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Abstract 

Porous biodegradable Mg and its alloys are considered to have a great potential to serve as ideal bone substitutes. The recent progress in 
additive manufacturing (AM) has prompted its application to fabricate Mg scaffolds with geometrically ordered porous structures. Extrusion- 
based AM, followed by debinding and sintering, has been recently demonstrated as a powerful approach to fabricating such Mg scaffolds, 
which can avoid some crucial problems encountered when applying powder bed fusion AM techniques. However, such pure Mg scaffolds 
exhibit a too high rate of in vitro biodegradation. In the present research, alloying through a pre-alloyed Mg-Zn powder was ultilized to 
enhance the corrosion resistance and mechanical properties of AM geometrically ordered Mg-Zn scaffolds simultaneously. The in vitro 
biodegradation behavior, mechanical properties, and electrochemical response of the fabricated Mg-Zn scaffolds were evaluated. Moreover, 
the response of preosteoblasts to these scaffolds was systematically evaluated and compared with their response to pure Mg scaffolds. The 
Mg-Zn scaffolds with a porosity of 50.3% and strut density of 93.1% were composed of the Mg matrix and MgZn 2 second phase particles. 
The in vitro biodegradation rate of the Mg-Zn scaffolds decreased by 81% at day 1, as compared to pure Mg scaffolds. Over 28 days of 
static immersion in modified simulated body fluid, the corrosion rate of the Mg-Zn scaffolds decreased from 2.3 ± 0.9 mm/y to 0.7 ±
0.1 mm/y. The yield strength and Young’s modulus of the Mg-Zn scaffolds were about 3 times as high as those of pure Mg scaffolds and 
remained within the range of those of trabecular bone throughout the biodegradation tests. Indirect culture of MC3T3-E1 preosteoblasts in 
Mg-Zn extracts indicated favorable cytocompatibility. In direct cell culture, some cells could spread and form filopodia on the surface of the 
Mg-Zn scaffolds. Overall, this study demonstrates the great potential of the extrusion-based AM Mg-Zn scaffolds to be further developed as 
biodegradable bone-substituting biomaterials. 
© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Owing to their natural biodegradability, favorable mechan-
cal properties, good biocompatibility, and osteopromotive
ctivity [1–3] , magnesium (Mg) and its alloys hold great
romise for application as orthopedic implants. When devel-
ping a new generation of bone substitutes, the geometrical
esign of the implant should be also critically considered.
∗ Corresponding author: Delft University of Technology: Technische Uni- 
ersiteit Delft, the Netherlands 
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orous structures are generally preferred for bone regenera-
ion, since a fully interconnected pore network with sufficient
ermeability and a large bio-functionalized surface area facil-
tates the proliferation and differentiation of cells [1–3] . The
ecent advent of additive manufacturing (AM) opens up new
pportunities for the rational design of porous Mg to be de-
eloped as an ideal bone substitute, since AM can precisely
ontrol and fabricate geometrically complex parts with net or
ear-net shapes that are otherwise unattainable [ 4 , 5 ]. 

Powder bed fusion AM techniques are the most commonly
nvestigated AM technologies for the fabrication of porous

etallic implants [ 1 , 4 , 6-9 ]. However, AM of porous Mg is
r B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 
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till in its infancy with limited success [10–12] , due to serious
hallenges and issues involved in the powder bed fusion-based
M of Mg. These challenges are often associated with the in-

rinsic properties of Mg, such as high vapor pressure and great
ffinity for oxygen, which lead to changes in the chemical
omposition and severe oxidation of the resulting materials
 13 , 14 ]. Given these limitations related to the AM processes
ith high energy power sources, employing an AM technique

hat operates at ambient temperature is more practical for fab-
icating Mg and its alloys. 

Recently, (near) room temperature AM techniques, includ-
ng powder bed solvent jetting [ 15 , 16 ], fused filament fab-
ication [17] , and ink extrusion-based AM [18] have been
nvestigated for the fabrication of Mg-based materials. While
he first two techniques have not been used for the fabrication
f porous Mg structures, the ink extrusion-based AM tech-
ique has been successfully applied to fabricate Mg scaffolds
ith a fully interconnected structure [18] . Briefly, a two-step
M process has been developed, in which Mg green scaf-

olds printed at the first step are transformed into sintered
g functional scaffolds through debinding and sintering at the

econd step [18] . These experiments have shown that room-
emperature 3D printing processes can, indeed, avoid the chal-
enges encountered in powder bed fusion AM of Mg scaffolds.
he extrusion-based pure Mg scaffolds have been extensively
tudied in terms of their mechanical, biodegradation, and bi-
logical properties. It has been shown that pure Mg scaffolds
ith a highly interconnected pore structure degrade too fast,

lthough their mechanical properties are acceptable. While
urface modification can be used for improving the corrosion
esistance of such materials, coatings can only provide ef-
ective protection at the beginning of biodegradation. After
he coating is degraded or penetrated through, the exposed

g substrate will dominate the overall biodegradation pro-
ess [19] . To properly address this challenge, the corrosion
esistance of the Mg substrate should be improved. 

Alloying is one of the strategies that can effectively slow
own the biodegradation of Mg by an order of magnitude
r more [20] . Zinc (Zn) has been extensively studied as a
ommon alloying element for Mg and has been shown to en-
ance both the corrosion resistance and mechanical properties
f Mg [20–25] . According to the literature [ 26 , 27 ], adding <

 wt% of Zn to Mg leads to a balanced combination of me-
hanical, corrosion, and biological properties, while 4 wt% of
n results in an optimal grain refinement and improved me-
hanical properties. Moreover, unlike other frequently used
lloying elements ( e.g. , Al or rare earth elements), Zn is one
f the most abundant, essential elements in the human body
nd plays an important role in bone formation, mineralization,
nd preservation [28] . Indeed, in vivo studies have confirmed
hat Mg-Zn binary alloys have a great potential to serve as or-
hopedic implants [ 23 , 29 , 30 ]. To date, porous Mg-Zn foams
ave been developed through the conventional powder metal-
urgy methods [ 21 , 31 , 32 ]. However, no reports on geomet-
ically ordered porous Mg-Zn scaffolds have appeared in the
iterature. 
In this study, a pre-alloyed Mg-Zn (4 wt% Zn) powder
as chosen as the starting material and Mg-Zn binary al-

oy scaffolds with a geometrically ordered and fully intercon-
ected porous structure were fabricated using extrusion-based
M. The biodegradation, mechanical, and biological behav-

ors of these scaffolds were then characterized. Pure Mg scaf-
olds fabricated using a similar approach served as a reference
roup to study the effects of Zn addition on the properties of
he resulting biomaterials. 

. Materials and methods 

.1. Scaffold manufacturing 

A cylindrical porous scaffold with a diameter of 12.38 mm
nd a height of 12.64 mm was designed ( Fig. 1 a). A lay-down
attern of 0 °/90 °/0 ° was adopted ( Fig. 1 b) for the scaffold
nd was designed using a custom software package associated
ith the 3D BioScaffolder printer (BS 3.2, GeSim, Germany).
ure Mg powder (impurity < 0.01 wt%) and Mg-Zn powder
95.6 wt% Mg, 4.1 wt% Zn and 0.3 wt% impurities, Fig. 1 c)
ith a spherical particle shape and median particle sizes of
4.96 μm and 37.7 μm, respectively, were used as the starting
aterials (Tangshan Weihao Magnesium Powder Co., China).
he mean grain size of the Mg-Zn powder was 2.8 ± 0.1 μm
 Fig. 1 d) while that of the pure Mg powder was 8.6 ± 1.7 μm
19] , which was determined by using the line intercept method
fter etching the powder particle cross-section in a solution
omposed of nitric acid, acetic acid, water, and ethanol at a
olume ratio of 1:3:4:12. 

Powder loaded inks were prepared by mixing the Mg pow-
er with a binder system composed of hexane and poly-
sobutylene polymer (M w 

∼ 500,000, Sigma Aldrich, Ger-
any). The ink was loaded into a syringe (Nordson EFD,
ermany) and was then extruded into 3D porous scaffolds

hrough a 580 μm tapered nozzle tip using the 3D BioScaf-
older printer. The deposition angles were of 0 ° and 90 °,
hich were interchanged every layer. A printing pressure of
40–160 kPa and a speed of 5 mm/s were used for 3D print-
ng. After 3D printing, the as-printed Mg-Zn and pure Mg
caffolds were loaded into a tube furnace (STF16/180, Carbo-
ite Gero Ltd., UK) under a controlled argon atmosphere (pu-
ity ≥ 99.9999%; inlet pressure: 1 bar) for debinding and sin-
ering. The as-printed Mg-Zn scaffolds and pure Mg scaffolds
ere respectively heated to 580 °C and 640 °C at 5 °C/min
ith a dwelling time of 1 h, followed by furnace cooling.
he as-sintered Mg-Zn and pure Mg scaffolds were ultrason-

cally cleaned in isopropyl alcohol for 10 min prior to the
ubsequent characterization steps. 

