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ARTICLE INFO ABSTRACT
Arﬂ'df? history: The treatment of femoral nonunion with large segmental bone defect is still challenging. Although mag-
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by their fast degradation. Adding bioceramic particles into magnesium to form Mg-matrix composites is
a promising strategy to adjust their biodegradation rates and to improve their mechanical properties and
cytocompatibility further. Here, we developed an extrusion-based additive manufacturing technique to

Keywords: fabricate biodegradable Mg-Zn/bioceramic composite scaffolds ex-situ. Inks carrying a Mg-Zn powder and

3D printing 5, 10 and 15% PB-tricalcium phosphate (TCP) powder particles were investigated regarding the dispersion

Material extrusion of B-TCP particles in the inks and viscoelastic properties. Optimally formulated inks were then employed

lé/lag“esi‘im for subsequent 3D printing of porous composite scaffolds. The in vitro biodegradation rate of the scaffolds
omposite

containing 5% B-TCP decreased to 0.5 mm/y, which falls within the range desired for critical-sized bone
substitution. As compared to the monolithic Mg-Zn scaffolds, the elastic moduli and yield strengths of the
composite scaffolds were much enhanced, which remained in the range of the cancellous bone properties
even after 28 d of in vitro degradation. The Mg-Zn/5TCP and Mg-Zn/10TCP scaffolds also exhibited im-
proved biocompatibility when cultured with preosteoblasts, as compared to Mg-Zn scaffolds. In addition,
the ALP activity and mineralization level of the composite scaffolds were much enhanced in the extracts
of the composite scaffolds. Taken together, this research marks a great breakthrough in fabricating porous
Mg-matrix composite scaffolds that meet several design criteria in terms of appropriate biodegradation
rate, mechanical properties, and bioactivity.

Scaffold

Statement of significance

The treatment of posttraumatic femoral nonunion with large segmental bone defect is still challeng-
ing. In this study, we developed a multi-material extrusion-based additive technique to fabricate porous
Mg/bioceramic composite scaffolds for such a treatment. The technique allowed for the fine-tuning of
printable inks to optimize the dispersion of micro-sized particles. The relative densities of the struts
of the fabricated composite scaffolds reached 99%. The added bioceramic particles (B-TCP) exhibited
proper interfacial bonding with the Mg alloy matrix. The porous Mg-based composite possessed desired
biodegradability, bone-mimicking mechanical properties throughout the in vitro biodegradation period
and improved bioactivity to bone cells. These results demonstrated great prospects of extrusion-based 3D
printed porous Mg materials to be developed further as ideal biodegradable bone-substituting materials.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

The treatment of posttraumatic femoral nonunion with large
* Corresponding author. segmental bone defect. remains a great challenge in orthopedic_s
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include the implantation of autologous, allogeneic, or synthetic
grafts, as well as the use of distraction osteogenesis techniques.
However, all the approaches mentioned above have their own dis-
advantages and limitations [2]. Magnesium and its alloys have
been considered promising implant materials to be used for the
regeneration of such critical-sized bone defects, because of their
biodegradability, favorable mechanical properties, and osteogenic
potential [3]. However, the application of Mg and its alloys in or-
thopedics is still limited because of their high corrosion rates, re-
sulting in the generation of a large amount of hydrogen gas that
could trigger acute inflammatory responses and formation of gas
voids [4]. The release of potentially toxic ions from the alloying el-
ements along with fast biodegradation can also occur. Numerous
studies have indicated the strong need for developing Mg-based
materials with adjustable biodegradation rates and desirable bio-
compatibility to meet the requirements for bone repair [5-8]. Al-
though surface modification can potentially solve these problems,
it only helps to delay the start of corrosion. Indeed, the accel-
eration of corrosion often occurs when the coating breaks down
[9]. Another promising approach is to form Mg-based composites
through the addition of bioceramic particles to Mg [10]. Bioce-
ramics based on calcium phosphate, such as hydroxyapatite (HA)
and B-tricalcium phosphate (8-TCP), are particularly interesting for
bone repair applications due to their similarity to natural bone in
composition, and their osteoinductive and osteoconductive proper-
ties [10]. Unlike HA that has a very low solubility in the physio-
logical environment, 8-TCP exhibits a suitable biodegradation pro-
file with a proper match with the rate of bone tissue regeneration
[5]. It has been found that the addition of B-TCP to Mg alloys is,
indeed, effective in enhancing their strength, stabilizing their cor-
rosion rate, and improving their cytocompatibility [11-13]. With
these findings in mind, researchers have made great efforts to fab-
ricate Mg/B-TCP composites with various techniques. Both liquid-
state processing techniques, such as stir casting [14,15] and liquid
infiltration [13], and solid-state processing methods, such as pow-
der metallurgy [11,16] and friction stir processing [17], have been
applied for the fabrication of such composites. However, none of
these techniques is capable of fabricating complex 3D architectures
with fully interconnected porous networks that are of great impor-
tance for bone substitutes [18]. Indeed, an interconnected porous
structure affords the bone substitute with favorable permeability
and large surface area, thereby facilitating cell proliferation and
differentiation [19,20].

In recent years, additive manufacturing (AM) has emerged as
a powerful technique for the precise, free-form fabrication of or-
thopedic implants with complex internal and external macro- and
micro-architectures [21]. The recent advances in AM techniques
have also enabled the production of Mg-based composite bone
substitutes [22]. However, the available studies are limited both
in number and scope. Only a few research groups have succeeded
in employing powder bed fusion (PBF) AM techniques for the fab-
rication of Mg-bioceramic composites [23-26]. These studies are
still in their infancy and are limited to bulk Mg-based composites,
instead of porous scaffolds that are preferable for bone regenera-
tion. High-level porosity and the agglomeration of ceramic parti-
cles, corresponding to undesirable defects and compositional vari-
ations, respectively, are common observations in these studies due
to the sharp differences between the magnesium and bioceramic
in the whole range of physical and chemical properties, such as
melting and evaporation temperatures, crystal structure, wettabil-
ity, reflectivity, thermal expansion coefficient, and chemical reac-
tivity [22]. In addition, concerns have been raised about operat-
ing PBF AM to fabricate Mg-based alloys or composites, consider-
ing the high flammability of Mg powder [27]. Most laboratories try
to avoid this risk. A laser-free AM technique would be a safer and
more promising alternative.
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Extrusion-based AM of such composites is a room temperature
technique that works by continuously pushing a viscoelastic ink,
composed of a metal powder, a ceramic powder, and a binder sys-
tem through a nozzle to build a 3D structure based on CAD design,
followed by debinding and sintering [28]. This technique effectively
avoids the problems associated with PBF AM techniques. Another
advantage of the ink extrusion-based AM is that various compo-
nents can be flexibly added into the ink to create multi-functional
bone-substituting materials [29,30]. Even though this production
technique has been explored to fabricate porous Mg and Mg alloy
bone substitutes [28,31,32], no reports have appeared in the liter-
ature reporting the fabrication of Mg-bioceramic composite scaf-
folds.

Here, we used an ink extrusion-based AM technique to fabri-
cate Mg-Zn/B-TCP composite scaffolds. As the scaffolds made of a
Mg-Zn alloy exhibited a very promising biodegradation rate, de-
spite their cytotoxicity [32], the Mg-Zn alloy was chosen as the
matrix. We hypothesized that the addition of 8-TCP into the scaf-
folds would improve both the cytocompatibility and bioactivity of
the Mg-Zn scaffolds. The main challenge lies in achieving uniform
dispersion of micro-sized bioceramic particles in the metal matrix,
considering their large surface areas and the strong van der Waals
forces between dispersed particles [6]. The agglomeration of incor-
porated bioceramic particles has, indeed, been found to cause the
formation of pores and defects, deteriorating the corrosion behav-
ior and mechanical properties of the resulting composite [33]. To
minimize such effects, two fabrication processes may be combined.
For example, conventional powder metallurgy may be followed by
hot extrusion [34-39] while high-shear solidification may be com-
bined with equal channel angular extrusion [40,41] or with high-
pressure die casting [15]. In the present research, we tried to over-
come this challenge by developing an optimized binder system for
preparing inks with well-dispersed particles, which could greatly
reduce the processing complexity of the composites, as compared
with the other solutions mentioned above. At the same time, rhe-
ological properties of the inks should be finely tuned in order to
guarantee printability. In other words, it was critical to develop
inks with well-dispersed solid particles (both metal and ceramic)
and also with viscoelastic behavior necessary for the printability
of these inks.

Herein, we report, for the first time, the successful fabrica-
tion of Mg-based composite scaffolds with 5, 10, and 15 wt% of
B-TCP particles using ink extrusion-based AM. First, we present
the results of our study regarding ink development. Then, we
characterize the 3D printed composite scaffolds in terms of their
microstructure, in vitro biodegradation, biodegradation-dependent
mechanical properties. Finally, we use preosteoblasts to assess the
cytocompatibility and bioactivity (i.e., cell viability and osteogenic
response) of the developed specimens. The successful employment
of ink extrusion-based 3D printing to fabricate porous Mg al-
loy/bioceramic composites marks the emergence of a new category
of porous Mg biomaterials potentially to be used in orthopedics
and it also devises another strategy for achieving uniform disper-
sion of micro-sized reinforcing particles in porous composites.

2. Materials and methods

A schematic illustration of the composite fabrication steps, in-
cluding ink preparation, structural design, 3D printing, debinding,
and sintering is presented in Fig. 1.
2.1. Ink preparation and characterization
2.1.1. Ink preparation

A pre-alloyed spherical Mg-Zn alloy powder (95.6 wt% Mg,
41 wt% Zn and 0.3 wt% impurities: Al and Ca, Tangshan Wei-
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Fig. 1. A schematic illustration of the fabrication steps of the composite scaffolds.

hao Magnesium Powder Co., China) with a median particle size
of 37.7 um (standard deviation of 6.6 pum, Fig. 1), and a B-TCP
powder with an average particle size of 5.3 ym (standard devi-
ation of 8.9 um, Fig. 1) were used as the starting materials for
the preparation of inks. A binder system with the polyisobutylene
polymer (M,y, ~ 500,000, Sigma Aldrich, Germany) in hexane was
chosen.

