetic 
acid (CH3COOH) (Treatment 3), an aluminium oxide (Al2O3) layer ob
tained by ALD (Treatment 4) and a hydroxyapatite (Ca5(PO4)3(OH)) 
layer obtained by hydrothermal treatment (Treatment 5).

In Treatment 1 substrates were immersed in a 40 g/L phosphoric acid 
solution for 60 s, following a procedure from literature [40], while for 
Treatments 2 and 3 the substrates were immersed, respectively, in a 140 
g/L hydrofluoric [41] acid solution for 60 min [41] and a 300 g/L acetic 
acid solution for 120 min [42]. All the samples were then rinsed with 
deionized water and dried with a warm stream of air.

The deposition of Al2O3 (Treatment 4) was performed using a 
homemade cross-flow ALD reactor working in exposure mode at 200 ◦C, 
as described elsewhere [43]. To this end, trimethylaluminum (C6H18Al2) 
was used as the Al source and was kept in a stainless steel reservoir at 
room temperature. The other precursor, water (H2O) was kept in the 
stainless steel reservoir also at room temperature. The reactor body was 
continuously purged with 100 sccm of dry N2 for a baseline reactor 
pressure of 2.1 Torr. The delivery lines were maintained at 100 ◦C to 
minimize precursor condensation throughout the depositions. To ensure 
saturation behavior, the pulse time for both precursors was set accord
ingly. In a typical ALD cycle, the first precursor was pulsed for 0.5 s, and 
the second precursor was pulsed for 1.0 s. Subsequently, both precursors 
were held in the deposition chamber for 20 s before a 30-s pump step. 
Several samples with 400 ALD cycles were prepared.

Regarding Treatment 5, a procedure available in the literature was 
followed [44], in which Mg1Ca substrates were immersed in a mixture 
of 250 mM of ethylenediaminetetraacetic acid calcium disodium salt 
hydrate (Ca-EDTA: C10H12N2O8Na2Ca) solution with a 250 mM of po
tassium dihydrogen phosphate (KH2PO4) solution for 6 h at 90 ◦C. The 
pH of the mixture was adjusted to 8.9 using sodium hydroxide (NaOH).

The labels of the surface-treated substrates are as follows: Mg1Ca- 
H3PO4 (Treatment 1); Mg1Ca-HF (Treatment 2); Mg1Ca-CH3COOH 
(Treatment 3); Mg1Ca-Al2O3 (Treatment 4) and Mg1Ca-HAp (Treatment 
5).

2.2. Methods

2.2.1. Morphology and crystal structure characterization
The topographical features of the samples were analyzed using a 

Hitachi S-4100 scanning electron microscope, with incorporated energy 
dispersive spectroscopy (SEM-EDS). This system was operated at an 
acceleration voltage of 25 kV for detailed morphological 
characterization.

The crystal structure and phase composition of the samples were 
determined through X-Ray Diffraction (XRD) analysis. This was con
ducted at ambient temperature with a PANalytical X’Pert MPD PRO 
diffractometer, employing Bragg-Brentano geometry and Ni-filtered Cu 
Ka radiation with a PIXcel1D detector. The measurements were taken in 
steps of 0.02◦, with an exposure time of approximately 2 s per step, 
across an angular range from 4 to 80◦.

2.2.2. Topography analysis
Atomic Force Microscopy (AFM) was used to assess the roughness of 

the samples. The procedure involved using a multimode atomic force 
microscope, specifically the Nanoscope IV model, originally produced 
by Veeco Instruments and now part of Bruker Corporation. The imaging 
process was conducted in tapping mode, employing silicon probes that 
resonate at approximately 320 kHz with a force constant of 42 N/m. The 
analysis of these images was carried out using the Gwyddion software, 
version 2.37. The Root Mean Square (RMS) roughness values, denoted as 
Rq, were extracted directly from the surface topography images with the 
aid of Gwyddion software. This software calculates Rq using the 
following formula: 

Fig. 1. Schematic representation of the different surface treatments applied to Mg1Ca surface.
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Rq =

̅̅̅
1
L

√ ∫ L

0
Y2(X)dx 

In this equation, L represents the length of the profile measured along 
the x-axis, and Y(X) denotes the height variation from the profile line at 
each data point.

2.2.3. Chemical analysis of surface treatments
Comprehensive chemical analysis and surface profiles assessments of 

the applied surface treatments were executed using glow discharge op
tical emission spectrometry (GDOES). The depth profiling analysis 
employed a HORIBA GD-Profiler 2, integrated with a copper anode of 4 
mm diameter. This methodology involved the implementation of argon 
sputtering on the specimen surface, regulated at a pressure of 650 Pa and 
an operational power of 30 W.

2.2.4. Electrochemical studies
The corrosion behavior of Mg1Ca substrates was examined through 

the application of electrochemical impedance spectroscopy (EIS). For 
EIS experiments, a tri-electrode configuration was used, comprising a 
SCE reference electrode, a platinum foil as the counter electrode, and the 
Mg alloy (Mg1Ca) serving as the working electrode with an exposed area 
of approximately 2.27 cm2. To mitigate the effects of external electro
magnetic disturbances, the entire setup was enclosed within a Faraday 
cage. Given its significance in biological contexts, MEM was chosen as 
the electrolyte (referenced in Table 1) [3]. The EIS data acquisition was 
performed using a Gamry interface 1000 potentiostat. The selected 
frequency range for these tests was from 105 to 10− 2 Hz, applying a 
sinusoidal perturbation of 10 mV rms across 10 points per frequency 
decade. These spectra were all recorded at open circuit potential, under 
standard atmospheric conditions and room temperature. To ensure 
consistency, each measurement was conducted in triplicate, verifying 
the reproducibility of the findings.