.2. Characterization of the fabricated scaffolds 

The morphology of the as-printed Mg-Zn scaffolds as well
s the morphologies and the cross-section microstructures of
he as-sintered Mg-Zn and pure Mg scaffolds were exam-
ned using a scanning electron microscope (SEM, JSM-IT100,
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Fig. 1. The design of scaffolds and the Mg-Zn powder using for scaffold manufacturing: (a) CAD design, (b) lay-down pattern of the scaffold design, (c) 
pre-alloyed Mg-Zn powder particle morphology and (d) microstructure of the etched pre-alloyed Mg-Zn powder. 
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EOL, Japan). The microporosity of the struts was measured
rom the SEM images taken on the polished cross sections
sing ImageJ (National Institutes of Health, USA). The pol-
shed Mg-Zn and pure Mg scaffold struts were etched using
he same method as for the Mg-Zn powder. The etched spec-
mens were then observed using the same SEM. The absolute
orosities of the as-printed and as-sintered scaffolds were cal-
ulated using the following equations, based on the weighing
ethod: 

 p = 

( 

1 −
m p 

ρp 

V bulk 

) 

× 100% (1)

 s = 

( 

1 −
m s 
ρMg 

V bulk 

) 

× 100% (2)

here ϕp and ϕs are, respectively, the absolute porosities of
he as-printed and the as-sintered Mg-Zn and pure Mg scaf-
olds [%], m p and m s are, respectively, the masses of the as-
rinted and as-sintered Mg-Zn scaffolds or those of the pure
g scaffold [g], V bulk is the bulk volume of the scaffolds

cm 

3 ], ρp is the density of the as-printed scaffolds, and ρMg is
he theoretical density of Mg ( i.e. , 1.74 g/cm 

3 ). The pore size
istribution and the corresponding differential and cumulative
ntrusion volumes of the Mg-Zn and pure Mg scaffolds were
easured using a mercury intrusion porosimeter (MIP, Mi-

romeritics Autopore IV 9500) at pressures over the range of
 to 210 MPa. 
The phases present in the Mg-Zn scaffolds were identi-
ed using an X-ray diffractometer (XRD, Bruker D8 Ad-
ance diffractometer in Bragg-Brentano geometry). The X-ray
iffractometer was equipped with a graphite monochromator
nd a Vantec position-sensitive detector that was set to work
t 45 kV and 40 mA. A scan range of 20–100 ° and a step
ize of 0.030 ° using the Cu K α radiation were employed. 

.3. In vitro immersion tests 

In vitro immersion tests of the Mg-Zn scaffolds were per-
ormed in revised simulated body fluid (r-SBF) [33] for up
o 28 days in a thermal bath maintained at 37 °C. The same
ests of the pure Mg scaffolds were performed only for 1
ay. 450 mL of the r-SBF solution was used for the immer-
ion tests of each specimen with a solution volume-to-surface
rea ratio of 7 mL/cm 

2 (the surface area was calculated based
n the CAD design) [34] . The changes of the pH values mea-
ured close to the outer surface of the specimens and further
way from it were monitored using two pH micro electrodes
inlabNMR, METTLER TOLEDO). An inductively coupled
lasma optical emission spectroscope (ICP-OES, iCAP 6500
uo Thermo Fisher) was used to determine the concentra-

ions of Mg, calcium (Ca), phosphate (PO 4 
3 −), and Zn ions

n the r-SBF solution after the immersion tests of Mg-Zn and
ure Mg scaffold samples at different time points. 

X-ray micro-computed tomography ( μCT, Nanotom 180
F, GE Phoenix) scans of the Mg-Zn and pure Mg scaffolds
efore and after the immersion tests were acquired with a
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esolution of 6 μm. DICOM images of the scanned sam-
les were imported into Dragonfly (Object Research Systems,
anada). After segmenting the corrosion products using Drag-
nfly, the volumes of the pure Mg and Mg-Zn specimens be-
ore and after the immersion tests were calculated by using
he plugin “bone analysis”. The volume loss was calculated
ccording to the following equation: 

ol ume l oss [ % ] 

= 

(
V Mg be f ore d egrad ation − V Mg a f ter degradation 

)
V Mg be f ore d egrad ation 

× 100% (3) 

here V Mg before degradation and V Mg after degradation are the vol-
mes of the specimens before and after the immersion test,
espectively. 

The average corrosion rates of Mg-Zn and pure Mg scaf-
olds were determined using the following equation according
o ASTM G1–03: 

orrosion rate 
[
m m /y 

] = 8 . 76 × 10 

4 × V 

A × t 
(4)

here V is the loss of volume [g] ( i.e.,
 Mgbeforedegradation V Mgafterdegradation ), A is the surface area
f scaffold sample [cm 

2 ], and t is the duration of in vitro
mmersion test [h]. 

In addition, the spacing between the struts of the Mg-Zn
caffolds that were retrieved after immersion for various du-
ations ( i.e. , 1, 3, 7, 14 and 28 days) was determined using
he plugin “bone analysis” in Drangonfly. Furthermore, the
olumes and porosities of the retrieved Mg-Zn scaffolds (in-
luding the corrosion products) were determined. 

.4. Characterization of in vitro corrosion products 

Fourier-transform infrared spectroscopy (FTIR) spectra of
he biodegraded Mg-Zn and pure Mg scaffolds were obtained
y using a FTIR apparatus (Thermo-Nicolet Nexus, USA)
quipped with a liquid-nitrogen cooled MCT-A (mercury-
admium-telluride) detector and a SAGA grazing angle acces-
ory at an incident angle of 80 ° with the setting of 128 scans
t a resolution of 2 cm 

−1 . The Mg-Zn and pure Mg scaffolds
efore in vitro biodegradation were used for collecting the in-
rared background with the same settings. In addition, X-ray
hotoelectron spectroscopy (XPS, Thermo Fisher Scientific,
-Alpha Model, USA) was used to characterize the surface

hemical states of the biodegraded Mg-Zn scaffolds after 1,
, 7, 14, and 28 days of immersion. The measurements were
erformed under normal emission at a spot size of 400 μm
nd a base pressure of 10 

−7 mbar using a monochromatic
l K α X-ray source. The Thermo Scientific Avantage v5.903

oftware (Thermo Fisher Scientific, USA) was used for pro-
essing and peak fitting. The surface morphologies and cross-
ection microstructures of the biodegraded Mg-Zn and pure

g scaffolds at the selected time points were examined using
he same SEM as before, equipped with an energy-dispersive
-ray spectroscope (EDS). 
.5. Electrochemical tests 

The specimens (Mg-Zn or pure Mg) were connected to a
opper wire using copper foil tape and were then mounted
nto epoxy resin. The surface area of the specimens exposed
o the electrolyte was 12.37 cm 

2 . Electrochemical tests were
erformed in triplicate using a Bio-Logic SP-200 potentiostat
Bio-Logic Science Instruments, France) in the r-SBF solu-
ion at 37 °C. A three-electrode electrochemical cell was set
p with graphite as the counter electrode, Ag/AgCl as the
eference electrode, and Mg-Zn or pure Mg scaffold sample
s the working electrode. 

Potentiodynamic polarization (PDP) measurements were
erformed after stabilization of the open circuit potential
OCP) at 1 h of exposure. Then, the specimen was polar-
zed from −0.3 V to + 0.5 V versus OCP at a scan rate of
.5 mV/s. 

The Tafel extrapolation method was used for determining
he corrosion potential E corr and corrosion current density i corr .
he corrosion rates (CR) were calculated according to the
btained i corr , based on the ASTM standard G102–89: 

 R eletrochemical 
[
m m /y 

] = 3 . 27 × 10 

−3 × E W × i corr 

ρ
(5)

here EW is the equivalent weight of Mg (valence 2), i corr is
he current density [ μA/cm 

2 ], and ρ is the theoretical density
f Mg [g/cm 

3 ]. 
The linear polarization resistance (LPR) of the scaffold

ample was measured consecutively at distinct exposure times
p to 21 days at ± 25 mV versus OCP at a potential sweep
ate of 0.167 mV s − 1 . 

.6. Mechanical properties 

Uniaxial compression tests of the as-fabricated Mg-Zn
caffold specimens as well as the Mg-Zn scaffold specimens
etrieved after 1, 3, 7 and 14 days of in vitro immersion were
erformed using an Instron universal mechanical testing ma-
hine (ElectroPuls E10000, Germany) with a 10 kN load cell
t a crosshead speed of 2 mm/min (initial strain rate: 0.003 s

1 ). The mechanical properties of the scaffolds, including
heir elastic modulus and yield strength were obtained ac-
ording to the ISO 13,314: 2011 standard. The slope of the
nitial linear region of the stress-strain curve was defined as
he elastic modulus. An 0.2% strain offset line parallel to the
nitial linear elastic region was drawn and the stress value at
he intersection with the stress-strain curve was defined as the
ield stress. 