Prior to the addition of the Mg-Zn powder, the S-TCP powder
particles were mixed with 93, 95, and 97 vol.% binders (denoted
as 93, 95, and 97% pre-inks) to evaluate the homogeneity of the
dispersions with a scanning electron microscope (SEM, JSM-IT100,
JEOL). The pre-inks were mixed for 2 h at room temperature us-
ing a magnetic stirrer at a speed of 100-150 rpm. The quadrat
method was used for the quantification of the distribution of 8-
TCP particles in the binder solution [42]. The obtained SEM im-
ages were divided into 35 contiguous quadrats. To minimize the
edge effects, only the particles that were inside and in contact
with the left and bottom sides of each quadrat were counted. The
number of B-TCP particles, Ng, in each quadrat was counted using
Image] (National Institutes of Health, USA) and was then manu-
ally checked. The degree of the asymmetry of a statistical distribu-
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tion around the mean number was quantified by its skewness, 8,

as [43]:
)3

o q
ﬁ‘(q—l)(q—mz(

where q is the total number of the quadrats, Ny; is the number
of the B-TCP particles in the ith quadrat (i = 1.2,...,q), Nf"**" is
the mean number of the S-TCP particles per quadrat, and o is
the standard deviation of the Ny distribution. An increase in the 8
value indicates an increased degree of agglomeration of the 8-TCP
particles.

Different groups of inks were then prepared by adding the Mg-
Zn powder to the prepared 93, 95, and 97% pre-inks, with mass
ratios of 95:5, 90:10, and 85:15 (i.e., volume ratios of 97:3, 94:6,
and 91:9) between the Mg-Zn powder and S-TCP powder, respec-
tively. The mixing process for these inks was the same as that
for the pre-inks, as described above. The inks were further opti-
mized, based on their rheological properties (as described below)
for printing Mg-Zn/5 wt% B-TCP, Mg-Zn/10 wt.% B-TCP, and Mg-
Zn/15 wt.% B-TCP composite scaffolds, hereafter denoted as Mg-
Zn/5TCP, Mg-Zn/10TCP, and Mg-Zn/15TCP, respectively. Mixing was

. _ Nmean
Ngi — NI
o

(1)
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performed in a glove box to prevent the oxidation of Mg-Zn pow-
der particles.

2.1.2. Rheological characterization
The rheological properties of the prepared inks were deter-
mined using a rheometer (Physica MCR 301, Anton Paar, Ger-
many). The inks were loaded onto a pair of parallel plates (di-
ameter = 25 mm, distance = 1 mm). Shear stress-viscosity mea-
surements were performed with stresses ranging between 1 and
10,000 Pa and the linear viscoelastic range was defined. Rotational
shear rate ramps varying between 0.1 and 1000 s ~ ! were applied
to the inks and the shear rate-viscosity curves were obtained. In
addition, creep-recovery tests were performed to evaluate the vis-
coelastic properties of the inks. A constant shear stress (t = 10 Pa)
selected within the linear viscoelastic range was applied for 60 s
and the resulting strain was recorded. The stress was then re-
moved, and the strain was measured for another 180 s. The com-
pliance J was defined from the ratio of the measured strain to the
applied stress. The recovery ability of the inks could then be de-
termined as:
R = ]’"“"7_]00 (2)
]max
where R is the degree of recovery of the ink, and Jmax and J., are
the compliances at the end of the creep and the recovery tests,
respectively.

2.2. Composite scaffold fabrication

A porous cylindrical structure (having a diameter of 12.38 mm
and a height of 12.64 mm, designed for compressive tests ac-
cording to the ISO 13314 standard) with a lay-down pattern
of 0°/90°/0° was designed using the GeSim custom software
(Fig. 1). The structure had the following characteristics: struts
size 580 pm, strut spacing 360 pm, and relative den-
sity = 62.2%, and layer number = 27. The adoption of the strut
size was based on the considerations of the biodegradation of the
scaffolds and the ability of the binder to escape during thermal
debinding [31]. A pore size of 360 pm was chosen because it was
found earlier that implants with pores larger than 300 pm were
favorable for bone ingrowth [44]. The prepared inks were loaded
into syringes (EFD, Nordson, Germany) with a 580 um tapered noz-
zle (art. No. 500890, EFD, Vieweg, Germany) and were then ex-
truded at room temperature using a 3D Bioscaffolder 3.2 printer
(GeSiM Bio-instruments, Germany) under an applied pressure of
140-160 kPa and at a printing speed of 10 mm/s. The 3D print-
ing strategy regarding the adoption of printing pressure and speed
can be found in our previous publication [28].

To investigate the effect of the B-TCP dispersion in the binder
on the quality of the 3D printed composite materials, Mg-
Zn/10 wt.% B-TCP-containing inks with 93, 95, and 97% pre-
inks were prepared and extruded through the printer nozzle. The
printed struts and the cross-section of the used nozzles were im-
aged with SEM. In addition, to check the printability of the inks,
Mg-Zn/5TCP, Mg-Zn/10TCP, and Mg-Zn/15TCP composite scaffolds
printed with 93, 95, and 97% pre-inks were imaged using an op-
tical microscope (OM, VH-Z250R, Keyence Corp., USA). After op-
timization based on the homogeneity of B-TCP dispersion and
the printability, Mg-Zn/5TCP, Mg-Zn/10TCP, and Mg-Zn/15TCP com-
posite scaffolds were printed with the optimized inks, using the
Bioscaffolder. The powder loading volume fractions of the opti-
mized inks were 48 vol% for the Mg-Zn/5TCP ink, 47 vol% for the
Mg-Zn/10TCP ink, and 46 vol% for the Mg-Zn/15TCP ink.

The as-printed Mg-Zn/B-TCP composite scaffolds were dried
overnight, followed by debinding and sintering in a tube fur-
nace (STF16/180, Carbolite Gero Ltd., UK) under highly pure argon
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flow (purity=99.9999%; inlet pressure = 1 bar). The printed Mg-
Zn/5TCP samples were heated from room temperature to 600 °C at
a heating rate of 2 °C/min and the printed Mg-Zn/10TCP and Mg-
Zn/15TCP samples were heated to 620 and 640 °C, respectively, at a
heating rate of 1 °C/min. The dwelling time of all the samples was
1 h, followed by furnace cooling. The as-sintered composite scaf-
folds were ultrasonically cleaned in acetone and isopropyl alcohol
sequentially for 10 min each, prior to subsequent investigations.

2.3. Characterization of the composite scaffolds

The porous structures of the Mg-Zn/TCP composite scaffolds
were observed using SEM, and the width and spacing of the struts
were measured. The absolute porosities of the as-sintered compos-
ite scaffolds were calculated using the dry weighing method as:

o-(1-

where ¢ is the absolute porosity of the as-sintered composite scaf-
fold [%], m is the mass of the as-sintered composite scaffold [g],
Vpui is the bulk volume [cm3], and Pme-znyrcp 1S the theoretical
density of the Mg-Zn/TCP composite material (i.e., 1.78 g/cm? for
Mg-Zn/5TCP, 1.82 g/cm3 for Mg-Zn/10TCP, and 1.86 g/cm? for Mg-
Zn[15TCP).

The cross-sections of the as-sintered porous Mg-Zn/TCP struts
were observed using SEM and the elemental compositions were
detected or mapped using a SEM equipped with X-ray energy dis-
persive spectroscopy (EDS, JEOL JSM-IT100, Japan). A counting area
size of 81.9 um by 65.0 pm, a counting time of 15 min, a live-
time correction of 3% on average, and an acceleration voltage of
15 kV were used for EDS mapping. The porosities and the phase
fractions in the struts were measured from the SEM images using
Image]. The distribution of the B-TCP particles in the Mg-Zn/TCP
composites was quantified by the 8 value that was obtained from
the quadrat method described above.

The phases in the Mg-Zn/TCP composite scaffolds were iden-
tified using an X-ray diffractometer (XRD, D8 Advance, Bruker,
USA) equipped with a graphite monochromator and a Lynxeye
position-sensitive detector. A scan range of 20 —100° and a step
size of 0.030° using Co K« radiation were employed.

Nanoindentation tests were conducted on a polished Mg-
Zn/5TCP specimen using a Nano indenter (G200, KLA, California)
equipped with a standard Berkovich tip. A total number of 400 in-
dentations were performed on the struts of the scaffolds with a
minimum distance of 40 pm between every two indentations. The
indented specimens were then examined with SEM.

The surface roughness of the scaffolds was measured using
a digital optical microscope (Keyence, VH-6000). The function of
“Roughness” was used and the linear average surface roughness
(Rq) was acquired. Roughness values of three struts on each sample
were measured.

m
PMg-Zn/TCP

bulk

) x 100% (3)

2.4. In vitro immersion tests

The in vitro immersion tests of the Mg-Zn/5TCP and Mg-
Zn/10TCP composite scaffolds were performed using a revised sim-
ulated body fluid (r-SBF) [45] for up to 28 d Since the Mg-Zn/15TCP
composite scaffolds collapsed after 8 d of immersion, the results
are displayed only until day 7. The test conditions were as follows:
immersion for 1, 3, 7, 14, and 28 d; temperature = 37 + 0.5 °C;
pH (r-SBF) = 7.40; 7 mL medium per 1 cm? of the scaffold surface
area. During the in vitro degradation tests, the pH values of the
media were recorded using a pH electrode (InlabNMR, METTLER
TOLEDO).



