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1. Introduction

Additively manufactured functionally graded
biodegradable porous zinc

Y. Li, @*2 P Pavanram,® J. Zhou,® K. Lietaert,““ F. S. L. Bobbert, (92
Yusuke Kubo, ©° M. A. Leeflang,® H. Jahr{®€ and A. A. Zadpoor & 12

Topological design provides additively manufactured (AM) biodegradable porous metallic biomaterials
with a unique opportunity to adjust their biodegradation behavior and mechanical properties, thereby
satisfying the requirements for ideal bone substitutes. However, no information is available yet concerning
the effect of topological design on the performance of AM porous zinc (Zn) that outperforms Mg and Fe
in biodegradation behavior. Here, we studied one functionally graded and two uniform AM porous Zn
designs with diamond unit cell. Cylindrical specimens were fabricated from pure Zn powder by using a
powder bed fusion technique, followed by a comprehensive study on their static and dynamic bio-
degradation behaviors, mechanical properties, permeability, and biocompatibility. Topological design,
indeed, affected the biodegradation behavior of the specimens, as evidenced by 150% variations in bio-
degradation rate between the three different designs. After in vitro dynamic immersion for 28 days, the
AM porous Zn had weight losses of 7-12%, relying on the topological design. The degradation rates
satisfied the desired biodegradation time of 1-2 years for bone substitution. The mechanical properties of
the biodegraded specimens of all the groups maintained within the range of those of cancellous bone. As
opposed to the trends observed for other biodegradable porous metals, after 28 days of in vitro bio-
degradation, the yield strengths of the specimens of all the groups (6, = 7-14 MPa) increased consistently,
as compared to those of the as-built specimens (o, = 4-11 MPa). Moreover, AM porous Zn showed excel-
lent biocompatibility, given that the cellular activities in none of the groups differed from the Ti controls
for up to 72 h. Using topological design of AM porous Zn for controlling its mechanical properties and
degradation behavior is thus clearly promising, thereby rendering flexibility to the material to meet a
variety of clinical requirements.

of de novo tissue regeneration so as to maintain its mechani-
cal integrity during the healing process while ensuring that

For bone tissue substitution, additively manufactured (AM)
biodegradable porous metals are a group of the most attrac-
tive candidates,' as they possess several unique properties,
including biodegradation, arbitrarily adjustable pore size and
porosity, fully interconnected pores, and bone-mimicking
mechanical properties that are multiple orders of magnitude
higher than those of biodegradable polymers.> Ideally, the
biodegradation profile of a biomaterial should match the rate
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the biomaterial disappears afterwards, paving the way for full
regeneration of large bony defects.® Furthermore, the
scaffolds should have fully interconnected pores with favor-
able shapes to facilitate cell proliferation, migration, and
differentiation.”

Recently, several studies on directly printed topologically
ordered porous biodegradable magnesium (Mg) and iron (Fe)
have been reported™® and these studies addressed some of the
most important challenges faced in designing such biomater-
ials. For Mg- and Fe-based biomaterials, the most important
challenge concerns biodegradation rate, which is too high for
Mg,”® but too low for Fe.” AM facilitates the production of
porous Fe with greatly increased surface area and this can
increase its biodegradation rate (0.2 mm per year (ref. 10)) to
the desired range (0.2-0.5 mm per year (ref. 11)). However,
according to in vivo tests with pure Fe, voluminous bio-
degradation products often form and remain in the human
body even until 9 months after implantation.'?

This journal is © The Royal Society of Chemistry 2020
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Some researchers have tried to adjust the biodegradation
rates of Mg and Fe through the development of new alloys and
functional coatings.">'* However, only limited adjustments in
biodegradation rate are possible through these approaches. An
alternative approach that has recently received a lot of atten-
tion is the use of other biodegradable metals. Within this para-
digm, Zn and Zn-based alloys are considered promising candi-
dates for orthopedic applications, as they are capable of tack-
ling some of the fundamental challenges associated with
using biodegradable Mg or Fe as an implant material."> Zn
offers multiple advantages over Mg, Fe, and their alloys. First,
as the chemical potential of Zn falls between the chemical
potential values of Mg and Fe, it is expected to exhibit an inter-
mediate rate of biodegradation, as compared to the extreme
cases of Mg and Fe.'®® Second, the biodegradation process of
Zn does not generate hydrogen gas. Finally, similar to Mg but
unlike Fe, the biodegradation products of Zn are biocompati-
ble.*® A few research groups, including ours, have recently
been successful in directly printing AM porous Zn.*"?* In a
previous study, we assessed the biodegradation behavior,
mechanical properties, and cytocompatibility of an AM porous
Zn biomaterial with a regular and uniform porous structure.**

Now, the next step is to go beyond the uniform lattice struc-
ture and fully exploit the advantages of topological design and
free-form fabrication offered by AM to meet the design require-
ments of biodegradable porous metals aimed at applications
as bone substitutes. Functionally graded designs are particu-
larly interesting in this context, as they enable meeting con-
flicting design requirements in a single piece of material.
Indeed, a recent study has shown that functional gradients
could be used to adjust the biodegradation profile as well as
the mechanical properties of AM porous Fe'® to meet other-
wise conflicting design requirements regarding biodegradation
rate, mechanical properties, and permeability of such a bioma-
terial. It is therefore interesting to investigate if topological
design can also tune the properties of other AM biodegradable
porous metals.