2.2.5. Preparation of Mg1Ca alloy extracts for cytotoxicity testing
Mg1Ca alloy extracts were prepared as previously described [3], and 

according to ISO 10993-12:2021 [45]. Briefly, the alloys were cut into 
circular disks with a diameter of 1.7 cm, thickness of 0.5 cm, sterilized 
by UV radiation for 2 h (1 h per disk side), and incubated for 24 h and 72 
h at 37 ◦C in borosilicate glass containers with MEM containing 4 mM L- 
glutamine, 100 units/mL of penicillin and 100 μg/mL of streptomycin, 
at a surface area-to-extractant volume ratio of 1.25 cm2/mL. For pre
venting sorption onto the extraction container or other changes in their 
composition, the liquid extracts were tested for cytotoxicity immedi
ately after the end of the incubation period.

2.2.6. In vitro cytotoxicity testing of the Mg1Ca alloy extracts in L929 
mouse fibroblasts

The cytotoxicity of the Mg1Ca alloy extracts was tested in mouse 
fibroblast L929 cells, according to ISO 10993-5:2009 [46]. L929 cells 
(American Type of Culture Collection; CCL1) were cultured in MEM 
supplemented with 4 mM L-glutamine, 100 units/mL of penicillin, 100 

μg/mL of streptomycin and 10 % of heat inactivated fetal bovine serum 
(FBS), in a humidified atmosphere of 5 % CO2–95 % air at 37 ◦C. Cells 
were subcultured at 80 % confluence with trypsin-EDTA 0.25 % solution 
and seeded in flat bottom 96-well plates (10.000 cells/well). The me
dium was changed 24 h after seeding. At 48 h after seeding, cells were 
exposed for 24 h to the as extracted (1×), as well as to 1:2, 1:4 and 1:8 
extract’s dilutions. Control cells were exposed to the extraction medium 
diluted in the same % of the tested extracts. Cytotoxicity was investi
gated in the same cells simultaneously by the WST-1 reduction and 
lactate dehydrogenase (LDH) release assays. Cells incubated for 30 min 
with 70 % ethanol served as positive controls (PC) for the WST-1 
reduction assay, while for the LDH release assay PC cells were incu
bated with 0.2 % Triton X-100. For LDH release determination, the in
cubation medium of each well was collected and centrifuged for 5 min at 
2000 xg to remove the cell debris before analysis. The assay was carried 
out according to the manufacturer’s instructions (Roche Applied Sci
ences, Mannheim, Germany). Absorbance was measured in a microplate 
reader (SpectraMax iD3, Molecular Devices, USA) at 490 nm and 630 nm 
(reference wavelength). Data was expressed in percentage of LDH 
release relative to the PC (total LDH release).

For WST-1 reduction quantification, cells incubated for 2 h at 37 ◦C 
and 5 % CO2 with 100 μL/well of Cell Proliferation Reagent WST-1 
(Roche Applied Sciences, Mannheim, Germany) diluted 1:10 in FBS- 
free cell culture medium. Absorbance was measured at 450 nm and 
630 nm (reference wavelength). Data was expressed in percentage of the 
negative control (NC) response.

3. Results and discussion

3.1. Surface morphology characterization

In Fig. 2 is possible to observe the visual aspect of the untreated 
Mg1Ca alloy, as well as the substrates subjected to the five surface 
treatments. The untreated surface presents some scribes that arise from 
the polishing step done before the surface treatment step. These scribes 
are not observed in the treated samples, indicating that changes in the 
substrates surface have occurred, due to the formation of conversion 
films or deposition of inorganic layers. After the surface treatment, all 
samples presented a regular uniform appearance, although with 
different morphologies. These observations are in accordance with the 
results obtained by SEM and AFM, presented in Fig. 3.

SEM image of the untreated Mg1Ca alloy (Fig. 3-A1) presents the 
original grinding grooves from the polishing procedure while EDS 
spectrum (Fig. 3-A2) shows that the alloy is mainly constituted by Mg 
with a small amount of Ca. Taking into account the treatments based on 
acid pickling (as shown in Fig. 3 B, C and D), the surface morphology 
varies depending on the specific acid used and the duration of treatment. 
For the Mg1Ca-H3PO4 sample, the interaction of phosphoric acid with 
the alloy’s surface led to the formation of a conversion coating, char
acterized by a distribution of cracks throughout the surface (Fig. 3-B1). 
The EDS spectrum presented in Fig. 3-B2 for Mg1Ca-H3PO4 is similar to 
that of the bare substrate (Fig. 3-A2), having only two small additional 
peaks associated with the presence of P and O, which can be associated 
with the formation of a phosphate-containing film on the surface [26]. 
Since the intensity of Mg peak is higher than that of P and O, the formed 
film is possibly thin. In the case of Mg1Ca-CH3COOH sample, the SEM 
image (Fig. 3-C1) shows that the acid etching led to removal of surface 
material, with formation of a thin film with pores spread around the 
whole surface. Furthermore, EDS spectrum shows the presence of small 
peaks of C and O that can be related with the formation of a magnesium 
acetate film (Fig. 3-C2) [25]. The Mg substrate treated with hydrofluoric 
acid (Mg1Ca-HF, Fig. 3-D1) shows a distinct grooved surface 
morphology characterized by regularly spaced and well-defined linear 
features, covering the entire treated surface area. The presence of fluo
ride in EDS spectrum (Fig. 3-D2) indicates that HF was involved in the 
formation of a surface layer with possible formation of Mg(OH)xF2− x 

Table 1 
Composition of the selected electrolyte.