J. Dong, P. Lin, N.E. Putra et al.

To determine the in vitro corrosion rates of the composite scaf-
folds, X-ray micro-computed tomography (puCT, Nanotom 180 NF,
GE Phoenix) with a resolution of 6 pm was used to scan the com-
posite scaffolds before and after in vitro degradation. The obtained
1CT images were reconstructed and exported into Dragonfly (Ob-
ject Research Systems, Canada). After segmenting the corrosion
products from the degraded composite scaffolds in the Dragonfly
software, the volumes of the Mg-Zn/TCP composite scaffolds before
and after degradation were calculated by using the function “bone
analysis”. The volume loss and the corresponded average corrosion
rate were determined as:

( VMg before degradation — VMg after degradation)

Volume loss [%] = x 100%
VMg before degradation
(4)
. 4 14
Corrosion ratefmm/y] = 8.76 x 10™ x o (5)

where VMg before degradation and VMg after degradation 4I€ the volumes
of the composite scaffold before immersion and after immer-
sion [cm3], respectively, V is the loss of volume [cm3] (i.e.,
VMg before degrudation_VMg after degradation)- A is the surface area of the
composite scaffold [cm?2], and ¢ is the duration of in vitro immer-
sion [h].

By incorporating the corrosion products into Dragonfly, the vol-
umes and porosities of the Mg-Zn/TCP composite scaffolds after
immersion for different durations were calculated using the “bone
analysis” function.

2.5. Characterization of the biodegradation products

Following uninterrupted immersion until the selected time
points (ie., 1, 3, 7, 14, and 28 d), the morphological characteris-
tics of the biodegradation products on the periphery and at the
center of the Mg-Zn/TCP composite scaffolds were observed under
SEM (JEOL JSM-IT100, Japan). The chemical elements present in the
degradation products and their compositions were analyzed using
EDS, while the phase identification was carried out by using XRD
(Bruker D8 Advance diffractometer in the Bragg-Brentano geome-
try).

From the CT images of Mg-Zn/5TCP, Mg-Zn/10TCP and Mg-
Zn[15TCP composite scaffold samples, the peripheral (the 100th
slice from the top) and central slices (the 500th slice from the top)
were selected to reveal the deposition of the corrosion products in-
side the composite scaffolds.

2.6. Uniaxial compression tests

The compressive mechanical properties of the Mg-Zn/TCP com-
posite scaffolds, as well as the specimens retrieved at the se-
lected time points of the in vitro immersion tests, were deter-
mined using a mechanical testing machine (Zwick Z100, Ger-
many) with a 10 kN load cell. The tests were performed using a
crosshead speed of 2 mm/min. The quasi-elastic gradient (here-
after referred to as Young's modulus), yield strengths and com-
pressive stress of the specimens were determined according to ISO
13314: 2011. The slope of the initial linear line in the stress-strain
curve was taken as the Young’'s modulus. A 0.2% offset line, par-
allel to the linear region, was defined and the intersection with
the curve was taken as the yield strength. Compressive stress was
determined by the first local maximum stress in the stress-strain
curve.
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2.7. Cytocompatibility of the composite scaffolds

2.7.1. Cell culture

Mouse preosteoblast cells (MC3T3-E1, Sigma Aldrich, Germany)
were pre-cultured for 7 d in o-minimum essential medium («-
MEM, Thermo Fisher Scientific, USA), supplemented with 10% fe-
tal bovine serum (FBS, Thermo Fisher Scientific, USA) and 1%
penicillin/streptomycin (p/s, Thermo Fisher Scientific, USA). The
medium was refreshed every 2-3 d

2.7.2. Cell viability and cell adhesion

Prior to cell seeding, the scaffolds were sterilized by heating
to 120 °C for 2 h. The samples were incubated for 3 days with
the o-minimum essential medium («¢-MEM). The MC3T3-E1 pre-
osteoblasts (1 x 10 cells per sample) were seeded onto the Mg-
Zn[TCP specimens (2.4 mm in height and 9.25 mm in diameter) in
8 mL o-MEM (without ascorbic acid, but with 10% FBS, 1% p/s) in
6-well plates. The porous Mg-Zn scaffolds were used as the con-
trol group. The viability of the preosteoblasts was examined using
a live/dead assay (LIVE/DEAD Viability/Cytotoxicity Kit, Life Tech-
nologies Corp., USA) in duplicate. After 3 d of cell culture, the
specimens with the cells were stained using calcein and ethidium
homodimer-1 (Thermo Fisher Scientific, USA). Thereafter, the live
and dead cells on the scaffolds were observed with a fluorescence
microscope (ZOE cell imager, Bio-Rad, USA). In addition, the try-
pan blue assay (Bio-Rad, USA) was used for the quantification of
cell viability on the scaffolds in triplicate. For each group, the scaf-
folds without cells were used as the background control. After 1,
3, 7 and 14 d of cell culture, the cells were trypsinized from the
specimens and the well plates. After centrifuging, the cell suspen-
sions were obtained. 10 pL of trypan blue dye was used to mix
with 10 pL of each cell suspension which was subsequently pipet-
ted into a dual-chamber cell counting slide. The living cells were
counted using an automated cell counter (TC20, Bio-Rad, USA). Af-
ter subtracting the number obtained from the background control,
the mean and standard deviation of the number of the living cells
of each group were obtained. To examine the cell adhesion and
morphology on the scaffolds, the specimens were fixed and de-
hydrated, after the preosteoblasts were cultured on them for 3 d
Then, the specimens were sputtered with gold and were observed
by SEM.

2.7.3. Osteogenic response

To evaluate the bioactivity of the developed composites, the
extracts of the Mg-Zn/TCP composite scaffolds were prepared
through immersing the sterilized composite scaffolds in «-MEM
under the above physiological conditions for 72 h. The extracts
were supplemented with ascorbic acid and B-glycerophosphate.
For both ALP test and Alizarin Red S, the supplementary medium
only was used as control group. Both the ALP test and Alizarin
Red S test were performed in triplicate for each group. An al-
kaline phosphate (ALP) activity test was performed after 14 d of
cell culture in the extracts using an alkaline phosphatase assay
kit (ab83371, Abcam, USA). For the ALP tests, the culture medium
was supplemented with 50 pg mL~! ascorbic acid (1:1000) and 4
mM B-glycerophosphate (1:500) (both from Sigma Aldrich, Ger-
many). The ALP test process followed the product manufacturer’s
protocol (ab83371, Abcam, USA).

In addition, Alizarin Red S staining was performed after 21 days
to assess calcium in the matrix of cells. The cells were cultured
in the prepared extracts supplemented with ascorbic acid and S-
glycerophosphate, as described above. After 21 d of cell culture,
the specimens were fixed using a 4% (v/v) formaldehyde solution
(Sigma Aldrich, Germany). The specimens were then incubated in
a 2% (w/v) Alizarin Red S solution (Sigma Aldrich, Germany) for
30 min in the dark. The specimens were then rinsed five times
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Table 1

The recovery degrees (R) of the inks as determined by the creep-
recovery tests (n = 3 per group; for R calculation, shear stress was
applied for 60 s and the remained strain was measured for 180 s).

Sample group  97% pre-inks ~ 95% pre-inks  93% pre-inks

Mg-Zn/5TCP  26%+ 12% - -
Mg-Zn/10TCP  —6% + 5% 19% + 2% -
Mg-Zn/15TCP  —1% + 1% 9% + 3% 29% + 8%

with distilled water before being imaged by a ZOE fluorescent cell
imager (Bio-Rad, The Netherlands). The quantification was per-
formed by exposing the stained specimens to a solution of 20%
methanol and 10% acetic acid. After 15 min, the absorbance of
Alizarin Red was read on a Victor X3 plate reader (Perkin Elmer,
The Netherlands) at a wavelength of 450 nm.

2.8. Statistical analysis

The results of the viable cell count, ALP activity, and Alizarin
Red S absorption tests were statistically analyzed using two-way
ANOVA, followed by a Tukey multiple comparison post hoc test
(**** = p < 0.0001, *** = p < 0.001, ** =p < 0.01,and * = p <
0.05, n.s. = not significant). The SPSS Statistics 20 software (IBM,
USA) was used for the statistical analysis.

3. Results
3.1. Ink characteristics

The dispersions of S-TCP particles in the binder with the -
TCP/binder volume ratios of 7:93, 5:95, and 3:97 are shown in
Fig. 2A-(a-c), respectively. Some agglomerates of B-TCP particles
were clearly visible in the 93% pre-ink group (Fig. 2A-a), while in
the 95% (Fig. 2A-b) and 97% pre-ink groups (Fig. 2A-c), the disper-
sions of B-TCP particles were more uniform. The g value, indicat-
ing the degree of inhomogeneity, was 1.2 4 0.2 for the 93% pre-ink
group, 0.6 + 0.3 for the 95% pre-ink group, and 0.4 + 0.2 for the
97% pre-ink group.

The Mg-Zn powder particles were further mixed with the pre-
inks (i.e, the mixtures of the binder and B-TCP) to prepare the
inks for 3D printing. The dispersions of the S-TCP particles in the
printed specimens (Mg-Zn/10TCP as an example here) exhibited
the same trend (Fig. 2A-(d-f)) as for the pre-inks. Large clusters
of B-TCP particles were still visible in the specimens that were 3D
printed using the 93% pre-ink (Fig. 2A-d), which sometimes even
resulted in clogging the nozzle during 3D printing (Fig. S1a). The
B-TCP particles were most uniformly distributed on the surfaces of
Mg-Zn powder particles, when using the 97% pre-ink for 3D print-
ing, with more binder covering the powder particles (Fig. 2A-f).

