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The advent of additively manufactured biodegradable porous metals presents a transformative
opportunity to meet the criteria of ideal bone substitutes. Precisely tailoring their degradation behavior
constitutes a pivotal aspect of this endeavor. In this study, we investigated the effects of topological
designs on the degradation profile of laser powder bed fusion (LPBF) Zn scaffolds under dynamic in
vitro immersion tests. Specifically, four types of Zn-0.4Mn-0.2Mg scaffolds (beam-based: diamond,
face center cubic; surface-based: gyroid, schwarz-P) were designed and fabricated. The degradation
mechanism of the scaffolds was comprehensively evaluated using both experimental and simulation
methods. The results illuminate the profound impact of structural design on the degradation properties
of the Zn alloy scaffolds. The beam-based diamond and face center cubic scaffolds exhibited a
degradation rate of 0.08-0.12 mm per year with a relatively uniform degradation mode under dynamic
immersion. On the contrary, the surface-based gyroid and Schwarz-P scaffolds demonstrated a
notably reduced degradation rate due to lower permeability. This restricted the diffusion of medium
ions within the pores, culminating in the accumulation of degradation products and more severe
localized degradation. This study underscores the potential of topological design as a compelling
strategy for tailoring the degradation profile of additively manufactured biodegradable scaffolds,

thereby advancing their suitability as bone substitutes.

One of the most attractive subjects in tissue engineering centers on the
development of scaffolds, three-dimensional porous structure that hold
immense potential for bone defects repairment'”. An ideal bone scaffold for
the treatment of large bony defects should possess several critical attributes:
good biocompatibility, an appropriate biodegradation rate, adequate
mechanical properties comparable to the anatomical sites’, and a fully
interconnected porous structure. Additionally, it should feature substantial
bio-functionalized surface area and a range of permeability values that
facilitate cell proliferation and differentiation®. Achieving such a combina-
tion of characteristics necessitates a meticulous approach to materials
selection, elaborate structural design, and the application of advanced
manufacturing technique.

Magnesium (Mg) and iron (Fe) have emerged as prominent subjects of
study among biodegradable metals, owing to their ability to mitigate chronic

local inflammation and physical irritation often associated with bio-inert
metals””. However, Mg alloys face challenges related to rapid degradation and
hydrogen evolution, while Fe’s limited degradation and undissolvable
degradation byproducts are areas of concern’. In contrast, zinc (Zn) and its
alloys offer an enticing alternative for orthopedic applications™", boasting
exceptional mechanical strength'"", appropriate degradation rate'", and
favorable biocompatibility'>'°. Moreover, Zn plays an essential role in bone
metabolism with a predominantly presence in skeletal muscles and bones
(86%) within the human body"”. Pure Zn scaffolds has been found to exhibited
good compatibility and osteogenic ability in both in vitro / in vivo settings™®.
Consequently, the utilization of biodegradable Zn has gained significant
traction in the fabrication of scaffolds for the treatment of bone defects.
The advancement of additive manufacturing (AM) techniques pro-
vides unprecedented opportunities for crafting patient-specific implants
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Fig. 1 | Surface morphologies of AM porous Zn alloy. a-d strut morphologies of the as-built (a) D, (b) F, (¢) G, (d) P specimens, and (e, f) strut morphologies of the as-

polished (e) D, (f) F, (g) G, (h) P specimens. (arrows: width of struts).

tailored to precise geometries and mechanical specifications'**’. So far, laser
powder bed fusion (LPBF) has emerged as a widely adopted method for
fabricating metallic components, including biodegradable metals*”. The
micro-architected structure of biodegradable Zn or Mg scaffolds could be
precisely controlled through LPBF”. While previous studies have empha-
sized the importance of customized geometry, it is noteworthy that optimal
degradation rates for bone scaffolds may vary depending on specific bone
defect scenarios™***. Unlike bulk biodegradable metal, increased surface
area of the pores structures resulted in an accelerated degradation rate of the
scaffolds”. The cellular responses might be impaired due to the excessive
release of Zn ions and elevated local pH values®. Therefore, a thorough
investigation of degradation mechanisms and precise control of the
degradation behavior of AM porous Zn alloys is imperative. Notably, Li
et al.”® demonstrated that different topological design can result in up to
3-fold change in permeability and up to 1.5-fold change in biodegradation
rate among the AM porous pure Zn. Wang et al.” manufactured the Mg
scaffolds based on three types of architectures with the same porosity,
revealing that the Gyorid scaffold exhibited the lowest structural loss and a
relatively uniform degradation mode compared to the diamond and bio-
mimetic unit cell architectures. Nevertheless, to date, the degradation
mechanisms of biodegradable metallic scaffolds remain a subject of ongoing
investigation.