MEM (Minimum essential medium)

CaCl2.2H2O 0.26 g/L
MgSO4.7H2O 0.20 g/L
NaCl 6.8 g/L
KCl 0.40 g/L
NaHCO3 2.2 g/L
NaH2PO4.2H2O 0.16 g/L
Amino acids
Vitamins
D-Glucose
Phenol Red
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compounds [47] or MgF2 conversion films [48,49]. This surface layer is 
suggested to be very thin, as evidenced by the small intensities of F and 
O peaks compared to Mg.

Regarding to the deposition of Al2O3 film onto Mg1Ca surface 
(Mg1Ca-Al2O3, Fig. 3-E1) the deposited layer presents grooves and 
striations. This morphology can be associated with the scribes that the 
substrate presented before the ALD step (Fig. 3-A1), since ALD is a 
technique in which the deposited films are conformal with the substrate 
surface [50,51]. Moreover, the EDS spectrum (Fig. 3-E2) supports the 
thin film assumption, since the intensity of the element peaks Al and O 
are very small when compared to the Mg signal. The surface morphology 
of Mg1Ca-HAp treated sample obtained by SEM is shown in Fig. 3-F1. 
The morphological features reveal a regular flake-like structure, uni
formly covering the substrate surface. The elemental composition of the 
Mg1Ca-HAp obtained by EDS (Fig. 3-F2), reveals the presence of O, P 
and Ca indicating the formation of a layer containing calcium phosphate 
(Ca3(PO4)2), that may correspond to hydroxyapatite (Ca10(PO4)6(OH)2) 
[52,53]. It can also be observed that the intensity of Ca and P peaks is 
higher compared to Mg, suggesting that the film formed on the substrate 
surface is thicker compared to those discussed previously.

After considering the EDS spectra, it is important to note that due to 
the thin nature of the investigated conversion layers, except for HAp, the 
electron beam used in imaging penetrates through most of the layer. As a 
result, the EDS spectra primarily capture the composition of the un
derlying Mg substrate. This occurrence is directly linked to the utiliza
tion of a high acceleration voltage, which affects a depth well beyond 10 
μm. To put it simply, the low signal observed in the EDS spectra for the 
elements constituting the conversion layers, is a direct outcome of this 
high acceleration voltage phenomenon over the minimal thickness of 
the samples.

The surface morphology was also analyzed by AFM and the topo
graphic images obtained for all the surface treatments are depicted in 
Fig. 3-A3 to Fig. 3-F3. The surface morphology revealed by AFM 
matches that obtained by SEM. However, some surface features can be 
observed with more detail. In the case of the bare substrate the polishing 
step renders a texture of striations that is easily seen in the AFM image 
(Fig. 3-A3). Mg1Ca-H3PO4 sample presents a surface morphology with 
step bunching (Fig. 3-B3), indicating the presence of a film structure 
with various heights that are related with the cracks formed after film 
drying. AFM surface topography image of Mg1Ca-CH3COOH presents a 
smooth surface with no pronounced grains (Fig. 3-C3), while Mg1Ca-HF 
shows grooves with consistent depth and width (Fig. 3-D3), indicating a 
controlled and uniform etching process during the hydrofluoric acid 
treatment. The AFM image of ALD-treated substrate (Fig. 3-E3) is quite 
similar to that of the bare substrate (Fig. 3-A3), meaning that the 
deposited film is thin, and conformal with the substrate surface, so the 
main edges and grooves resulting from the polishing step of the bare 
substrate remain noticeable. Mg1Ca-HAp presents various fine struc
tures randomly laid on the sample surface (Fig. 3-F3), indicating the 
formation and deposition of a nanostructured film uniformly covering 
the substrate surface.

From the AFM images it was also possible to extract the root mean 
square (RMS) roughness of the treated surfaces, and the obtained values 
are shown in Table 2. There is a difference in the roughness values from 

the bare substrate to the pre-treated samples and with the exception of 
Mg1Ca-CH3COOH and Mg1Ca-Al2O3, the RMS roughness values in
crease after the surface treatment. The surface treated with H3PO4 
(Mg1Ca-H3PO4), shows the highest roughness value, followed by 
Mg1Ca-HAp and Mg1Ca-HF (736 nm, 409 nm and 253 nm, respec
tively). The higher roughness of the Mg1Ca-H3PO4 sample is attributed 
to the extensive cracked film on its surface, resulting in larger differ
ences between peaks and valleys. This trend is also observed in the case 
of Mg1Ca-HAp sample, where the deposition of a layer composed of 
flake-like structures with different sizes, shapes and orientations, can 
contribute to the larger roughness of this sample compared to the sub
strate without treatment. Regarding the Mg1Ca-HF sample, the hydro
fluoric acid etching resulted in a slight surface roughning compared to 
the bare substrate. Considering the surface roughness of the Mg1Ca- 
Al2O3, this is similar to that of the bare substrate, indicating the depo
sition of a thin layer of Al2O3 with high conformality, thereby not 
significantly changing the substrate roughness. On the other hand, 
CH3COOH etching (Mg1Ca-CH3COOH) led to the smoothest surface 
finishing. In this case, the etching allowed to remove unevennesses from 
processing, such as the grinding marks, as well as to uniformly remove 
impurities from the surface, which render the surface with a lower 
roughness.