The 97% pre-ink allowed a highly uniform distribution of the §-
TCP particles in the printed specimens. Therefore, it was first used
for preparing the Mg-Zn/5TCP, Mg-Zn/10TCP, and Mg-Zn/15TCP
inks to check their printability. All the three groups of the pre-
pared inks using the 97% pre-ink exhibited shear-thinning (Fig. 2B-
a and b, denoted as Mg-Zn/5TCP_97%, Mg-Zn/10TCP_97% and Mg-
Zn/15TCP_97%, respectively). However, the Mg-Zn/10TCP_97% and
Mg-Zn/15TCP_97% inks did not show quick recovery when the ap-
plied shear stress was removed (Fig. 2A-c and d), with recov-
ery degrees of —6% and —1%, respectively (Table 1). These two
inks were, thus, not suitable for the extrusion-based 3D printing
[28]. This was further evidenced by the non-freeform characteris-
tics of the specimens printed with the Mg-Zn/10TCP_97% or Mg-
Zn/15TCP_97% (Fig. 2C-a). The 95% pre-ink was, therefore, used to
prepare the Mg-Zn/10TCP and Mg-Zn/15TCP inks (denoted as Mg-
Zn/10TCP_95% and Mg-Zn/15TCP_95%, respectively). Similar to the
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Mg-Zn/5TCP_97% ink, the Mg-Zn/10TCP_95% ink exhibited shear-
thinning (Fig. 2B-a) while the deformation did recover when the
applied stress was removed (Fig. 2B-c), which allowed for the re-
alization of freestanding 3D structures without any deflection of
the spanning struts (Fig. 2C-c). The Mg-Zn/15TCP_95% inks showed
a much lower recovery degree, as compared to the printable inks
(Table 1) and the resulting structure showed a large degree of
the deflection of the strut layer (Fig. 2C-b). Eventually, the Mg-
Zn/15TCP_93% ink (prepared using 93% pre-ink) with a recovery
degree of 29% was chosen as it enabled the successful printing of
Mg-Zn/15TCP 3D structures. Based on the above rheological results
and the quality of the resulting composite scaffolds, the 97% pre-
ink was chosen for printing the Mg-Zn/5TCP composite scaffolds,
while the 95% and 93% pre-inks were used for printing the Mg-
Zn/10TCP and Mg-Zn/15TCP composite scaffolds, respectively.

3.2. Characteristics of the porous Mg-Zn/TCP composite scaffolds

Using the optimally formulated inks, the Mg-Zn/5TCP, Mg-
Zn/10TCP, and Mg-Zn/15TCP composite scaffolds could be success-
fully printed. All the three groups of the printed Mg-Zn/TCP com-
posite scaffolds showed a geometrically ordered porous structure
with a 0°/90°/0° pattern (Fig. S2-(a-c)), as designed. The struts
aligned accurately without any deflection over the spanning space
and the adjacent layers adhered to each other (Fig. S2a-c). From
the close-up views of the struts in the composite scaffolds, the g-
TCP particles and the binder uniformly covered the Mg-Zn pow-
der particles in the Mg-Zn/5TCP (Fig. S2-d) and Mg-Zn/10TCP scaf-
folds (Fig. 2A-e). However, the B-TCP particles agglomerated on the
surfaces of Mg-Zn powder particles in the Mg-Zn/15TCP specimens
(Fig. S2-e).

After sintering, the porosities of the struts were 0.1 + 0.11%
for Mg-Zn/5TCP, 0.3 + 0.23% for Mg-Zn/10TCP, and 13.9 + 4.7%
for Mg-Zn/15TCP. The other detailed structural characteristics of
the composite scaffolds are presented in Table 2. The as-sintered
Mg-Zn/5TCP and Mg-Zn/10TCP composite scaffolds showed highly
densified struts with almost no apparent pores (Fig. 3A-aland
b1), while the Mg-Zn/15TCP composite scaffolds had porous struts
(Fig. 3A-c1). The edges of the original Mg-Zn powder particles dis-
appeared due to liquid-phase sintering. The Mg-Zn alloy matrix
with dispersed S-TCP particles was observed on the surfaces of all
the three groups of the Mg-Zn/TCP composite scaffolds (Fig. 3A-
(a2-c2)). The cross-sectional images of the Mg-Zn/5TCP and Mg-
Zn/10TCP composite scaffolds revealed almost uniform distribu-
tions of the bioceramic phase (Fig. 3A-a3 and b3), while cluster-
ing was predominately observed in the Mg-Zn/15TCP composite
scaffolds (Fig. 3A-c3). The degrees of the inhomogeneity of the
bioceramic phase in the three groups of the composite scaffolds
were quantified (Table 4). The Mg-Zn/15TCP group had a higher B
value than the Mg-Zn/5TCP and Mg-Zn/10TCP groups, confirming
the presence of more agglomerates in the Mg-Zn/15TCP composite
scaffolds.

In addition to the Mg-Zn matrix phase, another two phases,
namely an integrated gray phase (arrow 1 in Fig. 3A-a4 and b4)
and an isolated particle-shaped phase (arrow 2 in Fig. 3A-b4), were
present in all the three Mg-Zn/TCP composite scaffold groups, as
shown in the amplified cross-sectional images (Fig. 3A-(a4-c4)).
XRD revealed that besides the Mg-Zn matrix phase and the MgO
phase, inevitably present in the Mg samples due to the sinter-
ing process, there were two new phases, i.e., the Ca;MggZns and
CayP,0 phases, but no S-TCP phase was detected (Fig. 3B), indicat-
ing that diffusion between the Mg-Zn matrix and S-TCP occurred
during sintering.

To identify the two new phases in the composite scaffolds, EDS
mapping was used to examine the elemental compositions. The
integrated gray phase was found to be mainly composed of Ca,
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Fig. 2. (A) The dispersion of B-TCP particles in the 93% pre-ink (a), 95% pre-ink (b), and 97% pre-ink (c) (SEM, JEOL, x 250), and the distribution of the S-TCP particles in
the Mg-Zn/10TCP specimens printed using the 93% pre-ink (d), 95% pre-ink (e), and 97% pre-ink (f), (SEM, JEOL, x 500) (B) the rheological characteristics of the prepared
inks: results obtained from the shear rate sweep tests (a)-(b) and the results obtained from the creep-recovery tests (c)-(d); (C) the macrographs of representative samples
printed using the prepared inks (optical microscope, Keyence, x 50): Mg-Zn/15TCP_97% or Mg-Zn/10TCP_97% inks (a), Mg-Zn/15TCP_95% ink (b), and Mg-Zn/5TCP_97%,
Mg-Zn/10TCP_95%, or Mg-Zn/15TCP_93% (c).
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Table 2

Acta Biomaterialia 151 (2022) 628-646

The morphological characteristics of the extrusion-based 3D printed Mg-Zn/B-TCP composite scaffolds (n = 3; an optical microscope was
used for measuring strut width and spacing, as well as the porosity of the struts; the weighing method was used for the measurement of

absolute porosity).

Sample group  Strut width (um)  Strut spacing (um)

Porosity in the struts after sintering

Absolute porosity of the scaffolds

Design 580 360 - 37.8%

Mg-Zn 516.1 + 15.3 331.7 + 39.5 6.9 + 1.0% 50.3 + 3.4%
Mg-Zn/5TCP 456.3 £ 13.9 310.8 + 18.8 0.1 + 0.1% 47.6 + 10.6%
Mg-Zn/10TCP ~ 429.2 + 17.6 316.6 + 23.0 0.3 £ 0.2% 48.5 + 4.0%
Mg-Zn/15TCP  451.7 + 14.8 362.3 + 27.2 139 + 4.7% 55.2 +£ 17.9%

Table 3
The EDS point analysis of the Mg-Zn/B-TCP specimens
shown in Fig. 4B.

Weightz  C 0 Mg P Ca Zn

#1 25 64 522 04 108 277

#2 24 32 477 05 13.6 325

#3 47 126 557 1.2 127 131

#4 5.1 176 500 12 129 133
Table 4

The B values, indicating the distribution degree of bioceramic parti-
cles, and the volume fractions of the new phases in the Mg-Zn/B-TCP
specimens (n = 3 per group; the quadrat method was applied to the
SEM images for the calculation of the § values; Image] was used for
the estimation of the phase fractions).

Sample group S CasP,0 Cay;MgsZns

Mg-Zn/5TCP 051 +£0.1  0.20% + 0.10%  6.70% + 1.32%
MgZn/10TCP 0.63 +£0.2 0.93% + 0.51%  10.07% +£2.50%
MgZn/15TCP 152 £ 02 239% + 1.16%  1532% +£2.97%

Zn and Mg, which suggests the presence of Ca,MggZny (Fig. 4A).
The isolated particle-shaped phase was mostly attached to the in-
tegrated gray phase, which could be readily observed in the scaf-
folds with higher B-TCP concentrations (i.e., Mg-Zn/10TCP and Mg-
Zn/15TCP, Fig. 4B, and Fig. S3). EDS mapping could, therefore, not
distinguish these two phases. EDS point analysis was consequently
used to identify each phase. Compared with points 1 and 2, points
3 and 4 had more O and P but less Zn (Fig. 4B and Table 3). Com-
bined with the XRD results, the isolated particles could be identi-
fied as CayP,0. The volume fractions of Ca;MggZn; and CasP,0 in
the composite scaffolds are listed in Table 4.

The nanohardness of the Mg-Zn matrix was 43.0 + 3.0 GPa,
while that of the Ca;MggZn; and CayzP,0 phase combination was
55.1 + 8.0 GPa (Fig. 4C and D). In addition, the surface roughness
values of Mg-Zn/5TCP, Mg-Zn/10TCP, and Mg-Zn/15TCP, Ra, were
59 + 1.5 pm, 8.8 &+ 5.6 pm, and 9.1 &+ 1.2 pm, respectively.

