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ARTICLE INFO ABSTRACT

Keywords: In this work, the corrosion behavior of pure Mg, Mg3Ag, Mgb6Ag, and MgZnYNd alloys in different

M_ﬂgﬂeSi_um_aHOYS fixatives (ethyl alcohol (EA), 85 % ethyl alcohol (85 % EA), 10 % neutral buffered formalin (10 %

E?Sue fixative NBF), 4 % glutaric dialdehyde (4 % GD), and 4 % paraformaldehyde (4 % PFA)) was investigated
icrostructure

to provide a valuable reference for the selection of fixatives during the histological evaluation of
Mg implants. Through the hydrogen evolution test, pH test, and corrosion morphology and
product characterization, it was found that corrosion proceeded slowest in the EA and 85 % EA
groups, slightly faster in 4 % GD, faster in 10 % NBF, and fastest in 4 % PFA. After corrosion, the
EA group surface remained unchanged, while the 85%EA group surface developed minor cracks
and warping. The 4%GD fixative formed a dense needle-like protective layer on the Mg substrate.
The 10%NBF group initially grew a uniform layer, but later developed irregular pits due to
accelerated corrosion. In contrast, the 4%PFA solution caused more severe corrosion attributed to
chloride ions. The main corrosion products in the EA and 85%EA groups were MgO and Mg(OH),,
while the other fixatives containing diverse ions also yielded phosphates like Mgs3(PO4)2 and
MgHPO,. In 4 % PFA, AgCl formed on the surface of Mg6Ag alloy after corrosion. Therefore, to
minimize Mg alloy corrosion without compromising staining quality, EA or 85 % EA is recom-
mended, while 4 % PFA is not recommended due to its significant impact.

Corrosion behavior

1. Introduction

In the field of biomedical materials, biomedical magnesium (Mg) alloys are frequently used [1,2]. To observe the biological re-
action between Mg alloys and the surrounding tissues, precipitate or solidify the substances in the tissues and cells, prevent the cells
from autolysis, and maintain cell morphology, Mg alloy implants are usually taken out together with the surrounding tissues and put
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into fixatives, which is convenient for further analysis [3].

To date, various fixatives have been developed to fix different tissues, mainly including aldehydes and ethanol. Aldehydes fix cells
by forming cross-linkages within or between proteins [4,5]. Formaldehyde and glutaraldehyde (GD) have their advantages and are the
most commonly used aldehyde fixatives. Formaldehyde fixatives, such as neutral formalin (NBF) and paraformaldehyde (PFA), can
quickly penetrate tissues and cells, while GD can react rapidly with cell structural proteins, and is mostly used to prepare samples for
scanning electron microscopy (SEM) [6]. However, aldehyde fixatives are carcinogenic, and molecular cross-linking can affect the
analysis of certain nucleic acids and proteins [7]. Ethanol (EA) fixes and dehydrates tissues, and mostly avoids the damage by alde-
hydes to macromolecules. However, its penetrating ability is weak, and long-term immersion can easily cause tissue and cells to deform
and shrink [8]. Therefore, at present, no one fixative is ideal for all situations, and the fixative should be selected as needed [9].

In addition, a tissue fixative might influence the corrosion of Mg alloys, which may interfere with the evaluation of the quality of
sliced staining and implantation efficacy. However, currently, most researchers are mainly concerned about the influence of a cor-
rosive environment in vivo or in vitro on the corrosion of biomedical Mg alloys [10-12]. When selecting a fixative, researchers usually
only consider its influence on tissues, but not on Mg alloy implants, and there have been nearly no such studies on the influence of the
storage environment (especially the fixative) on Mg alloy implants. Therefore, it is necessary to explore the influence and mechanism
of fixative compositions on Mg alloy corrosion, identify a fixative that meets the requirements of minimal Mg alloy corrosion, and
consider the fixing effect on the quality of sliced staining.

In this paper, five commonly used fixatives: EA, 85 % EA, 10 % NBF, 4 % GD, and 4 % PFA, were selected to study the effects of
different fixatives and immersion time on the corrosion process of four kinds of Mg alloys (pure Mg, Mg3Ag, Mg6Ag, and MgZnYNd) in
vitro. This study aimed to provide a theoretical reference for selecting suitable fixatives for biomedical Mg alloys from the corrosion
perspective, hoping to obtain more real data from in vivo studies.