In the realm of AM bone scaffold design, two primary categories of
unit cells exist: beam-based and sheet-based structures’. From the
perspective of mechanical property, beam-based unit cells can be
categorized as either bending or stretching dominated types. Among
these, bending-dominated cells exhibit superior energy absorption
capabilities, whereas stretching-dominated cells demonstrate higher
strength characteristics. Sheet-based structures commonly manifest as
minimal surface configurations, known for their proven benefits in
fostering cell adhesion and proliferation. Therefore, the exploration of
degradation mechanism for AM Zn scaffolds should consider various
typical unit cells.

In this study, we employed LPBF to fabricate Zn alloy scaffolds,
utilizing four distinct unit cell designs including diamond (D), face
center cubic (F), Gyroid (G), and schwarz-P (P). Subsequently, we
conducted comprehensive evaluations of their degradation profile and
electrochemical properties in vitro. To gain deeper insights into the
degradation mechanisms, we conducted supplementary permeability
tests, computational fluid dynamics (CFD) simulations, and scanning
electrochemical microscopy (SECM) analysis. Our findings provide
compelling evidence that topological design can be used as an effective
tool to adjust the degradation behavior of AM Zn scaffolds. With fur-
ther optimization of the porous structures, AM biodegradable Zn alloy
scaffolds hold great potential for precise treatment of bone defects in
future applications.

Results

Morphological characteristics of the AM porous Zn alloy
According to the SEM images, the surfaces morphology of the as-polished
Zn-Mn-Mg scaffolds appeared to be smooth than as-built scaffolds, with
clearly discernible porous structures for both unit cells (Fig. la-h). There
were less un-melted powders for all the scaffolds after polishing. The
thickness of the struts or sheets in the scaffolds were consistent with the
design, as confirmed by the SEM analysis (Table 1).

In vitro biodegradation behavior

According to the visual inspection, a progressive formation of white parti-
cles was observed on the top of the scaffolds from day 3 to day 14, corre-
sponding to the inlet of the SBF flow (Fig. 2a). Among the four design
groups, the G and P structures appeared to generate a great number of
biodegradation products compared to the D and F ones. For both unit cell,
the degradation products were featured with spherical morphology at the
edge of the scaffolds (Fig. 2b), while presenting schistose shape within the
pores (Fig. 2¢). EDS analysis indicated that the degradation products mainly
contained Ca, P, O, Mn, Mg, and Zn. Notably, the spherical products had
higher Ca, P and O contents compared to the schistose ones. XRD analysis
(Fig. 2d) revealed that, the biodegradation products encompassed zinc oxide
(ZnO), zinc chloride (ZnCl,), simonkolleite (Zns(OH)gCl,-H,0), scholzite
(CaZny(PO4),-2H,0), and hydrated zinc phosphate (Zns;(PO,),-H,0).
Furthermore, the total spectrum of XPS results confirmed the presence of
Zn, Ca, O, C, P, Mg, Mn, and Cl (Fig. 2e). According to the high-resolution
XPS spectra, the peaks at 1022.3 eV and 1021.5 eV could be attributed to the
formation of Zn(OH),/Zn3(PO,), and ZnO/ZnCl,, respectively (Fig. 2f)*.
The Ca 2p 3/2 peak was identified at 347.3 eV (Fig. 2g), while P 2p peaks were
fitted with two signals at 133.9 and 132.9 eV which might be associated with
the formation of Zn3(PO4),-H,0 and CaZn,(PO,),-2H,0 (Fig. 2h)*. There
were no discernible variations in the degradation products among the four
different scaffold designs.

After removing the degradation products, distinct degradation
profile could be observed on the top surface of all the scaffolds (Fig. 3).
The strut or sheet thickness of all the scaffolds decreased from day 3 to
day 28 according to the SEM images. The D and F scaffolds displayed a

Table 1| Structural characteristics of the AM Zn alloy scaffolds
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Unit cell Design thick- As-polished Design por- As-polished
ness (mm) thickness (mm)  osity (%) Porosity (%)
D 0.55 0.553+0.17 0.704 0.69+0.07
[ 0.51 0.518+£0.11 0.694 0.68+0.1
G 0.24 0.254 +0.04 0.706 0.67+0.14
P 0.32 0.307 £0.12 0.692 0.68 £0.21
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Fig. 2 | Biodegradation products of the AM porous Zn alloy. a visual inspection of the as-degraded scaffolds, (b) spherical-like biodegradation products, (c) schistose-like

biodegradation products, (d) XRD analysis, and (e-h) XPS analysis.

relatively uniform degradation mode, with no significant localized
degradation sites observed on the surface (Fig. 3a, b). In contrast, the G
scaffold displayed significant degradation after 14 and 28 days, leading
to discontinuous appearance on the top (Fig. 3c). Similarly, the P
scaffolds experienced localized degradation at the edges and junction of
the structures (Fig. 3d).

