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Abstract: In the present study, an antibacterial biomedical magnesium (Mg) alloy with a low biodegradation rate was designed,
and ZK30-0.2Cu-xMn (x =0, 0.4, 0.8, 1.2, and 1.6 wt%) was produced by selective laser melting, which is a widely applied
laser powder bed fusion additive manufacturing technology. Alloying with Mn evidently influenced the grain size, hardness,
and biodegradation behavior. On the other hand, increasing Mn content to 0.8 wt% resulted in a decrease of biodegradation
rate which is attributed to the decreased grain size and relatively protective surface layer of manganese oxide. Higher Mn
contents increased the biodegradation rate attributed to the presence of the Mn-rich particles. Taken together, ZK30-0.2Cu-

0.8Mn exhibited the lowest biodegradation rate, strong antibacterial performance, and good cytocompatibility.

Keywords: Magnesium alloy; Selective laser melting; Biodegradation; Antibacterial activity; Grain refinement

*Correspondence to: Dengfeng Yin, School of Materials Science and Engineering, Central South University, Changsha 410083, P.R. China;

206191 @csu.edu.cn.

Received: June 21, 2020; Accepted: August 28, 2020; Published Online: October 30, 2020

Citation: Xie B, Zhao MC, Xu R, et al., 2021, Biodegradation, Antibacterial Performance and Cytocompatibility of a Novel ZK30-
Cu-Mn Biomedical Alloy Produced by Selective Laser Melting. Int J Bioprint, 7(1):300.http://doi.org/10.18063/ijb.v7i1.300

1. Introduction

Magnesium (Mg) alloy is a new metal implant material
that has suitable rates of biodegradation and good
biocompatibility!'*. The further research is the development
of antibacterial Mg alloys, such as Cu-containing Mg alloys.
These are promising biodegradable antibacterial implant
materials®®”! because Cu can provide an antibacterial effect
which can resolve clinical infection in bone regeneration
and in other orthopedic applications. However, the
degradation rate of Cu-containing Mg alloys is very rapid
because the Cu-containing intermetallic compounds cause
microgalvanic corrosion®7.. Alloying has been widely used
to ameliorate the degradation rate of Mg alloys.

Alloying with Mn may refine the grain size and
decrease the corrosion rate®!%, Moreover, Mn is an
essential trace element in the human body and the Mn
that is released during Mg alloy degradation is non-toxic
to human body!""!. Appropriate Mn level can promote

the growth and development of bones and improve
hematopoietic function of the body!?. However, the
uniform dispersion of Mn in Mg alloys remains a big
challenge in conventional casting process because Mn
reduces the fluidity of Mg alloys which facilitates Mn
segregation'l. Hence, it is necessary to develop a method
to produce homogeneous Mn-containing Mg alloys.
Selective laser melting (SLM) as a widely applied
laser powder bed fusion metallic additive manufacturing
technology!'#?? can rapidly melt mixed powders of Mn
and Mg alloys and cause rapid solidification in the melt
pool, resulting in a homogenous microstructure with
fine grains. Therefore, SLM can produce homogeneous
Mn-containing Mg alloys that are expected to have a
refined grain size and a lower corrosion rate. Furthermore,
grain refinement can increase the mechanical properties.
As stated above, alloying Mn into a antibacterial
Cu-containing Mg alloy using SLM was suggested and
investigated in this article to decrease the corrosion rate
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and retain the antibacterial activity of the Cu-containing
Mg alloy. This method can produce antibacterial Mg-
based alloys with the desired lower corrosion rate.
Furthermore, mechanical properties may be improved by
alloying and grain refinement. Previous work indicated
that ZK30 (Mg-3Zn-0.5Zr) had good mechanical
properties and biodegradation resistance!'*?, When Cu
was added to ZK30 by SLM, SLMed ZK30-0.2Cu had
a uniform microstructure, good cytocompatibility, and
antibacterial performance!®!.

In this study, SLM was used to produce antibacterial
Mg alloys from Cu powder (0.2 wt.% Cu), Mn powder
(0,0.4,0.8,1.2,and 1.6 wt.% Mn), and ZK30 powder. The
microstructure, hardness, biodegradation, antibacterial
performance, and cytotoxicity of these alloys were
investigated. This proposed method is a new approach for
the composition design and the manufacturing process
to develop novel antibacterial Mg-based biodegradable
alloys.