.7. Cytocompatibility evaluation 

.7.1. Preculture of cells and preparation of extracts 
Preosteoblasts MC3T3-E1 (Sigma Aldrich, Germany) were

re-cultured for 7 days in α-minimum essential medium ( α-
EM, Thermo Fisher Scientific, USA) without ascorbic acid,

ut supplemented with 10% fetal bovine serum (FBS, Thermo
isher Scientific, USA) and 1% penicillin/streptomycin (p/s,
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f  
hermo Fisher Scientific, USA) under physiological condi-
ions (5% CO 2 and 37 °C). The medium was refreshed once
very 2–3 days. 

The extracts of the Mg-Zn and pure Mg scaffolds were
repared by immersing the sterilized Mg-Zn and pure Mg
caffolds with a diameter of 10 mm and a height of 5 mm
n α-MEM (without ascorbic acid but with 10% FBS and
% p/s) under the abovementioned physiological conditions
or 72 h The specimen-to-medium ratio was 1.25 cm 

2 /mL
35] . Afterwards, 100%, 50%, and 10% extracts of Mg-Zn
nd pure Mg were obtained by collecting, filtering, and dilut-
ng the corresponding supernatants. The pH values of these
xtracts were measured by using a pH meter (METTLER
OLEDO). The concentrations of the released Mg and Zn

ons in those extracts were measured using ICP-OES (iCAP
500 Duo Thermo Fisher, USA). 

.7.2. Indirect cytotoxicity tests 
PrestoBlue assay (Thermo Fisher Scientific, USA) was

sed to evaluate the indirect cytocompatibility of the Mg-
n and pure Mg scaffolds. First, 1 × 10 

4 MC3T3-E1 pre-
steoblast cells were cultured in α-MEM (without ascorbic
cid but with 10% FBS and 1% p/s) for 24 h, prior to ex-
hanging the α-MEM with the 100%, 50%, and 10% Mg-Zn
r pure Mg extracts ( n = 4/group). The same number of cells
as cultured in the original α-MEM (without ascorbic acid
ut with 10% FBS and 1% p/s) as the negative control. After
, 3, and 7 days of culture, the Mg-Zn and pure Mg extract
edia were replaced with α-MEM (without ascorbic acid but
ith 10% FBS and 1% p/s) to prevent any interference be-

ween the extract and the tetrazolium salt [36] , prior to adding
he PrestoBlue reagent. Thereafter, the specimens were incu-
ated with 50 μL of the PrestoBlue reagent at 37 °C for 1
 The absorbance values were then measured using a Victor
3 microplate reader (Perkin Elmer, The Netherlands) over
 wavelength range of 530 - 590 nm. The average metabolic
ctivity of the cells was calculated according to the following
quation: 

etabolic acti vi ty [ % ] 

= 

Absorbance ( Mg specimen ) 

Absorbance ( negative control ) 
× 100% (6) 

Furthermore, rhodamine phalloidin and 4 

′ ,6-diamidino-2-
henylindole (DAPI) dyes were used to stain the cytoskeleton
nd nucleus of the cells in order to observe the morphology of
he cells grown in the extracts. Therefore, MC3T3-E1 cells
number = 5 × 10 

3 ) were cultured on 48-well glass disks
n 200 μL extracts ( n = 2). After 3 days of cell culture,
he specimens were washed with phosphate buffered saline
PBS, Sigma-Aldrich, Germany) and were then fixed using
% formaldehyde/PBS (Sigma-Aldrich, Germany) for 15 min
t room temperature. Afterwards, the specimens were per-
eabilized with 0.5% Triton/PBS at 4 °C for 5 min. Then,

% bovine serum albumin (BSA)/PBS (Sigma-Aldrich, Ger-
any) was added per well, followed by incubation for 5 min.
onsecutively, 1:1000 rhodamine phalloidin (Thermo Fisher
cientific, USA) in 1% BSA/PBS was added per well, fol-
owed by incubation for 1 h at 37 °C and three times wash
ith 0.5% Tween/PBS (Sigma-Aldrich, Germany). Then, the
lass disks specimens were taken out of the wells and were
ounted on glass slides with Prolong gold (containing 4 

′ ,6-
iamidino-2-phenylindole (DAPI), Life Technologies, USA).
 fluorescence microscope (ZOE fluorescent cell imager, Bio-
ad, USA) was then employed to observe the cytoskeleton
nd nuclei of the cells. 

.7.3. Direct cytotoxicity tests 
To observe the distribution and morphology of the MC3T3-

1 cells seeded on the Mg-Zn scaffolds, a live/dead staining
ssay was performed. A total of 4 × 10 

5 cells were seeded on
he scaffolds (height = 2.4 mm, diameter = 9.3 mm, n = 2)
n 48-well plates, which were then cultured in 1 mL of α-

EM (without ascorbic acid but with 10% FBS and 1% p/s).
fter 2.5 h (to allow for the attachment of the cells to the

pecimens), the scaffolds together with 1 mL α-MEM were
ransferred to 6-well plates. Additional α-MEM (7 mL) was
dded to the wells to reach a specimen-to-medium ratio of
.25 cm 

2 /mL. After 3 days of cell culture, the specimens were
aken out of the cultured medium and the medium was stored.
fterwards, the specimens were washed with PBS and were

ncubated in a PBS solution containing 0.5 μL/mL of calcein
nd 1.5 μL/mL of ethidium homodimer-1 (LIVE/DEAD Vi-
bility/Cytotoxicity Kit, Life Technologies Corp., USA) for
5 min in the dark at room temperature. The PBS solution
as then replaced by the previously stored medium to pre-
ent further reaction between the PBS solution and Mg-Zn
caffolds during the imaging process. Thereafter, the live and
ead cells on the scaffolds were observed with a fluorescence
icroscope (ZOE cell imager, Bio-Rad, USA). Furthermore,

he morphology of cells on the Mg-Zn scaffolds was observed
nder the same SEM. After 3 days of cell culture, the spec-
mens ( n = 2) were washed with PBS and were fixed with
% formaldehyde (Sigma Aldrich, Germany) for 15 min, fol-
owed by dehydration stages in 50, 70, and 100% ethanol for
0 min each. They were further preserved by immersion in
examethyldisilazane (Sigma Aldrich, Germany) for 30 min.
he specimens were then dried overnight prior to SEM imag-

ng. 

.8. Statistical analysis 

Statistical analyses of the concentrations of Mg ion re-
ease and the metabolic activity results obtained from the in-
irect cytotoxicity tests were performed with ANOVA, fol-
owed by the Tukey post hoc test ( α = 0.05) with p < .0001,
∗∗∗; p < .001, ∗∗∗; p < .01 and 

∗∗; p < .05, ∗. 

. Results 

.1. Structural characteristic of the scaffolds 

The as-printed Mg-Zn and pure Mg scaffolds with
reestanding characteristics were similar in their exterior
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Fig. 2. Characteristics of the fabricated Mg-Zn scaffolds in comparison with those of the pure Mg scaffolds: (a) macrographs, (b and c) the morphologies of 
the as-printed Mg-Zn scaffold struts at different magnifications, (d1-d4) the morphology, cross-section and microstructure of the as-sintered Mg-Zn scaffolds, 
(e1-e4) the morphology, cross-section and microstructure of the as-sintered pure Mg scaffolds, (f) micropore size distributions in the struts (the plot of pure 
Mg cited from [18] ), and (g) XRD patterns (the pattern of pure Mg cited from [18] ). 
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ppearance to the design. After sintering, the dimensions of
he Mg-Zn and pure Mg scaffolds were reduced by 10.7 ±
.1% and 9.5 ± 0.2%, respectively ( Fig. 2 a). The struts of
he top layer of the printed Mg-Zn scaffolds perpendicularly
ridged the struts of the underlying layer, precisely as de-
igned ( Fig. 2 b). The powder particles were evenly embed-
ed in the binder ( Fig. 2 c). Sufficient powder loading in the
nk allowed the scaffolds with a high aspect ratio to be built
ith almost no distortions. The as-printed Mg-Zn and pure
g scaffolds had similar micro-porosities, and the strut width

nd spacing values were quite close to the design values
 Table 1 ). After sintering ( Fig. 2 d 1 and e1), the width shrink-
ges of the struts of the Mg-Zn and pure Mg scaffolds were
easured to be 11.2 ± 3.2% and 10.2 ± 2.3%, respectively
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Table 1 
Morphological characteristics of the Mg-Zn and pure Mg scaffolds fabricated by using the extrusion-based AM technique. 