3.3. In vitro degradation performance of the composite scaffolds

During the in vitro immersion tests in r-SBF, white corrosion
products gradually deposited on the composite scaffolds (Fig. 5a,
Fig. S4a, and Fig. S5a). The biodegradation behavior of both the pe-
ripheral and central layers in the composite scaffolds could be ob-
served on the 2D slices of the pCT reconstructions (Fig. 5a, Fig. S4a,
and Fig. S5a). The struts (white part) on the periphery and at the
center of the composite scaffolds gradually biodegraded and were
replaced by the biodegradation products (gray part). The struts at
the central layers degraded more than those on the periphery for
all the three Mg-Zn/TCP groups (Fig. 5a, Fig. S4a, and Fig. S5a).
During the in vitro biodegradation, the biodegradation products
stayed in the composite scaffolds. With increasing immersion time,
more and more biodegradation products replaced the struts and
occupied the spaces between the struts (i.e., filling in the macro-
pores of the composite scaffolds, Fig. 5a, Fig. S4a, and Fig. S5a).
The degradation products entrapped in the composite scaffolds in-
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creased the volumes of the composite scaffolds at the beginning
of the in vitro immersion, when the degradation products were in-
cluded during the segmentation of the composite scaffolds (Fig. 5b,
Fig. S4b, and Fig. S5b). The relative densities of the Mg-Zn/5TCP
and Mg-Zn/10TCP composite scaffolds also showed an increasing
trend (corresponding to the decreasing porosities of the compos-
ite scaffolds) until day 14 (Fig. 5c, Fig. S4c). However, when the
biodegradation products were segmented apart from the scaffold
substrates, the volumes and relative densities showed a decreas-
ing trend with immersion time for all the three Mg-Zn/TCP groups
(Fig. 5b and c, Fig. S4b and c, and Fig. S5b and c). At the beginning
of the in vitro immersion, the in vitro biodegradation rates of the
scaffolds were 1.0 + 0.4 mm/y for Mg-Zn/5TCP, 1.6 + 0.7 mm/y
for Mg-Zn/10TCP, and 4.1 + 3.4 mm/y for Mg-Zn/15TCP, respec-
tively (Fig. 5d). After 28 days, the biodegradation rates of Mg-
Zn/5TCP and Mg-Zn/10TCP decreased to 0.5 mm/y and 0.7 mm/y,
respectively. The biodegradation rate of Mg-Zn/15TCP decreased to
2.3 + 0.4 mm/y after 7 d of immersion (Fig. 5d). During the in
vitro degradation, Mg ions were gradually released into r-SBF. Mg-
Zn/15TCP released Mg ions the most at day 7 (Fig. 5e) and had the
highest pH level (Fig. S6), which is consistent with this high rate.

3.4. Characteristics of the biodegradation products

A layer of biodegradation products formed and covered the
struts of the Mg-Zn/10TCP specimens after 24 h of immersion
(Fig. 6a). The biodegradation products grew with the immersion
time and almost filled the spaces (i.e., macropores) between the
struts after day 14 (Fig. 6b-c). The Mg-Zn/5TCP specimens showed
a similar biodegradation behavior (Fig. S7a-c). As for the Mg-
Zn/15TCP specimens, the degradation of the struts was noticeable
only after 3 d of immersion and the formed biodegradation prod-
ucts showed a rather bumpy morphology (Fig. S8b-c). The magni-
fied images of biodegraded Mg-Zn/10TCP showed the appearance
of riverbed-like biodegradation products (Fig. 6d) which were fol-
lowed by the gradual formation of cauliflower-like biodegradation
products that almost fully covered the surface at day 14 (Fig. 6e-f).
The major elements present in the peripheral biodegradation prod-
ucts were C, O, Mg, Ca, and Zn. Similar observations were made
for the Mg-Zn/5TCP and Mg-Zn/15TCP specimens (Fig. S7 and Fig.
S8). At the center of the specimens, the biodegradation products
contained MgO, replacing the original struts as biodegradation pro-
gressed (gray area), while CaP-containing compounds (white area)
became deposited between the struts (Fig. 6g, Fig. S7g, Fig. S8g,
and the corresponding EDS mappings).

In addition, XRD was used to examine the phases in the biode-
graded scaffolds. In addition to the Mg matrix phase, CayMggZns,
and CayP,0 that were present in the as-sintered scaffolds, the
following phases were identified in the biodegraded Mg-Zn/TCP
specimens: MgO, Mg(OH),, ZnO, brushite (CaHPO4-2H,0), and
CaC03-H,0 (Fig. 7 and Fig. S9). The intensities of the Mg peaks
clearly decreased with the immersion time (lines 1 in Fig. 7 and
Fig. S9) while the peaks corresponding to Mg(OH), intensified
(lines 2 in Fig. 7 and Fig. S9). The brushite peaks disappeared after
14 d of immersion (lines 3 in Fig. 7).
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Fig. 3. The characteristics of the fabricated Mg-Zn/TCP composite scaffolds (SEM, JEOL): (A) microstructures: (al-a4) Mg-Zn/5TCP, (b1-b4) Mg-Zn/10TCP, (c1-c4) Mg-Zn/15TCP;
(B) XRD patterns (Bruker, ICDD card number: Mg, 04-019-3684; MgO, 04-010-4039; Ca,MgsZn3, 00-012-0266; Ca,4P,0, 04-010-2306; S-TCP, 00-055-0898).

3.5. Mechanical properties along with in vitro degradation (Fig. 8a). The yield strengths of the as-sintered composite scaffolds
were 24.4 + 13.4 MPa for Mg-Zn/5TCP, 31.3 + 1.9 MPa for Mg-

Under uniaxial compression, all the Mg-Zn/TCP composite scaf- Zn/10TCP, and 23.5 + 0.6 MPa for Mg-Zn/15TCP. The elastic mod-
folds exhibited smooth stress-strain curves that started with a uli of the three groups of the as-sintered composite scaffolds were
linear elastic region, followed by a plastic deformation region 431.6 + 102.9 MPa, 585.3 + 117.6 MPa, and 455.7 + 53.7 MPa,
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A

Fig. 4. The characteristics of the phases in the Mg-Zn/TCP composite scaffolds (SEM, JEOL, x 1500): (A) the phases in Mg-Zn/5TCP and the corresponding EDS mapping, (B)
the phases in Mg-Zn/10TCP and the corresponding EDS mapping, (C) nano-indentation (G200, Berkovich tip, maximum indentation depth of 2000 nm) on the Ca;MggZns
and CasP,0 combined phases, and (D) nano-indentation on the Mg-Zn matrix.
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Fig. 6. The morphologies and chemical compositions of in vitro biodegradation products on the Mg-Zn/10TCP scaffolds (SEM, JEOL): on the periphery after 1 (a- x 40 and
d- x 500), 7 (b- x 40 and e- x 500), 14 days (c- x 40 and f- x 500) of biodegradation, and (g) at the center of the scaffolds after 14 days of biodegradation and the
corresponding EDS mapping (acceleration voltage: 15 kV, live-time correction: 3% and counting area: 81.9 pm x 65.0 um). The box areas and values indicate where the EDS
analyses were performed and the corresponding elemental compositions, respectively.

respectively. The compressive strengths were 40.9 + 17.5 MPa for
Mg-Zn/5TCP, 39.1 + 22.7 MPa for Mg-Zn/10TCP, and 29.9 + 2.5 MPa
for Mg-Zn/15TCP. A decline in strain at failure from 19 + 7% for
Mg-Zn/5TCP to 11 4 3% for Mg-Zn/15TCP was observed, indicat-
ing that the scaffolds became less ductile with increasing B-TCP
percentage. After in vitro biodegradation, the yield strengths and
elastic moduli of the Mg-Zn/5TCP and Mg-Zn/10TCP specimens re-
mained unchanged or even increased until day 3, followed by a
decreasing trend. The mechanical properties of Mg-Zn/15TCP grad-
ually decreased with time throughout the in vitro immersion pe-
riod (Fig. 8b and c).

3.6. In vitro cytocompatibility

High levels of metabolic activity were observed when cells were
cultured with the extracts of the Mg-Zn/5TCP and Mg-Zn/10TCP
scaffolds (Fig. S10). However, the metabolic activity of the extract
of Mg-Zn/15TCP at day 7 was below 20%, indicating its cytotoxic-
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ity. Therefore, for direct cell culture assay, only porous Mg-Zn/5TCP
and Mg-Zn/10TCP were further tested, with Mg-Zn specimens for
comparison purposes. The live/dead staining after 3 d of culture
showed homogeneous cell distributions on the struts of all the
groups (Fig. 9a-c). Preosteoblasts with a stretching shape were ob-
served on both the Mg-Zn/5TCP (Fig. 9b) and Mg-Zn/10TCP speci-
mens (Fig. 9a). In contrast, the cells on the Mg-Zn scaffolds were
mostly red and rounded (Fig. 9c). The SEM imaging confirmed
that the cells attached to the Mg-Zn/5TCP and Mg-Zn/10TCP sur-
faces developed many filopodia and showed spreading morpholo-
gies with cell-cell contacts after 3 d of culture (Fig. 9d and e). The
viable cells on the Mg-Zn/5TCP and Mg-Zn/10TCP specimens in-
creased until day 7, and their numbers were significantly higher
than the number of the cells on the Mg-Zn scaffolds (Fig. 9f). After
14 d of culture, the viable cells on Mg-Zn/5TCP were at the same
level as day 7, but those on the Mg-Zn/10TCP specimens decreased.