2. Materials and methods
2.1. Material preparation

For this study, pure Mg (Mg > 99.98 wt%), Mg3Ag (3.0 wt% Ag, Fe < 0.0022 %, Cu < 0.001 %, Ni < 0.001 %), Mg6Ag (6.0 wt% Ag,
Fe < 0.0022 %, Cu<0.001 %, Ni < 0.001 %), and MgZnYNd (2.0 wt% Zn, 0.46 wt% Y, 1.0 wt% Nd) were prepared for testing. The
materials were all in extruded conditions with an extrusion ratio of 7.1 for pure Mg, Mg3Ag, and Mg6Ag, and 17.4 for MgZnYNd [13,
14]. Each kind of material was cut into cylindrical pieces (®8 x 2 mm) for study. All the specimens were mechanically ground using
silicon carbide (SiC) paper up to 3000 grits and cleaned in ethanol on an ultrasound machine for about 20 min, and then dried in cold
air.

2.2. Immersion media

Deionized water was used as the base solution for all immersion media. Pure ethanol (>>99.5 %; Aladdin, Shanghai, China), 36 %
formaldehyde in HyO (Aladdin), 50 % Glutaraldehyde in HoO (Aladdin), Paraformaldehyde (Aladdin), and inorganic salt were added
in deionized water to produce 85 % EA, 10 % NBF, 4 % GD, and 4 % PFA fixatives, respectively. Pure EA was also used as a fixative in
this study. The inorganic salt composition of the five fixatives is shown in Table 1. The pH values of 10 % NBF, 4 % GD, and 4 % PFA
were adjusted to approximately 7.0.

2.3. Immersion test

The polished and cleaned samples were immersed separately in the five kinds of fixatives at 25 + 0.5 °C. The volume of the fixative
was 20 mL. Three identical samples were tested for each experimental group to ensure the data accuracy.

2.3.1. Hydrogen evolution

During the immersion test, the volume of hydrogen evolved was measured every two days. The sample was covered with a funnel
inserted into an inverted burette [12,15]. The Hy gas produced by the corrosion was collected at the top of the burette by displacing the
solution contained in it. The volume of the H; evolved was then assessed by noting the level of the fixative inside the burette during the
experiment.

Table 1
Inorganic salt composition of five fixatives: EA, 85%EA, 10%NBF, 4%GD, and 4%PFA.
EA 85 % EA 10 % NBF 4 % GD 4 % PFA
NayHPO, (g/L) - - 6.5 21.18 11.5
NaH,PO, (g/L) - - 4 - 2.96
KH,PO,4 (g/L) - - - 1.4 -

Nacl (g/L) - - - - 8.5
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2.3.2. pH measurements
The pH value of the fixatives was measured using a pH composite electrode (E—201F, Leici, Shanghai, China) every two days, and
calibration was carried out in standard buffer solution before each measurement.

2.3.3. Surface and cross-sectional morphology analysis

After 1 and 4 weeks of immersion, the samples without removal of the corrosion products were used directly to assess their
morphology by a field-emission scanning electron microscopy (SEM, QUANTA 200F, FEI, Hillsboro, OR, USA/HITACHI SU8220,
Tokyo, Japan). After removing the corrosion products, a 3-dimensional (3-D) digital microscope (DVM6A, Leica, Wetzlar, Germany)
was used to observe and measure the surface morphology of the sample. A surface roughness curve was drawn on the most corroded
area for each corroded sample to indicate the degree of sample corrosion.

2.3.4. Composition analysis

The surface and cross-section compositions of the corrosion product layer were analyzed using an energy-dispersive X-ray spec-
trometer and a Bruker FlatQuad X-ray spectrometer (Bruker, Billerica, MA, USA). Moreover, X-ray photoelectron spectroscopy (XPS,
PHI QUANTERA-II SXM, ULV AC-PHI, Kanagawa, Japan) was used to characterize the composition of chemical elements and chemical
states of the sample surface after immersion. The XPS spectra were recorded using Al Ko radiation (1486.6 eV) as the excitation source.
The binding energy of the C 1s signal was used to correct the spectra for charging. The background was subtracted using the Shirley
method in all spectra. For each immersion parameter, a survey spectrum and high-resolution spectra for C 1s, O 1s, Mg 2p, and P 2p
signals were measured. The C 1s narrow scans were fitted using Multi-Pak Software (Gaussian multi-peak fitting; Physical Electronics,
Chanhassen, MN, USA).