Sample group Strut width ( μm) Strut spacing ( μm) Porosity in the struts after Absolute porosity 
sintering 

Design 580 360 – 37.8% 

As-printed Mg-Zn 581.2 ± 14.9 343.9 ± 18.5 – 58.3 ± 1.6% 

As-printed Mg 587.6 ± 11.7 351.4 ± 18.5 – 60.0 ± 1.9% 

As-sintered Mg-Zn 516.1 ± 15.3 331.7 ± 39.5 6.9 ± 1.0% 50.3 ± 3.4% (W) 
49.4 ± 5.7% ( μCT) 

As-sintered Mg 528.1 ± 12.6 298.4 ± 16.6 8.5 ± 0.4% 54.5 ± 2.4% (W) 
52.3 ± 2.9% ( μCT) 
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 Table 1 ). The total porosity of the sintered Mg-Zn scaffolds
50.3 ± 3.4% from the weighing method and 49.4 ± 5.7%
rom the μCT analysis) was lower than that of the sintered
ure Mg scaffolds (54.5 ± 2.4% from the weighing method
nd 52.3 ± 2.9% from the μCT analysis). In the close-up
iews of the struts, sintering necks and open micropores could
e observed between Mg-Zn or pure Mg powder particles
 Fig. 2 d 2 and e2). The micropores inside the struts were more
learly seen when examining the cross-section microstructure
 Fig. 2 d 3 and e3). From the MIP analysis, the micropores
ere found to be mostly in a size range of 2 - 10 μm, cen-

ered at around 5 μm ( Fig. 2 f). The lower cumulative intru-
ion volume of the Mg-Zn scaffolds (the inset in Fig. 2 f) indi-
ated fewer micropores in their struts, as compared to those of
he pure Mg scaffolds, which is consistent with the calculated

icro-porosities based on the cross-section microstructures of
he struts ( Table 1 ). 

The etched Mg-Zn specimen showed a grain size of 26.5 ±
.5 μm with second phase particles dispersing at grain bound-
ries ( Fig. 2 d 4 ), while the etched pure Mg specimen exhibited
 grain size of 28.3 ± 1.2 μm with clean grain boundaries
 Fig. 2 e 4 ). Based on the XRD analysis, the as-sintered Mg-
n scaffolds consisted of the α-Mg phase and MgZn 2 second
hase, while only α-Mg phase was detected in the as-sintered
ure Mg scaffolds ( Fig. 2 g). 

.2. In vitro biodegradation behavior 

The Mg-Zn scaffolds maintained their structural integrity
or the entire 28 days of immersion in the r-SBF solution
ith white biodegradation products gradually forming on

heir surface, while the pure Mg scaffolds lost most of their
eripheral parts after 1 day of immersion ( Fig. 3 a). The
H changes in the proximity of the scaffold sample ( i.e.,
ocal pH) and further away ( i.e., distant pH) were measured
 Fig. 3 b). At the initial stage of the immersion, the local pH
f both Mg-Zn and pure Mg exhibited fluctuations (see the
rrows in Fig. 3 b), while the distant pH increased steadily.
uring the first 24 h of immersion, the pH values associated
ith the pure Mg increased from 7.4 to around 9.5 with the

ocal pH being higher than the distant one most of the time.
he local pH value associated with the pure Mg specimens
harply increased to 9.3 during the first 10 h of immersion
nd tended to stabilize thereafter ( Fig. 3 b). By comparison,
he pH values associated with the Mg-Zn remained lower
han 8.0 during the first 24 h of immersion, with the local
H being only slightly higher than the distant one ( Fig. 3 b).
he increase of the pH value associated with the Mg-Zn
pecimens slowed down after 10 days of immersion ( Fig. 3 c).
he release of Mg ions from pure Mg was about twice as
uch as that from Mg-Zn during the first 24 h of immersion,
hile higher amounts of Ca and P ions were detected in the

-SBF solution of the Mg-Zn group ( Fig. 3 d). Throughout
8 days of immersion, the amount of Mg ions released from
he Mg-Zn scaffolds increased from 141.3 ± 13.0 mg/L at
ay 1 to 359.3 ± 54.8 mg/L at day 28 ( Fig. 3 e). Over this
eriod, the amounts of remaining Ca and P ions decreased.
ccording to the μCT analysis, up to 28 days of immersion,

he interspacing between the struts of the Mg-Zn scaffolds ex-
ibited a gradual ascending trend ( Fig. 3 f). After segmenting
he images of the Mg-Zn scaffolds (excluding the corrosion
roducts), the volume loss of the Mg-Zn scaffolds was found
o have increased from 7.1 ± 2.0% after 1 day of immersion
o 64.6 ± 2.8% after 28 days of immersion ( Fig. 3 g). The
olume loss of the pure Mg scaffolds has been found to be
7.3 ± 6.7% after 1 day of immersion [19] , which is close
o that of Mg-Zn after 7 days of immersion (the dash line in
ig. 3 g). The average in vitro corrosion rate of the Mg-Zn
caffolds decreased from 2.3 ± 0.9 mm/y after 1 day of
mmersion to 0.7 ± 0.1 mm/y after 28 days of immersion
 Fig. 3 h). In the case of the pure Mg scaffolds, the corrosion
ate reached 12.1 ± 0.2 mm/y after 1 day. When including
he corrosion products during the segmentation of Mg-Zn
caffolds, the volume of the specimens was found to increase
ntil day 7, and subsequently decreased ( Fig. 3 i). Once the
orrosion products were segmented apart from the Mg-Zn
ubstrate, the porosity of the Mg-Zn scaffolds gradually in-
reased from an initial value of 49.4 ± 5.7% to 80.0 ± 0.6%
fter 28 days of immersion. By comparison, the porosity of
he Mg-Zn scaffolds with the corrosion products decreased
o 33.4 ± 7.1% at day 1 and further decreased to 24.0 ±
.5% at day 3 ( Fig. 3 j). Then, the porosity remained stable
ntil day 14 and subsequently increased at day 28 ( Fig. 3 j). 

.3. Characteristics of biodegradation products on the 
caffolds 

.3.1. Chemical characteristics of the scaffold surface 
FTIR revealed the presence of hydroxide (OH 

−) and car-
onates (CO 3 

2 −) on the surface of the biodegraded pure Mg
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Fig. 3. In vitro biodegradation characteristics of the Mg-Zn scaffolds in comparison with those of the pure Mg scaffolds: (a) visual inspection of degraded 
scaffolds over immersion time, (b) pH variations during the first day of immersion, (c) pH variations up to 28 days of immersion, (d) changes of the 
concentrations of ions in r-SBF during the first day of immersion, (e) changes of the concentrations of ions in r-SBF up to 28 days of immersion, (f) changes 
of the interspacing between the struts of the degraded Mg-Zn scaffolds with immersion time, (g) volume loss over time, (h) calculated corrosion rates of 
the Mg-Zn scaffolds over time, (i and j) changes of the volume and porosity of the degraded Mg-Zn scaffolds with and without the corrosion products with 
immersion time. The results of pure Mg are cited from [18] . 
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Fig. 4. Characteristics of the biodegradation products on the surface of Mg-Zn scaffold struts: (a) FTIR spectra (the spectrum of pure Mg after the first day 
of immersion cited from [18] ), and (b-g) XPS spectra. 
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caffolds with the following characteristics: OH 

− absorption
and at 3700 cm 

−1 [37] and CO 3 
2 − bands between 750-

00 cm 

−1 and 1400–1550 cm 

−1 [ 38 , 39 ]. By comparison,
uring the first day of immersion, the phosphates (PO 4 

3 −)
ith the absorption peak at around 1100 cm 

−1 emerged on
he degraded Mg-Zn scaffolds with the appearance of CO 3 

2 −

 Fig. 4 a). However, the absorption peak of PO 4 
3- decreased

ith the immersion time and disappeared after 28 days of
mmersion ( Fig. 4 a). XPS further revealed the compositional
hanges of the biodegradation products on the surface of the
g-Zn scaffolds with the immersion time ( Fig. 4 b). The total
PS spectrum showed that the biodegradation products were
omposed of C, Mg, Zn, P, Ca, and O after 1 day of im-
ersion. The percentage of Mg decreased until 14 days and

harply increased at day 28, while the percentages of Zn, P,
nd Ca increased first, started to decrease from day 14, and
ecame too low to be detected at the end of the immersion pe-
iod ( Fig. 4 b). Furthermore, the high-resolution XPS spectra
f C1s, Mg1s, Zn2p3/2, Ca2p, and P2p were collected from
he surfaces of the specimens (after in vitro biodegradation for
, 7, and 28 days) and were then fitted ( Fig. 4 c-g). The peaks
ocated at 285 and 290 eV may be due to hydrocarbon con-