Overall, the results obtained by SEM and AFM demonstrate that the 
type of surface treatment influences the surface topography as well as 
roughness properties.

3.2. Phase composition and crystal structure

The XRD patterns acquired from the pre-treated samples are shown 
in Fig. 4. As it can be seen from the patterns of the different surface 
treatments (Fig. 4 A) only the substrate peaks (marked as Mg) are mainly 
observed, as demonstrated by the peaks at 2θ angles around 32◦, 34◦, 
36◦, 47◦, 57◦ and 63◦ corresponding to (100), (002), (101), (102), (110) 
and (103) crystal planes of Mg respectively (JCPDS card number 
04–003-5290).

However, in the case of hydroxyapatite and phosphoric acid surface 
treatments, additional peaks can be observed (Fig. 4 B), which corre
sponds to HAp and Ca3(PO4)2 phases. Mg1Ca-HAp present peaks at 2θ 
angles around 26◦, 28◦, 29◦, 49◦, 51◦ and 53◦ corresponding to (002), 
(102), (210), (213), (312) and (004) crystal planes indexed to 
Ca10(PO4)6(OH)2 (JCPDS card number 00–064-0738). In the case of 
Mg1Ca treated with phosphoric acid (Mg1Ca-H3PO4), the diffractogram 
presents peaks at 2θ angles around 23◦, 26◦, 27◦ and 29◦ related with 
(132), (043), (− 334) and (004) crystal planes of Ca3(PO4)2, respectively 
(JCPDS card number 00–029-0359).

In the particular case of Mg1Ca-Al2O3 sample, no peaks corre
sponding to Al3O3 film are detected, which is consistent with the liter
ature reporting that Al2O3 films deposited below 400 ◦C tend to form an 
amorphous structure [54]. This absence of peaks from the coating 
further supports the amorphous nature of the deposited film.

For the Mg1Ca-HF and Mg1Ca-CH₃COOH treatments, the XRD pat
terns primarily show peaks attributed to the Mg substrate, suggesting 
that the films formed are essentially amorphous. The short durations of 
the chemical treatments (60 min for HF and 2 min for CH3COOH) likely 

Fig. 2. Photographs of (A) untreated Mg1Ca alloy and (B) Mg1Ca-H3PO4; (C) Mg1Ca-HF; (D) Mg1Ca-CH3COOH; (E) Mg1Ca-Al2O3 and (F) Mg1Ca-HAp 
treated substrates.
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Fig. 3. SEM micrographs (A1-F1) with corresponding EDS spectra (A2-F2) and AFM topographic images (A3-F3) of (A) untreated Mg1Ca alloy and Mg1Ca substrates 
after surface treatments: (B) Mg1Ca-H3PO4; (C) Mg1Ca-CH3COOH; (D) Mg1Ca-HF; (E) Mg1Ca-Al2O3; (F) Mg1Ca-HAp. SEM images were captured with a magnifi
cation of 600×, while AFM images covered an area of 10 μm × 10 μm.
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contributes to this amorphous nature, as short exposure times can hinder 
the development of well-ordered crystalline structures. Additionally, no 
peaks related to the possible formation of MgF2, Mg(OH)xF2-x or Mg 
(CH3COO)2 phases were observed, likely due to the low film thickness, 
as suggested by SEM, EDS, and GDOES analysis. These reduced thick
nesses likely weaken the signal intensity, explaining the absence of 
detectable crystalline phases in the XRD results.

3.3. Chemical analysis and surface elemental profiles

Chemical analysis and surface elemental profiling of the surface- 
treated Mg1Ca substrates were conducted using GDOES (Fig. 5). From 
GDOES depth profiles, three main regions can be observed on Mg1Ca 
alloy samples after pre-treatments. Region I corresponds to the layer 
formed during the surface treatment step, region II is ascribed to the 
transition from the outer (film) to the inner (alloy) layer and region III to 
the substrate.

Fig. 5A represents the depth profile of the bare substrate where only 
Ca and Mg profiles are observed, which allows to identify the substrate 
region on GDOES depth profile of the surface treated samples. In Fig. 5B, 
depth profile of Mg1Ca-H3PO4 sample, region I (0 < t < 10 s) corre
sponds to a thin layer rich in P and with the presence of O and Ca, 
consistent with the existence of a film of calcium phosphate. Region II 
(10 s < t < 40 s) is considered as a transition region from the outer layer 
to the alloy, where it can be observed the decrease of P and O signals 
from the film layer and the increase of the Mg and Ca signals from the 
substrate. The peak in the Ca signal in this transition region, is consistent 
with the enrichment of Ca in the alloy. Region III (t > 40 s) is ascribed to 
the substrate, where the most intense signals correspond to Mg and Ca, 
the major constituents of the alloy under study (Mg1Ca).

In the case of the Mg1Ca-HF treated sample, and contrary to what 
was observed in the EDS spectrum (Fig. 3-D3), GDOES depth profile 
(Fig. 5C) does not present any peak related with fluorine. This element 

could not be measured due to the use of an argon plasma, which has low 
efficiency for excitation of optical emission from fluorine [55]. The Mg 
and O profiles in the very beginning of the measurement (0 < t < 5 s – 
region I) supports the previously suggested formation of a thin Mg 
(OH)xF2− x surface layer based on the EDS results. Moreover, the Mg and 
Ca signals rise relatively steeply during sputtering time until reaching 
the substrate characterized by the plateau approximately at t = 90 s 
(region III), suggesting once more that the formed film is thin. In Fig. 5 D 
the GDOES depth profile of the Mg1Ca-CH3COOH sample is presented. 
In region I (0 < t < 5 s) a signal arising from C can be observed, that may 
be related with the presence of a thin layer of a magnesium acetate [25]. 
Though, one can look at Mg and Ca profiles to have an idea of the 
thickness of the formed film. These profiles start to become more intense 
just in the beginning of the measurement (t > 5 s) which corresponds to 
the transition region, reaching the alloy at t = 30 s (region III) indicating 
that if there is any film deposited on the substrate, it is thin, as previ
ously suggested by SEM and EDS analyses.