2. Materials and methods

2.1. Materials preparation

Gas atomized spherical ZK30 powder, pure Cu powder
(99.9%), and irregularly shaped pure Mn powder (99.9%)
were used. The composition of ZK30 powder is presented
in Table 1. The ZK30 powder was mechanically mixed
with 0.2 wt% Cu powder and different content of Mn
powder (0, 0.4, 0.8, 1.2, and 1.6 wt%) was added by ball
milling" at a rotation rate of 150 rpm in the atmosphere
of SF, (1 vol%) and CO, (balance) for 180 min. ZK30-
0.2Cu-xMn alloys (x = 0, 0.4, 0.8, 1.2, and 1.6) were
produced using a self-regulating SLM system®! in a
chamber filled with high purity argon. The fiber laser
had an output power of 500 W and a wavelength of
1064 nm. The minimum focused spot diameter of laser
beam was 50 um. The parameters of the process are as
follows: The spot size was 150 um, scanning speed was
at 200 mm/min, laser power was 80 W, and the specimen
size is 8 mm x 8 mm X 5 mm.

2.2. Microstructural and mechanical
characterizations

The specimens of the SLMed ZK30-0.2Cu-xMn alloys
were metallurgically ground and polished and etched in
a solution of nitric acid and alcohol (4 mL nitric acid and
96 mL ethanol) for 5 — 10 s. The microstructures were
characterized using optical microscopy (OM, Leica
DMI 3000 L) and scanning electron microscopy (SEM,

Table 1. The composition of the ZK30 powder (wt%)

JSM-5600LV, JEOL Co., Tokyo, Japan) equipped with
energy dispersive spectroscopy (EDS, JSM-5910LV,
JOEL Ltd., Japan). Intermetallic second phases were
analyzed using X-ray diffraction (XRD) monochromatic
Cu-Ka radiation at 15 mA and 30 kV, with scattering
angles ranging from 10° to 80°, step size 0.02° and
scanning speed 8°/min. The hardness was measured using
a microhardness tester for 10 s under 2.942 N load.

2.3. Electrochemical tests

The electrochemical behavior of SLMed ZK30-0.2Cu-
xMn alloys at room temperature in simulated body
fluid (SBF) was characterized by potentiodynamic
polarization curves, measured using an electrochemical
workstation (MULTI AUTOLAB M204). The ionic
concentrations of the standardized SBF solution that
corresponds to the concentration of the ions in the blood
are shown in Table 2. The specimen with the exposed
area of 0.8 mm x 0.8 mm was encapsulated with epoxy
resin and a Cu wire was used as the conducting wire. The
polarization curve was measured by a three-electrode
configuration. The specimen was the working electrode
(WE), a platinum gauze (25 mm % 25 mm; 60 mesh) was
the counter electrode (CE). A saturated Ag/AgCl electrode
(in saturated KCIl) was the reference electrode (RE).
Potentiodynamic polarization curves were measured at a
scan rate of 5 mV/s after the specimen was immersed for
2500 s at the open circuit potential and steady corrosion
conditions had been established. The biodegradation rate
(P, mm year™') was calculated from the corrosion current
density (i, mA cm™), using*?%:

P=2285i_ (i)

2.4. Immersion tests

Immersion tests were conducted on the basis of ASTM
G31-72 (the ratio of the solution volume [mL] to
specimen surface area [cm?] was 30:1) in SBF solution
for 168 h. The initial weight of specimen was recorded
before immersion, the degradation solution was refreshed
every 24 h to keep the pH value at about 7.4. Funnels
were used to collect the evolved hydrogen by covering
the samples. The specimen was cleaned using acetone and
water to remove the corrosion products and then weighed.
The biodegradation rate (P, mm y') was calculated
from hydrogen evolution rate (¥, ml/cm* day) and the
biodegradation rate (P , mm year™') was calculated from
the weight loss rate (AW, mg cm™2 d ') using!?>26!;

Powder Mg Zn Zrx Al

Cu Fe Mn Ni Si

ZK30 96.34 3.16 0.48 0.002

0.002 0.01 0.0068 0.0036 0.01
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Table 2. The ion concentrations of SBF and human blood plasma
according to the ISO standard (107> mol/L)

Ton SBF (pH 7.40) Blood plasma (pH 7.2-7.4)

Na* 142 142

K* 5.0 5.0

Mg** 1.5 1.5

Ca> 2.5 2.5

Cl 148 103

HCO, 4.2 27

HPO,* 1.0 1.0

SO, 0.5 0.5
P=2.279V, (i1)
P =21AW (iii)

w

The surface morphologies and corrosion products
of the specimens after immersion were characterized by
SEM with EDS and X-ray photoelectron spectroscopy
(XPS). The XPS measurements were achieved using
an X-ray source of Mg Ko (1253.6 eV). The binding
energy of the measurement was corrected by the binding
energy of C, of hydrocarbons (284.6 ¢V) absorbed on
the surface.