Throughout the immersion process, the pH value slightly
increased from 7.4 to 7.7 for all the Zn scaffolds, with no obvious dif-
ference observed among the different designs (Fig. 4a). In terms of the
weight loss, the D and F scaffolds consistently exhibited higher value
compared to P and G scaffolds at all the immersion time points.
Meanwhile, the weight loss of D and F scaffolds nearly doubled at day 28
compare to day 3, whereas the P and G scaffolds remained relatively
constant from day 7 to day 28 (Fig. 4b). The degradation rate of all the
specimens gradually decreased from 0.2-0.46 mm per year to
0.038-0.124 mm per year from day 3 to day 28. Among these, the D and
F scaffolds demonstrated a faster rate of degradation compared to G and
P scaffolds at different immersion time. After 28 days, the D and F

scaffolds showed more than two times higher degradation rate
(0.082-0.124 mm per year) than the G and P designs (0.038-0.041 mm
per year). As to the weight loss ratio, the D and F scaffolds exhibited
approximately 5% weight loss after 28 days immersion, while the value
for G and P scaffolds was around 2% (Fig. 4d).

Reconstructed morphologies of the scaffolds after
biodegradation

For a more comprehensive understanding of the degradation mechanism of
AM porous Zn alloy, both longitudinal and transversal sections of the
scaffolds were scanned using uCT (Fig. 5a-d). After immersion for 28 days,
all the four groups remained structural integrity, albeit with some localized
degradation, notably more pronounced towards the top compared to the
middle of the scaffolds. Moreover, it was observed that local degradation
predominantly occurred within the scaffolds rather than at the periphery. In
terms of design variations, G and P scaffolds (Fig. 5¢, d) exhibited more
pronounced localized degradation compared to D and F scaffolds (Fig. 5a, b)
at the center.

npj Materials Degradation | (2024)8:42
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Fig. 3 | Surface morphologies of AM porous Zn alloy after immersion test. Degradation profile of (a) D, (b) F, (¢) G, and (d) P scaffolds after removal of the degradation

products by different immersion time points. (arrows: local degradation).

Electrochemical analysis

The time required to reach a steady-state OCP varied from approximately
800 to 1200 s for different scaffolds among which the P scaffold exhibited
more positive OCP compared to the others (Fig. 6a). Electrochemical
parameters such as corrosion potential (E,,,), corrosion current density
(icorr)> and cathodic Tafel slope (f.) were derived from the polarization
curves (Fig. 6b and Table 2). When E,,,, were more or less the same i,
varied with respect to the different structures, during which F and D scaf-
folds showed almost 6 times higher i, than P scaffolds. According to the
Nyquist plots (Fig. 6¢), at the high frequency region, the capacitive loop of P
and G scaffolds displayed delayed response characteristics than D and F
ones. While at the low frequency region, all the scaffolds exhibited similar
mass-transfer behavior. Bode plots (Fig. 6d) showed that at a low frequency
region (between 10" and 10" Hz), the impedance values of the Zn scaffolds
declined in the following sequence: P >G>F >D. Moreover, one-time
constant could be observed for all the scaffolds in the Bode plots. The P
scaffold had a minimum phase angle (~ —8°) corresponded to the higher
frequency. According to the data from the fitted equivalent circuit (Table 3)
the R¢ values of the four scaffolds were lower than that of R. For different
designs, the P scaffold showed the highest electrochemical resistant with the
largest values of R

Microelectrodes characterization

The redox reactions occurring on the surface of the four scaffolds were
captured using redox competition modes after 10 min of immersion in SBF
(Fig. 7). In the vicinity of a suitably biased conductive or electrochemically
active surface, oxidation occurred during scaffold degradation, leading to a
decreased concentration of oxygen. The surrounding ones were then
attracted to gather at the probe tip, exhibiting a higher feedback current. A
higher current indicates the areas with a high rate of oxygen content, while
the lower scale colors (magenta and blue) represent relatively passive areas

with a low oxygen content. The variations in oxygen concentrations within
the pores (Fig. 7a) and on the surface (Fig. 7b) of different scaffolds were
monitored over time. Notably, all inner pores areas had lower oxygen
concentrations compared to the surface. The order of oxygen concentration
of within the pores for different designs was as follows: P < G < F < D (Fig.
7a, b). The electrochemical mapping represented more obvious structural
morphology of the P and G scaffolds compared to D and F ones (Fig. 7c-f).
In addition, the oxygen current were lower on the P and G scaffolds than the
D and F scaffolds.

Velocity distribution and permeability

The CFD analysis revealed that the fluid velocity exhibited non-uniform
distribution within the four scaffolds (Fig. 8). Generally, the flow velocity
tended to be lower in the vicinity of the beams or surfaces as opposed to the
center. In terms of design variations, the P scaffolds demonstrated a higher
maximum velocity compared to the others, while the D and F scaffolds
exhibited larger areas characterized by high velocities in contrast to the G
and P scaffolds.

The permeability values of the scaffolds were measured by using both
the simulation results and the drop head method (Table 4). Although the
permeability values obtained from the simulations were generally higher
than the experiments, they still demonstrated consistent trends among the
different designs. Specifically, the permeability of the various Zn scaffolds
follows the order: D >F>G > P.