Here, we designed and directly printed three experimental
groups of AM porous Zn specimens, including one group with
a functionally graded design and two groups with uniform
designs to investigate the influence of topological design on
the static and dynamic biodegradation behaviors, mechanical
properties, permeability, and cytocompatibility of pure Zn pre-
pared by using a powder bed fusion (PBF) technique. To put
this into perspective, the porosity of the functionally graded
porous structure design falls within the porosities of the two
uniform porous structure designs.

2. Materials and methods

2.1. Design and AM of the specimens

Element (nTopology, USA) was used to design three different
types of specimens (Fig. 1) all with a 1.4 mm diamond unit
cell, which included two uniform structures (strut thicknesses:
0.3 and 0.4 mm, hereafter called S03 and S04, respectively),

This journal is © The Royal Society of Chemistry 2020
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and a functionally graded porous structure (strut thickness:
linearly and radially varied from 0.4 mm to 0.2 mm) (S0402)
(Fig. 1). Specimens were fabricated using a ProX DMP
320 machine (3D Systems, Belgium) with a maximum laser
power of 500 W and <50 ppm oxygen levels in its build
chamber. The working pressure inside the chamber filled with
argon gas was set to 150 mbar. The Zn powder was nitrogen-
atomized and had the following characteristics: particle sizes:
Djp: 26 pm, Dso: 39 um, and Dgy: 60 um; O content: 2551 +
81 ppm, N content: 17 + 2 ppm, and H content: 7.6 +
0.8 ppm.”®> The powder layer thickness and energy density
were 60 pm and 39.0 ] mm ™, respectively. The specimens were
removed from the steel baseplate through wire electrical dis-
charge machining (WEDM). 96% ethanol was used to ultra-
sonically clean the unmelted powders stuck in the pores of the
specimens for 20 min. Subsequently, the specimens were
cleaned chemically for 2 min in 5% (by volume) HCl, 5%
HNO3;, and 90% C,HsOH to further remove loose powder par-
ticles. Afterwards, residual HCI on the specimens were washed
out by 5 min ultrasonic cleaning in 96% ethanol.

2.2. Morphological characterization of the as-built
specimens

The specimens were imaged using micro-computed tomogra-
phy (micro-CT) (Phoenix Nanotom, GE Sensing Inspection
Technologies GmbH, Germany) at a tube voltage of 130 kV and
a tube current of 220 pA. The exposure time was 500 ms and
the spatial resolution was 12 um?®. 1440 projections were
acquired. The acquired data were then reconstructed and trans-
formed to 2D images (DICOM stack) using Phoenix Datos|x 2.0
(GE Sensing & Inspection Technologies GmbH, Germany). To
extract quantifiable data from these images, the following steps
were taken. First, the images were imported to the Fiji software
(NIH, US) and thresholded locally over a range of 107 to 255.
Then, a series of circular regions of interest (ROIs) were created
and porosity, strut size, and pore size were calculated using
Bone] (a plugin of Fiji).® Besides, the porosity of the specimens
was also determined by using the weighing method.’

2.3. Static and dynamic biodegradation tests

A standard cell culture incubator (20% O,, 5% CO,, 37 °C) was
used for static in vitro biodegradation tests in revised simu-
lated body fluid (r-SBF),”® for up to 28 days. In addition,
dynamic in vitro biodegradation was performed at a flow rate
of 0.3 ml min™", for the same period and also at cell culture
conditions, using a custom-built bioreactor and pre-equili-
brated r-SBF. Medium pH values were registered (InLab Expert
Pro-ISM, METTLER TOLEDO, Switzerland) after static and
dynamic biodegradation. An inductively coupled plasma
optical emission spectroscope (ICP-OES, iCAP 6500 Duo,
Thermo Scientific, USA) was used to analyze the concen-
trations of Zn, P, and Ca ions.