2500 J. Dong, N. Tümer, M.A. Leeflang et al. / Journal of Magnesium and Alloys 10 (2022) 2491–2509 

t  

a  

a  

c  

2  

3  

i  

a  

Z  

s  

c  

(

3
 

r  

b  

(  

o  

c  

w  

s  

(  

s  

1  

u  

p  

t  

t  

t  

b  

c  

A  

w  

s  

C  

t  

t  

t  

r  

d  

a  

f  

t  

o  

b  

b  

i  

s  

f  

u  

o  

m  

t  

d  

f  

M  

b  

m  

s  

t  

s  

O  

P

3

 

o  

e  

c  

c  

t  

c
0  

f  

fi  

K  

(  

p  

fi

3

 

a  

f  

u  

l
4  

p  

r  

d  

i  

(  

s
3  

o  

1  

4  

d  

(

3

 

o  

t  

a  

t  

p
1  

d  

t  
amination and CO 3 
2 −, respectively ( Fig. 4 c) [40] . The peaks

t 1303, 1304, and 1305 eV corresponded to Mg(OH) 2 , MgO,
nd MgCO 3 , respectively ( Fig. 4 d) [41] , while the peak lo-
ated at 1022 eV was attributed to ZnO ( Fig. 4 e) [1] . The Ca
p peak consisted of Ca 2p1/2 at 348 eV and Ca 2p 2/3 at
47 eV, and a Mg Auger peak at 351 eV was also present
n this region ( Fig. 4 f) [42] . The P2p peaks observed at
bout 133 and 134 eV ( Fig. 4 g) could be assigned to PO 4 

3 −.
nO, Ca 2 + , and PO 4 

3 − were observed on the surfaces of the
pecimens after 1 day and 7 days of immersion, but they
ould not be detected any more after 28 days of immersion
 Fig. 4 e-g). 

.3.2. Morphological characteristics 
The original struts of the pure Mg scaffolds could not be

ecognized after only 1 day of immersion and their surfaces
ecame completely covered by the biodegradation products
 Fig. 5 a 1 ). The corrosion product layer with cracks consisted
f C, O, Mg, and a minor amount of Ca ( Fig. 5 a 2 ). At the
enter of the scaffolds, the space between the struts was filled
ith the biodegradation products ( Fig. 5 a 3 ). The pure Mg

truts were mostly replaced by the biodegradation products
 Fig. 5 a 4 ) composed of Mg and O [19] . By comparison, the
truts of the Mg-Zn scaffolds were still clearly visible after
 day of immersion ( Fig. 5 b 1 ) with a biodegradation prod-
ct layer composed of C, O, Na, Mg, Zn, P, and Ca de-
osited on the struts ( Fig. 5 b 2 ). The cross-section microstruc-
ure of the Mg-Zn scaffolds after 1 day of immersion showed
he structural integrity of the struts and the interspacing be-
ween the struts were still well maintained ( Fig. 5 b 3 ). The
iodegradation products were formed within the initial inter-
onnected pore network of the porous structure ( Fig. 5 b 4 ).
t day 3, both the struts and the space between the struts
ere covered by a thick deposition layer ( Fig. 5 c 1 ). Flake-

haped products were formed on the surface, which contained
, O, Mg, Zn, and Ca ( Fig. 5 c 2 ), while the space between

he struts at the center of scaffolds were partially filled with
he biodegradation products ( Fig. 5 c 3 ). It was also observed
hat the struts corroded locally and the corroded areas were
eplaced by the biodegradation products ( Fig. 5 c 3 and c4). At
ay 7, the biodegradation products on the surface were loose
nd porous ( Fig. 5 d 1 ). Some needle-shaped crystals had also
ormed on the surface, in which Mg, O, Ca, and Cl were de-
ected ( Fig. 5 d 2 ). At the center of the scaffolds, after 7 days
f immersion, the struts were further corroded, and dense
iodegradation products had formed and fully filled the space
etween the struts ( Fig. 5 d 3 ), closely surrounding the remain-
ng struts ( Fig. 5 d 4 ). At day 14, the surface of the scaffolds
howed a bumpy morphology, instead of the original porous
eatures ( Fig. 5 e 1 ), and many bump-shaped corrosion prod-
cts, containing C, O, Mg, and Ca, had appeared on the top
f the former deposition layer ( Fig. 5 e 2 ). At this time point,
ost of the struts were corroded with a few struts retaining

heir integrity ( Fig. 5 e 3 and e4). After 28 days, a relatively
ense and compact layer with a fish-scale-like structure was
ormed ( Fig. 5 f 1 ), in which Ca had disappeared, while C, O,

g, and a trace amount of Na were detected ( Fig. 5 f 2 ). The
iodegradation products at the center of the scaffolds were
ore porous ( Fig. 5 f 3 and f4). In order to reveal the compo-

itions of the biodegradation products formed at the center of
he scaffolds, EDS mapping analysis was performed on the
caffolds after 14 days of immersion, showing that Mg and
 were the main elements with some trace amounts of Ca,

, C and Zn. 

.4. Electrochemical response 

The Mg-Zn and pure Mg scaffolds exhibited similar an-
dic and cathodic polarization behaviors. However, Mg-Zn
xhibited a nobler corrosion potential ( E corr ) and a lower
urrent density ( i corr ) than those of pure Mg ( Fig. 6 a). The
urrent density values of Mg-Zn and pure Mg were respec-
ively 4.3 • 10 

−5 ± 0.9 • 10 

−5 and 9.6 • 10 

−5 ± 1.7 • 10 

−5 A • cm 

−2 ,
orresponding to corrosion rates of 1.1 ± 0.8 and 2.2 ±
.0 mm/y. The LPR values of the Mg-Zn scaffolds decreased
rom 2.1 ± 0.4 K �• cm 

2 to 1.1 ± 0.2 K �• cm 

2 during the
rst 3 days of immersion, and then increased to 2.2 ± 0.1
 �• cm 

2 until day 14, followed by a decrease at day 21
 Fig. 6 b). As compared with Mg-Zn, the LPR values of the
ure Mg scaffolds remained at a very low level during the
rst day of immersion (around 0.5 K �• cm 

2 ). 

.5. Mechanical properties 

The uniaxial compressive stress-strain curves of the Mg-Zn
nd pure Mg scaffolds both began with a linear elastic region,
ollowed by densification during the plastic deformation stage
ntil failure ( Fig. 7 a). The yield strength and elastic modu-
us of the Mg-Zn scaffolds (14.5 ± 3.0 MPa and 448.8 ±
2.4 MPa, respectively) were much higher than those of the
ure Mg scaffolds (4.7 ± 0.7 MPa and 184.4 ± 37.3 MPa,
espectively). The biodegraded specimens showed a notable
ecline in their strain to failure from 30 ± 8% prior to the
n vitro immersion to 16 ± 1% after 14 days of immersion
 Fig. 7 b). Over the in vitro immersion period, the yield
trength of the scaffolds markedly increased from 14.5 ±
.0 MPa before degradation to 34.9 ± 7.3 MPa after 3 days
f immersion and then declined to 24.6 ± 7.6 MPa at day
4 ( Fig. 7 c). Likewise, the elastic modulus increased from
48.8 ± 42.4 MPa to 735.9 ± 220.6 MPa at day 3 and then
ecreased to 282.9 ± 83.6 MPa after 14 days of immersion
 Fig. 7 d). 

.6. In vitro biological evaluation of the scaffolds 

The exposure of MC3T3-E1 cells to the 100% extracts
f the Mg-Zn and pure Mg scaffolds led to instant cyto-
oxicity ( Fig. 8 a). When the extracts were diluted to 50%,
 low metabolic activity of 24.0 ± 6.6% was detected for
he Mg-Zn group, which decreased until day 7, while the
ure Mg group showed a higher metabolic activity of 84.8 ±
2.8% after 1 day of culture, which was maintained until 7
ays of cell culture. When the extracts were further diluted
o 10%, however, the metabolic activity of the Mg-Zn and
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Fig. 5. SEM images of the biodegradation products on the scaffold outer surfaces and in the center of the Mg-Zn scaffold in comparison with those of the 
pure Mg scaffolds: (a1-a4) pure Mg scaffolds after 1 day of immersion, (b1-b4) Mg-Zn scaffolds after 1 day of immersion, (c1-c4) Mg-Zn scaffolds after 3 
days of immersion, (d1-d4) Mg-Zn scaffolds after 7 days of immersion, (e1-e4) Mg-Zn scaffolds after 14 days of immersion, (f1-f4) Mg-Zn scaffolds after 28 
days of immersion, and (g) EDS analysis of the Mg-Zn scaffolds after 14 days of immersion. The boxed area and values indicate the spots where the EDS 
analyses were performed and the corresponding elemental compositions, respectively. 
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Fig. 6. Electrochemical test results: (a) Potentiodynamic polarization after 1 h of exposure, and (b) linear polarization resistance over a period of 21 days of 
exposure for the bare Mg and Mg-Zn scaffolds. The results of pure Mg are cited from [18] . 

