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ARTICLE INFO ABSTRACT

Keywords: Zinc (Zn) has emerged as a promising biodegradable metal for bone tissue engineering, yet fabricating porous
Zinc scaffolds via laser-based additive manufacturing (AM) remains challenging due to Zn evaporation. This study
Material extrusion presents the successful fabrication of porous Zn scaffolds via extrusion-based AM through systematic ink
g‘c)i:;ni:prlr;irtmfacturmg formulation and sintering optimization. Printability was optimized through rheological analysis of 50-56 vol %
Biodegradation Zn-loaded inks, while sintering conditions were refined within a precise temperature window. SEM and micro-CT
Cytocompatibility characterized sintering quality and quantified pore defects. Optimal scaffolds, printed with 53 vol % ink and
sintered at 415 °C for 5 h, achieved 40 + 3% absolute porosity with minimal evaporation, attributed to a hybrid
solid-liquid phase sintering mechanism. The scaffolds exhibited trabecular bone-matching mechanical properties
with compressive yield strength of 16.1 + 1.3 MPa and elastic modulus of 1.4 & 0.1 GPa. In vitro biodegradation
in r-SBF showed a corrosion rate of 0.03 & 0.01 mm/year after 28 days, with biodegradation products including
ZnO, Cas(P0Os)z, and Zn-phosphate/chloride hydrates. Electrochemical tests demonstrated increasing polarization
resistance (21.1 + 3.8 kQ-cm?) and passivation behavior. Indirect cytocompatibility assays showed > 90%
metabolic activity for MC3T3-E1 cells in < 50% Zn extracts, while direct seeding confirmed cell adhesion. These
results establish extrusion-based AM as a viable route for fabricating Zn scaffolds with tailored porosity,
controlled biodegradation, bone-like properties, and acceptable cytocompatibility, advancing the development of
Zn-based biodegradable implants.
Statement of significance: Although laser-based additive manufacturing of pure zinc and its alloys is becoming
increasingly mature, its inherent drawbacks, such as evaporation-driven composition loss and melt-pool in-
stabilities, remain non-negligible and underscore the need to develop and apply alternative AM strategies for Zn-
based bone scaffolds. We presented an extrusion-based route to fabricate porous Zn bone scaffolds and establish
an end-to-end workflow spanning ink formulation, debinding, sintering, and multi-scale characterization. By
tailoring the binder system and defining a robust thermal window, we achieved high-fidelity architectures with
densified struts. The resulting scaffolds displayed bone-mimicking mechanical behavior together with predict-
able in-vitro degradation and cytocompatibility. Our work positions extrusion-based 3D printing as a practical
manufacturing platform for Zn-based biodegradable bone substitutes.

1. Introduction mechanical performance, ensuring functional stability and reducing

fracture risk immediately after implantation. (ii) Compared to bioinert

Safe and functional bone-substituting biomaterials are sought after
to treat critical-sized bone defects. This quest has been triggered by the
severe shortage of natural bone grafts and the unmet demands of an
aging population [1]. In recent years, in addition to ceramic and poly-
meric biomaterials, biodegradable metals have been intensively studied
as temporary bone-substituting materials [2]. The following significant
advantages have been demonstrated. (i) Compared to polymeric [3] and
ceramic biomaterials [4], metallic biomaterials offer improved
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metal implants, such as titanium (Ti) and its alloys [5], tantalum (Ta)
[6], and cobalt-chromium alloys (CoCr) [7], biodegradable materials
such as Zn can facilitate further progress of the bone regeneration pro-
cess while eliminating long-term inflammatory responses and the need
for a second surgery [8]. Zinc (Zn) and its alloys stand out among
biodegradable metals for bone applications because of their suitable
rates of biodegradability, good biocompatibility, and osteogenic po-
tential, and have been considered to be promising candidates for use in
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the treatment of critical-sized bone defects [9].

To satisfy the requirements of an ideal bone substitute, Zn-based
biomaterials need to have a bone-mimicking multi-scale porous struc-
ture with interconnected macro- and micro-pores to facilitate cell
adhesion, tissue ingrowth as well as vascular remodeling [10]. They also
require a geometry that matches that of the bony defect to achieve
reliable fixation and optimal stress distribution [11]. Traditional
implant manufacturing techniques, such as casting and forging, fol-
lowed by machining, face significant challenges in producing scaffolds
with complex macro-pore and micro-pore-integrated structures [12].
Conventional powder metallurgy (PM) combined with spark plasma
sintering (SPS) [13] and hot pressing sintering (HPS) [14] has been re-
ported to be capable of manufacturing porous Zn-based alloys [15].
However, these methods cannot produce interconnected porous struc-
tures and complex external geometries. Laser-based additive
manufacturing (AM) technologies, such as laser powder bed fusion
(LPBF) enable the fabrication of porous scaffolds with intricate struc-
tures and allow for customizing implants tailored to individual patients
[16-18]. Although the research on the LPBF technology for processing
Zn implants has made significant progress, it remains in its early stages
[19-22]. Element loss and microporosity control are the two inter-
connected problems encountered in processing Zn via LPBF, mainly due
to the severe evaporation of Zn during intense melting under
high-energy laser [23]. Significant evaporation and smoke generation
have a profound impact on the stability of the melt pool, leading to
numerous defects, including pores, bubbles, microcracks, residual stress,
and deformation in the 3D-printed parts. In the early work of Montani et
al., a relative density of only 88 % was achieved for Zn [24]. Although
Demir et al. [25] achieved a relative density of 98 % by incorporating an
auxiliary gas-jetting device into the LPBF system, modifying the existing
LPBF system poses new challenges regarding process gas handling.

While the Young's modulus of pure Zn (97 GPa) [26] can be adjusted
to match that of the natural bone (cortical bone: 5-23 GPa; trabecular
bone: 0.01-1.6 GPa) [27] by regulating the implant's porosity, the yield
strength of pure Zn is only 28 MPa (in the as-cast state), which is far from
the strength requirement for load-bearing bone implants (> 200 MPa)
[28]. In addition, Zn scaffolds have been reported to exhibit in vitro
cytotoxicity due to excessive ion release [29,30]. To address these is-
sues, strategies have been adopted to develop Zn-based implants by
adding alloying elements (e.g., Li, Mg, Ca, Sr, Cu, or Ag) [21,31] to Zn
and by functional doping with ceramic biomaterials such as bioactive
glass, hydroxyapatite (HA) and tri-calcium phosphate (TCP) [32,33], to
enhance their mechanical properties and bioactivity [34]. Since
different elements have different boiling points and, thus, different
evaporation susceptibilities under high-energy lasers, the chemical
compositions of many Zn alloys prepared by LPBF often deviate from the
original powder compositions [35]. In addition, adding a second mate-
rial will alter the powder's flowability, and laser reflectivity, which may
cause printing failure [36]. Therefore, it is essential to develop a more
straightforward, economical, and efficient processing technology for
porous Zn alloy and composite implants that offers flexibility in struc-
tural and material design.

In recent years, extrusion-based AM technology [37,38], a two-step
AM process based on ink extrusion, has proven effective for fabri-
cating metallic scaffolds with complex structures. The first step of this
process is to print a green part with ink composed of metal powder and
binder. This is followed by the second step aimed at transforming the
green part into a firmly bonded, robust scaffold through debinding and
sintering [39,40]. This AM technology has prepared bio-inspired tita-
nium alloy implants [41] and high-entropy alloy scaffolds [42]. It has
also been successfully applied to create biodegradable magnesium- [43,
44] and iron-based [45,46] implants, yielding fully interconnected,
long-range, porous structures with varied pore sizes. In addition,
extrusion-based AM allows for the addition of alloying elements (MgZn
[391, FeMn [47]) and bioceramics (Mg-TCP [44], Fe-akermanite (Ak)
[48], and FeMn-Ak [49]). Applying this AM technology to Zn will
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circumvent the problems associated with LPBF, such as melt-pool
instability, Zn loss, defects, and high costs.

To this end, in this study, we made the first attempt to fabricate pure
Zn scaffolds using extrusion-based AM. First, we developed an ink
formulation by selecting a suitable binder system and optimizing the ink
loaded with Zn powder. We also optimized the sintering conditions,
aided by microstructural and micro-CT analyses. Subsequently, we
characterized the 3D-printed Zn scaffolds in terms of in vitro degrada-
tion, electrochemical behavior, time-dependent mechanical properties,
and cytocompatibility. In addition, herein we propose a unique Zn
powder sintering mechanism based on our experimental observations
and explain the mechanisms of Zn scaffold biodegradation in vitro.