Discussion

Permeability is considered as an important property for both cancel-
lous and cortical bone, which can influence interstitial fluid flow
through the bone pores™’. The permeability of cortical bone is less
than 1.1 x 107" m’ while trabecular bone shows a wider range of
permeability from 0.5 x 107® to 5.3 x 10> m?, depending on different

npj Materials Degradation | (2024)8:42



https://doi.org/10.1038/s41529-024-00451-z

Article

I Face
[ Diamond

7.8 1 @ Schwarz-P _.l_*—*—h
[ Gyroid

%k

3 7

o
=)

14

Immersion Time (days)

28

(=
S
1

Corrosion Rate (mm/year) ©

—a&— Face

—&— Diamond

—a&— Schwarz-P
Gyroid

o
=)

14

Immersion Time (days)

cﬂ

0.12 4

(=]

(=3

oo
1

Weight Loss (g)

- Face
I Diamond
- Schwarz-P
: Gyroid

sk k

]

3 i 14 28
Immersion Time (days)

e (=)}
1 1

Weight Loss Ratio (%)

—a&— Face

—&— Diamond

—a&— Schwarz-P
Gyroid

3 7 14 28
Immersion Time (days)

Fig. 4 | Dynamic biodegradation behavior of the AM porous Zn alloy. a pH values, (b) weight losses, (c) corrosion rates, and (d) weight loss ratio at different immersion

time points. (*P < 0.05, **P < 0.01).

Fig. 5 | Micro-CT analysis of the AM porous Zn
alloy after 28 days of biodegradation. a D, (b) F, (c)
G, and (d) P. 1: x-z section, 2:x-y section (top), 3:x-y
section (middle). (red arrows: local degradation;
blue arrow: shear stress effect).

locations™ ™

priate permeability as

. Thus, the artificial bone substitutes should have appro-

well, facilitating the transport of nutrients and

oxygen to the cells residing within the scaffolds”’. Here, AM porous Zn
alloy exhibited comparable permeability with human trabecular bone.

For example, D and F scaffolds with high permeability are more sui-
table for the treatment of bone defects from the femur neck, while G
and P with lower permeability could be implanted in the mediolateral
femoral condyles™. Porosity and surface area are two important
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Fig. 6 | Electrochemical characterization of the different AM Zn alloy scaffolds. a OCP, (b) PDP, (c) Nyquist plots, and (d) Bode plots of impedance value | Z| vs. frequency

and bode plots of phase angle vs. frequency.

physical parameters that can affect the permeability of the porous
structures™. Although the four different designs had the same porosity,
G and P scaffolds showed larger surface area than F and P ones
(Table 5). Moreover, tortuosity has a direct relationship on the per-
meability as well, attributed to the shear stress generated by fluid solid
coupling that could cause a pressure drop in cancellous structures™.

Table 2 | PDP results for the different AM Zn alloy scaffolds

Cell unit Ecor (V vs. SCE) icorr (MAcm ) x 10°° e (MV decade )
D —1.19+0.03 66.3+2.7 236 +35
F —1.20+0.02 64.1+3.3 196 + 62
G —1.19+0.03 46.7 +3.2 149 + 41
P —-1.19+£0.02 15.3+6.8 194 +73

Table 3 | EIS fitting results for the different AM Zn alloy
scaffolds

Cellunit Rg Cs(s" R Qct Rt w Chi squared
(e} Q'em? (Q (s @ (e}
cm?) cm?) Q'cem?) cm?) cmd
D 10 253x10° 5.36 0.051 339 0.037 6.05x10°
F 402 292x107 2.36 0.14 32.8 0.028 5.40x10°*
G 6.66 2.71x107 296 0.13 38.7 0.011 1.24x10™*
P 3.2 151x107 3.75 0.08 97 0.03 1.93x10*

Both CFD simulation and falling head experiments demonstrated that
the design of unit cell structures could be used to fine-tune the permeability
of AM scaffolds. Although some discrepancies existed between the mea-
sured and simulated permeability values a strong correlation was evident.
This might be attributed to actual surface roughness of the printed scaffold,
while the assumed roughness height and roughness constant of scaffold
utilized in the simulations were 0 mm and 0.5, respectively. Furthermore,
turbulence may have occurred during the experimental measurements,
potentially contributing to a deviation from the simulated turbulence
coefficient.

Traditionally, the degradation behavior of biodegradable metals has
been evaluated under static conditions. However, researchers have
increasingly recognized the importance of corrosive medium flow, espe-
cially in the context of biodegradable scaffolds**~*’. In the meantime, the
ability to control degradation behavior is crucial in the design of a bone
substitute. In this study, dynamic immersion with a flow rate of 2 ml-min ™"
was chosen to mimic the in vivo environment, as 2 ml-min~! closely
approximates the fluid flow rate observed in skeletal muscles®.