Fig. 7. Compressive mechanical properties of the Mg-Zn scaffolds in comparison with those of the pure Mg scaffolds: (a) stress-strain curves of the scaffolds 
before in vitro biodegradation (the curve of pure Mg cited from [18] ), (b) stress-strain curves of the degraded Mg-Zn scaffolds, (c) variation of yield strength 
with immersion time, and (d) variation of Young’s modulus with immersion time. Dash lines in the insets indicate the linear regions; arrows and crosses 
indicate the yield strengths. 
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ure Mg groups stayed at high levels ( > 90%) until 7 days
f cell culture ( Fig. 8 a). The pH values of the 10% extracts
f the Mg-Zn and pure Mg scaffolds were only marginally
ower than those of the corresponding 50% and 100% ex-
racts ( Fig. 8 b). However, lower concentrations of Mg ions
ere found in the diluted extracts of both Mg-Zn and pure
g ( Fig. 8 c). In addition, the concentrations of Mg ions in the

0% and 100% Mg-Zn extracts were lower than those in the
0% and 100% pure Mg extracts ( Fig. 8 c). The concentration
f Zn ions released from the Mg-Zn scaffolds decreased with
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Fig. 8. In vitro biological evaluation of the scaffolds: (a) indirect metabolic activity values of preosteoblasts cultured in the 10%, 50% and 100% extracts 
of the Mg-Zn and pure Mg scaffolds [18] , (b-c) pH and ion concentrations of the Mg-Zn and pure Mg [18] extract media of different concentrations, (d-g) 
rhodamine phalloidin (red) and DAPI (blue) stained preosteoblasts after 3 days of culture in the 0%, 10%, 50% and 100% extracts of the Mg-Zn scaffolds, 
(h-i) calcein acetoxymethyl (green, indicating living cells) and ethidium homodimer-1 (red, indicating dead cells) stained preosteoblasts on the Mg-Zn scaffolds 
(with Ti-6Al-4V as the reference), and (j-k) the morphologies of cells on the Mg-Zn scaffolds after 3 days of direct cell culture. 
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ncreasing dilution ratio of the extracts (17.0 ± 2.4 mg/L in
he 100% extract and 2.1 ± 0.1 mg/L in the 10% extract)
 Fig. 8 c). When cultured in the 10% Mg-Zn extracts for
 days, the cells formed a confluent layer and showed a
pread morphology with well-developed stress fibers ( Fig. 8 e),
imilar to the control group (0% extract, i.e., the α-MEM
edium) ( Fig. 8 d). However, only a few cells could be ob-

erved in the 50% Mg-Zn extracts ( Fig.8 f) and they presented
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 less spread morphology. In the 100% Mg-Zn extracts, there
ere hardly any cells ( Fig. 8 g). 
In the direct cell culture, the preosteoblasts showed a ho-

ogenous distribution over the struts of the Mg-Zn scaf-
olds after 3 days with the presence of both viable and
nhealthy/dead preosteoblasts ( Fig. 8 i). The cells were also
ess spread as compared to the cells grown on the reference
i6Al4V scaffolds ( Fig. 8 h). SEM imaging of the Mg-Zn
caffolds after 3 days of culture revealed that some cells could
pread between the cluster of particles (the arrows Fig.8 j)
hereas others settled on such clusters adopting a round mor-
hology (the arrows in Fig. 8 k). 

. Discussion 

In this research, extrusion-based AM was employed to
abricate geometrically-ordered pre-alloyed Mg-Zn scaffolds,
hich had not been demonstrated before. Upon heating, the
g-Zn binary alloy was brought into the solid-liquid two-

hase region between the solidus and liquidus [43] , thus hav-
ng a broader sinterability window than pure Mg. Therefore,
 specific sintering scheme was first developed for the fab-
ication of the Mg-Zn scaffolds. The fabricated Mg-Zn scaf-
olds with denser struts and the dispersed second phase con-
ributed to the improved mechanical properties and corrosion
esistance, as compared to those of the pure Mg scaffolds.
n addition, the indirect culture of preosteoblasts in the Mg-
n extracts with the recommended dilution ratio (6–10 times

44] ) revealed good biocompatibility. 

.1. Fabrication of the mg-zn scaffolds 

The extrusion-based AM technique enabled precise print-
ng of the Mg-Zn and pure Mg scaffolds with strut sizes and
trut spacing values close to the design values ( Table 1 ). A
ingle-step debinding and sintering process was applied to the
s-printed Mg-Zn scaffolds. The sintering step of the Mg-Zn
caffolds was, however, different from the one applied to pure

g in our previous studies [18] . The existence of the liquid-
olid two-phase region for the Mg-Zn alloy allowed for the
ariation of the density of the struts by controlling the volume
raction of the liquid phase formed during sintering, which
as infeasible for pure Mg due to the absence of such a

iquid-solid two-phase region. To determine a suitable range
f the sintering temperatures, the dependence of liquid phase
raction on temperature was calculated based on the thermo-
ynamic equilibrium (Fig. S1). In conventional powder metal-
urgy, an optimum fraction of the liquid phase for liquid-phase
intering is reportedly between 5 and 15 vol% and the higher
raction of the liquid phase, the higher density of struts could
e achieved within a shorter sintering time [45] . Therefore, a
intering temperature range of 570 to 590 °C was selected,
orresponding to a liquid fraction range of 10–15 vol% for
he Mg-Zn alloy with 4 wt% Zn. The optimization of the sin-
ering scheme was based on the measured density of the struts
nd the fidelity of the Mg-Zn scaffolds (Fig. S2). Although a
igher temperature (590 °C/1 h) was beneficial for the den-
ification of Mg-Zn scaffold struts (Fig. S2-a), the fidelity
f the scaffolds was diminished due to the formation of nod-
les at the peripheral struts (the arrow in Fig. S2-d). This was
lso observed during the optimization of the sintering scheme
or pure Mg [18] . To ensure that a similar level of porosity
ould be achieved and to avoid an unexpected increase in
rain size, sintering with a dwelling time of 1 h was selected
or the Mg-Zn scaffolds (the same as for pure Mg). Based
n the preceding studies, the optimized sintering parameters
f 580 °C/1 h and 640 °C/1 h [19] were used for the sinter-
ng of the Mg-Zn and Mg scaffolds, respectively. After the
ost-processing, both the Mg-Zn and pure Mg scaffolds pos-
essed a hierarchical porous structure with macropore sizes of
bout 300 μm and micropore sizes of < 100 μm in the struts
 Table 1 and Fig. 2 ), which could be favorable for the adhe-
ion, proliferation, and differentiation of cells [46] . Under the
remise of guaranteeing fidelity, the fabricated Mg-Zn scaf-
olds exhibited a slightly higher density in the struts and,
hus, lower porosity of the whole structure than the pure Mg
caffolds ( Fig. 2 f and Table 1 ). 

The precipitated MgZn 2 second phase was found in the
g-Zn scaffolds ( Fig. 2 d 4 ) due to the low solubility of Zn

1.6 wt%) in the α-Mg phase at room temperature [43] , which
as been also reported in some other studies on Mg-Zn al-
oys [ 21 , 47 ]. The mean grain size of the original Mg-Zn
owder (2.8 ± 0.1 μm) was smaller than that of the pure
g powder (8.6 ± 1.7 μm), which could be attributed to the

rain-refining effect of Zn [ 27 , 48 ]. However, this effect was
ot clearly visible any more after sintering, as evidenced by
he similar grain sizes of the sintered Mg-Zn and pure Mg
caffolds (about 30 μm). 

.2. In vitro biodegradation behavior 

The static in vitro corrosion resistance of the Mg-Zn scaf-
olds was significantly better than that of the pure Mg scaf-
olds ( Table 2 ). Comparisons in pH value, the concentration of

g ion, and volume loss after 1 day of immersion all clearly
howed that the fabricated Mg-Zn scaffolds had much im-
roved corrosion resistance ( Fig. 3 ). Similar remarkable im-
rovements in the corrosion resistance have been observed in
ther studies on the cast and powder metallurgy Mg-Zn binary
lloys [ 21 , 22 ]. The improved corrosion resistance of the Mg-
n scaffolds could be attributed to the addition of Zn, which
levates the corrosion potential of Mg ( Fig. 6 a) [ 22 , 23 ]. Al-
hough the presence of second phase particles could cause

icro-galvanic corrosion, the corrosion of our Mg-Zn alloy
ith < 5 wt% Zn was not dominated by micro-galvanic cor-

osion, since with a low Zn content, second phase particles are
ispersed in the α-Mg matrix ( Fig. 2 d 4 ) instead of forming
 continuous network structure that could lead to widespread
nd distinct anode-cathode sites [22] . In addition, Zn can in-
rease the tolerance limits of impurities, thereby reducing the
orrosion rate of Mg [49] . Moreover, many other researchers
 23 , 50-53 ] have found that the addition of Zn to Mg can
ccommodate the formation of a compact corrosion product
lm. When a Mg-Zn alloy is exposed to the r-SBF solution,
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Table 2 
Comparison between the in vitro biodegradation rates of the Mg-Zn scaffolds and those of the same alloy in other studies. 