2.5. Antibacterial properties

Staphylococcus aureus (S. aureus, ATCC 25923) is one
of the most common bacteria causing infection and was,
therefore, used as a model bacterium. The preparation
method of SLMed ZK30-0.2Cu-xMn alloy extracts for
antibacterial test was as follows. After disinfection by
ultraviolet radiation, all the samples and control groups
were cultured in SBF solution with S. aureus in three
replicates and placed in a 12-well untreated polystyrene
plate. Each well contained sample and S. aureus
suspension with a concentration of with a concentration
of 1719 x 10° colony-forming unit (CFU)/ml prepared using
sterile SBF solution. The ratio of the specimen surface
are (cm?) to the solution volume (mL) were 1.25 cm?/
mL. The plates were kept at constant temperature for 4,
12, 48, 72, and 96 h at 37 + 0.5°C. Bacterial cell density
in the SBF solution was evaluated by bacterial counting
after each culture period. Before calculating the number
of colonies, the suspension was diluted to 17'° x 10* CFU/
ml, and 0.05 ml suspension was added to the LB nutrient
agar plate, which was carefully spread and plated and
then incubated for 24 h at 37 = 0.5°C.

2.6. Cytocompatibility

Cell compatibility, whichis essential forbiomedical implant
materials, was studied using the MG63 osteosarcoma
cells. The cytocompatibility was evaluated by carrying out
cell proliferation assay and fluorescence live/dead staining

assay. The extracts of SLMed ZK30-0.2Cu-xMn alloys
were extracted in the humidified atmosphere containing
5% CO, at 37°C for 24 h using Dulbecco’s Modified
Eagle’s Medium as extraction medium with an extraction
rate of 1.25 cm?*ml. The supernatant was extracted,
centrifuged, and filtered to produce the extract. The
extract was refrigerated at 4°C to prepare for cell viability
test. CCK-8 assays were used to examine the proliferation
of MG63 cells cultured in SLMed ZK30-0.2Cu-xMn and
Ti extracts. The fluorescence live/dead staining assay was
performed based on the following procedures. Cells were
cultured on a 96-well plate at the density of 5 x 10° cells
per 100 ml for 24 h to ensure cell adherence. The medium
was then replaced by 100 uL extract. After 1 day and
3 days of incubation, the cell viability was determined by
live/dead staining.

3. Results

3.1. Microstructure

Figure 1 shows optical microstructures of the SLMed
7K30-0.2Cu-xMn alloys. The microstructures of all
the alloys consist of fine equiaxed grains. The grain
size decreased with increasing Mn content. The grain
size of SLMed ZK30-0.2Cu was about 5 um, as shown
in Figure 1A, which was smaller than that obtained by
traditional casting®”. Increasing Mn contents decreased
the grain size, as shown in Figure 1B through Figure 1E.
The grain size of SLMed ZK30-0.2Cu-1.6Mn alloy was
about 3 wm. This indicates that the incorporation of Mn
into SLMed ZK30-0.2 Cu refines grain size. The small
grain size produced by SLM is attributed to the rapid
solidification of the melt pool. The additional grain
refinement by alloying Mn is attributed to additional
nucleation sites and grain boundary pinning effect
provided by Mn, which can inhibit grain growth.

Figure 2 shows the XRD patterns of the SLMed
ZK30-0.2Cu-xMn alloys. The XRD patterns for
SLMed ZK30-0.2Cu, SLMed ZK30-0.2Cu-0.4Mn, and
SLMed ZK30-0.2Cu-0.8Mn included peaks of o-Mg,
MgZnCu, and MgZn, phases. For a Mn content higher than
0.8 wt.%, SLMed ZK30-0.2Cu-xMn alloys (x = 1.2 and
1.6) also produced diffraction peaks of the o.-Mn phases.