Regarding the atomic layer deposition of alumina (Fig. 5E) we can 
observe that there is a full layer of Al and O consistent with the depo
sition of an Al2O3 film (region I). This Al2O3 layer is somehow similar in 
thickness when compared to the calcium phosphate one, since it takes 
similar time to reach the substrate region. In Fig. 5F the depth profile of 
Mg1Ca-HAp suggests the presence of a thicker outer layer (region I) 
mostly composed by Ca and P consistent with the formation of the hy
droxyapatite film.

Comparing the depth profiles of the Mg1Ca alloys subject to the 
different surface treatments, the main difference observed is the thick
ness of the film formed onto the substrates surface, being the sample 
treated with hydroxyapatite the one with a thicker film deposited, which 
can be observed by the longer time that it takes to reach region III 
ascribed to the substrate.

In summary, GDOES analysis is in good agreement with the results 
obtained by SEM/EDS, showing that after the different treatments, the 
films formed on the surface of the Mg substrates are very thin. By 
considering similar sputtering rates and sample densities, GDOES fa
cilitates a comparative analysis of film thickness among all the applied 
surface treatments. Interestingly, the results indicate that HAp allows for 
the formation of the thickest film among all the treatments.

Moreover, SEM analysis of cross-sections (images provided in the 
supporting information, _Fig. S1) further corroborates these findings. 
Determination of film thickness is challenging. However, based in the 
difference on conduction contrast between the coating and the substrate, 
the films thickness were found to be around 19 and 34 nm, with the 
thickness for HAp being the highest (approximately 34 nm). These 

Table 2 
Root mean square (RMS) roughness values extracted from the AFM 
topographic images.

Sample RMS Roughness (nm)

Mg1Ca 234
Mg1Ca-H3PO4 736
Mg1Ca-HAp 409
Mg1Ca-HF 253
Mg1Ca-Al2O3 224
Mg1Ca-CH3COOH 181

Fig. 4. X-ray diffraction (XRD) patterns of: (A) Mg1Ca alloy before and after different pre-treatments; (B) Mg1Ca, Mg1Ca-H3PO4 and Mg1Ca-HAp samples with 
identification of the crystal phases present.
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values are in agreement with the GDOES results, reinforcing the 
conclusion that HAp treatment leads to the thickest film deposition on 
the Mg1Ca alloy substrates.

From the results presented so far it is possible to confirm that the 
different surface treatments influence surface topography and roughness 
properties, mostly producing thin films. Furthermore, with the excep
tion of HAp and H3PO4 surface treatments, which seem to present some 
additional crystalline phases alongside the amorphous material, the 
other films are essentially amorphous.

3.4. Electrochemical impedance spectroscopy

3.4.1. Mg1Ca in MEM
The corrosion behavior of Mg1Ca in MEM, has already been studied 

in a previous work [3]. Fig. 6A depicts the EIS spectra for bare Mg1Ca in 
MEM during a 48 h immersion period in MEM. The qualitative analysis 
of EIS data demonstrate that the impedance magnitude increases with 
the immersion time, as a result of the buildup of a protective layer which 
drastically reduces the corrosion of the alloy [3]. In direct contact with 
MEM, Mg1Ca may find all the ingredients to keep a fairly stable corro
sion products layer namely carbonates, phosphates, magnesium and 
calcium ions, as well as a suitable pH range.

However, when considering the attempt to modify Mg1Ca with a 
protective organic coating to induce further decrease in corrosion 
degradation, the results obtained are the opposite. Previous attempts by 
our research group, revealed that the adhesion of biodegradable poly
meric coatings to Mg tends to be hampered by the reactivity of Mg in the 
presence of H2O. As an example, Fig. 6B and C shows optical 

Fig. 5. Qualitative GDOES depth profiles of Mg1Ca substrates before and after pre-treatments: A – Bare substrate; B – Mg1Ca-H3PO4; C – Mg1Ca-HF; D – Mg1Ca- 
CH3COOH; E – Mg1Ca-Al2O3; F – Mg1Ca-HAp. (*) in the sample Mg1Ca-HAp, Ca signal was divided by 10 due to its very high intensity, thus avoiding to obtain the 
signal of the others elements on background level.
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photographs of Mg1Ca coated with polyetherimide (PEI), before and 
after immersion in MEM. After immersion up to 24 h it is possible to 
observe signs of corrosion, with formation of blisters and subsequent 
coating detachment (Fig. 6C), most probably due to hydrogen evolution 
and cathodic delamination. Therefore, these results unambiguously 
show that before application of the protective organic coating layer, it is 
necessary to stabilize the Mg1Ca surface. In the present study, surface 
stabilization was achieved through specific surface treatments, and our 
evaluation of coating adhesion was primarily based on visual in
spections following both corrosion and cytotoxicity tests. These in
spections did not reveal any noticeable detachment or flaking of the 
coatings from the surfaces, suggesting strong adhesion under the specific 
conditions employed in our study (immersion in minimum essential 
medium – MEM). (see supporting information, -Figs. S2 and S3).