3. Results
3.1. Hj evolution of the different fixatives during the immersion test
Fig. 1(a) and (b) show the hydrogen evolution volume and hydrogen evolution rate of four kinds of samples (pure Mg, Mg3Ag,

Mg6Ag, and MgZnYNA) in five different fixatives (EA, 85 % EA,10 % NBF, and 4 % GD) over 28 days of corrosion. Fig. 1(c) and (d) are
partially enlarged views of the corresponding data.
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Fig. 1. (a) Hydrogen volume and (b) hydrogen evolution rate released in different fixatives during the immersion test. (c) and (d) are partially
enlarged views of (a) and (b), respectively.
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In general, during the corrosion process, the hydrogen evolution volume and hydrogen evolution rate of the samples in different
fixatives were 4 % PFA >10 % NBF >4 % GD > 85 % EA > EA. The samples immersed in 4 % PFA (2.2-7.9 mL ecm~2d7!) and 10 % NBF
(0.29-2.0 mL ecm~2 d!) had a large hydrogen release rate in the first two days, and the hydrogen release volume also increased
rapidly. After two days, the hydrogen release rate decreased rapidly and then fluctuated. The samples immersed in 4 % GD (0.05-0.09
mL cm~2 d1) also had a high hydrogen release rate in the first 6 days, after which the rate decreased rapidly, and then the rate
fluctuated. The hydrogen release rate of the sample immersed in 85 % EA was low and the fluctuation range was small during the
corrosion period, and the increase in the hydrogen release volume was slow. However, almost no hydrogen evolution was detected in
the samples immersed in EA.

Except for the samples immersed in EA, the hydrogen evolution rate of samples immersed in other fixatives was related to the
sample composition. For the samples immersed in 4%PFA, 4%GD, and 85%EA, the hydrogen release rate was Mg6Ag > Mg3Ag > Mg
~ MgZnYNd. Thus, for these three fixatives, the higher the content of Ag, the faster the hydrogen release rate, while other elements like
Zn, Y, and Nd might not affect hydrogen release. The hydrogen release rate of Mg6Ag immersed in 4 % PFA decreased after 12 days,
which was lower than that of other samples. This is because the Mg6Ag alloy may degrade completely at this time, and there was not
enough Mg to react with the fixative. For the samples immersed in 10 % NBF, the corrosion rate was Mg6Ag < Mg3Ag < MgZnYNd <
Mg. Moreover, for 10 % NBF, the higher the content of Ag, the slower the hydrogen release rate, while other elements like Zn, Y, and Nd
might accelerate hydrogen release.

3.2. pH value of the different fixatives during the immersion test

Fig. 2 shows the changes in the pH value of the 10 % NBF, 4 % GD, and 4 % PFA groups during corrosion, which were added with
buffer inorganic salts. The pH values of EA and 85 % EA were not monitored since they cannot be detected by the pH meter. The pH
values of 10 % NBF, 4 % GD, and 4%PFA without buffering inorganic salts were 4.5, 3.8, and 9.4, respectively. After adding buffering
inorganic salts, the initial pH value of each fixative was close to 7.0.

In the first two days after the immersion test, the pH values of all the 10 % NBF samples increased markedly, and then increased
slowly; however, the pH values of the pure Mg and MgZnYNd groups increased significantly after 22 days. The pH value of 4 % PFA
immersed with pure Mg and MgZnYNd increased markedly in the first two days and then increased slowly. The change of pH value of 4
% PFA immersed with Mg3Ag could be divided into four stages: the pH value rose rapidly over 0-8 days, increased slowly over 8-14
days, increased again over 14-24 days, and then decreased after 24 days. The pH value of 4 % PFA immersed with Mg6Ag increased
sharply (from 6.8 to 10.6) in the first two days, decreased (from 10.6 to 9.87) over 2-8 days, and remained stable after 8 days. The pH
values of all 4 %GD samples increased markedly in the first two days, and remained basically unchanged from day 2 to day 22, after
which it decreased slightly.

3.3. Surface morphology and composition of the samples after immersion in different fixatives

Fig. 3 shows the surface morphology of the samples after immersion in different fixatives for 1 week and 4 weeks, respectively.
After 1 week of immersion, all the samples in the EA group were basically unchanged compared with the non-immersed control group,
and clear scratches caused by SiC paper polishing could be seen. In the 85 % EA group, for the pure Mg and MgZnYNd samples, the
surface scratches still existed, and some white particles appeared; however, for the Mg3Ag and Mg6Ag samples, the scratches dis-
appeared, and surface cracks and warps appeared. In the 10 % NBF group, the surface of the sample was covered with a cracked
corrosion product layer. The crack might have been caused by drying during sample preparation and observation. In the 4 % GD group,
the surface of the sample was covered with a regular needle-like layer. In the 4 % PFA group, the surface of the pure Mg sample was
covered with a fine cracked corrosion product layer. While in the Mg3Ag sample, a larger degree of cracking of the corrosion product
layer was observed. The surface of the Mg6Ag sample was covered with an irregular corrosion product layer, and many holes appeared
as aresult of local corrosion. The corrosion product layer on the surface of the MgZnYNd sample was very thin, and clear scratches and
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Fig. 2. The pH values of different fixatives during the immersion test.
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Fig. 3. Scanning electron microscopy images of the sample surfaces after immersion in different fixatives for 1 week and 4 weeks.

cracks could still be seen.