The microstructure of SLMed ZK30-0.2Cu-1.6Mn
is presented at a higher magnification SEM micrograph
in Figure 3A. Numerous irregularly shaped intermetallic
phases were distributed inside the grains and along grain
boundaries. The composition of the intermetallic phases
at Point 1, Point 2, and Point 3 in Figure 3A is presented
in Figure 3B determined from the EDS spectra. Point 1
(bright granular precipitate distributed along the grain
boundaries) was composed of Zn and Mg; Point 2
(short bar-shaped precipitate distributed along the grain
boundaries) was composed of Zn, Mg, and Cu; and Point
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FEIRTH N D

Figure 1. Optical microstructures of SLMed ZK30-0.2Cu-xMn. (A) x=0, (B)x=0.4, (C)x=0.8,(D)x=1.2, (E)x=1.6.
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Figure 2. X-ray diffraction spectra of SLMed ZK30-0.2Cu-xMn.

3 (spheroidal precipitate scattered along grain boundaries
and inside the grains) was composed of Mg and Mn.
There was good agreement between the composition
results determined respectively by EDS spectra and XRD
patterns. This indicates the presence of MgZn,, MgZnClu,
and o-Mn phases in SLMed ZK30-0.2Cu-1.6Mn.

3.2. Hardness

Figure 4 presents the Vickers hardness values measured
on the polished surface of the SLMed ZK30-0.2Cu-xMn.
The hardness of the SLMed ZK30-0.2Cu was 92 + 3
HV, while a typical hardness of cast Mg alloys is ~70
HVP, This indicates that SLM significantly enhances the
hardness of the Mg alloys which is attributed to the grain
refinement introduced by rapid solidification during the
SLM process.

The incorporation of Mn into ZK30-Cu by SLM
further increased the hardness. The hardness increased
with the Mn content to a maximum hardness of 117
+ 4 HV for the Mn content of 1.6 wt%. This hardness
increase is attributed to grain refinement, solid solution
strengthening, and second-phase strengthening due to
the Mn incorporation. This indeed verifies that Mn is
an effective reinforcement for Mg alloys and hardening
is attained through the incorporation of Mn into the Mg
alloy through SLM.

3.3. Biodegradation

Figure 5 shows potentiodynamic polarization curves for
SLMed ZK30-0.2Cu-xMn tested at 37 = 0.5°C in the
SBF solution. The incorporation of Mn into ZK30-0.2Cu
by SLM resulted in a change in the corrosion potential
(E,,,) and the corrosion current density (i, ). The E_
increased with Mn content, which was attributed to the
more positive electrochemical potential of Mn, compared
to Mg. The i _values were derived from the linear part
of the cathodic branch of the polarization potential
curves using Tafel extrapolation. The incorporation
of Mn into ZK30-0.2Cu by SLM first decreased the
i values. The i _ values of SLMed ZK30-0.2Cu
and SLMed ZK30-0.2Cu-0.4Mn were 29 uA/cm? and
18 uA/ecm’, respectively. The i had the minimum
value of 12 pA/cm?, while Mn content was 0.8 wt.%.
Thereafter, with Mn content increased to 1.2 wt% and
1.6 wt%, the i _increased to 32 uA/cm®and 40 puA/cm?,
respectively, and was even higher than that for the
SLMed ZK 30-0.2Cu without Mn. Using Equation 1, the
biodegradation rates were calculated from the i _values
and are presented in Table 3.

Figure 6 shows hydrogen evolution data (Figure 6A)
and weight loss data (Figure 6B) of the SLMed specimens
immersed in SBF for 168 h (i.e., 7 days). All the SLMed
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Figure 3. (A) Scanning electron microscopy microstructure and (B) energy-dispersive spectroscopy spectra of points 1~3 of SLMed ZK30-

0.2Cu-1.6Mn.
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Figure 4. Hardness of SLMed ZK30-0.2Cu-xMn.

2

g
Q
=
E
2
172}
c
S
= —— ZK30-0.2Cu-1.6Mn
g 6 ——Z7K30-0.2Cu-1.2Mn
8 ———Z7ZK30-0.2Cu-0.8Mn
%D —ZK30-0.2Cu-0.4Mn
— —ZK30-0.2Cu
8 ! ! !
2.0 1.8 16 1.4
Potential/V

Figure 5. Potentiodynamic polarization curves of SLMed ZK30-
0.2Cu-xMn.