3.4.2. Mg1Ca surface-treated samples
All treated samples were analyzed by EIS to assess their corrosion 

protective properties and to determine what surface treatments can 
prevent or delay the corrosion processes of the Mg alloy under study. 
Those results are shown as Bode plots in Fig. 7A-E for 15 min and 24 h 
immersion in MEM solution. Fig. 7F presents the overlapping of 
impedance magnitude for Mg1Ca substrates with different treatments, 
after 24 h of immersion in MEM, for the sake of comparison.

The qualitative analysis of the EIS spectra shows different trends 
depending on the surface treatment. While in the case of the Mg1Ca- 
H3PO4 and Mg1Ca-CH3COOH treated samples, as well as after the 
growth of the HAp layer (Mg1Ca-HAp), the magnitude of the impedance 
at low frequency increases in MEM as a function of immersion time (15 
min to 24 h), the impedance magnitude associated with the Mg1Ca- 
Al2O3 and Mg1Ca-HF samples decreases. In the case of the Mg1Ca- 
H3PO4, Mg1Ca-CH3COOH and Mg1Ca-HAp it seems that there is a 
positive effect of MEM components in building up of protective prop
erties of the conversion films. This can be visualized by the increase of 
the phase angle at high frequency with increase of immersion time, as 
well as the increase of impedance magnitude at low frequency with time, 

that is correlated to the corrosion rate. Moreover, the decrease in |Z| 
after treatment with HF is very significant, with the impedance after 24 
h being very low. The not so high stability of the alumina layer deposited 
by ALD as a function of time may be due to the lower stability of a 
defective Al2O3 layer in chloride-containing solutions (thin and 
amorphous-like layer) [43]. When comparing the EIS spectra acquired 
in MEM after 24 h, the best performing system is Mg1Ca-HAp.

Looking more specifically into the behavior of the best surface 
treatment among those studied in this work, namely Mg1Ca-HAp 
(Table 3), it is possible to see that EIS spectra have two well defined 
relaxation processes for short (0.25 h) as well as longer (24 h) time of 
immersion. The higher frequency time constant can be assigned to the 
conversion layer, which may grow during the immersion in MEM. The 
low frequency response is associated to the barrier MgO film present at 
the metal interface. The asymmetry in phase angle or a strongly 
degraded time constant at low frequencies represents the corrosion 
process, which inherently has characteristics close to non-polarisable 
electrode. For lower frequencies a third time constant may occur, but 
it is not possible to fit the EIS data in this frequency region due to the 
scattering of data. The EIS data were fitted using the equivalent circuit 
presented in Fig. 7G.

As the time of immersion progresses, there seems to occur a buildup 
in the protective layer in the case of surface treatments except alumina 
and HF systems. This is not totally unexpected as the ingredients that can 
offer protective ability to Mg1Ca directly in MEM, which coincide also 
with chemical composition of HAp (Ca, Mg, phosphates, hydroxides), 
are available in solution and in the substrate [3,56].

The effectiveness of corrosion protection provided by coatings can be 
significantly influenced by factors such as microstructure, chemical 
composition, and coating thickness. While several studies indicate that 
an increase in surface roughness typically results in reduced corrosion 
resistance in Mg alloys [57–60] our findings suggest that this trend is not 
universally applicable. Pre-treatments such as, H3PO4 and HAp, showed 
improved corrosion resistance despite increasing surface roughness. 
This implies that factors such as the chemical composition of the 

Fig. 6. (A) Bode representation of EIS spectra acquired for bare Mg1Ca in MEM, from 0.25 h to 48 h of immersion (full line corresponds to |Z| and dotted line 
corresponds to phase angle) – adapted from [3]; (B) Mg1Ca coated with an organic layer of PEI; (C) Mg1Ca coated with PEI after 4 h and 24 h immersion in MEM.
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Fig. 7. (A-E): Bode representation of EIS spectra acquired for Mg1Ca with different surface treatments in MEM, after 15 min and 24 h of immersion (full line 
corresponds to |Z| and dotted line corresponds to phase angle); (F): Comparison of impedance magnitude after 24 h of immersion; (G): EC circuit used to fit EIS 
impedance for Mg1Ca-HAp system (Constant-phase elements were used instead of pure capacitors).
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coatings/films formed during these pre-treatments could have a more 
dominant influence on corrosion behavior.

The key observation is that depending on the surface treatments 
applied, the evolution of the Mg alloy system in MEM differs signifi
cantly. In the cases of phosphate and acetate-based conversion layers, an 
improvement of the corrosion resistance can be observed as a result of 
precipitation of the dense protective layer constituted by the compo
nents of MEM and Mg alloy. In contrast, the thin oxide or fluoride layers 
do not provide similar ptotection, leading to a decrease in corrosion 
resistance over time during immersion in MEM.