Both the Mg-Zn/5TCP and Mg-Zn/10TCP specimens showed en-
hanced levels of ALP activity after 14 d in culture as compared to
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Fig. 9. The in vitro biological evaluation of the Mg-Zn/5TCP and Mg-Zn/10TCP specimens: calcein acetoxymethyl (green, showing viable cells) and ethidium homodimer-1
(red, showing damaged cells) fluorescence staining of MC3T3-E1 preosteoblasts after 3 d of culture on Mg-Zn/10TCP (a), Mg-Zn/5TCP (b), and Mg-Zn (c), respectively (the
white dashed lines indicate the rough edges of the scaffold struts); the morphologies of the preosteoblasts after 3 d of culture on Mg-Zn/10TCP (d) and Mg-Zn/5TCP (e),
and the number of viable preosteoblasts (f); the Alizarin Red S staining of the cells cultured in the extracts of Mg-Zn/10TCP (g) and Mg-Zn/5TCP (h) scaffolds after 21 d of
culture; (i) the quantification of ALP (after 14 d of culture) and Alizarin Red S staining (after 21 d of culture).

the control group (Fig. 9i). To study the mineralization level of the
specimens, Alizarin Red S staining was conducted at day 21. The
presence of calcified matrix indicated that mineralization had oc-
curred in the presence of both Mg-Zn/5TCP and Mg-Zn/10TCP ex-
tracts (Fig. 9¢ and h). The mineralization levels were higher than
that of the control group, but there was no statistically significant
difference between Mg-Zn/5TCP and Mg-Zn/10TCP (Fig. 9i).

4. Discussion
4.1. Fabrication of the composite scaffolds

4.1.1. Ink preparation

The key to successful extrusion-based 3D printing of Mg scaf-
folds is the design and preparation of a printable ink with suitable
viscoelastic properties. In the case of Mg-based composite scaf-
folds, the dispersion of micro-sized bioceramic particles in the ink
is another critical factor that needs to be carefully considered. We
observed that the agglomeration of bioceramic particles greatly af-
fects the flowability of the inks, making the nozzle clog during the
printing process (Fig. S1a). Uniform dispersion of bioceramic par-
ticles was beneficial both for printing and for improving the fi-
nal properties of the fabricated composite scaffolds. To obtain inks
with optimum B-TCP dispersion, we first studied the dispersion of
B-TCP in the binder. The B-TCP distribution was more homogenous
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for a higher percentage of the binder (Fig. 2A-(a-c)), indicating that
the binder itself could act as a dispersant. Polyisobutylene with
hexane is reported to stabilize dispersed particles through steric
stabilization [46,47]. In this scenario, an organic layer forms on the
surface of the particles, acting as a steric barrier and preventing
the particles from coming into direct surface contact [48]. There-
fore, to achieve uniform dispersion of B-TCP, the binder should
ideally be capable of forming a steric layer on each B-TCP parti-
cle. This is why a higher percentage of the binder corresponded to
more uniform dispersion of the bioceramic particles.

Furthermore, we found that the dispersion of the B-TCP par-
ticles in the inks was largely dependent on that of B-TCP in the
binder (i.e., pre-inks, Fig. 2A). At a given ratio of B-TCP to binder
(e.g., 97% that reached the best dispersion degree), loading a larger
amount of B-TCP in the ink resulted in a larger amount of binder
in the prepared ink (i.e., mixtures of B-TCP, binder, and the Mg-Zn
powder). For reaching the best dispersion degree, 52 vol.% binder
is needed for the Mg-Zn/5TCP ink, 70 vol.% for the Mg-Zn/10TCP
ink and 77 vol.% for the Mg-Zn/15TCP ink. On the other hand, too
much binder resulted in inks losing their viscoelastic properties,
because of the low level of powder loading (e.g., Mg-Zn/10TCP_97%
and Mg-Zn/15TCP_97%, Fig. 2B). Therefore, the homogeneity and
viscoelasticity of the inks need to be simultaneously considered.
Binder is needed for uniform dispersion in the ink, but too much
binder makes the ink unprintable. For being able to print, the dis-
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persion of B-TCP in the Mg-Zn/10TCP and Mg-Zn/15TCP inks had to
be compromised in the present study. Because of a lower percent-
age of B-TCP loading, the Mg-Zn/5TCP ink showed the best disper-
sion, while being also printable (Fig. S2d).

In summary, extrusion-based 3D printing has demonstrated sig-
nificant advantages for the fabrication of composite scaffolds over
other AM techniques, because it allows for the fine-tuning of print-
able inks to optimize the dispersion of micro-sized particles. The
binder system should, therefore, be judiciously designed to both
possess suitable viscoelastic characteristics and exhibit favorable
dispersion behavior. Additional dispersants may be added into the
binder system to further improve its dispersion function.

4.1.2. Interfacial bonding between Mg and bioceramic in the
composite scaffolds

For the as-sintered composite scaffolds, having sufficiently
strong interfacial bonding between the Mg-based matrix and bio-
ceramic reinforcement is crucial both for realizing a strengthen-
ing effect and improving their integrity during biodegradation [49].
An effective way to enhance interfacial bonding is to form an in-
terlayer at the Mg/bioceramic interface so as to chemically inter-
lock the constituents [50]. To form an interlayer, two criteria must
be met: (i) a thermochemical reaction needs to take place at the
Mg/bioceramic interface to form an intermediate layer as a reac-
tion product, and (ii) either the bioceramic elemental atoms dif-
fuse across the Mg oxide layer into Mg or the elemental atoms
in the Mg matrix diffuse across the Mg oxide layer out of Mg. It
has been found that Mg can react with 8-TCP through a solid-state
reaction [49,51]. Mg2* and Zn2*have the energetically preferential
Ca-5 site in the B-TCP structure for substitution [52]. We could,
therefore, take advantage of the reaction between the Mg matrix
and the added B-TCP during sintering to enhance the interfacial
bonding. However, the original MgO layer on the surface of the Mg
powder particle surfaces is quite stable and the diffusion coeffi-
cient of Mg atoms (i.e., 5.25 x 10724 at 650 °C) through the ox-
ide layer is relatively low [53]. Some other studies have used spark
plasma sintering to fabricate Mg/B-TCP composites while applying
external pressure during the sintering process to disrupt the ox-
ide layer, thereby facilitating diffusion [49,51]. However, the spe-
cific design of our porous scaffolds with a complex 3D structure
restricted us from applying external mechanical pressure. Instead,
we tried to apply a liquid-phase sintering strategy to facilitate ef-
fective diffusion. In this approach, a small volume fraction of lig-
uid is formed during sintering, thereby facilitating the disruption of
the oxide layer present on the surface of the powder particles [28].
Because of the faster diffusion of atoms during liquid-state sinter-
ing as compared to solid-state sintering and the high diffusivity
of Ca in Mg [54], a CayMggZns3 intermediate layer quickly formed
during sintering (Fig. 4A, B and Table 4). It has been found that
Ca;MggZns can form when the Zn/Ca atomic ratio exceeds 1.2 [55].
MgO could form at the interface between the Ca,MggZn; phase
and the Mg-Zn matrix as a thin layer (Fig. 3B, but not observable
in the microstructure under SEM), because of the high affinity of
Mg with O atoms from B-TCP, which also helped enhance the in-
terfacial bonding due to the high stability of MgO.

The diffusion or the reaction stopped when it reached equilib-
rium. At the area of local agglomerates of 8-TCP, the B-TCP parti-
cles could not completely react with the surrounding Mg-Zn ma-
trix and, therefore, a small amount of the CasP,0 phase that de-
rived from Ca3(PO4), was left beside the Ca;MggZns phase (Fig. 3
and Fig. 4). However, the particle-shaped Ca4P,0 phase had poorer
interfacial bonding with the Mg-Zn matrix as compared to the in-
tegrated Ca,MggZns phase, as confirmed by the detachment of the
CayP,0 phase during sanding (Fig. 3A-c4).

The addition of a larger amount of B-TCP into the Mg-Zn scaf-
folds resulted in higher fractions of the Ca,MggZns and CayzP,0
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phases. The total volume fractions of these two new phases (i.e.,
6.90% for Mg-Zn/5TCP, 11.0% for Mg-Zn/10TCP, and 17.7% for Mg-
Zn/15TCP; Table 4) were higher than the design values (ie., 2.8%,
5.8% and 8.9% B-TCP in volume percentage) because of the diffu-
sion between the Mg-Zn matrix and S-TCP. This was confirmed by
EDS mapping (Fig. 4A and B), which also detected the presence of
Ca in the Mg matrix.

4.1.3. The fabricated Mg-Zn/TCP composite scaffolds

Previous studies showed that excessive flow of liquid Mg and
poor wettability between molten Mg and solid Mg powder par-
ticles caused nodules to form on the struts [28,32]. B-TCP has a
better wettability with liquid Mg than other bioceramics, such as
HA [10]. In this study, the reaction that occurred between the lig-
uid Mg-Zn and B-TCP further promoted the wettability. More lig-
uid Mg-Zn could, therefore, be accommodated in the porous struc-
ture, when the scaffolds with a higher B-TCP volume fraction were
sintered in the liquid state. This means that a higher temperature
could be chosen for sintering the scaffolds with a higher B-TCP
percentage to achieve higher densification, while maintaining the
fidelity of the struts. For sintering the Mg-Zn/TCP scaffolds, 600 °C
could be used for 5% B-TCP, 620 °C for 10% B-TCP, and 640 °C
for 15% B-TCP to reach maximum densification. Under the opti-
mized sintering conditions, the relative densities of struts reached
99.9% for the Mg-Zn/5TCP and 99.5% for the Mg-Zn/10TCP com-
posite scaffolds, which were much higher than that for the Mg-Zn
scaffolds (Table 2). This confirms that the density of the composite
scaffolds in extrusion-based 3D printing can reach and even ex-
ceed the levels observed in high laser power PBF AM and in ex-
ternal pressure-assisted powder metallurgy approaches (Table S1).
This marks a big step forward in the AM of Mg-based scaffolds,
because the high laser power and the risk of explosion can be
avoided altogether without having to compromise in terms of the
relative density of the struts. This study also sheds light on the
design of Mg/bioceramic composite scaffolds with adjusted densi-
fication.