After 4 weeks of immersion, the surface of the samples had changed greatly. In the EA group, the scratches on the surfaces of the
pure Mg, Mg3Ag, and Mg6Ag samples were more prominent, and bumps were distributed along the scratch direction. The composition
of the bumps and nonbumps was analyzed using energy-dispersive X-ray spectroscopy (EDS), as shown in Table 2. The results showed
that the O content in the bumps was higher, and it was preliminarily determined that Mg alloys formed oxides during immersion in EA.
For the MgZnYNd samples, only a few bumps distributed on the surface were observed, indicating a lower degree of oxidation. In the
85 % EA group, with the increase of Ag content, the corrosion of the pure Mg, Mg3Ag, and Mgb6Ag samples became more serious. The
bumps on the surface of pure Mg became dense and there were fine cracks on the bumps. The surfaces of the Mg3Ag and Mg6Ag
samples were completely cracked, and the surface of the MgZnYNd sample was partially corroded and cracked. The corrosion product

Table 2
Energy-dispersive X-ray spectroscopy results of the surface position 1 and 2 for pure Mg samples after im-
mersion in ethanol (EA) for 4 weeks.

Position Element wt.% at.%

1 C 5.85 10.12
(¢] 21.37 27.73
Mg 72.28 62.15

2 C 1.88 3.04
fo) 44.70 54.28
Mg 53.42 42.68
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layer on the surface of the Mg alloys in the 10 % NBF, 4 % GD, and 4 % PFA groups became more irregular than those with 1-week
immersion. For 10 % NBF and 4 % PFA groups, more corrosion pits appeared, and it’s worth noting that the Mg6Ag sample in the 4 %
PFA group had completely degraded.

Furthermore, the surface chemical composition changes of each sample were analyzed in more detail using EDS. For EA and 85%EA
groups, O and Mg elements are mainly concerned. As shown in Fig. 4(a), in the EA group, the O content on the surface of all samples
after 4 weeks of immersion was higher than that after 1 week of immersion. The O content of pure Mg immersed in EA remained
basically unchanged (increased only by 0.89 at. %), followed by Mg3Ag and MgZnYNd, which increased by 12.76 at. % and 16.82 at. %
respectively, and the O content of Mg6Ag increased the most, with 30.85 at. %. The O content of Mg, Mg3Ag, and MgZnYNd immersed
in 85 % EA for 1 week was similar to that when immersed in EA for 1 week, and the O content of samples in 85 % EA increased
significantly after 4 weeks. However, the O content on the surface of the Mg6Ag sample in the 85 % EA group after 1 week was 34.65
at. % higher than that in the EA group, and there was little difference in the surface O content of the Mg6Ag sample in the two fixatives
(EA and 85%EA) after 4 weeks of immersion.

For 10%NBF, 4%GD, and 4%PFA groups, Mg and P elements are mainly concerned. As shown in Fig. 4 (b), in the 10%NBF group,
compared with immersion for 1 week, only the content of P on the surface of pure Mg increased obviously after 4 weeks, and the
content of other samples changed little. In the 4 % GD group, compared with immersion for 1 week, the element content on the surface
of all samples showed little change after immersion for 4 weeks. In the 4 % PFA group, the content of Mg on the surfaces of pure Mg,
Mg3Ag, and MgZnYNd samples increased markedly, among which that of Mg3Ag increased by 17.75 at. % at most. However, the P
content on the surfaces of the three samples decreased markedly, and the maximum decrease of Mg3Ag was 13.87 at.%.