2. Materials and methods
2.1. Scaffold design, 3D printing, and post-processing

A commercial nitrogen-atomized pure Zn powder (impurity <0.01
wt %, Nanoval GmbH, Germany) with a spherical shape (Fig. 1a) and D-
values of 8.8 um (D10), 23.6 pm (D50), and 45.4 um (D90) (Fig. 1b) was
employed as the raw material. Particle size distribution was provided by
the powder manufacturer (Batch AZ/003/BVF-50 um). A cylindrical
scaffold with a diameter of 12.38 mm and a height of 12.64 mm was
designed (Fig. 1c). The designed structure had the following charac-
teristics: strut size = 580 um, strut spacing = 360 um, and layer number
=27.A0°/90 °/0 ° lay-down pattern was used for the scaffold, which
was designed using custom software integrated with the 3D Bio-
Scaffolder printer (BS 3.2, GeSim, Germany). The scaffold was designed
with a porosity of 37.8 %, a value selected to target the mechanical
properties of human trabecular bone while maintaining sufficient pore
space for potential bone ingrowth [50-52]. The steps involved in
fabricating the scaffolds, including ink preparation, 3D printing,
debinding, and sintering, are illustrated in Fig. 1d.

In step 1, inks loaded with the Zn powder were prepared by mixing
the Zn powder with a binder system composed of polyvinylpyrrolidone
polymer (PVP, M,, ~ 40000, Sigma Aldrich, Germany), 1-octanol (>99
%, Sigma-Aldrich), and ethyl alcohol (Sigma-Aldrich). A series of trials
were performed to determine the printability and debinding behavior of
binders with different compositions. Inks with 50, 53, and 56 vol % Zn
powder loading were then prepared for rheological characterization and
subsequent optimization of the printing process. The rheological prop-
erties of the prepared inks were determined using a rheometer (Physica
MCR 301, Anton Paar, Germany). In step 2, the ink was extruded to form
the designed scaffold through a tapered nozzle with a tip diameter of
580 pum under an applied pressure of 160 kPa and at a printing speed of
10 mm/s. Step 3 included debinding and sintering under a controlled
argon atmosphere, prior to which the dried Zn scaffolds were loaded into
a tube furnace (STF16,/180, Carbolite Gero Ltd., UK). To determine the
debinding condition, thermogravimetric analysis (TGA) of PVP was
performed using an SDT Q600 v20.9 thermogravimetric analyzer (TA
Instruments, USA) to determine the exact temperature at which the
binder evaporates. Based on the TGA analysis, the 3D-printed green
samples were heated from room temperature to 350 °C at a heating rate
of 2 °C/min, and a dwelling time of 1 h was provided for debinding. To
determine the sintering conditions, a differential scanning calorimeter
(DSC) (Discovery DSC250, TA Instruments, USA) was used to measure
the actual melting point of the Zn powder at a heating and cooling rate of
10 °C/min over a temperature range of 20 to 500 °C. Based on the DSC
analysis, the debonded samples were heated at a heating rate of 2 °C/
min to perform sintering at different temperatures (i.e., 412, 415, and
418 °C) and for various durations (i.e., 3, 5, and 7 h) under a highly pure
argon atmosphere (purity: 99.9999 %; inlet pressure: 1 bar). Afterward,
the as-sintered Zn scaffolds were ultrasonically cleaned in isopropyl
alcohol for 10 min before subsequent characterization.
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Fig. 1. (a) Morphology of the as-received pure Zn powder, (b) particle size distribution of the Zn powder, (c) CAD design of the Zn scaffold, and (d) schematic

illustrations of the Zn scaffold fabrication steps via extrusion-based AM [2].

2.2. Structural characterization of the fabricated scaffolds

The morphology and strut integrity of the as-printed Zn scaffolds
were examined using a scanning electron microscope (SEM, JSM-IT100,
JEOL, Japan). The as-sintered Zn scaffolds' morphology and cross-
section microstructure were observed using the SEM, equipped with
an energy-dispersive X-ray spectroscope (EDS). The specimens were
ground and polished to a mesh grade of 4000. The absolute porosity of
the as-sintered Zn scaffolds was determined using the dry weighing
method:

05 = (1

where ¢; is the absolute porosity of the as-sintered Zn scaffold [ %], ms is
the mass of the as-sintered Zn scaffold [g], Vpux is the bulk volume
[cmg], and pz, is the theoretical density of Zn (i.e., 7.14 g/cmg). The as-
printed and as-sintered scaffolds (3, 5, and 7 h) were imaged by using X-
ray micro-computed tomography (uCT, Nanotom 180NF, Phoenix) at a
current of 140 pA, a voltage of 140 kV, and a voxel size of 10 pm. Sizes
and distribution of pores in the as-printed and as-sintered Zn scaffolds
were analyzed using the VG Studio Max software. To ensure the data's
validity, only the pores with equivalent diameters exceeding 30 pm (i.e.,
3 times the voxel size [53]) were used in the analysis. The equivalent
diameter [¢] and sphericity [y] were used to evaluate the size and shape
of the pores [41]. Specifically, the equivalent diameter ¢ represents the
diameter of a sphere that would have the same volume as the measured
pore. Sphericity y is a measure of how closely the shape of the pore
resembles a perfect sphere, where a value of 1.0 indicates a perfect
sphere. These parameters were calculated as follows:

¢ =1/6V/n

_%) x 100%
Viuik

@

(2)
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y = /3612 / s &)
where V and S are the pore volume and surface area, respectively. Phase
analysis was conducted using a Bruker D8 Advance X-ray diffractometer

(XRD) (Cu Ka radiation) over a scanning range of 10 — 100 ° with a step
size of 0.021 °.

2.3. Biodegradation experiments

In vitro immersion tests of the Zn scaffolds (n = 4) were performed in
the revised simulated body fluid (r-SBF) [54] for up to 28 days in a
thermal bath maintained at 37 + 0.1 °C. All specimens used for the
experiments described hereafter were prepared using the optimized
sintering process (415°C for 5 h). The immersion ratio (i.e., the ratio of
solution volume to sample area) was 20 mlL/cm?. The total surface area
of the specimens exposed to the r-SBF was 64.3 cm?. Data analysis time
points were selected as 1, 3, 7, 14, and 28 days. The pH values of the
r-SBF were monitored throughout the immersion period using a pH
electrode (InLab Expert Pro-ISM, METTLER TOLEDO, Switzerland). An
inductively coupled plasma optical emission spectroscope (ICP-OES,
iCAP 6500 Duo Thermo Fisher, USA) was used to measure the concen-
trations of Zn, Ca, and P ions in the r-SBF solution at the selected time
points. A chemical cleaning solution (i.e., 100 g /L. NH4Cl at 70 °C for 2 -
5 min, according to the ISO 8407 standard [55]) was used to remove the
biodegradation products from the surface. The corrosion rate (CRy,
mm/y) of the Zn scaffolds was calculated from weight loss according to
the ASTM G31-72 standard [56]:

CR, =8.76 x 10* x ()]

m
Axpxt
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where m is the mass loss [g], A is the surface area of the scaffold [cm?]
based on the initial scaffold design value, p is the theoretical density of
pure Zn (i.e., 7.14 g/cm3), and t is the duration of in vitro immersion [h].
Fourier-transform infrared spectroscopy (FTIR) (Thermo-Nicolet Nexus,
USA) and X-ray photoelectron spectroscopy (XPS, Thermo Fisher Sci-
entific, K-Alpha Model, USA) were used to characterize the surface
chemical states of the Zn scaffolds before and after the in vitro immersion
experiments.