3.5. Cytotoxicity evaluation of the surface-treated Mg1Ca extracts 
(indirect testing)

Cells underwent a 24-h exposure to Mg1Ca extracts, followed by a 

cytotoxicity assessment based on two established endpoints: the release 
of LDH, as a marker of the integrity of the plasma membrane, and the 
reduction of WST-1, as indicator of the cellular metabolic activity. Ex
tracts of the bare and surface-modified Mg1Ca alloy were prepared and 
tested for cytotoxicity in L929 fibroblast cells. As depicted in the Fig. 8, 
L929 cells exposed to the 24-h extracts of Al2O3-, HF- and CH3COOH- 
coated Mg1Ca alloys exhibited a significant increase in LDH extracel
lular levels (Fig. 8A) and a decrease in WST-1 reduction (Fig. 8B) when 
compared to the respective controls. On the other hand, exposure to the 
HAp- and H3PO4-coated Mg1Ca extracts did not significantly affected 
the viability of L929 fibroblast cells. A similar trend was observed in 
cells exposed for 24 h to the 72-h extracts (Fig. 9). Thus, comparing the 
effects induced by exposure to the direct extract of bare vs surface- 
modified Mg1Ca alloys we found that while Al2O3-, HF- and 
CH3COOH-coated Mg1Ca alloys induced higher cytotoxicity in L929 

Table 3 
Fittings for Mg1Ca-HAp surface treatment.

t/h Rsol Ω cm2 Rcoat Ω cm2 CPEcoat Ssncm− 2 ncoat Roxide Ω cm2 CPEoxide Ssncm− 2 noxide X2

0.25 23 ± 1 9.3 ± 0.4 × 103 6.7 ± 0.3 × 10− 7 0.64 ± 0.4 2.0 ± 0.1 × 104 2.8 ± 0.2 × 10− 5 0.76 ± 0.4 5.2 × 10− 4

24 30 (*) 8.3 ± 1.2 × 104 1.9 ± 0.3 × 10− 8 0.70 ± 0.01 2.5 ± 0.3 × 105 4.2 ± 1.01 × 10− 7 0.50 ± 0.05 3.6 × 10− 4

(*) parameter was fixed as there was high uncertainty in the fitting of this parameter.

Fig. 8. Effect of extracts of the surface-stabilized Mg1Ca alloys in L929 cells viability after a 24 h exposure. (A) Plasma membrane integrity (LDH release) and (B) cell 
metabolic activity (WST-1 reduction) after 24 h exposure to the 24-h extracts. Data are represented by the mean ± standard deviation (SD) of 3–4 independent 
experiments, each performed in triplicate. Data was analyzed using the one-way ANOVA test followed by the Tukey’s post hoc test to compare the direct extract of 
bare Mg1Ca alloy with the direct extract of the coated Mg alloy extracts (# p < 0.05, ## p < 0.01, ### p < 0.001; #### p < 0.0001 vs bare Mg1Ca).
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cells, no significant differences were observed for HAp- or H3PO4-coated 
Mg1Ca.

Surface modifications not only enhance the mechanical properties 
and corrosion resistance of Mg alloys but also improve their biological 
functions, such as biocompatibility and bioactivity. [57] Reports in the 
literature, on the effect of Mg corrosion on cell viability are ambivalent 
as there are reports that indicate survival of cells while others report cell 
death, mainly due to the different types of alloys and cell lines used 
according to Lorenz et al. [60]

The work by Keim et al. [61] demonstrated that simple chemical 
surface treatments, such as the formation of a biomimetic layer of Ca, P, 
and C, could control the corrosion rate of pure Mg, reducing Mg ion 
release and promoting cell adhesion. The HAp layer in our study, which 
consists of Ca and P, provides similar benefits by enhancing corrosion 
resistance while maintaining biological compatibility. In our cytotox
icity evaluations, Al2O3-, HF-, and CH3COOH-coated Mg1Ca alloys 
exhibited increased cytotoxicity, likely due to higher Mg ion release, 
while HAp- and H3PO4-coated alloys showed no significant negative 
impact on cell viability. The formation of a HAp layer, which mimics 
natural bone composition, not only enhances corrosion resistance but 
also maintains favorable biological interactions, aligning with previous 
studies [61]. These findings highligth the importance of surface modi
fication in balancing degradation rate and biocompatibility in Mg alloys, 
making HAp and H3PO4 pre-treatments particularly promising for 
biomedical applications.

3.6. Role of crystallinity in corrosion resistance and cytotoxicity

The crystalline structure of materials used in protective coatings 
plays a critical role in influencing both the corrosion resistance and 
cytotoxicity of Mg alloys in biomedical applications. These properties 
are interrelated, as the stability of amorphous versus crystalline phases 
affects the materials long-term behavior in biological environments, 
where degradation leads to ion release which impacts both corrosion 
performance and biological compatibility.

In the case of hydroxyapatite (HAp), its crystallinity is known to 
affect its biological interactions and dissolution behavior. A study by 
Anjos et al. [62] demonstrated that nanostructured carbonated hy
droxyapatite (nCHA) exhibited comparable in vitro biocompatibility 
across varying crystallinities, with no cytotoxic effects. However, Chou 
et al. [63] demonstrated that higher crystallinity in HAp coatings 
resulted in reduced pH changes in culture media, thereby lowering the 
risk of cytotoxicity. This suggests that crystalline HAp coatings offer 
better protection against ion release and medium alkalization, 
improving both corrosion resistance and long-term implant integrity. In 
contrast, lower crystallinity may accelerate initial bone formation but 
compromises long-term stability as the structure degrades faster [64].