Fig. 5 shows the XPS results for narrow scans of Mg 2p on the sample surfaces after immersion in five fixatives for 4 weeks. It should
be noted that MgbAg completely corroded after immersion in 4 % PFA for 4 weeks, thus some powdery corrosion products were
selected for detection. The Mg 2p spectrum can be assigned to MgO, Mg (OH),, Mgs(PO4)2, and MgHPO, according to the previous
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Fig. 5. X-ray photoelectron spectroscopy results using narrow scans of Mg 2p on the sample surfaces after immersion in different fixatives for 4
weeks (Black solid line: measured curve, red solid line: total fitting curve, other solid lines: fitting curves of various substances, and red dotted line:
error between fitting value and measured value). (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

researches [16-18]. As shown in the figure, in the EA group, only MgO was detected on the surfaces of the pure Mg and MgZnYNd
samples, while MgO and Mg (OH), were detected on the surfaces of the Mg3Ag and Mg6Ag samples. This is because alcohol absorbs
moisture in the air, and materials with poor corrosion resistance, such as Mg3Ag and Mg6Ag, react with H,O to generate Mg (OH),. In
the 85 % EA group, Mg (OH), was formed on the surface of all samples, which may indicate that Mg alloys were more seriously
corroded in 85 % EA.

For the 10 % NBF, 4 % GD, and 4 % PFA groups, except for MgO and Mg (OH),, Mg3(PO4), was detected on the surfaces of the
Mg3Ag and Mg6Ag samples in the 10 % NBF and 4 % GD groups, and MgHPO4 was detected on the surfaces of Mg3Ag in the 4 % PFA
groups. This indicated that Ag-containing Mg alloys were more likely to react with the phosphate. However, only MgO and Mg (OH),
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were detected on the surfaces of the pure Mg and MgZnYNd samples. This may be due to that the phosphate products formed on the
surface of the two materials were rare, which can not be detected.

Fig. 6 (a) and (b) show the XPS results for narrow scans of Ag 3d and Cl 2p on the sample surfaces after immersion in five fixatives
for 4 weeks. Samples with obvious signal peaks were selected for analysis and display. It was found that the signal of elemental Ag [19]
could be detected on the surface of the Mg3Ag and Mg6Ag samples immersed in EA and 85 % EA, and the signal of AgCl [19] could be
detected on the surface of the Mg6Ag sample immersed in 4 % PFA.

3.4. Cross-sectional morphology and composition of the samples after immersion in different fixatives

Fig. 7 (a) and (b) show the cross-sectional morphology of the samples after immersion in different fixatives for 1 week. The results
of 4 weeks are shown in Supplementary Fig. 1. In each figure, the left side is the resin, and the right side is the sample. The middle
portion between the sample and the resin is the corrosion product layer with different thicknesses. In some samples, there were gaps
between the corrosion product layer and the matrix material or the resin, which was caused by thermal expansion and cold contraction
when the samples were embedded.

For pure Mg and all Mg alloys, immersion in EA resulted in no obvious corrosion interface being observed. After immersion for 4
weeks, a slight oxide layer thickness was observed, which might have been caused by the entry of water and oxygen from the air into
EA during immersion. The thickness of the corrosion layer varied with different materials. For pure Mg, Mg3Ag, and MgZnYNd,
immersion in EA for 4 weeks resulted in slight corrosion, with corrosion layer thicknesses of ~1 pm, ~5 pm, and ~7 pm, respectively.
Mg6Ag exhibited a higher degree of corrosion, with a corrosion layer thickness of ~15 pm.

The immersion of pure Mg and MgZnYNd in 85 % EA for 1 week did not result in any significant changes. However, after 4 weeks of
immersion, a small amount of corrosion occurred, with a corrosion layer thickness of ~7 pm. In contrast, Mg3Ag and Mg6Ag expe-
rienced higher corrosion, and the thickness of the corrosion layer increased with increasing Ag content and immersion time. The
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Fig. 6. X-ray photoelectron spectroscopy results using narrow scans of (a) Ag 3d and (b) Cl 2p on the sample surfaces after immersion in different
fixatives for 4 weeks (Black solid line: measured curve, red solid line: total fitting curve, other solid lines: fitting curves of various substances, and
red dotted line: error between fitting value and measured value). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 7. Energy-dispersive X-ray spectroscopy mapping results of cross-sections of (a) pure Mg, Mg3Ag and (b) Mg6Ag, MgZnYNd samples after
immersion in different fixatives for 1 week.

corrosion layer of Mg3Ag increased from ~11 pm after 1 week to ~75 pm after 4 weeks, while that of Mgb6Ag increased from ~10 pm
to ~140 pm.

When pure Mg and Mg alloys were immersed in 10 % NBF, 4 % GD, and 4 % PFA solutions, the HPO%’ and HyPOjy in the solutions
combined with the Mg?" generated by material degradation to form corrosion products with low solubility, such as Mg3(PO4)s,
MgHPO4-H,0, and Mg3(P0O4)2-H20, which could cover the sample surface [20]. Therefore, a corrosion product layer containing P
elements could be observed on the cross-section of the samples. The corrosion layer was thin and loose after 1 week of immersion, and
became thickened but remained loose after 4 weeks of immersion in 10 % NBF and 4 % PFA solutions. However, the corrosion layer
slightly thickened and became denser in the samples immersed in 4 % GD, which might be one of the reasons for the slower corrosion
rate of samples in 4 % GD.