82

alloys exhibited an increase in hydrogen evolution volume
with immersion time increased, but the rate of hydrogen
evolution was fast at the initial 120 h period and then
slowed down when immersion time increased, which
might be attributed to a slightly increased protectiveness
of corrosion layers, which could prevent the corrosion
from penetrating into the Mg matrix and thus decrease the
corrosion rate. The incorporation of Mn into ZK30-0.2Cu
by SLM significantly influenced the hydrogen evolution.
The hydrogen evolution volume first decreased, reached
a minimum the content of Mn increased to 08 wt%, and
hereafter increased when Mn content further increased.
There was a direct correlation of the influence of the Mn
content on the hydrogen evolution volume and the weight
loss rate, that is, the weight loss rate first decreased and
had the minimum with Mn content that was increased to
0.8 wt.% and hereafter decreased when Mn content further
increased. The biodegradation rates, calculated from
hydrogen evolution rate and weight loss rate using Equation
2 and Equation 3 respectively, are listed in Table 3.

The biodegradation rate determined by weight
loss and hydrogen evolution showed generally good
agreement, whereas the biodegradation rate derived from
the polarization curves was apparently lower, which
is commonly observed®>". However, these methods
showed the same trends. In view of the above, SLMed
7ZK30-0.2Cu-0.8Mn had the lowest biodegradation rate,
and the biodegradation rates of SLMed ZK30-0.2Cu-
XxMn alloys in a decreasing order are shown as follows:
SLMed ZK30-0.2Cu-1.6Mn >SLMed ZK30-0.2Cu-
1.2Mn >SLMed ZK30-0.2Cu >SLMed ZK30-0.2Cu-
0.4Mn > SLMed ZK30-0.2Cu-0.8Mn.

Figure 7 shows the surface appearances of the
SLMed ZK30-0.2Cu-xMn specimens after immersion in
the SBF solution for 48 h. Figure 7A shows that numerous
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Table 3. Corrosion rate of SLMed ZK30-0.2Cu-xMn

Materials 7ZK30-0.2Cu ZK30-0.2 7ZK30-0.2 7ZK30-0.2 7ZK30-0.2
Cu-0.4Mn Cu-0.8Mn Cu-1.2Mn Cu-1.6Mn
V, (ml [cm?* day]™) 0.67+0.03 0.56+0.03 0.48+0.06 0.71+0.04 0.93+0.04
P, (mm year ") 1.53+0.07 1.284+0.07 1.09+0.14 1.62+0.09 2.12+0.09
AW (mg [cm? day]™) 0.684+0.01 0.59+0.02 0.47+0.01 0.73+0.02 0.84+0.02
P (mm/year) 1.43+0.02 1.24+0.04 0.99+0.02 1.53+0.04 1.68+0.04
I (uAcm™) 29 18 12 32 40
P (mm year™") 0.7 0.4 0.3 0.7 0.9
A B
8 —a—2K30-0.2Cu F
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39.43 45.70

4.36 8.32
432 6.39
[ ]
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point 2

Element | Atomic Conc. | Weight Conc.

(0] 64.03 53.95
Mg 35.97 46.05
‘T~ - . .
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Figure 7. Scanning electron microscopy appearance of corroded surfaces of SLMed ZK30-0.2Cu-xMn (A) x =0, (B) x=0.4, (C) x =0.8,
(D) x=1.2, (E) x = 1.6 and (F) energy-dispersive spectroscopy spectra of points 1~2.
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loose corrosion products covered the entire surface of the
SLMed ZK30-0.2Cu specimen. The Mn-containing alloys
did not have these loose corrosion products, but contained
some discontinuous white products distributed as a
continuous mud-cracked film, as shown in Figure 7B-E.
The corrosion products on SLMed ZK30-0.2Cu-
0.4Mn and SLMed ZK30-0.2Cu-0.8Mn were intact and
compact, and there were no loose corrosion products
(Figure 7B and C), which implied that the corrosion of
SLMed ZK30-0.2Cu-0.4Mn and SLMed ZK30-0.2Cu-
0.8Mn was relatively slight, compared to SLMed ZK30-
0.2Cu. The surface of the alloy containing a Mn content
of 1.2 wt.% contained microcracks (Figure 7D). With the
Mn content further increased to 1.6 wt%, the microcracks
became larger and deeper (Figure 7E). The compositions
of corrosion layers on the corroded surfaces were analyzed
using EDS. The EDS spectra in Point 1 and Point 2 in
Figure 7C confirmed that the regular corrosion layers and
the discontinuous white products on the corroded surface
of SLMed ZK30-0.2Cu-0.8Cu specimens contained “O,
Mg, Ca, and P’ and “O and Mg,” respectively. The Ca and
P elements were present on the corroded surface, indicating
that Ca-P compounds precipitated on the surface of the
hydroxide corrosion layers as the corrosion continued!l.
The EDS spectra of Point 3 in Figure 7A confirmed that
the corrosion products on the corroded surface of SLMed
7ZK30-0.2Cu contained “O and Mg,” similar to the EDS
spectra of Point 2.