The porosity of the struts of Mg-Zn/15TCP specimens was quite
high (i.e., 13.9 £ 4.7%). This was because the severe agglomeration
of B-TCP particles not only resulted in the generation of voids dur-
ing 3D printing (Fig. S1a) but also decreased the flowability of the
liquid phase formed during liquid-phase sintering.

4.2. Biodegradation behavior

The degradation rate of the Mg-Zn/5TCP composite scaffold (i.e.,
0.5 mm/y at day 28) was lower than that of the porous Mg-Zn
scaffold without any addition of B-TCP, fabricated by using the
same 3D printing technique [32]. This value reached the ideal
range of biodegradation rates suggested for bone substitutes (i.e.,
0.2-0.5 mm/y) [56]. The biodegradation rate of the Mg-Zn/10TCP
specimens (i.e.,, 0.7 mm/y at day 28) was similar (i.e., 0.7 mm/y
and 1.7 mm/y at day 28 and day 7, respectively) to that of the
Mg-Zn scaffolds, while the Mg-Zn/15TCP specimens exhibited the
highest rate (i.e., 2.3 mmy/y at day 7). This means that the addition
of a certain amount of B-TCP could help the extrusion-based 3D
printed Mg scaffolds reach a desired degradation rate, but adding
too much B-TCP adversely affects the corrosion resistance of the
scaffolds.

The highly densified Mg-Zn/5TCP struts with fewer open mi-
cropores, as compared to the Mg-Zn struts (Table 2), signifi-
cantly decreased the surface area of the struts for the initiation
of biodegradation. This was one of the main reasons for the de-
creased biodegradation rate of the Mg-Zn/5TCP scaffolds. Moreover,
the new phases formed in the Mg-Zn/TCP scaffolds must have in-
fluenced the corrosion behavior and corrosion mechanism, since
the Mg-Zn/10TCP specimens that possessed highly densified struts
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(Table 2) consistently showed higher corrosion rates during the in
vitro immersion period, as compared to Mg-Zn/5TCP (Fig. 5d).

To reveal the effects of the new phases on the corrosion mech-
anism of the Mg-Zn/TCP specimens, the degraded specimens (Fig.
S11a) were observed under SEM. During the in vitro immersion,
the corrosion of these specimens was found to have been initi-
ated at the grain boundaries or in the surrounding area of the
formed interfacial phases, predominately the Ca;MggZns phase.
The Ca;MggZns phase has a higher standard electrode potential
than the Mg matrix [57]. The Mg-Zn matrix, therefore, degraded in
the r-SBF as the anode, while the Ca;MggZn; phase was protected.
The Ca;MggZns phase was quite stable and remained largely unaf-
fected as the Mg-Zn matrix became corroded (Fig. S11a). It was
also observed that the corrosion pathway diverted when it met
the Ca;MggZns phase (see the arrows in Fig. S11b), indicating that
the Ca,MggZnsz phase acted as a temporary local corrosion barrier,
blocking the pitting pathway and limiting intense corrosion propa-
gation [58]. Although the generation of the Ca;MggZn; phase was
not designed intentionally at the start, its presence in the scaffolds
decreased the corrosion rate, while the original S-TCP particles
quickly dissolved in the electrolyte, accelerating the corrosion of
the specimens [11]. The micro galvanic corrosion and the blocking
effect of the Ca,MggZns phase compete as the Mg-Zn/TCP spec-
imens corrode. In the Mg-Zn/5TCP group, the CayMggZns phase
was mainly distributed in a strip-shaped network along the grain
boundaries (Fig. 3Aa3 and a4). The associated blocking effect of
this phase, thus, dominated the corrosion behavior [55,58], which
contributed to the desired biodegradation rate of these specimens.
However, the irregular shape of the Ca,MggZns phase with larger
surface areas in the Mg-Zn/10TCP and Mg-Zn/15TCP groups re-
sulted in galvanic corrosion dominating the corrosion response. In
addition, the Ca,MggZns phase, having strong interfacial bonding
with the Mg-Zn matrix, could inhibit the electrolyte (i.e., -SBF)
from seeping into the struts, while the poor interfacial bonding
between the CayP,0 phase and the Mg-Zn matrix increased the
available surface area that directly contacted the electrolyte. Mg-
Zn/10TCP and Mg-Zn/15TCP with higher volume fractions of the
CayuP,0 phase, therefore, had more initiation sites for corrosion in
the struts, as compared to Mg-Zn/5TCP at the beginning of in vitro
immersion.

During in vitro degradation, hydrogen was produced through a
cathodic reaction, resulting in a local alkaline environment. The al-
kalinity of the local solution induced the precipitation of the cor-
rosion products. The formation of magnesium hydroxide (Mg(OH),)
on the surface may act as a protective layer against further corro-
sion. Although the formation of the stable ZnO phase (Fig. 7 and
Fig. S11) might stabilize this corrosion layer [32], Mg(OH), could
react with CI~ in r-SBF, resulting in its dissolution and the genera-
tion of cracks in the layer (Fig. S11a). Nevertheless, it was interest-
ing to find out that the stable Ca;MggZn3; phase in the corrosion
layer could inhibit crack propagation and maintain the integrity
of the corrosion layer, thereby providing prolonged protection for
the scaffold substrates (arrow in Fig. S11a). Therefore, the corro-
sion rates of the Mg-Zn/5TCP and Mg-Zn/10TCP groups decreased
at the beginning of the in vitro degradation and then increased at
days 14 and 7 (Fig. 5d), respectively, when the Ca,MggZn3 phase
fell off. The formed protective layer provided favorable sites for the
nucleation and deposition of Ca- and P-containing compounds.

A higher Ca ion concentration was, indeed, detected in the
medium collected after the in vitro immersion tests of the scaf-
folds with a higher B-TCP content (Fig. S12), indicating an intensi-
fied rate of release of Ca ions from the composite scaffolds. We
speculated that Ca ions might be released from the Mg-Zn ma-
trix during the dissolution of the composite scaffolds, since it was
found that Ca atoms diffused into the Mg-Zn matrix during sinter-
ing and were uniformly distributed there (Fig. 4A and B). During in
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vitro degradation, with Ca being saturated locally and in the alka-
line microenvironment, carbonate and apatite could form and con-
tinuously grow on the previously formed protective layer, as men-
tioned above. The presence of a notable number of Mg ions could
inhibit the HA formation, but it could also stabilize more acidic
hydrated apatite compounds, such as brushite [59,60]. That is why
brushite was detected on the biodegraded scaffolds during degra-
dation. After 14 d of biodegradation, brushite was difficult to be
detected and the corrosion products were mainly Mg(OH), (Fig. 7
and S9).This could be because the PO42~/HPO,~ ions in the sur-
rounding solution had been exhausted by forming apatite com-
pounds, while Mg(OH), and CaCO5 continued to be deposited.

Having discussed the biodegradation behavior of the compos-
ite scaffolds at the micro level, it is important to consider the
macro-scale mechanisms as well. Despite the benefits of a porous
structure in allowing bone ingrowth, it remains a major challenge
to introduce porosity into a Mg-based material, given that it in-
creases its corrosion rate as compared to a bulk Mg counterpart
[61-67] due to the increase in surface area. In this study, however,
the in vitro biodegradation rates of the all three groups of Mg-
Zn[TCP (i.e., 0.5-2.3 mm/y, porosity: 48%—55%) were lower than or
similar to those of near-bulk materials with similar compositions
(i.e., 0.6-15 mm/y [68-72]). Unlike other traditional manufacturing
techniques [68-72] and the recently reported binder jet AM tech-
nique [62], extrusion-based 3D printing technique allows for the
fabrication of geometrically ordered porous Mg structures, which
could then be used to adjust the biodegradation behavior of the
scaffolds. The structures featured in this study were furnished with
struts that had an angle of 90° at their intersections, which lim-
ited the diffusion of Mg?+ and OH~ ions, especially in the central
region of the scaffolds. The corrosion products, including Mg(OH),,
ZnO and brushite, formed immediately between the struts in the
local alkaline environment (Fig. 6, S5 and S7). Given the stabil-
ity of the corrosion products, as mentioned above, and the limited
flowability of the electrolyte, the formed corrosion products were
entrapped inside the scaffolds (Fig. 5a, S3a and S4a), leading to an
increase in the total volume of the scaffolds (including the volume
of biodegradation products) and a decrease in porosity (Fig. 5, S3
and S4) during most of the in vitro degradation period. The en-
trapped corrosion products in the pores of the scaffolds acted as a
highly protective barrier, and also helped maintain the integrity of
the scaffolds, thereby inhibiting the further progress of the corro-
sion process. Therefore, the scaffolds showed a relatively low rate
of biodegradation and a decreasing trend with the immersion time
(Fig. 5d). On the other hand, the accumulation of the corrosion
products between the struts created narrow spaces where crevice-
like corrosion might occur, accelerating the corrosion at the center
of the scaffolds. Therefore, more severe corrosion was found in the
central area as compared to the periphery (Fig. 5a, S4a and S5a).
These results indicate that the design of open porous structures
is of great importance in tailoring the biodegradation behavior of
Mg-based materials.