2.4. Electrochemical tests

The electrochemical response of the Zn scaffold specimens (n = 3) in
the r-SBF at 37 + 0.5 °C was studied using a Bio-Logic SP-200 poten-
tiostat (Bio-Logic Science Instruments, France). All specimens used for
the experiments described hereafter were prepared using the optimized
sintering process (415 °C for 5 h). A three-electrode electrochemical cell
was set up with graphite as the counter electrode, Ag/AgCl as the
reference electrode, and Zn scaffold sample as the working electrode. To
prepare the working electrodes, the Zn specimens were connected to a
copper wire using copper foil tape and were then mounted into epoxy
resin. The samples were carefully embedded so that only the top, flat
circular surface was left exposed to the r-SBF solution, while all other
surfaces were sealed. The surface area of the specimens exposed to the
electrolyte was 0.58 cm?. Before the electrochemical tests, the setup was
allowed to reach a stable open circuit potential (OCP) for 1 h. The linear
polarization resistance (LPR) tests were carried out from —25 to 425 mV
versus OCP at a scan rate of 0.167 mV/s. The electrochemical impedance
spectroscopy (EIS) tests were conducted using a sine amplitude of 10 mV
versus OCP over a frequency scan between 200 kHz to 10 mHz. The
impedance data were analyzed using the EC-Lab software (Bio-Logi-
cScience Instruments, Claix, France). In addition, potentiodynamic po-
larization (PDP) tests were performed with polarization between —300
and +500 mV versus OCP at a scan rate of 0.5 mV/s. From the PDP re-
sults, corrosion rates (CRg, mm/y) were calculated according to the
ASTM G102-89 standard [57]:

CRy =3.27 x 10°% x EW x @ )
p

where EW is the equivalent weight of Zn (valence 2), i . is the current
density [pA/cmz], and p is the theoretical density of pure Zn [g/cmg].

2.5. Mechanical tests

Uniaxial compression tests of the as-fabricated Zn scaffold specimens
(n = 4), as well as the Zn scaffold specimens retrieved after 1, 3, 7, 14,
and 28 days of in vitro immersion, were performed using an Instron
universal mechanical testing machine (ElectroPuls E10000, Germany)
with a 10 kN load cell at a crosshead speed of 2 mm/min. The uniaxial
compression tests were conducted specifically along the building di-
rection (i.e., the Z-axis). The yield strengths and elastic moduli of the
porous Zn specimens before and after the in vitro immersion tests were
determined according to the ISO 13314:2011 standard [49].

2.6. Cytocompatibility evaluation

2.6.1. Preculture of cells and preparation of extracts

Preosteoblast cells MC3T3-E1 (Sigma Aldrich, Germany) were pre-
cultured for 7 days in a-minimum essential medium (a-MEM, Thermo
Fisher Scientific, USA) supplemented with 10 % fetal bovine serum (FBS,
Thermo Fisher Scientific, USA) and 1 % penicillin/streptomycin (p/s,
Thermo Fisher Scientific, USA) under 5 % CO2 and at 37 °C. The medium
was refreshed every 2-3 days. Following the preculture, the cells were
harvested, counted, and seeded for the follow-up experiments. From day
2, the cells were supplied with osteogenic medium containing 50 pg
mL~! ascorbic acid (1:1000) and 4 mM B-glycerophosphate (1:500)
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(both from Sigma Aldrich, Germany). The Zn scaffolds were heated in an
oven at 120 °C for 2 h for sterilization. Extracts from the sterilized Zn
scaffolds were prepared by immersing them in a-MEM at a specimen-to-
medium ratio of 1.25 cm?/mL [58] for 72 h under the same condition.
The resulting supernatants were collected, filtered, and diluted with
o-MEM to obtain 75 %, 50 %, 25 %, and 10 % extracts.

2.6.2. Indirect cytotoxicity tests

PrestoBlue assay (Thermo Fisher Scientific, USA) was used to eval-
uate the cytotoxicity of the Zn scaffolds extracts. Firstly, 5 x 10> MC3T3-
E1 preosteoblast cells were cultured in 300 uL of a-MEM (with 10 % FBS
and 1 % p/s) in 48 well plate for 24 h, prior to exchanging the a-MEM
with the Zn scaffold extracts (n = 3). The same number of cells was
cultured in the original a-MEM, as the negative control. After 1, 3, and 7
days of culture, the zinc extract media were replaced with 270 pL fresh
pure a-MEM to prevent the interference of zinc ions with the assay.
Consecutively, 30 uL of PrestoBlue reagents (Thermo Fisher Scientific,
USA) were added, and the specimens were incubated at 37 °C for 1 h.
The absorbance values were then measured using a Victor X3 microplate
reader (Perkin Elmer, The Netherlands) over a 530 - 590 nm wavelength
range. The average metabolic activity of the cells was calculated ac-
cording to the following equation:

_ Absorbance (specimen)

= 1
Absorbance (negative control) x 100

Metabolic activity [%) (6)

To observe the morphology of the cells grown in the extracts,
MCS3T3-E1 cells (5x10%) were cultured in 48-well plates with 300 pL
extracts (n = 3). After 7 days of cell culture, the specimens were washed
with phosphate-buffered saline (PBS, Sigma-Aldrich, Germany) and
fixed using 4 % formaldehyde/PBS (Sigma-Aldrich, Germany) at room
temperature for 15 min. Afterward, the cells were stained with rhoda-
mine phalloidin (Thermo Fisher Scientific, USA) to label the cellular
actin filaments and with 4',6-diamidino-2-phenylindole (DAPI) (Thermo
Fisher Scientific, USA) to label the cell nuclei. The specimens were
observed and analyzed under a fluorescence microscope (ZOE Fluores-
cent Cell Imager, Bio-Rad, USA).

2.6.3. Direct cytotoxicity tests

A Trypan blue cell counting assay was performed to assess the
cytocompatibility of the Zn scaffolds. The Zn scaffolds (2.4 mm in height
and 9.3 mm in diameter, n=3) were pre-cultured with 300 uL. a-MEM
and 5 x 10* MC3T3-E1 cells in a 48-well plate. After 4 h of incubation,
the scaffolds were transferred to a 6-well plate with 8 mL of a-MEM per
well, attaining a specimen-to-medium ratio of 1.25 cm?/mL. After 1, 3,
and 7 days of culturing, the cells were trypsinized from the scaffolds and
the well plates and then suspended. 10 pL of each cell suspension was
mixed with 10 uL of trypan blue dye (Bio-Rad, USA) and subsequently
pipetted into a dual-chamber cell counting slide. Live cell numbers were
counted using an automated cell counter (TC20, Bio-Rad, USA). In
addition, after 3 days of culture, 2 pL/mL of calcein (Thermo Fisher
Scientific, USA) and 1.5 pyL/mL of ethidium homodimer-1 (Thermo
Fisher Scientific, USA) were used to stain the live and dead cells on the
Zn scaffolds in the dark, at room temperature for 30 min. The specimens
were then observed using a fluorescence microscope (ZOE Fluorescent
Cell Imager, Bio-Rad, USA). For observing the morphologies of the cells
under SEM, the specimens (n=2) were washed in PBS, fixated with 4 %
formaldehyde (Sigma Aldrich, Germany) for 20 min, followed by
dehydration in 30, 50, 70, and 100 % ethanol for 10 min each, and dried
for 2 h.

2.7. Statistical analysis

All values are expressed as mean + standard deviation. Statistical
analysis of the results obtained from the PrestoBlue assay was performed
with two-way ANOVA, followed by the Tukey post hoc test. For the cell
count results obtained from the direct cultures, as well as the
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compressive yield strength and modulus of the porous Zn specimens
before and after the in vitro immersion, statistical analysis was con-
ducted with one-way ANOVA, followed by the Tukey post hoc test (a=
0.05) with p < 0.0001, ****; p < 0.001, ***; p < 0.01 and **; p < 0.05, *.
The statistical analysis of absolute porosity values and the maximum
pore diameters was also conducted using one-way ANOVA, followed by
the Tukey post hoc test. A p-value of less than 0.05 was considered sta-
tistically significant.

3. Results
3.1. Ink formulation and printing process optimization

The viscosity-shear stress/rate curves of the three inks with 50, 53,
and 56 vol % Zn powder loading all showed a decline as the shear stress/
rate increased (Fig. 2a and 2b), exhibiting the typical shear-thinning
behavior. Under higher shear stresses (>500 Pa) and shear rates (>1
s1), the viscosity of the 50 vol % ink was lower than that of the other
inks, suggesting that the ink with a lower percentage of Zn powder
would be more prone to structural breakdown and would increase its
flowability under high shear conditions. The frequency sweeping test
showed that both the storage (G") and loss moduli (G") increased with
frequency (Fig. 2¢). The increased G'indicated that all the as-prepared
inks possessed a strong energy storage capacity, especially in the high-
frequency range. For all three inks, the G’ values were higher than the
G" values, suggesting elastic or solid-like behavior [40] across the fre-
quency range. This characteristic is essential for maintaining the shape
and rigidity of extruded structures and supporting the layers above.