Following 28 days of dynamic immersion, white degradation products
gradually formed on the surface of all the scaffolds. EDS analysis revealed the
presence of Zn, O, Ca, and P elements in the degradation layer. Further-
more, XRD and XPS pattern confirmed the presence of ZnO, ZnCl,,
Zn(OH),, and CaP compound (Fig. 2). Although the local degradations in
which CI ions participated were approximately clustered within the pores of
scaffolds, the dynamic cycling device allowed for the detection of chloride
outside the scaffolds from XRD analysis. Notably, the schistose degradation
products contained a higher proportion of Ca and P content than the
spherical ones, indicating that the schistose degradation products are more
likely to be CaP compounds.
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In the case of Zn alloy, the degradation process in SBF can be described
by the following reactions:

Zn — In** + 2 (1)
2H,0+ O, +4e~ — 40H™ )
Zn*t 4+ 20H™ — Zn(OH), (3)

Zn** 4+ 20H~ — ZnO + H,0 4)

Here, Zn** and OH are generated from the anodic and cathodic
reaction, respectively, leading to the formation of Zn(OH),, which may later
dehydrate into ZnO. When ZnO is present, it could promote the nucleation
of CaP compounds. Meanwhile, under weak base conditions, it is beneficial

for the formation of CaP compounds such as hydroxyapatite as well.
Additionally, the presence of Cl in the medium may react with the degra-
dation products to form soluble chloride salts through the reactions™

6Zn(OH), + Zn** + 2CI" — 6Zn(OH), - ZnCl, (5)

47n0 + 4H,0 + Zn** 4+ 2CI~ — 4Zn(OH), - ZnCl, (6)

Unlike the similar degradation products, the four groups of Zn alloy
scaffolds exhibited distinct degradation profile (Figs. 2, 3). The periphery
of D and F scaffolds appeared to experience less degradation compared to
G and P scaffolds after 14 days of immersion in SBF, as evident from the
absence of degradation products (Fig. 2). Interestingly, different from
what could be revealed from the visual inspection and SEM images, the
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Table 4 | Permeability of the AM Zn alloy scaffolds obtained
from the experiments and CFD simulation

Table 6 | Volume change of the D and P scaffolds before and
after 14-days immersion according Micro-CT analysis

Cell unit Measurement result Simulation Simulation result
(102 m? AP (Pa) (107" m?

D 2.7+0.1 3.7 5.4

B 1.8+0.05 4.2 4.6

G 0.81+0.2 8.3 24

P 0.51+0.2 10 2

Table 5 | Surface area of the AM Zn alloy scaffolds

Structure Design Area (cm?)
D 15

F 17.5

G 24

P 18.8

degradation rates of D (0.124 mm per year) and F (0.082 mm per year)
scaffolds were 2—3 times higher than that of G (0.038 mm per year) and P
(0.041 mm per year) scaffolds from the weight loss analysis. According to
the micro-CT and SEM results, the D and F scaffolds displayed roughly
homogeneous degradation behavior though having the difference
between the center and the periphery in the dynamic flow. The sparse
local degradation mainly occurred at the connection of the pillars, where
shear stress was more concentrated. On the contrary, the G scaffold
(Fig. 3c) exhibited obvious uneven biodegradation profile from the
interior to exterior zone, as its small pores could be easily blocked by the
degradation products. Although the G scaffold underwent more obvious
local degradation at the center, the degradation products sealed the pores
externally and enhanced the degradation resistance of the whole scaffold
under dynamic flow. In addition, due to the low permeability, the bio-
degradation products could hardly be washed away, resulting in a sig-
nificant increase in the volume of the biodegradation products for the G
and P scaffolds (Fig. 2a). Scaffolds with lower permeability (G and P)
were more prone to blockages of the degradation products in the center,
leading to non-uniform degradation locally but enhanced degradation
resistance in general.

In order to reveal the different corrosion profile from inside to
outside of the scaffolds, Micro-CT analysis were conducted on the two
typical designs (D and P) before and after 14-days in vitro immersion
(Table 6). The outcomes showed that the total volume reduction of the
scaffolds was 10.8% and 5.8% for the D and P scaffolds, respectively.
Furthermore, we used a circle (5.8 mm diameter) as the region of
interest (ROI) to investigate the center and periphery of the scaffolds
separately (Supplementary Fig. 1). The volume loss in the central region
of the scaffolds D and P were 10.9% and 7.1%, correspondingly. It can be
seen that, for the P scaffolds, the differences in degradation rates
between the internal and external regions were significant, while the D
scaffold exhibited uniform degradation behavior. This is consistent
with the degradation profile observed from the SEM images (Fig. 3).
During the degradation process, the stagnant flow could be caused with
lower permeability inside the scaffold. The diffusion of internal Zn**
ions and external oxygen in the scaffolds could be impeded with the
accumulation of the corrosion products. Similar to the crevice-like
corrosion, the Cl ions could be attracted to the inner part, leading to
localized corrosion®. Conversely, on the periphery, dynamic flow
prevented the adsorption of Cl™ ions on the surface of the corroded
layer, thereby ensuring the homogeneity of the biodegradation process.
Notably, the top parts of the scaffolds exhibited more serious degra-
dation than the center under the dynamic medium flow (Fig. 5a-d).
This can be explained by the fact that within the initial immersion days,

Specimen D (mm?) P (mm?)
As-polished 148 155
As-polished-center 82 85
SBF-14 132 146
SBF-14-center 73 79

the erosion effect of medium flow was greater on the top of the scaffold
than that inside the pores.