For alumina (Al2O3), its crystalline phases, particularly α-alumina, 
are recognized for their superior chemical stability and corrosion 
resistance [65]. However, studies on Al2O3 nanoparticles have shown 
that crystalline phase and particle size significantly impact cytotoxicity 

Fig. 9. Effect of extracts of the surface-stabilized Mg1Ca alloys in L929 cells viability. (A) Plasma membrane integrity (LDH release) and (B) cell metabolic activity 
(WST-1 reduction) after 24 h exposure to the 72-h extracts. Data are represented by the mean ± standard deviation (SD) of 3–4 independent experiments, each 
performed in triplicate. Data was analyzed using the one-way ANOVA test followed by the Tukey’s post hoc test to compare the direct extract of bare vs surface- 
modified Mg1Ca alloys. # p < 0.05, #### p < 0.0001 vs bare Mg1Ca.
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[66]. Exposure to γ/δ-phase Al2O3 nanoparticles induced DNA damagee 
and glutathione depletion, highlighting the cytotoxic potential of less 
stable phases. Amourphous Al2O3 coatings, particularly those grown by 
Atomic Layer Deposition (ALD), have shown slight cytotoxicity and 
limited biocompatibility, especially in long-term applications [67]. In 
addition to cytotoxicity, the crystallinity plays a significant role in 
enhancing corrosion resistance. Van Gestel et al. [68] reported that 
highly crystalline Al2O3 provides stronger corrosion protection in harsh 
environments compared to its less crystalline counterparts. This suggests 
that crystalline Al2O3 layers offer enhanced chemical stability and 
corrosion protection, crucial for long-term material stability in 
biomedical applications.

In our study, the crystalline hydroxyapatite (HAp) coating demon
strated superior corrosion protection by forming a stable barrier that 
reduced Mg1Ca degradation in MEM and minimized Mg ion release, 
which corresponded to reduced cytotoxicity as confirmed by our LDH 
and WST-1 assays. In contrast, the amorphous Al2O3 coating exhibited 
lower corrosion resistance, degrading faster and releasing more ions, 
resulting in increased cytotoxicity due to its poorer chemical stability, 
consistent with previous findings on amorphous coatings and Al2O3 
nanoparticles [66,67].

Overall, crystallinity plays a pivotal role in both corrosion resistance 
and cytocompatibility. Crystalline coatings degrade more slowly, 
releasing fewer ions, which improves corrosion resistance and mini
mizes cytotoxic effects. Conversely, amorphous coatings degrade 
rapidly, leading to higher ion release, faster corrosion, and increased 
cytotoxicity. These findings underscore the importance of crystallinity 
in optimizing the protective and biological performance of Mg alloys in 
biomedical applications.

3.7. Mechanisms in the origin of corrosion protection and cytotoxic effects

Crystallinity is not the single factor influencing the effectiveness of 
surface treatments. Other parameters such as chemical composition, 
thickness, adhesion and roughness can affect the way the substrate is 
protected against degradation [12,58,59,69] and how it affects cellular 
growth and proliferation [70]. As all of these parameters were not 
examined separately in this study - it would also go beyond the scope of 
the work - the complex interplay between them cannot be fully dis
closed, but their effect can only be partially assumed.

In the case of the modification with the three acids, the type of layer 
formed is thin and amorphous, which enables a faster dissolution of 
chemical layers formed, thereby enabling higher corrosion rates. Simi
larly, the aluminium oxide layer prepared by ALD generates a thin, 
amorphous layer that can dissolve/be attacked fast by chlorides, 
exposing Mg1Ca and enhancing its corrosion. With faster dissolution of 
Mg1Ca (i.e. fast kinetics and therefore high corrosion rates), the excess 
of Mg2+ can be the reason for cytotoxic effects observed for in Al2O3-, 
HF-, and CH3COOH-coated Mg1Ca alloys. Moreover, in the case of HF 
and Al2O3, F and Al ions released can additionally contribute to the 
cytotoxic effects observed. The presence of these layers may also have a 
negative impact on the growth of the naturally developed protective 
layer, known to protect Mg1Ca within specific conditions, when directly 
exposed to MEM [3,56].

In the case of the H3PO4-coated Mg1Ca, the layer grown is relatively 
thin and offers low protection against corrosion when compared to the 
bare alloy as mentioned before, possibly affecting the way the naturally, 
amorphous-like corrosion product layer could be developed (recall 
Fig. 7F, especially impedance at low frequencies). However, its perfor
mance is not far from bare Mg1Ca after 24 h of immersion and its 
cytoxicity is also low (Figs. 8 and 9). The reason for this is that phos
phates are also present in MEM and can grow as part of the protective 
corrosion product layer. At the same time, the low cytotoxicity observed 
for H3PO4-coated Mg1Ca, can be due to a lower dissolution of Mg2+, 
when compared to Al2O3-, HF-, and CH3COOH-coated Mg1Ca, and to 
the fact that phosphates are biologically relevant compounds not 

inducing additional detrimental effects [2,27]. Finally, the best system, 
HAp-coated Mg1Ca, is thicker, more crystalline than the other tested 
surface treatments and composed of low toxic compounds. It acts as a 
truly effective barrier against ingress of electrolyte, thereby preventing 
corrosion attack of Mg1Ca, while the relative low release of Ca and 
phosphates has a relative low effect on the cellular viability.

4. Conclusions

In this work, different surface treatments were applied to Mg1Ca 
biodegradable alloy, influencing both surface topography and rough
ness. Most of the treatments resulted in the formation of amorphous thin 
films, with the notable exception of Mg1Ca-HAp, which formed a crys
talline material and exhibited the thickest protective layer among the 
tested treatments. EIS analysis showed that the HAp layer provided the 
best corrosion protection, with significantly higher impedance values 
compared to other treatments after 24 h immersion in MEM. Both the 
HAp and H3PO4 treatments also demonstrated promising biocompati
bility, as L929 cells exposed to their extracts showed no significant 
cytotoxicity compared to controls. The biological relevance of HAp, 
coupled with its corrosion protective and non-cytotoxic characteristics, 
undersores its potential for further development into multilayer coatings 
for biomedical applications. This study paves the way for future research 
aimed at optimizing surface treatments to enhance the performance and 
safety of Mg alloys in medical devices.
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