2.4. Characterization of the biodegradation products

Scanning electron microscope (SEM) and energy-dispersive
X-ray spectroscope (EDS) (JSM-IT100, JEOL, Japan) was used to

Biomater. Sci, 2020, 8, 2404-2419 | 2405
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Fig. 1 Topological designs of the AM porous Zn of the three experimental groups.

analyze the morphologies and compositions of the bio-
degradation products. X-ray diffractometer (XRD, Bruker D8
Advance diffractometer in Bragg-Brentano geometry,
Germany) was used for the identification of the phases in the
biodegradation products. XRD was operated at 45 kV and
35 mA using Co Ka radiation (step size: 0.035° and dwell time:
4s).

2.5. Morphological characterization of the specimens after
biodegradation

After the biodegradation tests, ranges of 45-107 and 107-255
were applied to segment the biodegradation products and Zn,
respectively, from the micro-CT images. After segmentation in
Fiji, the volume of metallic specimen (i.e., Zn) and the volume
of the biodegradation products were calculated with Bone]J (a
plugin of Fiji). The images were then imported to Avizo Fire
(VSG, France) for 3D reconstruction.

2.6. Mechanical characterization

Compression tests were carried out at a crosshead speed of
2 mm min~', using a material testing machine with a 10 kN
load cell (Instron, Germany). Yield strengths and quasi-elastic
gradients (elastic modulus) of the specimens were obtained

2406 | Biomater. Sci, 2020, 8, 2404-2419

according to ISO 13314:2011. The slope of the starting linear
part of the stress-strain curve equals to the elastic modulus of
the porous specimen. The initial linear part was offset by 0.2%
to find the intersection for yield strength. All the tests were
performed in triplicate.

2.7. Permeability

The falling head method was used to measure the permeability
of the specimens.'® The specimens were placed in a chamber
below a standpipe. Water fell in the standpipe, during which
the pressure at the bottom of the standpipe was measured by a
pressure gauge. Water pressure was registered in LabView
(v.11.0, National Instruments, US) every two seconds. The
instantaneous level of the water corresponded to the measured
pressure. The following equation was used to calculate per-
meability, k:
_aly Hop
At  H,pg
where a and A are the areas of the cross-section for the stand-
pipe and specimen, respectively, L is the specimen height, H;

and H, are the momentary level of water at two different time
points, ¢ is the interval between these two time points, y is the

This journal is © The Royal Society of Chemistry 2020
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dynamic viscosity, and p is the density of water. The tests were
performed in triplicate for each of the groups.

2.8. Cell seeding efficiency

Cleaned Zn scaffolds (n = 3) were sterilized in 100% isopro-
panol (Merck; Darmstadt, Germany) for 30 min and placed in
non-tissue culture treated 48-well plates so as to achieve dimin-
ished adhesion and proliferation of cells on the surface of the
wells. Cell suspension (500 ul with 3 x 10° cells) of MG-63 was
prepared and added dropwise to the scaffolds. After 30 min of
incubation, 1 ml of additional medium was slowly added and
the specimens were further incubated for 6 h under static
physiological conditions, thus, ensuring complete cell attach-
ment. After 6 h, the scaffolds were moved to a fresh 48-well
plate and a counting chamber method was used to count the
remaining cells in each well.”” The equation below was used to
calculate the cell seeding efficiency:

Cell seeding efficiency =
(initial cells added to scaffold — remaining cells in wells)
initial cells added to scaffold '

2.9. Cytocompatibility

2.9.1. Cell culture. Human osteoblast-like cells (MG-63,
ATCC, CRL-1427) were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) with low (1 g L") glucose (DMEM LG;
Sigma-Aldrich Chemie GmbH, Munich, Germany), containing
10% fetal calf serum (DMEM LG+, PAN-Biotech, Aidenbach,
Germany), in the incubator (37 °C, 20% O,, 5% CO,, and 95%
humidity).

2.9.2. Cytocompatibility testing. Specimens were cleaned
as reported in subsection 2.1, and then sterilized in 100% iso-
propanol (Merck; Darmstadt, Germany) for 30 min. The bio-
compatibility of the AM porous Zn specimens was sub-
sequently evaluated through direct cell seeding and indirect
extract-based cytotoxicity tests.

(a) Direct cell seeding. The cleaned and sterilized speci-
mens were seeded with 3 x 10° MG-63 cells and incubated for
24 h in DMEM LG+ medium under physiological conditions.
The specimens after cell seeding were then cut longitudinally by
using a Goldsmith precision saw with hardened jewelers saw
blade to evaluate cell viability in their core region using Live
and Dead Dye from Live and Dead Cell Assay kit (ab115347,
Abcam, UK). Briefly, a 5x concentrated dye solution was added
to the cell-seeded specimens and then incubated for 10 min at
room temperature, prior to fluorescent optical imaging of living
cells. After rinsing in 1x phosphate buffered saline, the
scaffolds were fixed, dehydrated, and air-dried at room tempera-
ture as described before.> SEM (ESEM XL 30 FEG, FEI,
Eindhoven, The Netherlands) was used to observe the cells.