4.3. Mechanical behavior

When choosing the strain rate for compression test, the ef-
fect of strain rate on the mechanical responses should be consid-
ered. The strain-hardening effect has indeed been found in some
metallic materials, such as Ti [73,74] and Mg [75]. At a standard-
ized strain rate, the strain- hardening effect can be minimized in
highly porous structure [76]. According to the standard ISO 13,314:
2011, the initial compression strain rate should be between 10-3
and 10-2 s — 1. Therefore, for the highly porous Mg-Zn/TCP scaf-
fold specimens with a height of 12 mm, a crosshead speed of
2 mm/min (corresponding to an initial strain rate of 0.003 s — 1)
was chosen.
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The uniaxial compressive stress-strain curves of the Mg-Zn/TCP
specimens were similar to those of extrusion-based 3D printed
Mg-Zn scaffolds [32], starting with an initial elastic stage and fol-
lowed by a strain-hardening stage (Fig. 8). The yield strengths and
Young's moduli of all the three groups of the Mg-Zn/TCP composite
scaffolds were higher than those of the previously reported Mg-Zn
scaffolds [32]. Remarkably, the yield strengths of the Mg-Zn/5TCP
and Mg-Zn/10TCP composite scaffolds were about two times as
high as the yield strength of the Mg-Zn scaffolds. First, the signif-
icant enhancements in strength could be attributed to the strong
interfacial bonding between the Mg-Zn matrix and Ca,MggZns
phase, and the higher nanohardness of the newly formed phases
(55.1 GPa) as compared with the nanohardness of the Mg-Zn ma-
trix (43.0 GPa). The load could, therefore, be effectively trans-
ferred from the Mg-based matrix to the second phase [77]. Second,
the presence of the well-dispersed, micro-sized CazP,0 phase in
the Mg-Zn matrix may act as obstacles to dislocation movement,
thereby strengthening the scaffolds [78]. On the other hand, the
CayuP,0 phase with an irregular shape may also act as a crack ini-
tiation site when the specimens are (dynamically) loaded. Third,
almost fully dense struts of Mg-Zn/5TCP and Mg-Zn/10TCP could
withstand higher loads during the mechanical tests while largely
avoiding the stress concentrations that result from micropores in
the struts. In Mg-Zn/15TCP, the presence of large clusters of CazP,0
as well as voids adversely affected its mechanical properties, lead-
ing to a lower yield strength and lower toughness (Supplementary
file).

Bone substitutes should continue to provide sufficient me-
chanical support as in vivo biodegradation progresses and before
the newly formed bone can take over. Understanding the time-
dependent evolution of the mechanical properties of biodegrad-
able biomaterials is, therefore, of great importance. The Mg-Zn/TCP
specimens developed here exhibited bone-mimicking mechani-
cal properties during the in vitro degradation process, reaching
the range of the trabecular bone (ie., yield strength = 0.2 -
80 MPa; Young’s modulus = 10 - 2000 MPa) [64]. After 14 d of in
vitro degradation, the Mg-Zn/5TCP scaffolds could still match the
strength of the femoral cancellous bone (15 MPa) [79,80], indicat-
ing that these scaffolds could provide enough mechanical support
for treating the femoral nonunion. The mechanical properties of
Mg-Zn/5TCP and Mg-Zn/10TCP fluctuated during the in vitro degra-
dation (Fig. 8b and c), which is likely due to the competition be-
tween the dissolution of the scaffolds which leads to a decreased
strength value and the formation of corrosion products that in-
creases the strength value [32]. The corrosion products could be
considered as an additional reinforcing phase at the beginning of
the immersion in r-SBF (i.e., the first 7 days) when the interfa-
cial bonding between the substrate and corrosion products is still
strong. Our results show that the corrosion products could not be
disintegrated when they formed in the center area of the compos-
ite scaffolds, therefore, most of the Ca,MggZn, phase still stayed in
the original area of the struts surrounded by the corrosion prod-
ucts (Fig. S11a), further contributing to strengthening the compos-
ite scaffolds. Furthermore, the formation of the corrosion products
filling the micropores and the space between the struts led to a
decrease in the porosity of the specimens (Fig. 5), which trans-
lates to higher mechanical properties. After 14 d of biodegrada-
tion, the Mg-Zn/10TCP specimens showed a lower yield strength
and Young’s modulus than the Mg-Zn/5TCP specimens, because the
higher corrosion rate of the former resulted in a larger loss of Mg
as the in vitro degradation processes progressed (Fig. 5b).

4.4. Biological response

Cellular adhesion is a prerequisite for cell proliferation and
osteogenic differentiation [77]. The cell adhesion assay was per-
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formed by seeding preosteoblasts directly on the fabricated scaf-
folds. The well-spread morphology of the cells and the increased
number of viable cells during the first week of culture demon-
strated that the Mg-Zn/5TCP and Mg-Zn/10TCP scaffolds supported
the adhesion and proliferation of the cells as compared to the Mg-
Zn scaffolds. Although the original B-TCP phase was not found in
the as-sintered Mg-Zn/TCP composite scaffolds anymore, the addi-
tion of B-TCP into the Mg-Zn scaffolds was still effective in im-
proving the early cell response. First, the Mg-Zn/TCP composite
scaffolds released less zinc ions when they were immersed in the
cell culture medium (Fig. S12). It has been shown that a too high
concentration of ZnZ*inhibits the growth of preosteoblast, while
a low concentration promotes the viability, proliferation, and mi-
gration of osteoblasts [81]. Part of the zinc originally presents in
the Mg matrix or in the MgZn, secondary phase of the Mg-Zn
scaffolds was consumed for generating a more stable phase (i.e.,
Ca;MggZns) in the Mg-Zn/TCP composite scaffolds. As discussed
above, the Ca,MggZn; phase did not degrade or dissolve during
the immersion tests, meaning that a limited number of zinc ions
were released from this phase. Consequently, while the degrada-
tion rates of Mg-Zn/5TCP and Mg-Zn/10TCP were similar to that of
Mg-Zn, a smaller number of Zn2* ions were released from those
groups. Second, the formation of brushite on the scaffolds dur-
ing initial biodegradation could stimulate cell proliferation and dif-
ferentiation in vitro and promote the regeneration of vascularized
bone in vivo [82]. After 14 d, however, both Mg-Zn/5TCP and Mg-
Zn/10TCP showed cell growth inhibition (Fig. 9f). This is likely due
to the increasing numbers of Mg, CazP,0, and Ca,MggZns particles
that became disintegrated from the scaffolds could affect the cell
response. Such submicron-sized particles are known to induce cy-
totoxicity in various cell lines [83]. In addition, the brushite layer
was found to be covered by a Mg(OH), layer at the later time
points, which could reduce bioactivity on the surfaces of the spec-
imens. In an earlier in vivo study [11], a dense Mg-Zn/10 wt.% f3-
TCP composite material (in vitro biodegradation rate: 15.9 mmy/y)
was implanted into rabbits to evaluate its biocompatibility. It was
found that the Mg?*, Zn2+t, and Ca2* ions could be metabolized in
the blood with no adverse effects on the kidney, liver, or heart. As
compared to the dense Mg-Zn/10 wt.% B-TCP material mentioned
above, the Mg-Zn/TCP specimens developed here had much lower
biodegradation rates, which would undoubtedly be also safe for the
visceral organs if being implanted in animals.

The influences of the extracts from the Mg-Zn/5TCP and Mg-
Zn/10TCP composite scaffolds on the osteogenic differentiation
and mineralization of preosteoblasts were evaluated by ALP and
Alizarin Red S assays, respectively (Fig. 9g-i). Both extracts ex-
hibited a clear effect on promoting the osteogenic differentiation
and matrix mineralization, which could be because the appropriate
concentrations of the released Mg, Zn, and Ca ions activated spe-
cific signaling pathways, stimulating mineralization [84-86]. The
human body can regulate ion concentrations in the local environ-
ment through active transport processes, and both the degradation
rate and surface condition of the scaffolds may change in a more
complex microenvironment in vivo. In vivo studies should, there-
fore, be performed on the extrusion-based 3D printed Mg-Zn/TCP
specimens to better understand their biological responses.

5. Conclusions

1. We fabricated porous Mg-Zn/x B-TCP (x = 5, 10 and 15 wt.%)
composite scaffolds by using an extrusion-based 3D printing tech-
nique for the first time. The ink formulations were optimized to
balance the homogeneity of bioceramic particles with appropriate
viscoelastic properties and, thus, printability. The dispersion of S-
TCP particles in the Mg-Zn/5TCP inks and the resulting scaffolds
were the most uniform.
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2. The relative densities of the materials making up the struts
were higher than 99% in the Mg-Zn/5TCP and Mg-Zn/10TCP speci-
mens, reaching the level usually only achieved through PBF AM.

3. The Mg-Zn/5TCP specimens showed a decreased in vitro rate
of biodegradation (i.e., 0.5 mm/y) as compared with Mg-Zn. This
rate falls within the desired range of biodegradation rates for ideal
bone substitutes. As for the Mg-Zn/15TCP specimens, the inhomo-
geneous dispersion of B-TCP particles deteriorated their biodegra-
dation behavior.

4, The yield strengths of the Mg-Zn/5TCP and Mg-Zn/10TCP
composite scaffolds were about two times as high as the yield
strength of the Mg-Zn scaffolds. The mechanical properties of the
composite scaffolds fluctuated over the biodegradation period of
28 d, but the strengths and elastic moduli remained in the range
of the mechanical properties of the cancellous bone.

5. The direct cultures of preosteoblasts on the Mg-Zn/5TCP and
Mg-Zn/10TCP specimens showed their significantly improved cyto-
compatibility, as compared to Mg-Zn after 7 d The ALP activity in
the indirect culture was significantly higher for the composites as
compared to the control group (i.e., the Mg-Zn alloy).

The results obtained clearly show that the Mg-based composite
scaffolds developed in this study satisfy most of the requirements
of ideal bone substitutes and should be further developed towards
potential clinical application.
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