The samples printed with the ink containing 50 vol % Zn powder
exhibited large-scale collapse of almost all struts (Fig. 2d), making it
challenging to maintain structural integrity and provide adequate sup-
port for the layers above. The samples printed with the inks containing
53 and 56 vol % Zn powder, however, maintained the structural integ-
rity of the struts, thereby ensuring the shape fidelity of the scaffolds
(Fig. 2e and f). This suggests that sufficient powder loading and strong
bonding between powder particles and the binder are important factors
in constructing scaffolds with a high aspect ratio, ensuring that they
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remain intact without obvious deformation or excessive shrinkage.
Nevertheless, large cavities formed within the struts of the specimens
printed with the ink containing 56 vol % Zn powder due to low fluidity
(inset of Fig. 2f), which was expected to adversely affect the mechanical
properties of the scaffold due to a decrease in the effective load-bearing
cross-sectional area and the presence of stress concentration sites.

3.2. Sintering process optimization

According to the DSC and TGA results (Fig. 3a and b), the actual
melting point of the Zn powder and the temperature at which PVP
experienced the majority of its decomposition were measured to be
418.4 and 356.8 °C, respectively. Based on the results obtained from the
ink formulation and printing process optimization presented in the
preceding section, the ink with 53 vol % Zn powder was chosen to define
the sintering process window (Fig. 3c). The experimental design
involved a 3x3 matrix consisting of nine combinations (denoted as
groups @ to @) of sintering temperatures (412, 415, and 418 °C) and
sintering times (3, 5, and 7 h). When sintering temperatures were set at
412 and 418 °C, insufficient sintering and overheating of the Zn powder
were observed, regardless of sintering time. Due to inadequate sintering
or poor bonding between powder particles, the scaffolds became prone
to collapse and failure. The specimens maintained an effective porous
structure when the sintering temperature was set to 415 °C. However, no
significant macroscopic differences were observed between the speci-
mens sintered for different durations. Further process optimization was
performed to investigate the effects of sintering time on the sintering
result of the Zn green part.

Fig. 3d depicts the further optimization of sintering time with the
sintering temperature kept at 415 °C. SEM results confirmed high
structural fidelity of the Zn scaffolds sintered for all three sintering du-
rations (3, 5, and 7 h) (Figs. 4a, Sla, and S1c). At higher magnifications
(Figs. 4b, S1b, and S1d), adequate bonding between Zn particles could
be observed on the surface of the struts without noticeable pores and
cavities caused by underdeveloped sintering necks and re-solidification.
According to the XRD analysis (Fig. 4c), after sintering for 5 h, the
specimens contained only two phases: Zn and ZnO, with no detectable
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Fig. 2. The rheological characteristics of the Zn powder loaded inks and the corresponding printing quality: (a) the results of the shear stress sweep tests with applied
stresses ranging between 1 and 2000 Pa, (b) the results of the shear rate sweep tests with shear rate ramping from 0.1 to 100 s, (¢) the G’ and G’ values determined
from the frequency-sweep tests, and (d, e, and f) the representative images of the scaffold struts printed from 50, 53, and 56 vol % Zn powder loaded inks,
respectively. The insets show the high-magnification morphology and fidelity of individual struts, corresponding to the SEM images of Fig. 2d, e, and f.
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Fig. 3. The optimization of the sintering process for the Zn scaffolds: (a) the DSC curve of the pure Zn powder, (b) the TGA curve of the PVP powder, (c) the sintering
optimization window, illustrating the effects of sintering temperature and sintering time on the quality of the sintered Zn scaffolds, and (d) an illustration of sintering
process optimization with varied sintering times of 3, 5, and 7 h at a fixed sintering temperature of 415 °C.

binder residue. On the cross-section of the struts in the specimens sin-
tered for 3 h, obvious pore defects were observed due to insufficient
fusion of Zn powder particles (Fig. 4d and 4g). However, the number of
such pore defects was significantly reduced when the sintering time was
extended to 5 or 7 h, suggesting improved Zn particle fusion (Fig. 4e and
4f). However, after sintering for 7 h, a large number of nodules were
observed on the surface of the Zn struts due to excessive flow of molten
Zn and poor wettability of the molten Zn on solid Zn powder particles
(Fig. 4f). Under this sintering condition, Zn particles on the periphery of
the struts also experienced severe evaporation, leaving cavities and
dimple-like features behind (Figs. 4i and S1d). After being subjected to
external forces during grinding and polishing, the struts of the sample
sintered for 3 h exhibited a loose and uneven surface (Fig. 4g). In
contrast, the surfaces of the struts in the specimens sintered for 5and 7 h
were much denser. Still, the 7 h sintered sample showed some surface
damage due to Zn evaporation and nodule formation (Fig. 4i). Overall,
the 5 h sintering time was proven to be the optimum, considering both
sintering defects and strut surface quality.

The three-dimensional reconstruction of the as-printed Zn scaffold
and the scaffolds sintered for 3, 5, and 7 h using micro-CT confirmed that
the chosen ink had good printability and that the printed Zn porous
scaffolds had good sinterability without structural fracture or interlayer
delamination (Fig. 5a). Pores as a printing defect (marked by the red
arrows in Fig. 5a) caused by insufficient powder particle filling, and
pores as a sintering defect (marked by the red dotted circles) were found
inside the struts. Compared with the design values, the overall diameter
and height of the cylindrical porous scaffolds in the as-printed state and
as-sintered state were reduced, and the linear shrinkage increased with
sintering time (Fig. 5b). Fig. 5¢c shows that the linear shrinkage of the
struts increased with sintering time. Fig. 5d and Table 1 compares the
absolute porosities of the scaffolds sintered for different durations,
calculated using the weighing method and measured by micro-CT. The
absolute porosity values of the as-printed Zn scaffold and the scaffolds
sintered for 3, 5, and 7 h according to the weighing method were 35 + 3,
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38 + 3, 40 + 3 and 43 + 2 %, respectively, while the values obtained
from micro-CT analysis were 31 + 2, 39 + 3, 40 + 3 and 43 £+ 3 %,
respectively. The absolute porosity values of the specimens sintered for 3
and 5 h were the closest to the designed value of 37.8 %.

Micro-CT analysis showed that compared with the as-printed state
(Fig. 6a), the pore numbers in the as-sintered samples were significantly
reduced (Fig. 6b-d). The analysis of the number of pores, presented in
Fig. 6f-h, revealed that after sintering for 5 and 7 h, there were fewer
pores than in the samples sintered for 3 h. The statistical distributions of
the equivalent diameter and corresponding sphericity showed that the
values of all pores were less than 0.5, indicating that the pores were non-
spherical printing defect pores rather than round gas holes, typically
found in cast structures. From Table 1, the maximum ¢ values of the as-
printed and sintered scaffolds (3, 5, and 7 h) were 381 + 7, 363 + 2, 337
+ 5, and 237 + 4 mm, respectively, which indicated that the sintering
times of 3 and 5 h helped reduce the small-sized printing pore defects.
Still, a longer time (i.e., 7 h) was required to allow for more effective Zn
particle fusion, aided by liquid Zn, to eliminate the large-sized printing
defect pores.

3.3. In vitro biodegradation behavior

After 28 days of static in vitro immersion in the r-SBF, white
biodegradation products were deposited on the surface of the Zn struts
and gradually filled the pores of the scaffolds (Fig. 7a). During the 28-
day immersion period, the Zn scaffolds maintained their structural
integrity without noticeable damage or collapse. The samples immersed
for 28 days showed the highest accumulation of biodegradation prod-
ucts. XRD determined the biodegradation products to be ZnO,
Cag(PO4)2, Zn3(PO4)204H,0 and Zns(OH)gClyeHoO (Fig. 7b). The con-
centration of released Zn?* remained below 0.3 ppm throughout the 28
days of immersion. It had a rapid increase to 0.22 ppm in the first three
days, then gradually decreased to 0.18 ppm by the 14th day, and finally
increased to 0.27 ppm by the 28th day (Fig. 7c). The concentrations of
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Fig. 4. Morphology, phase composition, and microstructures of the as-sintered Zn scaffolds sintered at 415 °C: (a) the representative strut morphology of the Zn
scaffolds after sintering for 5 h, (b) the representative high-magnification view of the strut morphology, illustrating the particle bonding status in the Zn scaffold
sintered for 5 h, (c) the XRD pattern of the Zn scaffold after sintering for 5 h, (d, e, and f) the representative cross-section images of the Zn scaffolds after sintering for
3, 5, and 7 h, respectively, and (g, h, and i) the corresponding high-magnification images of (d), (e) and (f), respectively, showing the sintering state of individual
struts including surface morphologies and pore defects.
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Table 1

The morphological characteristics of the extrusion-based 3D-printed pure Zn
scaffolds sintered for different times (n = 3; the weighing method and pCT
analysis were used for the measurement of absolute porosity; the maximum pore
diameter of printed and sintered Zn scaffolds were obtained through micro-CT
scanning and 3D reconstruction).