The electrochemical results indicated the influence of geometric
design on the degradation rate of AM Zn scaffolds as well. We found that
low-permeability structures exhibited delayed response characteristics
in the high-frequency region (Fig. 6¢), indicating that the diffusion rate
in the P and G scaffolds were lower than the D and F ones. Generally,
higher impedance value at low frequency from Bode plots indicates
lower degradation rate. The time constant of the phase angle can explain
the degree of charge transfer in the high-frequency region, which was
related to the porous structure. The phase angle values of low-
permeability scaffolds could be attributed to the difficulties in the
movement of the degradation species for G and P structure. The surface-
based scaffolds own lower charge transfer rates and higher degradation
resistance, which is consistent with the fitting results (Table 2). The
short-term electrochemical data could not represent the long-term
degradation behavior after implantation. The degradation products
would accumulate on the surface along immersion which can affect the
electrochemical properties. However, electrochemical test could be used
as a fast-screening method beforehand. We can determine which
structure is more prone to degradation from the electrochemical test.

The degradation rate of AM Zn scaffolds is closely related to the
diffusion ability of ions”, which is directly linked to the permeability. At
the micro scale, the oxygen concentration in the pores of surface-based
scaffolds were significantly lower than that of the D and F ones (Fig. 7a).
This discrepancy could be attributed to the low permeability of G and P
scaffolds, leading to reduced diffusion rate of oxygen. A schematic
diagram has been included to illustrate the diffusion behavior and
degradation behavior of the AM D, F, G, and P scaffolds. A decrease in
oxygen concentration due to the oxidation reaction. The concentration
gradient then drives the surrounding oxygen to approach. Subse-
quently, the high permeability beam-based scaffolds (Fig. 9a) did not
exert a significant impact on ions diffusion. Conversely, ions can only
move through specific channels in the face-based scaffolds (Fig. 9b). Of
course, the aggregation rate of degradation products is also related to
the diffusion rate of ions. The accumulation of degradation products
went through four stages (Fig. 9¢): initially, oxygen was consumed at the
scaffold surface through corrosion reactions, while the slower internal
flow rate led to the accumulation of degradation products inside the
scaffolds (stage 1); with prolonged immersion time, the accumulation of
the degradation products could potentially cause blockage at the top of
the scaffolds under the circular SBF (stage 2); as the pores near the top
gradually became completely obstructed, degradation products con-
tinued to accumulate inside the scaffolds due to the relatively restricted
flow (stage 3); oxygen becomes less accessible within the scaffold,
hindering the cathodic reaction and promoting the dominance of the
anodic reaction, which could result in localized degradation due to the
attraction of Cl ions within the sealed pores (stage 4)*".

This mechanism could also explain the more significant difference in
the weight loss between different designs after 7 days (Fig. 4). In the early
stage of degradation, the P and G had larger surface area while lower per-
meability compared to the D and F ones. The larger contact area could
compensate for the less weight loss caused by lower permeability of P and G
design. Along with the accumulation of the degradation products, perme-
ability may play a more important role than the surface area, causing more

npj Materials Degradation | (2024)8:42



https://doi.org/10.1038/s41529-024-00451-z

Article

Fig. 9 | Schematic illustration of the jons diffusion
and degradation behavior of the AM Zn alloy
scaffolds. a D scaffold, (b) P scaffold, and (c) the
degradation products accumulation process.

) Diffusion direction <> Degradation products
@ Flow direction

SBF

obvious degradation rate difference between the different designs. The
topological design not only changed the diffusion rate of AM Zn scaffolds, it
also changed the degradation mechanisms and the formation of degradation
products. D and F scaffolds may reduce the probability of localized degra-
dation, thereby reducing implantation issues caused by local failure.

The difference of degradation rates and performances among AM Zn
scaffolds underscores the pivotal role of porous structures in controlling
the biodegradation profile of porous implants. It is important to note that,
in most in vivo cases, Zn alloy scaffolds are expected to maintain
mechanical integrity within 3-6 months and gradually degrade over a
period of 1-2 years**®’. This usually corresponds to the degradation rate of
approximately 0.1-02mm per year for the biodegradable bone
implants™. In this study, the degradation rates of the Zn-Mn-Mg scaffolds
ranged from 0.03 to 0.12 mm per year under dynamic conditions, a range
that aligns well with the rate of bone regeneration. Furthermore, the
degradation profile exhibited consistency between the internal and
external location for the beam-based D scaffold. However, within the face-
based P scaffold, the degradation rate within the internal region was
approximately double that observed in the external region. However, the
specific degradation requirements for different defect locations may vary.
For instance, complete bone regeneration usually takes 3-12 weeks for the
upper limbs, while 12-24 weeks for the lower limbs'. Therefore,
manipulating the unit cell design showed great potential in aiding us to
fine-tune the degradation rate of AM porous Zn for precise bone defect
treatment in the future.