3.4. Antibacterial activity against S. aureus

Figure 8 shows the colonies of S. aureus cultured
on the blank control, on pure Mg and on SLMed

control

pure Mg

7K30-0.2Cu-0.8Mn for 24 h and 72 h. There were a large
number of colonies on the blank control. There were fewer
colonies on the pure Mg. There were very few colonies
on the SLMed ZK30-0.2Cu-0.8Mn after 24 h and almost
no colonies after 72 h.

Figure 9A shows the number of S. aureus
CFU/ml in extracts of the blank control, the pure Mg, and
the SLMed ZK30-0.2Cu-0.8Mn at different time intervals
without adjusting pH. The number of the colonies of S.
aureus in the control group did not change significantly
with increasing time, while the number of colonies on
pure Mg and SLMed ZK30-0.2Cu-0.8Mn decreased
gradually. Particularly, the colonies on SLMed ZK30-
0.2Cu-0.8Mn decreased to zero after 72 h. The colonies
in the neutral environments (at pH 7.4) are shown in
Figure 9B. The colonies of the control and pure Mg
did not change significantly with increasing time, while
that on SLMed ZK30-0.2Cu-0.8Mn declined gradually,
dropping sharply after 72 h and to zero after 96 h. This
demonstrated the good antibacterial efficacy of SLMed
ZK30-0.2Cu-0.8Mn.

3.5. Cytocompatibility

Figure 10 shows the results of CCK-8 assay of MG63
cells, which were cultured on the samples for 1, 4, and
7 days. The number of live cells was proportional to the
absorbance (or optical density). This indicates that the
number of live cells on all the samples gradually increases
with the increase of culture time, suggesting that they are
all cytocompatible. From the 1% day to the 7% day, the
relative proliferation rate of the MG63 cells in the six
extract groups showed a similar growth trend. There was

ZK30-0.2Cu-0.8Mn

Figure 8. The growth of bacteria colonies on agar plates cocultured with Staphylococcus aureus at 37°C for 24 h and 72 h.
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Figure 10. Optical density values for MG63 cells incubated in Ti
and SLMed ZK30-0.2Cu-xMn extracts for 1, 4, and 7 days.

no apparent difference in the cell proliferation number
between SLMed ZK30-0.2Cu-xMn and Ti extracts at
different time points. This indicates that SLMed ZK30-
0.2Cu-xMn is suitable for cell growth without cytotoxicity
as well as Ti extract.

Figure 11 shows the fluorescence live/dead staining
results of MG63 cells, which were cultured after 1 and
3 days. Live cells were indicated by green fluorescence
staining with calcein-AM, while dead cells by red staining
with EthD-1. There was no evident indication of dead
cells. The cells cultured on all the SLMed alloys had a
well spread morphology, exhibiting no apparent difference
among them and MGG63 cells cultured in the extract had
a morphology with spindle and round shapes which was
in accordance with the morphology of normal cells. The
cells showed good growth patterns and the number of cells
increased obviously as incubation time increased.

The results of the cell proliferation assays and the
fluorescence staining imaging indicated that SLMed
7K30-0.2Cu-xMn has suitable cytocompatibility as
expected, because all elements in the SLMed alloys are
cytocompatible.

4. Discussion

This current study successfully used SLM to fabricate
7ZK30-0.2Cu-xMn with various Mn concentrations
(0.4, 0.8, 1.2, and 1.6 wt%), which exhibited strong
antibacterial ability and good cytocompatibility. Mg-
based alloys are attractive candidates for metallic implant
biodegradable materials if the rate of the biodegradation
can be decreased. The decrease of the biodegradation rate
was examined by adding Mn by SLM for antibacterial
Cu-containing Mg alloys in this study.