In 10 % NBF, after 1 week of corrosion, the corrosion layer thickness of pure Mg, Mg6Ag, and MgZnYNd alloys ranged between 30
and 40 pm, except for Mg3Ag, which had a corrosion layer thickness of only ~6 pm. After 4 weeks of corrosion, the thickness of the
corrosion layer increased for all materials. The layer thickness of pure Mg increased by ~70 pm, while those of Mg3Ag, Mg6Ag, and
MgZnYNd increased by ~40 pm. Notably, except for pure Mg, the other three Mg alloys had an elongated and intermittently fractured
corrosion layer near the substrate after 4 weeks of immersion. This layer showed an enrichment of alloying elements: Mg3Ag and
Mg6Ag had an enrichment of Ag in this layer, while MgZnYNd had an enrichment of Zn. On the top of the alloying element enrichment
layer, Mg6Ag also had a dense corrosion layer rich in P deposited on the surface, while Mg3Ag did not have such a corrosion layer, and
this P-rich corrosion layer on the surface of MgZnYNd was relatively loose.

In 4 % GD, after 1 week of immersion, a corrosion layer appeared on the surface of the samples, and after 4 weeks, the corrosion
layer on all surfaces became denser. Except for MgZnYNd, the corrosion layer on the surfaces of the other three materials increased to
varying degrees. The corrosion layer of pure Mg increased from ~68 pm after 1 week to ~120 pm after 4 weeks, while the corrosion
layer of Mg3Ag increased from ~12 pm after 1 week to ~90 pm after 4 weeks.

In 4 % PFA, the corrosion rate of all materials was fast, especially for Mg3Ag and Mg6Ag. In the cross-sectional morphology, the
corrosion layer on the surface of pure Mg increased from ~38 pm after 1 week of immersion to ~100 pm after 4 weeks of immersion;
however, the corrosion layer was loose, and a corrosion crack that extended into the material could be observed in the sample after 4
weeks of immersion. Mg3Ag had a ~4 pm-thick corrosion layer on the surface after 1 week of immersion, while the obvious “corrosion
layer” disappeared after 4 weeks of immersion, leaving a corroded sample of ~150 pm thick. From the mapping results, it can be seen
that P elements appeared inside the material, indicating that significant corrosion has occurred within the material. Mg6Ag had an
~11 pm porous corrosion layer after 1 week of immersion, and after 4 weeks of immersion, the material had completely degraded, with
a large amount of black precipitate in the fixative (XPS analysis showed it to be elemental Ag). The corrosion layer on the surface of
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MgZnYNd increased from ~25 pm after 1 week to about ~130 pm after 4 weeks. For the 4-week immersion sample, the corrosion layer
could be divided into two parts: a dense Zn-enriched layer on the surface of the material substrate, which was ~60 pm thick, and a
corrosion layer rich in P, which was~70 pm thick.

3.5. Surface morphology of the samples after removal of the corrosion products

The surface morphology of the samples after removal of the corrosion products was observed using a 3D digital microscope, and the
results are shown in Fig. 8. The values in each figure are the maximum height difference on the surface. If the measurement exceeds 50
pm, it is highlighted in red to signify the possible presence of significant corrosion. In the EA group, the morphology of the samples
after immersion for 1 week did not change significantly, and the scratches produced by the sandpaper on the surface were visible. After
immersion for 4 weeks, the scratches were still visible, and there were some dark, spot-like areas on the surface, which were caused by
the absorption of moisture and oxygen in the air by EA, resulting in slight oxidation and corrosion of the Mg alloy. In the 85 % EA
group, the situation was similar, and the degree of oxidation and corrosion was more severe than in the EA group, especially for
samples after 1 week of immersion, in which the surface scratches were almost invisible. For samples immersed in 10 % NBF, 4 % GD,
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Fig. 8. Surface morphologies of the samples after removal of the corrosion products after immersion in different fixatives for 1 week and 4 weeks.
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and 4 % PFA, the corrosion was more obvious, and the scratches disappeared completely. Overall, the surface of pure Mg was less
affected by the fixatives, followed by MgZnYNd. Mg3Ag and Mg6Ag were more sensitive to corrosion in the fixatives, and the higher
the Ag content, the more severe the corrosion, except for 10 % NBF. In the 10 % NBF group, the degree of corrosion of Mg3Ag and
Mg6Ag was exactly the opposite, which may indicate the lower the Ag content, the more severe the corrosion.