In this study, we designed and fabricated four types of Zn-0.4Mn-
0.2Mg scaffolds utilizing the LPBF method, based on different unit cells:
diamond, face centered cubic, gyroid, and schwarz-P. Afterwards, we
systematically assessed the degradation performances of these AM Zn
scaffolds through dynamic immersion and electrochemical tests. The G
and P (0.082-0.124 mm per year) scaffolds showed slower degradation
rates than the D and F ones (0.038-0.041 mm per year), which could be
attributed to the lower permeability of surface-based scaffolds. On the
contrary, face-based G and P scaffolds exhibited less resistance to
localized degradation in comparison to D and F scaffolds, likely due to
the limited ion diffusion as observed through SECM and possible

vulnerability to CI ion attack. The utilization of topological design
offers a long-awaited solution for regulating degradation rates in bone
scaffolds without altering porosity. Consequently, AM biodegradable
Zn scaffolds hold substantial potential in meeting the requirements for
precise treatment of diverse bone defects in the future.

Methods

Scaffold manufacturing

Cylindrical scaffolds (10 mm in height and 10 mm in diameter) were
designed based on beam-type (D, F) and surface-type (G, and P) unit
cells (unit cell size: 2 mm, strut thickness: 0.2-0.5 mm) (Fig. 10a). The
Zn-0.4Mn-0.2Mg scaffolds were fabricated through LPBF (SLM 125
SLM Solution, Germany), equipped with a maximum laser power of
50 W and oxygen levels maintained below 50 ppm within the build
chamber. The manufacturing process involved the deposition of a 30 pm
thickness powder layer at an energy density of 31.25J-mm>. After
printing, wire electrical discharge machining was utilized to separate the
specimens from the Zn baseplate. To ensure the removal of any residual
powder particles trapped within the pores of the specimens, ultrasonic
cleaning with 96% ethanol was conducted for a duration of 15 min.
Additionally, the specimens underwent chemical polish in a solution
composed of 5% (by volume) hydrochloric acid, 5% nitric acid, and 90%
ethanol for 5 min. This was succeeded by another round of ultrasonic
cleaning with 96% ethanol to thoroughly rinse away any remaining
traces of acids.

Morphological characterization

Micro-computed tomography (uCT) was used to scan the Zn specimens
with the following parameters: a tube current of 150 pA, a tube voltage of
120 kV, and a resolution of 5.6 um, generating a total of 1600 projections.
Subsequently, pCT were automatically reconstructed and converted into a
series of 2D images using Analyze 11.0 (Perkin Elmer, USA). These 2D
images were then exported to FIJI (NIH, USA) for local thresholding. The
local thresholding process allowed for accurate segmentation of the Zn
specimens, allowing for the comprehensive capture of their morphological
characteristics, including shape, size, and distribution.
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Fig. 10 | Structure design and immersion set-up for AM porous Zn alloy. a D, F, G, and P scaffolds, (b) dynamic degradation set-up and (c) electrochemical test set-up.

Dynamic immersion tests

Dynamic in vitro immersion tests were performed in simulated body fluid
(SBF) at 37 °C for 28 days, utilizing a self-designed bioreactor (Fig. 10b). The
SBF was circulated in the bioreactor at a unidirectional flow rate of
2 ml'min~" to mimic the moderate physiological fluid movement in human
bone™. To closely monitor the progress of biodegradation, pH values of the
medium were tracked (accuracy: +0.002, Ohaus, USA) at 3, 7, 14, and
28 days.

Morphological and compositional analysis of the biodegradation
products was performed using a Scanning Electron Microscope (SEM,
Regulus 8100, Japan) in conjunction with an Energy-Dispersive X-ray
Spectroscope (EDS). The identification of phases in the biodegradation
products was carried out using an X-ray Diffractometer (XRD, Rigaku
TTRIIL Japan), operating at 45 kV with a Cu Ka target and a scanning range
spanning 10-90° over a 14 min duration. In addition, the surface chemical
states of the specimens following biodegradation were analyzed using X-ray
Photoelectron Spectroscopy (XPS, Thermo Scientific, K-Alpha, USA).
Spectral data were processed and analyzed using Avantage v5.9 software
(Thermo Fisher Scientific, USA).

Weight loss was determined by first removing the degradation pro-
ducts with 15% ammonia solution, followed by ultrasonic cleaning in 96%
ethanol for 5 min, and subsequently air drying at ambient temperature. The
corrosion rate (CR, mm per year) was calculated based on weight loss (W)
according to the following equation™:

CR = kx
pAt

(7)
where k is a constant value (8.76 x 10%), p is the material density, ¢ is
immersion time (year), A is sample surface area (Table 5). All the tests were
performed in triplicate.