After the SLMed ZK30-0.2Cu-xMn specimens
were immersed in the SBF solution, the corrosion
reactions given by Equation 4, Equation 5, and Equation
6 in the following occurred and the surface hydroxide
layer formed. The hydroxide layer was loose (Figure 7A)
and provided little corrosion protection. As corrosion
continued, hydroxyapatite formed due to the reaction
between hydroxide in the corrosion product, HPO >
(or PO,*) and Ca*" in the SBF, which resulted in the
precipitation of Ca/P hydroxide on the surface of the
hydroxide layer according to Equation vii®?. This was
substantiated by the EDS spectra shown in Figure 7F,
which indicated that the corrosion products are mainly
composed of O, Mg, Ca, and P.

Mg* —2e— Mg* (iv)
2H,0+0,+4e — 40H" )
Mg* + 20H —Mg(OH), (vi)
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Figure 11. The live (green)-dead (red) staining of the MG63 cells cultured for 1 day and 3 days in the presence of (A) and (F) SLMed
ZK30-0.2Cu; (B) and (G) SLMed ZK30-0.2Cu-0.4Mn; (C) and (H) SLMed ZK30-0.2Cu-0.8Mn; (D) and (I) SLMed ZK30-0.3Cu-1.2Mn;
(E) and (J) SLMed ZK30-0.3Cu-1.6Mn.

10 Ca?* + 6 PO,* +2 OH —Ca, (PO,) (OH) (vii)

The results from the polarization curves (Figure 5),
hydrogen evolution (Figure 6A), and weight loss
(Figure 6B) showed thatalloying with Mn had a significant
effect on the biodegradation of SLMed ZK30-0.2Cu-xMn.
With increasing Mn concentration, the biodegradation
rate first decreased and reached a minimum value at a Mn
content of 0.8 wt%. These results were consistent with
the literature™**, which reported that small additions of
Mn to Mg alloys decreased the corrosion rate by refining
the microstructure. Figure 1 shows that the incorporation
of Mn substantially decreased the grain size. The fine-
grained microstructure contained more grain boundaries
and acted as a physical corrosion barrier to prevent
corrosion], In addition, the grain refinement reduced
the mismatch stress between the surface layer and the Mg
substrate to inhibit pitting initiation®®!. Therefore, grain
refinement due to Mn addition can significantly decrease
the biodegradation rate of SLMed ZK30-0.2Cu-xMn.

The surface corrosion appearances (Figure 7)
showed that the addition of Mn promoted the formation
of an intact compact layer of surface corrosion products,
thereby providing better corrosion protection. However,
Mn was not detected in the corrosion products on the
corroded surface of SLMed ZK30-0.2Cu-xMn by the
EDS, as shown in Figure 7F. The corrosion products
were further examined by XPS. Figure 12 shows the
results of XPS analysis of the chemical compositions
of Mg, Mn, and O in the corrosion products on SLMed
7ZK30-0.2Cu-0.8Mn by an analysis of the Mg 1s, Mn 2p,
and O 1s peaks. The wide Mg s peak was composed
of Mg(OH), at 523.4 ¢V and MgO at 530.4 eV. The two
constituent peaks of Mn 2p, ,at 654.2 ¢V and Mn 2p, , at
641.9 eV in the Mn 2p indicated the existence of MnO
and MnO,, respectively. The O 1s peak was composed
of three constituent peaks of MnO_ at 529.4 eV, MgO at
530.4 €V, and Mg(OH), at 532.4 eV. Consequently, in
addition to Mg(OH), and MgO, manganese oxides were

certainly present in the corrosion products. Manganese
oxides in the corrosion products were detected by XPS
but could not be detected by EDS. One of the most likely
reasons was that the manganese oxide layer was attached
to the substrate and was covered by loose Mg(OH),
and accordingly the thickness of the corrosion layer
exceeded the limit of EDS detection. In addition, there
was probably only Mn oxide layer. When Mg alloys were
immersed in SBF, the biodegradation of Mg was severe
due to easy penetration of the oxide/hydroxide products
by destructive CI ions and the formation of a chloride salt
(MgCl,), that is, the destructive CI™ ions existing in the
SBF transformed Mg(OH), into the more soluble MgCl,
as given by Equation 8.