Sintering time (h) 0 (As- 3 5 7
printed)

Absolute porosity (Weighing, 35+ 3% 38 + 3% 40 + 3% 43+ 2°
%) b b

Absolute porosity (uCT, %) 31 4+ 22 39+£3%  40+3> 43+3°

b

Maximum pore diameter (¢, 381 + 72 363 + 337 £5° 237 +

mm) 2P 44

a-d: different superscript lowercase letters represent statistically significant
differences between the groups of the pure Zn scaffolds with different sintering
times at p < 0.05 (comparison within the same row).

The identical superscript lowercase letters indicate that the values are statisti-
cally not significantly different.

Caand P ions in the r-SBF solution showed similar trends over time, both
increasing slightly and then decreasing continuously (Fig. 7d). As the ion
concentrations of the solution changed, the pH value increased to 8.0 +
0.1 by the 28th day (Fig. 7e). The mass loss of the Zn scaffolds increased
from 0.3 + 0.1 % after 1 day of immersion to 3.6 + 0.3 % after 28 days
of immersion (Fig. 7f). The corrosion rates CRy were calculated to be
0.06 + 0.01 mm/year at 1 day and 0.03 + 0.01 mm/year at 28 days
(Fig. 7g). From FTIR (Fig. 8a), the characteristic peak bands at 3300 —
3700 cm ™! and the peak around 1600 cm ™! corresponded to OH™. The

744

spectral peaks of PO3~ were present at around 980 and 1150 cm L. The
total XPS spectrum (Fig. 8b) showed that the biodegradation products
consisted of Zn, O, C, P, Ca, Na, N, and S. The percentages of Ca and P
increased with immersion time, while the percentage of Zn decreased.
Furthermore, the high-resolution XPS spectra for Zn2p3/2, and P2p
were collected from the sample surfaces after 14 and 28 days of in vitro
biodegradation and then fitted (Fig. 8c-f). The peaks located at 1023,
1022.2, and 1021.8 eV might have originated from Zn3(PO4)2e4H-0,
ZnO, and Zns(OH)gClyeH,0 [59-61], respectively (Fig. 8c and 8d). The
P2p peaks observed at 133 and 134 eV were likely due to Ca3(PO4)2 and
Zn3(PO4)2e4H0 [60], respectively (Fig. 8e and 8f).

After one day of in vitro immersion, the Zn scaffolds' surface mor-
phologies remained unchanged with few biodegradation products
accumulated (Fig. 9). However, after 3 and 7 days of in vitro immersion,
the biodegradation products showed a fine granular morphology, with a
sparse yet uniform distribution across the center and edge regions of the
scaffold surface. The biodegradation products mainly contained Zn, C,
O, Ca, P and Cl, as well as a small amount of S or Na. After 14 days of
immersion, the morphology of the biodegradation products differed
significantly between the center and the edge regions. In the center,
large amounts of white biodegradation products were deposited and
aggregated into clusters. In contrast, in the edge region, the biodegra-
dation products showed a coarse granular morphology with distinct
corrosion pits surrounding them. After 28 days, the biodegradation
products in the central region exhibited a morphology consisting of
numerous fine particles mixed with a few coarse particles. In contrast,
the edge region displayed thick, fish-scale-like deposits covering the
gaps and surfaces of the struts. EDS analysis of the cross-sections of the
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Fig. 6. (a—d) Micro-CT reconstruction images of the pore defects of the as-printed Zn scaffolds and the as-sintered scaffolds after 3, 5, and 7 h of sintering,
respectively, and (e-h) qualitative analysis of pore sizes and numbers corresponding to (a), (b), (c) and (d), respectively.

struts in both the center and edge regions confirmed that the struts had
undergone a certain degree of biodegradation.

3.4. Electrochemical measurements

As the corrosion time increased, the OCP value of the Zn scaffold
increased from -946 + 39 mV on day 1 to -805 + 27 mV on day 28
(Fig. 10a). Meanwhile, the average R, value decreased from 12.0 £ 2.9
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kQ.cm? on day 1 to a minimum of 7.4 + 1.3 kQ.cm? on day 7. Then, the
average polarization resistance value gradually increased, reaching a
peak of 21.1+ 3.8 kQ.cm? on the 28th day. According to the PDP curve
(Fig. S2), the corrosion potential of the Zn scaffold changed from -925 +
12 mV after 1 day to -874 + 17 mV after 28 days. The corresponding
corrosion current density decreased from 4.0 + 0.2 pA/cm? to 2.5 + 0.1
pA/cm?. The corrosion rates CRy calculated based on the current density
were 0.059 and 0.038 mm/y after 1 day and 28 days of testing,
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Fig. 9. SEM images and EDS analysis of the biodegradation products in the edge and central regions of the scaffold surfaces, as well as the cross-sections of the struts

after in vitro immersion for different lengths of time.

respectively, which were close to the CRy values obtained from the in
vitro immersion tests. The Nyquist plot (Fig. 10b) showed that the
diameter of the capacitance loop initially decreased, then began to in-
crease steadily after 7 days, reaching its maximum on the 28th day. The
fitted electrical equivalent circuit (EEC) data of the Zn scaffold samples
(Fig. 10 b inset and Table 2) showed that both Ry and R followed an
overall trend of initially decreasing and then increasing as time lapsed,
similar to the trend of the obtained R, values (Fig. 10a).

3.5. Mechanical properties
The compression curves of the scaffolds sintered for 5 and 7 h

exhibited similar trends: the specimens first underwent linear elastic
deformation, followed by slight plastic deformation, then a plateau

region, and finally fracture (Fig. 11a). In contrast, no clear plateau re-
gion was observed for the specimens after 3 h sintering. The specimens
sintered for 5 and 7 h showed higher fracture strain values. The average
yield strengths of the 3, 5, and 7 h-sintered specimens were 8.3 + 0.7,
16.1 + 1.3, and 9.2 + 0.9 MPa, while the corresponding elastic moduli
were 1.0 + 0.1, 1.4 £+ 0.1, and 0.7 + 0.1 GPa, respectively (Fig. 11b).
The specimens sintered at 5 h exhibited the maximum values of the
mean yield strength and elastic modulus. Although the porosity of the Zn
scaffold obtained in this study is relatively low (40 %), its mean yield
strength is comparable to those of Zn scaffolds prepared by using other
fabrication processes (Fig. 11c), indicating the need to strengthen the
scaffolds in order to allow for higher porosity.

The average yield strength of the porous Zn specimens slightly
decreased from 15.7 + 0.8 MPa after 1 day of immersion to 14.5 + 0.7
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Table 2

EIS fitting parameters of the Zn scaffolds after the tests at different time points.

Time d R CPE; 10 % Q 'ecm 2Zes™! n; R¢ CPEg; 10 % Q lecm 2es™? ny Ret %2 X
Qecm? kQecm? kQecm? 1073
1 320+1.2 62.0 + 0.3 0.27 £ 0.02 0.8 +£0.2 12.4+£ 0.3 0.69 £+ 0.05 10.5 + 2.0 2.6 +£0.3
3 50.1 £5.7 31.9+0.2 0.38 + 0.04 0.7 £ 0.1 31.6 £ 0.4 0.63 + 0.01 6.8 £ 0.5 0.7 £ 0.1
7 21.8 £ 4.0 36.4 +£ 0.4 0.34 £ 0.02 0.6 + 0.2 31.4 £ 0.5 0.63 £+ 0.02 6.5+ 0.6 4.1+ 0.2
14 23.2+15 44.3 £ 0.7 0.36 £+ 0.02 0.9 +£0.2 11.3+ 0.3 0.71 £ 0.08 7.8+ 0.9 5.1+0.4
21 23.3+1.8 24.7 £ 0.4 0.41 £+ 0.01 1.7 £ 0.4 57 +0.1 0.71 £+ 0.06 12.0 +1.2 9.7 £ 0.4
28 33.4+76 27.0 £ 0.6 0.36 + 0.03 0.6 + 0.3 33.4+0.5 0.64 + 0.02 17.8 £+ 1.8 7.6 £ 0.1