Further measurements of the surface roughness are shown in Fig. 9. The selected lines are all drawn in severely corroded areas in
each sample. The larger the surface height differences, the more severe the corrosion of the samples. In the EA group, all samples
showed a minimal increase in surface height differences after immersion for 1 week and 4 weeks, at ~2.5 pm. In the 85 % EA group,
there was an obvious difference in the height difference among the samples: pure Mg and MgZnYNd showed an increase in height
difference of 2.5-3 pm after immersion for 4 weeks, while Mg3Ag increased by ~92 pm and Mg6Ag increased by over 170 pm.

In 10 % NBF, after being immersed for 4 weeks, the surface height difference of pure Mg increased by ~20 pm compared with that
after 1 week of immersion (~10 pm). The changes in height difference of Mg3Ag and Mg6Ag were similar to those of pure Mg, or even
slightly smaller. The change in height difference of MgZnYNd was relatively small, at only ~5 pm.

Meanwhile, in 4 % GD, the surface height difference of pure Mg, Mg3Ag, and Mg6Ag reached ~20 pm after 1 week of immersion,
and there was almost no change after 4 weeks of immersion. The surface height difference of MgZnYNd was ~8 pm after 1 week of
immersion, and ~18 pm after 4 weeks of immersion.

In 4 % PFA, the surface height difference of pure Mg was only ~2 pm after 1 week of immersion and reached ~22 pm after 4 weeks
of immersion. With the increase in Ag content, the change in surface height difference became larger. Mg6Ag corroded so severely after
4 weeks of immersion that it completely degraded, thus no data could be measured. However, the change in surface height difference
of MgZnYNd was very small, increasing only from ~2 pm after 1 week of immersion to ~10 pm after 4 weeks of immersion.

4. Discussion

Mg alloys, as biomedical implant materials, have attracted continuous research attention. Systematic animal experiments are often
needed to evaluate the efficacy of implant materials before clinical trials. Tissue section staining, especially hard tissue section
staining, can effectively reflect the reaction between implant materials and surrounding tissues, and comprehensively evaluate the
biological characteristics of the implant materials. During the section preparation process, the tissues need to be fixed using a fixative;
however, pure Mg and Mg alloys will degrade as stored in the fixative, which will lead to deviations between the results of section
staining and actual in vivo situations [3]. Therefore, it is necessary to study the influence of fixatives on the corrosion of Mg alloys,
which can guide the selection of fixatives in animal experiments using Mg alloys to obtain experimental data that resembles the actual
implantation situations more closely and accurately.
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Fig. 9. Surface height differences of (a)Pure Mg, (b) Mg3Ag, (c) Mg6Ag, and (d) MgZnYNd samples after removing the corrosion products after
immersion in different fixatives for 1 week and 4 weeks.
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This study systematically investigated the influence of five different fixatives on the corrosion behaviors of pure Mg and Mg alloys
through pH tests, hydrogen evolution tests, and corrosion morphology and product characterization.

4.1. Corrosion rate

By comparing the corrosion of the same material in different fixatives (as shown in Figs. 1 and 2), it was observed that the material
had basically no corrosion in EA, whereas, the material corroded relatively slowly in 85 % EA, while in the other three fixatives (10 %
NBF, 4 % GD, 4 % PFA) the materials corroded relatively quickly because of the presence of H,O. However, among these three fix-
atives, the material corroded more slowly in the 4 % GD group, probably because the concentration of dihydrogen phosphate ions in
the glutaraldehyde fixative is far higher than that in the other fixatives, which could inhibit the severe corrosion of pure Mg and Mg
alloys [21,22]. Meanwhile, in the 4 % PFA group, all materials corroded very quickly, which is because sodium chloride is added to
polymeric glutaraldehyde, and chloride ions destroy the product layer, thereby accelerating corrosion [23,24].

By comparing the corrosion of the four materials (pure Mg, Mg3Ag, Mgb6Ag, and MgZnYNd) in the same fixative (as shown in Figs. 1
and 2), it was found that except for the formaldehyde group, the corrosion of Mg-Ag alloys was faster than pure Mg and MgZnYNd
alloy, and the higher the Ag content, the more severe the corrosion. This is caused by the phenomenon of self-catalytic cathodic
activation in Mg—Ag alloys. This was first reported by Yang et al. [25], who found that the porous silver-rich dealloying residues and Ag
nanoparticles produced in the reaction of Mg-Ag alloys can significantly promote hydrogen reduction, thereby leading to cathodic
activation of the material.