Material Fabrication technique Porosity Grain size ( μm) In vitro degradation rate Medium Ref. 
(mm/y) 

Mg-4Zn cast 0% – day 6: 2.1 c-SBF [52] 
Mg-4Zn cast 0% 100 day 7: 4.3 day14: 3.4 c-SBF [55] 
Mg-4Zn cast + extrusion 0% 11.2 day 7: 1.9 PBS [56] 
Mg-4Zn cast + extrusion 0% 14.5 day 10: 3.7 PBS [57] 
Mg-4Zn powder metallurgy 0.9% 23.2 day 1: 2.5 3.5% 

NaCl 
[21] 

Mg-4Zn extrusion-based AM 50.3 ± 3.4% 26.5 day 1: 2.3 ± 0.9 day 7: 
1.7 ± 0.5 day 14: 1.0 ± 0.3 
day 28: 0.7 ± 0.1 

r-SBF this 
study 

Pure Mg extrusion-based AM 54.5 ± 2.4% 28.3 day 1: 12.1 ± 0.2 r-SBF this 
study 

Ideal bone substitute – – – 0.2 – 0.5 – [58] 
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o  
he alloy surface is oxidized to generate Mg 

2 + and Zn 

2 + ions
nd, at the same time, OH 

− and H 2 are produced by the re-
uction of H 2 O. The Mg 

2 + and Zn 

2+ react with OH 

− to form
g(OH) 2 and Zn(OH) 2 as a layer of precipitates on the alloy

urface. It is well known that, in the r-SBF solution, Mg(OH) 2 
s vulnerable to Cl − attack, leading to the formation of sol-
ble MgCl 2 . However, Zn(OH) 2 is known to be transformed
nto stable ZnO at the very early stage of immersion (within
00 s), contributing to the formation of a protective corrosion
lm on the surface of the Mg-Zn alloy [51] . Therefore, during

he first day of immersion, ZnO compounds appeared on the
urface of the Mg-Zn scaffolds ( Fig. 4 e), providing a more
table film than the one present on the surface of pure Mg,
hich was preferable for the deposition of calcium phosphate
roducts. This could explain why after 1 day of immersion,
O 4 

3 − was formed on the Mg-Zn scaffolds but not on the
ure Mg scaffolds ( Fig. 4 a). The calcium phosphate phase
hat is similar in composition to the inorganic phase of the
one can be utilized by osteoblasts to form new bone [54] . 

The static in vitro biodegradation rate of the Mg-Zn scaf-
olds presented here was compared with the values of bulk
nd foam Mg-Zn alloys fabricated by conventional techniques
 Table 2 ) [ 52 , 55-57 ] and with the desired rates of biodegra-
ation. We found that the biodegradation rate of the Mg-Zn
caffolds (0.7 ± 0.1 mm/y at day 28) developed here is quite
lose to the biodegradation rate of an ideal bone substitute
0.2 - 0.5 mm/y) [58] . In addition, the corrosion rate (1.7 ±
.5 mm/y at day 7) of our Mg-Zn scaffolds is similar to cast
nd extruded Mg-Zn alloys (with 4 wt% Zn) (1.9 - 4.3 mm/y
t day 7, Table 2 ). The fabricated Mg-Zn scaffolds with a
orosity of around 50% had an initial biodegradation rate of
.3 ± 0.9 mm/y, which is similar to the biodegradation rate
f the Mg-Zn alloy (4 wt% Zn, grain size = 23.2 μm) with
% porosity fabricated through conventional powder metal-
urgy ( Table 2 ). One of the reasons for such a remarkable
orrosion resistance is the finer grains in our Mg-Zn scaffolds
26.5 ± 3.5 μm), especially when compared with that of bulk
lloys in their as-cast condition ( Table 2 ). Another important
eason could be that the interconnected porous structure of
ur Mg-Zn scaffolds allowed stable ZnO to participate in the
ormation of the corrosion products everywhere, which helps
n maintaining the integrity of the structure and effectively
etards the progress of the corrosion process. 

At the early stage of in vitro immersion, ZnO could be
ound on the surface of the Mg-Zn scaffolds accompanied
y Mg (OH) 2 , MgO, MgCO 3 , and calcium and phosphate-
ontaining precipitates ( Fig. 4 a and b). At the later stages of
n vitro immersion ( i.e. , day 14 and day 28), however, ZnO
ould not be detected any more on the surface of the speci-
ens ( Fig. 4 b). This is likely because Zn is less chemically

ctive, as compared to Mg. Mg is, therefore, preferentially
xidized and Mg-containing degradation products are formed
n the surface first [52] . With time, thus, more and more Mg
OH) 2 or MgO are found in the outer layers of the biodegra-
ation products, while ZnO is found in the inner layers. This
rend has been also reported in other studies [ 52 , 59 ]. In addi-
ion, the formed ZnO could facilitate the further formation of

g(OH) 2 [53] , leading to an increasingly dense degradation
ayer on the surface of the Mg-Zn scaffolds ( Fig. 5 b 1 -f 1 ). 

After 1 day of immersion, corrosion was found to have
ccurred both at the periphery and in the center of the struts.
he biodegradation products formed on the peripheral struts
nd inside the initial micropores in the struts ( Fig. 5 b 3 -b 4 )
ed to a sharp increase in the total volume of the scaffolds
including the volume of the biodegradation products), but
 decrease in porosity ( Fig. 3 i and j). With corrosion further
rogressing over time, the struts gradually became incomplete
nd stable degradation products continuously formed on the
truts until the space between the struts was fully occupied
 Fig. 5 c 3 , d3 and e3). As a result, the porosity of the scaf-
olds (including the biodegradation products) was maintained
t around 25% ( Fig. 3 j), and the volume of the scaffolds (in-
luding the biodegradation products) was higher than that of
he initial scaffolds between days 3 and 14 ( Fig. 3 i). The
iodegradation products present at the center of the scaffolds
ad a similar composition to those on the surface ( Fig. 5 g). 

The compact and dense biodegradation products present
n the surface and in the space between the struts gener-
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lly hindered the further corrosion of the Mg-Zn scaffolds,
ence reducing the corrosion rate from 2.3 ± 0.9 mm/y to
.7 ± 0.1 mm/y over 28 days of immersion ( Fig. 3 h). The
educed corrosion rate was also reflected in the gradually sta-
le pH values from day 7 ( Fig. 3 c), the minor changes of the
olume and porosity of the Mg-Zn scaffolds (excluding the
iodegradation products) between days 7 and 14 of immersion
 Fig. 3 i and j), and the increased LPR values at days 7 and
4 ( Fig. 6 b). It has been found that thanks to the formation
f a stable degradation product layer on Mg-Zn alloy im-
lants, the further in vivo corrosion is retarded, which makes
he microenvironment more favorable for the establishment of
steointegration [30] . 

.3. Bone-mimicking mechanical properties 

The uniaxial compressive stress-strain curves of both the
g-Zn and pure Mg scaffolds exhibited two stages: (i) an

nitial elastic stage and (ii) a densification stage ( Fig. 7 a).
nlike other geometrically ordered 3D printed porous metal-

ic scaffolds [60] , the strain-stress curves of the Mg-Zn and
ure Mg scaffolds studied here did not exhibit a plateau
tage, which would normally be expected of a porous struc-
ure with a 0 º to 90 º lay-down pattern or 90 º interconnection
etween struts [61] . In addition to the pattern, both macrop-
res and micropores in the scaffolds contribute to the strain-
ardening behavior observed during the plastic deformation
tage [62] . 

The yield strength and elastic modulus of the Mg-Zn scaf-
olds were about three times as high as those of the pure

g scaffolds ( Fig. 7 a). The significantly enhanced mechani-
al properties of the Mg-Zn scaffolds could be attributed to
he combined effects of the material and the structure. From
 material perspective, the compressive yield strength of the
ulk Mg-Zn alloy (4 wt% Zn, 110 MPa [63] ) is much higher
han that of bulk pure Mg (21 MPa [64] ). The maximum sol-
bility of Zn in Mg is 1.6 wt% at room temperature in the
quilibrium state. Part of Zn in the Mg-Zn alloy is, there-
ore, dissolved in the α-Mg matrix, generating solid-solution
trengthening. The rest of Zn precipitates from the α-Mg ma-
rix during cooling from the sintering temperature and consti-
utes the second phase dispersed along the grain boundaries,
hereby strengthening the Mg-Zn alloy through a dispersion-
trengthening mechanism [22] . In other words, both the solid-
olution strengthening and dispersion strengthening mecha-
isms contributed to the improved mechanical properties of
he Mg-Zn scaffolds. 