Rs (solution resistance), CPEy (surface film capacitance), Ry (surface film resistance), R., (charge transfer resistance) and CPE4 (double layer capacitance)

MPa after 3 days of immersion (Fig. 11d). It declined sharply to 8.3 +
0.4 MPa after 7 days of immersion. Finally, it decreased to 3.7 + 0.3 MPa
on the 28th day (Fig. 1le). Similarly, the elastic modulus slightly

reduced from 1.4 + 0.1 GPa after 1 day of immersion to 1.3 £+ 0.1 GPa
after 3 days of immersion. Then, the elastic modulus decreased
approximately proportionally with time to 0.5 + 0.1 GPa after 14 days
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Fig. 11. (a) Compressive stress versus strain curves of the scaffolds after 3, 5, and 7 h sintering but prior to in vitro immersion, (b) histogram of the corresponding
compressive yield strengths and elastic moduli, and (c) Ashby plot compiling porosity and yield strength values to compare the results of the present research with
those of other porous Zn fabricated by using different fabricating processes (SLM-selective laser melting, FDM-fused deposition modeling, SPS-spark plasma sintering,
Pl-pressure infiltration, VHPS-vacuum heating-press sintering, TPS-thermal plasma spraying) [13,14,62-70]. Compressive mechanical properties of the Zn scaffolds
after in vitro immersion: (d) stress-strain curves and (e) variations of yield strength and elastic modulus with immersion time.
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Fig. 12. Invitro biological evaluation of the Zn scaffolds: (a) metabolic activity of MC3T3-E1 preosteoblasts cultured in the different Zn extracts for 1, 3, and 7 days;
(b) the numbers of live preosteoblasts after 1, 3, and 7 days of direct culture; (c-e) rhodamine phalloidin (red) and DAPI (blue) stained preosteoblasts after 7 days of
indirect culture in (c) 100 %, (d) 75 %, (e) 50 % Zn extracts; (f) live/dead staining of preosteoblasts on the scaffolds after 3 days of culture; (g, h) SEM images of the
cells on the scaffolds after 3 days of culture (cells are indicated by the white arrows).

of immersion. Finally, the elastic modulus reached 0.2 + 0.1 GPa after
28 days of in vitro biodegradation.

3.6. Invitro cytocompatibility

Exposure to the 100 % Zn extract resulted in immediate cytotoxicity,
with the metabolic activity reduced to just 2.4 + 1.5 % after 24 h and
almost no metabolically active cells remaining after 7 days of culture
(Fig. 12a). When the Zn extract was diluted to 75 % of the original
concentration, however, the metabolic activity was increased to 22.7 +
15.5 % after 24 h of culture. After 72 h of culture, the metabolic activity
of the MC3T3-E1 cells decreased to 4.7 + 1.6 %, but by 7 days, the
metabolic activity of the cells increased to 20.1 + 8.2 %. When the Zn
extract was further diluted to < 50 %, the growth of preosteoblasts was
only slightly inhibited, and the metabolic activity remained high (> 90
%) even after 7 days of culture. The morphology of MC3T3-E1 cells after
7 days of culture in different Zn extracts (Fig. 12c—e) supported the
findings on the metabolic activity. The cells were relatively round and
small in the 100 % extracts. By comparison, they showed a spread
morphology in the 75 % extracts and in the 50 % extracts they were
already confluent.

Direct seeding of preosteoblasts on the porous Zn scaffolds reduced
the number of viable cells relative to the control samples (i.e., 2.0 + 0.2
(x 10" cells) after 24 h of culture (Fig. 12b). After 3 days of culture, the
number of viable cells continued to decrease to 1.0 + 0.1 (x 10%) cells (p
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< 0.0001 versus 'Day 1"). However, on the 7th day of culture, the number
of viable cells slightly increased to 1.6 + 0.2 (x 104 (p < 0.05 versus
Day 1’ and p < 0.01 versus 'Day 3). Live-dead staining results showed
that after 3 days, the preosteoblasts were evenly distributed on the struts
of the Zn scaffolds, with both live (green) and unhealthy/dead pre-
osteoblasts (yellow or red) present (Fig. 12f). SEM imaging of the Zn
scaffolds after 3 days of culture showed that some cells could spread and
grow on the Zn particles and near the biodegradation products (Fig. 12g,
h).

4. Discussion
4.1. Sintering behavior and mechanism of the as-printed Zn scaffolds

To elucidate the sintering mechanism of the Zn scaffolds fabricated
via extrusion-based AM, it is essential to understand the actual sintering
cycle experienced by the specimens, which deviates from the settings.
Although the intended sintering temperature was set at 415 °C, just
below the measured melting point of the Zn powder (418.4 °C), to
maximize solid-phase diffusion and also maintain the structural integ-
rity of the Zn scaffold throughout the sintering process, the actual sin-
tering temperature of the samples fluctuated around 415 °C due to the
unique heating pattern of the sintering furnace (Fig. 13a). In fact, the
maximum sintering temperature (~ 421 °C) exceeded the melting point
of Zn multiple times over a time span of nearly 60 min. As a result, the
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Fig. 13. Sintering behavior and mechanism analysis: (a) an illustration of the actual sintering temperature variation pattern, (b) two-particle sintering model for Zn
powder, (c) the representative SEM image of the microstructure of the strut in the as-sintered Zn scaffolds, highlighting typical regions of insufficient and sufficient
particle rearrangement and solution-reprecipitation, and (d) an illustration of the generation of insufficient and sufficient solution-reprecipitation, driven by the
slight variations in local initial Zn powder packing density. In panel (c) and (d), the gray and orange colors are used solely to distinguish between larger and smaller
Zn powder particles within a continuous size distribution, facilitating the visualization of their interaction and the resulting densification process during sintering.

unexpectedly high sintering temperature inevitably introduced liquid-
phase sintering (indicated by the red dashed line in Fig. 13a), as evi-
denced by the severe collapse of the specimens sintered at 418 °C due to
overheating (Section 3.2). The dramatic difference in sintering outcomes
within a narrow temperature range is attributed to the hybrid solid-
liquid phase sintering mechanism. The setpoint of 415 °C, coupled
with inherent thermal fluctuations, ensures the generation of a critical
volume of liquid phase necessary for effective particle rearrangement
and bonding via solution-reprecipitation. Conversely, at 412 °C, the
process remains dominated by solid-state diffusion, which provides
insufficient bonding strength to prevent collapse of the porous structure.
Therefore, it can be inferred that both solid-phase and liquid-phase
sintering occurred when a sintering temperature of 415 °C was used to
prepare the specimens.

The 'fusion quality' of the scaffolds, referring to the degree of
densification within the individual struts, was critically examined.
Although the relative density of the struts was not directly quantified,
the SEM and micro-CT analyses (Figs. 4h, 6¢) conclusively demonstrated
a high level of strut consolidation with minimal internal porosity
following the optimized sintering process. This enhanced densification,
attributed to the hybrid solid-liquid phase sintering mechanism,
confirmed that the struts themselves are sufficiently dense to provide
mechanical integrity, fulfilling the primary objective of creating a robust
porous scaffold. The microstructure of the sintered pure Zn scaffolds was
further characterized, as shown in Fig. S3. The scaffolds exhibited a
relatively uniform and equiaxed grain structure with an average grain
size of approximately 4.5 pm (Fig. S3a and 3b). The present scaffolds
showed no significant directional preference in grain morphology,
which can be attributed to the isotropic nature of the sintering process.
Furthermore, EDS elemental mapping confirmed the presence of resid-
ual binder, evidenced by a homogeneous distribution of C and O ele-
ments within the microstructure (Fig. S3c-f).

Bonding between contacting Zn particles at sintering necks is a
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prominent aspect of solid-phase sintering. The bonds reduce the surface
energy by removing the free surface, with the secondary elimination of
grain boundary area via grain growth [71,72]. Grain boundary (GB)
diffusion and surface diffusion are two primary mechanisms driving
mass transport when forming growth necks [73]. The two-particle sin-
tering model [74] (Fig. 13b) predicts the evolution of sintering neck
growth between two Zn particles. Both particles are assumed to be
slightly attached in the necking area at the beginning of sintering. Thus,
the growth rate of the sintering neck driven by GB diffusion is given as
[73]:

x_ (96ng795gb>1/ /e

a

kTa* )

The growth rate of the sintering neck driven by surface diffusion can
be expressed as:

(56Dsyszas)”7tm
kTa*

X

()

a

where x is the length of the sintering neck, a is the particle radius, Dg
and D; are the diffusion coefficients for GB and surface diffusion, k is the
Boltzmann constant, y is the surface energy, Q is the volume of the
diffusing vacancy, &g, and & are the thicknesses for GB and surface
diffusion, T is the sintering temperature, and t is the sintering time. A
longer sintering time allows for more diffusion to occur, thereby
strengthening the interfacial bonding between Zn particles through the
growth of solid-phase sintering necks. At the same time, elevated tem-
peratures above the melting point are unfavorable for the stability of
these sintering necks.