Electrochemical analysis

Electrochemical tests were conducted using an electrochemical work-
station (Metrohm AG, Switzerland) with SBF as the electrolyte at a
temperature of 37.5+0.5°C. The AM porous Zn specimens were
electrically connected via a copper wire on one side, which was then
encapsulated in epoxy resin for insulation. The scaffolds were totally
immersed in the SBF during the electrochemical test. Cylindrical sur-
face area (4.71 cm®) was used as the surface area for different specimens
exposed to the electrolyte. A three-electrode electrochemical cell was
established with the Zn specimen serving as the working electrode, a
platinum mesh acting as the counter electrode, and a saturated calomel
electrode utilized as the reference electrode (Fig. 10c). Potentiodynamic

polarization (PDP) and electrochemical impedance spectroscopy (EIS)
measurements were performed following a 30 min stabilization period
after reaching the open circuit potential (OCP). During the PDP
measurement, the working electrode was scanned within the voltage
range of £1 V (versus OCP) at a scan rate of 0.5 mV.-s~'. EIS were per-
formed with 10 mV amplitude across a frequency range spanning from
100 kHz to 10 MHz. The impedance data were analyzed with the Zsimp
(AMETEK, USA) and fitted to the equivalent electrical circuits: where
R, represented the solution resistance; Rrand constant phase element C¢
were applied to describe the resistance and non-ideal capacitance
properties of the biodegradation film, respectively; Q. represented
constant phase angle element, R denotes charge transfer resistance and
with a Warburg resistance (W) in series. All the tests were performed in
triplicates.

Scanning electrochemical microscopy

SECM was employed to provide in situ mapping at different redox states on
the specimen surface and inside the pores of the scaffolds™*. A 15um
platinum (Pt) ultra-micro-electrode (UME) with a resistance greater than
10 ohms (RG > 10) was used as the working electrode. A Pt wire and a
Ag/AgCl/KCl (3M) served as the counter and reference electrodes
respectively. The Pt microelectrode tip was positioned to the specimen
surface was according to a negative feedback current-distance response by
applying + 0.5V in the ferrocene-methanol mediator. Afterwards, the
ferrocene-methanol mediator was replaced by SBF and the tip was set at a
constant height of 30 um from the specimen surface to (prevent touching
during movement). The scanning was conducted after 400 s stabilization.
The x-y plane was then scanned at the indicated potential for each specimen.
In addition, oxygen inside the pores of different Zn alloy scaffolds were
detected by Pt microelectrode tip with 1.5mm depth penetration. All
experiments were repeated 3 times.

Computational fluid dynamics analysis

CFD analysis was conduct using the Ansys Fluent™ software (Ansys, USA),
to explore the velocity distribution inside the scaffolds and to numerically
evaluate the permeability. To streamline the calculation, a scaled-down
version of the scaffolds with a diameter of 4 mm and a height of 4 mm were
established. The perfusion media, water was modelled as a Newtonian fluid
with a dynamic viscosity = 0.001 Pa-s and density = 1000 kg:m ™. A velocity
of 0.006 m-s™" was applied to the inlet to ensure that fluid flow remained
laminar throughout the scaffold. Generally, the fluid flow is within the
laminar range when the Reynolds number is less than 500. The Reynolds
number was 5-8 under the simulation velocity, complying with the Darcy’s
law". An outlet-boundary condition with no constraint was set for outflow.
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The pressure drop between the inlet and the outlet was recorded and the
permeability was calculated according to Darcy’s Law:
up

—AP=-£
k

where y is the fluid viscosity, u is the velocity, k is the permeability, AP is the
fluid averaged pressure.

Permeability

The permeabilities of the specimens were measured utilizing the falling head
method™. In this procedure, the specimens were placed in a chamber located
below a standpipe. The height of the initial and cut-off levels was fixed, and
the outflow time was recorded from the moment the water began to fall until
it reached the cut-off level. The instantaneous water level was then corre-
lated with the corresponding measured time. The following equation was
used to calculate permeability (k):

L HI
k=2"n ¥

TAtr"H2 Prg ©)
where a and A represent the cross-section areas of the standpipe and
specimen, respectively, L denotes the specimen height, HI and H2 indicate
the momentary levels of water at two different time points, ¢ signifies the
interval between these two-time points, ¢ stands for the dynamic viscosity,
and p represents the density of water. The tests were performed in triplicate
for each of the groups.

Statistical analysis

All experimental data were expressed as the means + standard deviations.
One-way analysis of variance (ANOVA) was used to analyze the statistical
significance of the differences between groups. *P < 0.05, **P < 0.01 was
considered statistically significant.

Data availability
All data generated or analysed during this study are included in this pub-
lished article [and its supplementary information files].
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