In contrast, in the 10 % NBF group, the higher the Ag content, the slower the corrosion of the sample, which occurred because
formaldehyde contains free aldehyde groups. In the initial stage of corrosion, Mg first dissolves into Mg2*, the aldehyde groups can
reduce the dissolved Ag" in the fixative to elemental Ag [26], allowing elemental Ag to be deposited on the corrosion products, such as
magnesium phosphate and magnesium dihydrogen phosphate, making the corrosion product layer denser and further inhibiting
corrosion. It was also observed that the outermost layer of Mg6Ag in the formaldehyde group contained a dense P-rich layer, which
could also hinder corrosion. Although 4 % GD also contains aldehyde groups, the C-C bonds therein can significantly weaken the
reducing ability of the aldehyde groups, thereby diminishing its inhibitory effect on corrosion [27]. 4 % PFA does not have an
inhibitory effect on corrosion because PFA does not contain free aldehyde groups [28,29].

4.2. Corrosion morphology and products

By observing the material surface after the immersion experiments, it was found that the surface morphology of the EA group
materials remained basically unchanged. In the later immersion period (4 weeks), because of the absorption of a small amount of water
from the air by ethanol, the material underwent slight corrosion, which clarified the scratches caused by sandpaper on the surface,
along with the generation of a small amount of oxides and hydroxides. The surface morphology of the material in the 85 % EA group
changed significantly because of corrosion, with the formation of cracks and curls, which is because 85 % EA contained more water,
and pure Mg and the Mg alloys have a more intense corrosive reaction with H20, thus leading to the formation of more MgO and Mg
(OH), on their surfaces.

In addition to formaldehyde, glutaraldehyde, polymeric glutaraldehyde, and other organic components, 10 % NBF, 4 % GD, 4 %
PFA also contained inorganic ions (such as H' , HPO%’ , HZPO?K , Cl7, etc.) and a higher content of H,0, all of which significantly
affect the corrosion process and cause more severe corrosion of the materials, with large changes in surface morphology. After
corrosion, the surface of the 4 % GD group materials formed needle-like corrosion products, which is a typical morphology of
phosphates [30,31], and this phosphate product layer was relatively dense and could effectively protect the substrate and hinder
corrosion [21,22]. The surfaces of the materials in the 10 % NBF group first formed a uniform corrosion layer, and the observed crack
was possibly caused by drying during sample observation. Subsequently, as corrosion progressed, irregularly shaped holes were
observed on the material surface, and products such as Mg3(PQ4), were also formed on the surface of the Mg-Ag alloys. The surface of
the 4 % PFA group materials also formed a relatively uniform corrosion layer; however, because of the presence of Cl™ in the solution,
the corrosion products of the material were relatively loose and porous, and the surface morphology changed dramatically in the later
period of corrosion [23,24]. The Mg6Ag alloy almost completely corroded. In addition to Mg phosphates, its surface might also contain
corrosion products such as AgClL.

5. Conclusion

This study systematically investigated the corrosion of pure Mg and three Mg alloys in five fixatives, providing an effective
reference for selecting fixatives of Mg-based alloy implants. The conclusions are as follows.

(1) For the same pure Mg and Mg alloys, corrosion was slowest in EA and 85 % EA, slightly faster in 4 % GD, faster in 10 % NBF, and
fastest in 4 % PFA. Therefore, the EA or 85 % EA with less influence on Mg alloy corrosion is recommended over 4 % PFA with
greater influence.

(2) The EA group surface showed little corrosion-induced change and the 85%EA group developed cracks and warping. Hence, the
4%GD fixative formed a dense needle-like protective layer on the Mg substrate. The 10%NBF group initially grew a uniform
layer but later irregular pits as corrosion accelerated, and the 4%PFA solution caused more severe corrosion attributed to
chloride ions.
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(3) The main corrosion products of the materials in the EA and 85 % EA groups were MgO and Mg(OH),. For the 4 % GD, 10 % NBF,
and 4 % PFA solutions which contained a richer variety of ions, phosphates such as Mg3(PO4), and MgHPO4 were also detected
on the surfaces. Additionally, in the 4 % PFA group, AgCl was generated after corrosion of the Mg6Ag alloy which has a higher
silver content.

(4) The fixatives were quite sensitive to the Ag content in the Mg alloys, especially in 10 % NBF. The aldehyde groups in the solution
could promote the deposition of Ag, forming a protective corrosion layer, thereby hindering the corrosion of the Mg substrate to
a certain extent.
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