The liquid phase must have repeatedly appeared throughout the
sintering cycle (above 418.4 °C) (Fig. 13c), resulting in accelerated
densification with only a few micro-voids retained. This is attributed to
the capillary forces [75] from the wetting liquid that act on the solid Zn
particles to minimize interfacial areas, reducing porosity through
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Fig. 14. Illustration of the sintering mechanisms of the Zn scaffolds fabricated by extrusion-based AM.

particle rearrangement (i.e., the first stage in liquid-phase sintering)
[76]. In addition, an elevated diffusion rate in the liquid state enables
faster bonding and densification compared to the equivalent solid-phase
sintering process. In the as-sintered samples, two distinct regions
(labeled as ‘Region I' and ‘Region II) were observed, showing
non-uniformity in the volume of the liquid Zn phase between solid Zn
particles, resulting from a non-uniform distribution of smaller particles
and also from non-uniform solution-reprecipitation [77] (i.e., the second
stage during liquid-phase sintering), and exhibiting varied densification
effects affected by local Zn particle packing density [78]. A powder with
a broad particle size distribution is expected to have a high packing
density [79,80], but packing may not be uniform everywhere. Any
inhomogeneous initial packing of powder particles can strongly influ-
ence densification kinetics, including densification during the
solution-reprecipitation stage [81], with more homogeneously packed
powder particles densifying faster. The D10 value of the Zn powder used
in this study is only 8.8 um, resulting in a strong filling effect to enhance
packing density. Fig. 13d illustrates the possible densification process
driven by insufficient and sufficient particle rearrangement and
solution-precipitation caused by different local Zn particle packing
densities. In addition, the total sintering time significantly influences the
extent of liquid sintering, as a longer sintering time allows for more
diffusion and densification, resulting in a larger volume of liquid Zn
[82]. The differences in the volume of the liquid Zn phase between solid
Zn particles as a function of sintering time, varying from 3 to 7 h, can be
observed in Fig. 4g—i. Fig. S4 further presents the calculated area frac-
tions of the liquid Zn phase in the selected area within the polished struts
sintered for 3, 5, and 7 h, which were 1.8, 3.0, and 6.8 %, respectively.
Increasing the sintering time, resulting in a larger liquid phase fraction,
effectively reduced the number and size of pores (Fig. 6) and improved
the sintering quality of the strut surface as more liquid Zn filled the
interconnected microporous network [45]. However, the formation of
nodules and severe Zn evaporation (Fig. 4i) due to the excessive gen-
eration of liquid Zn, as well as the resultant decrease in the compression
strength of the specimens sintered for 7 h (Fig. 11a), means the moderate
sintering time (5 h in the present research) can lead to a better balance in
sintering defects, surface quality, and mechanical properties. Based on
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the above discussion, Fig. 14 illustrates the mechanisms of sintering that
involve both the solid and liquid states, in relation to varying sintering
times.

4.2. In vitro biodegradation behavior and mechanism

The static in vitro corrosion rates (CRy) of the Zn scaffolds (0.06 +
0.01 mm/y at day 1 and 0.03 + 0.01 mm/y at day 28) (Fig. 7g) are
comparable to those of cast bulk zinc (i.e., 0.008 - 0.03 mm/y) [61,83,
84] and hot-extruded bulk Zn (i.e., 0.012 - 0.104 mm/y) [85-90], but
much lower than those of porous Zn (i.e., 0.125 - 4.24 mm/y) [13,62,63]
with porosity varying in the range of 11.3 % — 65 %. The low static in
vitro corrosion rates of the Zn scaffolds are expected to leave room for
the integration of alloying elements or bioactive agents into the Zn
matrix for enhanced mechanical properties and/or biocompatibility
because alloying or compositing tends to accelerate biocorrosion. In
addition to the influence of SBF solution type and the variations in
microstructural features (e.g., grain size [59] and texture [91]) induced
during material processing on the in vitro degradation rate, the two
primary factors influencing the in vitro degradation rate are the overall
porosity of the scaffold and the microscale porosity within the scaffold
struts. With the optimized process parameters used in sintering when a
small fraction of the liquid phase existed, only a minimum number of
internal pores remained in the struts of the scaffolds after 5 h of sintering
(Figs. 4h and 6c¢). This is a major improvement from the extensive
microporous networks observed in the extrusion-based AM pure iron
[45] and pure magnesium [40], and could significantly improve the
mechanical properties of Zn-based biomaterials, which is welcome given
that the mechanical properties of the base metal are significantly lower
than those of Fe and Mg. Moreover, when the well-consolidated struts in
the AM Zn scaffolds were in contact with the r-SBF, a robust, dense
surface layer could form, which acts as an effective physical barrier to
further corrosion, thereby reducing the invasion of the r-SBF and
minimizing the potential for creating sites favorable for autocatalytic
corrosion, typically crevice corrosion [92], caused by randomly inter-
connected micropores where the r-SBF could be entrapped. The lower
macroporosity of the scaffolds sintered for 5 h (40 %) and extremely low
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Fig. 15. An illustration of the in vitro corrosion biodegradation mechanism of the Zn scaffolds fabricated by extrusion-based AM. To simplify the illustration, the

porous Zn strut is considered the dense and smooth Zn matrix.

microporosity in the struts could explain their relatively low in vitro
biodegradation rate.

From the electrochemical perspective, the continuous decrease of
OCP with time (Fig. 10a) indicates that the material was continuously
oxidized in the r-SBF solution, and the surface of the porous Zn must
have been gradually covered by the biodegradation products, resulting
in progressive decreases in electrode potential [93]. The total resistance
value R, (defined by R; = Ry + R, can be used to evaluate the corrosion
resistance of the Zn specimens [94], and the trend of R, is consistent with
that of Ry. The initial high Ry and R, values (at day 1) are attributed to
the rapid formation of an initial, protective biodegradation product
layer (e.g., ZnO and Zn(OH)2) on the scaffold surface during the 1-hour
OCP stabilization period in r-SBF. This newly formed layer, acted as the
primary barrier impeding direct contact between the electrolyte and the
Zn matrix, thus hindering charge transfer [95]. As corrosion progresses
(between days 3 and 7), this oxide film breaks down due to the
continuous attack of aggressive ions, such as Cl™, exposing the fresh Zn
matrix. At the same time, the newly formed corrosion layer, containing,
e.g, ZnO and Zn(OH),, is not dense yet and allows easy electrolyte
penetration, which reduces R; by enhancing the exchange of ions be-
tween the electrolyte and biodegradation products. With further corro-
sion (between days 7 and 28), the corrosion layer thickens and densifies
and displays even passivation behavior (evidenced by the current pla-
teaus in anodic polarization, Fig. S2) [96], which restricts electrolyte
penetration and limits active corrosion sites [97], causing R; to rise.

The mechanisms of the biodegradation of the Zn scaffold in the r-
SBF, disregarding the initial presence of an oxide film, can be described
as follows. During the initial stage, when the Zn scaffold meets the water
and dissolved oxygen in the r-SBF, the Zn corrodes through the
reactions:

Anodic reaction: Zn — Zn?* + 2e”
Cathodic reaction: Oz + HoO + 4e~ — 40H™
2H50 + 2e” — 20H™ + Hy

As OH™ is generated and accumulated in the solution and Zn®" is
continuously released, the biodegradation products Zn(OH),; and ZnO
are first formed:

Zn?" 4+ 20H™ — Zn(OH),
Zn?t + 20H™ - ZnO + 2H,0

The weak alkaline environment (pH 7.8 + 0.1 at day 7, Fig. 7¢) in the
initial stage of Zn scaffold degradation is conducive to the generation of
PO3™ in the solution. At the same time, due to the high Ca®" level (73.3
+ 1.1 mg/L) in the r-SBF solution at the beginning, Caz(PO4)3 nucleate
and generate:

HPO? + OH™ — PO + H,0
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Ca%t+ PO3~ — Ca3(POy),

With the increase in immersion time, the alkalinity of the solution
intensifies, and Zn%" is continuously released, Zn3(PO4)204H,0 begins
to precipitate:

3Zn%" + 2P0~ + 4H,0 — Zns(P0O4).-4H,0

The infrared absorption peaks of PO3~ (Fig. 8a) and the P2p peaks at
133 and 134 eV (Fig. 8e and f) appeared on the 14th and 28th days,
confirming the occurrence of these reactions. Additionally, the presence
of Cl~ in the r-SBF induces a reaction with the biodegradation product Zn
(OH),, to form chloride salts:

47n0 + 4H,0 + Zn?** + 2C1~ - 4Zn(OH),-ZnCl,

Based on the reactions above, Fig. 15 depicts the possible corrosion
mechanism of the Zn scaffolds in the r-SBF.