Mg* + 2CI"— MgCl,

Nam et al. demonstrated that in 0.6 M NaCl
solution, Mn alloying into a Mg-5Al-based alloy
inhibited the penetration of Cl- ions®”.. Metalnikov et al.
further proposed that in 3.5 wt% NacCl solution saturated
with Mg(OH),, Mn alloying into a Mg-5Al-based alloy
could cause the formation of a relatively protective oxide
filmB¥. Therefore, in the present work, the formation of a
manganese oxide layer on SLMed ZK30-0.2Cu-xMn was
also expected to significantly decrease the biodegradation
rate in SBF containing CI™ ions. This was supported by the
results of the surface corrosion morphologies (Figure 7)
and biodegradation rate from electrochemical tests and
immersion tests (Figure 6), in which the SLMed ZK30-
0.2Cu-0.8Mn specimens had an intact compact corroded
surface layer and the lowest biodegradation rate.

The SLMed ZK30-0.2Cu-xMn is a multiphase
alloy, in which different microconstituents, that is, the
Mg matrix and the second phases may cause strong micro
galvanic corrosion. As shown in Figure 2, the diffraction
peaks of the Mn phase could be identified only when
the Mn content was >0.8 wt.%. This indicates that the
Mn element could completely dissolve in Mg matrix

(viii)
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Figure 12. X-ray photoelectron spectroscopy analysis of corrosion products on SLMed ZK30-0.2Cu-0.8Mn.

if the Mn content was less than 0.8wt%, due to the
rapid solidification by the SLM processing and formed
supersaturated solid solutions. In contrast, a Mn content
>0.8 wt% resulted in the formation of a small amount of
Mn phase, which could not dissolve in the Mg matrix and
precipitated after the rapid solidification. The precipitated
Mn phase served as a cathode and the Mg matrix as
anode formed a galvanic couple, which increased the
biodegradation rate. Consequently, the biodegradation
rate first decreased, with Mn content increased and
reached a minimum while Mn content was 0.8 wt% and
then increased with the Mn content. Furthermore, the
precipitated Mn phase formed a weak interface with
the adjacent Mg where the cracks were easily initiated.
Figure 7D and 7E shows some microcracks on the
corroded surfaces of SLMed ZK30-0.2Cu-1.2Mn and
SLMed ZK30-0.2Cu-1.6Mn, which were generated due
to the dehydration of the corrosion product layer by
drying™. The existence of microcracks caused the matrix
to contact the SBF directly and accelerated the corrosion.
The microcracks of the corroded surfaces became larger
and deeper when Mn content increased from 1.2 wt% to
1.6 wt%, accompanied by an increased biodegradation
rate. Even so, for SLMed ZK30-0.2Cu-1.6Mn, some local
areas presented microcracks, while some other areas were
still covered by an integrated compact surface corrosion
layer (Figure 7E), which was formed due to the Mn

International Journal of Bioprinting (2021)—Volume 7, Issue 1

content as described above. As a consequence, for SLMed
7ZK30-0.2Cu-xMn, the influence of grain refinement and
the relatively protective manganese oxide layer on the
increase of the biodegradation resistance counteracted the
influence of the undissolved Mn phase on the decrease
of biodegradation resistance; therefore, SLMed ZK30-
0.2Cu-0.8Mn has the lowest biodegradation rate.

5. Conclusion

Novel antibacterial ZK30-0.2Cu-xMn alloys with fine
equiaxed grains were successfully fabricated by SLM.
Alloying with Mn has an evident influence on grain
size, hardness, and biodegradation rate of SLMed ZK30-
0.2Cu-xMn alloys. Alloying with Mn decreases the grain
size and produces a relatively protective manganese oxide
film, which significantly decreases the biodegradation
rate of SLMed ZK30-0.2Cu-xMn alloys. Undissolved Mn
increases the biodegradation rate of SLMed ZK30-0.2Cu-
xMn. The optimum Mn content is 0.8 wt.%. SLMed
7ZK30-0.2Cu-0.8Mn has the lowest biodegradation rate.
SLMed ZK30-0.2Cu-0.8Mn exhibits strong antibacterial
ability and good cytocompatibility, indicating their future
prospects for bone implants.
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