For application as biodegradable metallic bone implants,
he mechanical properties of Mg-Zn porous biomaterials
hould be maintained until the newly formed bone can take
ver the mechanical function from the implants and provide
nough mechanical support. Therefore, understanding the evo-
ution of the mechanical properties of scaffolds with biodegra-
ation time is of great importance to avoid sudden premature
ailure. During the 28 days of in vitro biodegradation, the
echanical properties of our Mg-Zn scaffolds remained in the

ange of those of trabecular bone ( i.e., yield strength = 0.2 –
0 MPa; elastic modulus = 10 – 2000 MPa) [65] . The yield
trength and elastic modulus of the Mg-Zn scaffolds were
ndeed influenced by in vitro biodegradation. The formation
f the corrosion products, resulting in increased mechanical
roperties, and the dissolution of the Mg-Zn scaffolds, re-
ulting in decreased mechanical properties, nicely balanced
ach other out ( Fig. 3 and Fig. 5 ) [66] . Throughout the ini-
ial immersion period, the structure of the Mg-Zn scaffolds
aintained its general integrity, suggesting that the corrosion

roducts have likely played an important role in increasing
he mechanical properties of the scaffolds. The yield strength
nd elastic modulus were measured at an initial deforma-
ion stage, when interfacial bonding between the Mg-Zn scaf-
olds and corrosion products was still good and the applied
oad could easily be transferred between the Mg-Zn scaffold
nd the corrosion products [66] . Moreover, the formation of
he corrosion products filling the micropores inside the struts
nd covering the struts led to a sharp decrease in the poros-
ty of the entire scaffolds (including the corrosion products,
ig. 3 j), enabling them to withstand higher loads. Therefore,

he corrosion products ( i.e., the inorganic compounds) effec-
ively acted like a reinforcing phase in the Mg-Zn scaffolds,
roviding a strengthening effect [10] , which explains why the
ield strength and elastic modulus of the Mg-Zn scaffolds in-
reased after 1 day of immersion ( Fig. 7 c and d). After 3 days
f immersion, localized corrosion occurred ( Fig. 5 c 3 ), which
ould lead to the generation of stress concentrations. In addi-
ion, the Mg-Zn scaffolds themselves could bear less loading,
s the corrosion progressed. As a result, declining trends of
he yield strength and elastic modulus were observed ( Fig. 7 c
nd d). 

.4. Characteristic responses of preosteoblasts 

For both the Mg-Zn and pure Mg scaffolds, differ-
nt dilution ratios of the extracts led to different levels
f preosteoblast viability. According to the ISO 10,993–
 standard [67] , the 100% extracts of both Mg-Zn and
ure Mg were severely toxic (Level 4) after 7 days of
ell culture. The 50% extract of Mg-Zn was also cate-
orized as severely toxic (Level 4), while the 50% ex-
ract of pure Mg showed slight toxicity (Level 1). When
he extracts of Mg-Zn and pure Mg were further diluted
o 10%, about 100% metabolic cell activity was detected,
howing no toxicity (Level 0). These effects of the dilu-
ion ratio of the extract on the growth of preosteoblasts were
upported by the rhodamine-phalloidin and DAPI stainings
 Fig. 8 d-g). 

The pH values of the extracts of the Mg-Zn and pure Mg
caffolds were all below 8.5, being lower than the pH toler-
nce threshold of MC3T3-E1 cells (pH = 8.8) [24] . There-
ore, the release of ions was the primary factor determining
he cytocompatibility of the scaffolds. It is well known that

g ion promotes bone regeneration [68] . However, an ex-
essively high Mg ion concentration can adversely affect cell
roliferation [44] . A safe Mg ion concentration for MC3T3-
1 cells is less than 360 mg/L [44] , which can explain the
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ytotoxic effects of the 50% and 100% extracts of Mg-Zn and
ure Mg ( Fig. 8 a and c). As compared to the 50% and 100%
xtracts of pure Mg, the extracts of Mg-Zn had significantly
ess Mg 

2 + release ( Fig. 8 c), due to a lower biodegradation
ate of the Mg-Zn scaffolds ( Fig. 3 ). The cells cultured in
hese extracts, however, exhibited more severe toxicity than
he pure Mg counterparts ( Fig. 8 a). This inhibitory effect on
he growth of preosteoblasts could be attributed to the high
n 

2 + concentration in the Mg-Zn extracts. Since the human
ody has a much greater demand for Mg than for Zn, Zn ex-
ibits a more significant dose-dependent effect on cytocom-
atibility than Mg. A low concentration of Zn 

2+ has been
ound to promote the viability, proliferation, and migration
f osteoblast cells, while a high concentration of Zn 

2 + has
een shown to cause adverse effects [54] . The IC 50 of Zn 

2 + 

 i.e. , the half maximal inhibitory concentration) is reported
o be about 5.9 mg/L for MC3T3-E1 cells [69] with a safe
imit of 3 mg/L [ 70 , 71 ], which explains why the 50% (9.6 ±
.5 mg/L) and 100% extracts (17.0 ± 2.4 mg/L) of Mg-Zn
xhibited severe toxicity, while the 10% Mg-Zn extract was
ytocompatible (2.1 ± 0.1 mg/L). 

The in vitro biosafety evaluation of biodegradable Mg does
ot reflect the i n vivo situation where the circulating body
uid tends to decrease the local concentrations of Mg and Zn

ons. In addition, the concentrations of detected Mg and Zn
ons in the blood serum ( in vivo ) are reported to be much
ower than those in the extracts ( in vitro ), and the cells in tis-
ue ( in vivo ) and culture medium ( in vitro ) had different maxi-
um tolerated doses of Mg and Zn ions [ 44 , 54 ]. Considering

hese factors, 6–10 times dilution of the original extracts has
een strongly recommended for the in vitro cytotoxicity tests
f Mg to be developed as potential orthopedic implants [44] .
uch a dilution ratio corresponds to the biocompatible Mg-Zn
xtracts ( i.e. , 10% extracts) in the indirect assays performed
ere ( Fig. 8 a). 

While our direct cell culture tests demonstrated a certain
evel of cytotoxicity for the Mg-Zn scaffolds ( Fig. 8 i) in-
luding unhealthy cells ( Fig. 8 k), a number of stretched cells
ith developed filopodia adhering well to the corrosion layer
f the Mg-Zn scaffolds were also observed ( Fig. 8 j). Both the
preading and non-spreading morphologies of the MC3T3-E1
ells have also been observed on extruded Mg-Zn alloys (6
t% Zn) [25] . Furthermore, it has been reported that such

xtruded Mg-Zn implants exhibit good in vivo biocompati-
ility [ 23 , 72 , 73 ], superior osseointegration due to a stable
orrosion layer, and improved osteogenic differentiation of
BMCs cells [30] . In addition, the in vivo biodegradation of
he extruded Mg-Zn implants (degradation rate: 2.32 mm/y)
as not been found to be harmful to the adjacent bone tissues
ecause the excess Mg 

2 + can be excreted by the kidney, while
n 

2 + can be absorbed by the surrounding tissues and excreted
hrough the gastrointestinal route and the kidney [23] . There-
ore, it is important to realize that in vitro cytocompatibility
ssessment cannot completely mimic the in vivo conditions
nd comprehensive in vitro and in vivo studies are required
o better understand the biological responses of cells to our

caffolds. e
. Conclusions 

In this study, for the first time, biodegradable Mg-Zn alloy
caffolds were successfully fabricated through an extrusion-
ased AM technique and subsequent debinding and sintering.
ith the pure Mg scaffolds as the reference, the Mg-Zn scaf-

olds were comprehensively studied for their intended appli-
ation as a biodegradable bone substitute. 

1 The porous structure of the fabricated Mg-Zn scaffolds was
interconnected, owing to the presence of macropores from
the pattern design and the micropores formed in the struts.

2 The μCT results showed that, as compared to the pure
Mg scaffolds, the corrosion rate of the Mg-Zn scaffolds
at day 1 was reduced by 81%. Over 28 days of static
immersion in r-SBF, the in vitro corrosion rate of the Mg-
Zn scaffolds decreased from 2.3 ± 0.9 mm/y after 1 day
to 0.7 ± 0.1 mm/y after 28 days. 

3 The yield strength and elastic modulus of the Mg-Zn scaf-
folds were 14.5 ± 3.0 and 448.8 ± 42.4 MPa, respec-
tively, which are about 3 times higher than those of the
pure Mg scaffolds. During 28 days of in vitro biodegra-
dation, the mechanical properties of the Mg-Zn scaffolds
remained within the range of those of trabecular bone. 

4 The indirect culture of preosteoblasts in the 10% Mg-Zn
extracts revealed good cytocompatibility. Although direct
cell culture on the Mg-Zn scaffolds showed cytotoxicity,
an in vivo study needs to be performed to evaluate the
biocompatibility of the Mg-Zn scaffolds under real physi-
ological conditions. 

5 Preparing coatings on and into the scaffolds or introduc-
ing bioactive components inside the scaffold struts to form
composites may be explored to further improve the bio-
compatibility of such 3D printed Mg-Zn scaffolds. 
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