4.3. Bone-mimicking mechanical properties

Over the 28-day in vitro biodegradation period, the mechanical
properties of the Zn scaffolds remained within the range of those of the
trabecular bone (i.e., yield strength = 0.2-80 MPa; elastic modulus =
0.5-20 GPa) [98]. These values indicate the need to enhance the me-
chanical properties so that the scaffolds can withstand cyclic loading in a
corrosive environment, as expected in vivo, and even substitute
load-bearing bones. It is, however, important to realize that the me-
chanical properties of porous scaffolds increase 2-7 times as a result of
bone regeneration into the pores of the microarchitected biomaterial
[99]. There may, therefore, not be a need for very high level of me-
chanical properties for all applications.

The stress-strain curves showed that the Zn scaffolds after immersion
(Fig. 11d) did not exhibit the typical mechanical properties of a ductile
material but instead displayed rapid mechanical collapse after reaching
the peak stress, similar to the compression characteristics of many other
Zn and Zn alloy scaffolds [22,100-102]. This brittleness likely arises
from incomplete fusion of Zn particles, hindering load transfer and
causing stress concentrations at bonding interfaces. This requires rede-
signing the scaffold architecture to eliminate stress concentration sites
and, consequently, enhance its load-carrying capability. It should be
noted that the compressive properties reported herein were evaluated
along the build direction (Z-axis), which represents the most critical
loading scenario; however, the potential anisotropy arising from the
layer-by-layer fabrication process warrants further investigation.

As the immersion time increased, the yield strength and elastic
modulus of the porous Zn scaffolds continued to decrease. This behavior
differs from the paradigms of mechanical property changes over time,
reported in the literature regarding the in vitro biodegradation of the
porous Mg-Zn alloy [39], pure Fe [45], and LPBF porous Zn [64], which
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typically exhibit a temporary increase in mechanical strength during
initial immersion. The formation of biodegradation products causes load
sharing between the scaffold and the biodegradation products, thereby
increasing mechanical strength. Conversely, the dissolution of the
scaffold leads to a decrease in mechanical strength. In our study, the
biodegradation products generated in a smaller volume during Zn
degradation had a limited strengthening effect, resulting in a consistent
decline in yield strength. In other words, this disrupted the typical
compensatory mechanism, resulting in steep declines in yield strength
and elastic modulus on days 7 and 14. However, the continued accu-
mulation of the biodegradation products, indeed, helped sustain the
compressive load by day 28, as reflected by the compressive fracture
strain of the scaffold after in vitro immersion for 28 days (~3.3 %), which
was higher than the fracture strains at the previous time points (~2 %).
This was because the formation of the biodegradation products filled the
micropores inside the struts and covered the struts, decreasing the
porosity of the entire scaffold and enabling it to withstand the loads,
thereby delaying mechanical collapse. In addition, the observed sharp
decline in compressive strength after immersion, despite the low overall
mass loss, can be attributed to localized corrosion at critical
load-bearing points, particularly the sintering necks between particles.
The failure of these strategically located connections triggers cascading
structural collapse, explaining the disproportionate loss of mechanical
integrity relative to the minimal bulk material dissolution (Day 28).

4.4. Cytocompatibility of the Zn scaffolds

Firstly, we performed indirect cytotoxicity tests according to the ISO
10993-5 standard [103]. Therefore, a range of extract dilutions were
used to study the sensitivity of the cells to the extracts [30,104-106].
The 100 % Zn extracts exhibited severe toxicity (level 4), resulting in
almost no metabolically active cells, whereas the 75 % Zn extracts
showed moderate toxicity (level 3) and the < 50 % Zn extracts showed
only slight toxicity (level 1) or no toxicity (level 0). Yamamoto et al.
[107] reported that the IC50 of Zn%* (i.e., the half-maximal inhibitory
concentration) for MC3T3-E1 cells was 90 pM. In our study, the Zn**
concentration in the undiluted extract (100 %) was measured to be
118.5 pM, exceeding the cell tolerance limit and causing cytotoxicity.
The 50 % extract (with a Zn** concentration of 59.3 pM) and the more
diluted ones posed no significant cytotoxic effects to MC3T3-E1 cells, as
evidenced by their increased metabolic activity and ability to proliferate
in the first week of culture. Zn ions are known for positively affecting
osteoblast proliferation at a low concentration (i.e., 50 pM) [108]. The
favorable cytocompatibility observed in this study, evidenced by the
high metabolic activity (>90 %) in the extracts diluted to <50 % and
successful cell adhesion and spreading in direct culture, also indicates
that the trace carbonaceous residues present after sintering did not elicit
significant cytotoxic effects under the testing conditions. This is sup-
ported by the fact that the source polymer, PVP, is widely acknowledged
for its biocompatibility and low cytotoxicity [109,110]. To minimize
any potential influence from the organic residues in future work, stra-
tegies such as employing another binder system with a cleaner burnout
profile or optimizing the thermal debinding cycle could be
implemented.

The direct cultures revealed that the porous Zn scaffolds were
slightly cytotoxic, indicating that modification of the scaffold's compo-
sition is necessary to enhance its cytocompatibility. The main reasons for
reduced cell viability and adhesion include the excessive release of Zn**
ions, increased local pH, changes in surface morphology and chemistry,
and detaching of the corrosion layer [111]. It is essential to note that the
static in vitro environment used in the present study cannot replicate the
dynamic in vivo environment. In the static environment, cells are
exposed to elevated concentrations of Zn?* released from the surface of
the Zn scaffolds. Nevertheless, MC3T3-E1 cells could still be observed
after 3 days of direct culture, showing a spread morphology especially
between the biodegradation products and fused Zn particles, indicating
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their adaptation potential to the degrading surface.
5. Conclusions

In this study, biodegradable Zn scaffolds were successfully fabricated
for the first time using extrusion-based AM after the ink formulation,
printing, and sintering processes were optimized. The resulting Zn
scaffolds were thoroughly evaluated for their potential application as
biodegradable bone substitutes. These results establish extrusion-based
AM as a viable route for fabricating Zn scaffolds with tailored
porosity, biodegradation, bone-like properties, and controlled cytotox-
icity, advancing the foundational development of Zn-based biodegrad-
able implants and paving the way for future in vivo evaluation. Room for
improvement in mechanical properties and cytocompatibility is also
identified.

1. An ink composition with 53 vol. % Zn powder loading, a sintering
temperature of 415 °C, and a sintering time of 5 h were found to lead
to optimum Zn porous scaffolds, achieving a yield strength of 16.1 +
1.3 MPa and an elastic modulus of 1.4 + 0.1 GPa, being comparable
to the mechanical properties of the cancellous bone.

. The co-occurrence of solid-state and liquid-phase sintering resulted
in the densification of the struts with minimum pore defects, Zn
evaporation, and enhanced strut fidelity.

. The in vitro biodegradation rate of the Zn scaffolds increased and
then decreased over the 28-day immersion period, influenced by the
formation of a dense biodegradation product layer consisting of ZnO,
Cag(PO4)2, Zna(P04)204H20, and Zns(OH)sclonzo. An in vitro
biodegradation rate of 0.03 + 0.01 mm/y at day 28 was measured
for the Zn scaffolds.

. The biodegradable Zn scaffolds exhibited good cytocompatibility for
MC3T3-E1 cells when the Zn concentration in the extracts was below
59.3 puM, although slight cytotoxicity was observed in the direct
cultures. The MC3T3-E1 cells could attach and spread between the
Zn particles and biodegradation products.
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