(b) Indirect, extract-based cytocompatibility. The method-
ology for extract preparation and the MTS assay were both pre-
viously reported by us.® Briefly, extracts were prepared at 0.2 g
Zn ml™" in DMEM LG+ for 72 h under physiological conditions
as recommended by EN ISO standards 10993-5 and 10993-12.

This journal is © The Royal Society of Chemistry 2020
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The sterile filtered (0.2 pm) extracts from Zn specimens and
those from identically designed Ti-6Al-4V specimens as gold
standard, were compared to cytotoxic Dimethyl sulfoxide
(DMSO, 20% v/v): MG-63 cells were seeded on regular bioplas-
tics and DMEM LG+ was replaced with 10x extracts prior to
further incubation for 0, 24, 48 and 72 h. Relative cellular
activity was determined using CellTiter 96® AQueous One
Solution Cell Proliferation Assay (Promega Corp., Mannheim,
Germany) as described by us before.’

2.10. Statistical analysis

One-way ANOVA tests (a = 0.05) were performed to analyze bio-
degradation and permeability data. Two-way ANOVA tests (a =
0.05), followed by the Turkey multiple comparison test (a =
0.05), were used to analyze cytotoxicity data (p < 0.0001, ****; p
<0.001, ***; p < 0.01, **; p < 0.05, *; n.s. = not significant).

3. Results

3.1. Morphological characteristics of the as-built specimens

The strut sizes of the AM Zn scaffolds were 40-50 pm thicker,
while the pore sizes were 50-80 um narrower than the design
values (Table 1). The measured porosities were similar from
pCT and the weighing method, which were 5-9% lower than
the design values (Table 1). The 3D models reconstructed from
the micro-CT (Fig. 2a—c) and SEM images (Fig. 2d-i) showed
uniform strut thickness of the S03 and S04 groups, while the
strut thickness of the S0402 group was graded. There were
unmelted powder particles on the surface of the as-built speci-
mens (Fig. 2d-f). After chemical polishing, the surfaces of the
specimens were relatively smooth (Fig. 2g-i).

3.2. Invitro biodegradation behavior

During both the static and dynamic immersion tests, white bio-
degradation products formed gradually on the struts surfaces
of the scaffolds of all the three experimental groups (Fig. 3a).
The dynamic biodegradation appeared to produce more bio-
degradation products than the static one. Furthermore, the bio-
degradation products mainly formed at the bottom of the
specimens (attached to the beaker) under the static condition,
but at the top of the specimens (i.e., outlet side of the medium
flow) under the dynamic condition (Fig. 3a).

The pH values slightly increased from 7.5 to 7.9 in r-SBF
solution during 28 days of immersion (Fig. 3b). The dynamic
tests resulted in higher pH values, as compared to the static
ones, especially at day 28 (Fig. 3b). pH value did not vary much

Table 1 Morphological characterization of AM porous Zn

Porosity (%) Strut size (pm) Pore size (um)
AM porous
Zn puCT Design pCT Design  uCT Design
S03 72.6 £2.3 81.1 349+9 300 612+3 700
50402 68.5+£2.3 74.3 357 £18 400-200 589 +69 600-800
S04 62.0 £2.5 67.4 442 +1 400 550 £ 38 600

Biomater. Sci, 2020, 8, 2404-2419 | 2407
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Fig. 2 Morphologies of AM porous Zn: (a—c) micro-CT reconstructions of AM porous Zn S03 (a), S0402 (b), and S04 (c), (d—f) strut morphologies of
the as-built AM porous Zn S03 (d), S0402 (e), and S04 (f), (g—i) strut morphologies of the as-cleaned AM porous Zn S03 (g), S0402 (h), and S04 (i).

between the solutions with the specimens of the different
groups (Fig. 3b). The static testing resulted in low Zn ion con-
centrations (around 0.3 mg L") in all the three groups, even
after 28 days of immersion (Fig. 3c). In contrast, the dynamic
testing greatly increased the released Zn ion concentrations
after day 7 (Fig. 3c). As compared to the S04 and S0402 groups,
specimens of the group S03 released more Zn ions into r-SBF
(Fig. 3c). After 28 days, P and Ca ion concentrations gradually
decreased, respectively, to 2 mg L™ and 80 mg L~ (Fig. 3d
and e). Similarly, the concentrations of P and Ca ions reduced
to different extents under the static and dynamic conditions,
with the dynamic tests always exhibiting lower P and Ca ion
concentrations in the medium (Fig. 3d and e). After 28 days,
specimens of the group S04 showed a lower P concentration as
compared to the specimens of the groups S03 and S0402,
while the variations in Ca ion concentration with immersion
time did not show clear differences between the experimental
groups (Fig. 3e).

3.3. Characteristics of the biodegradation products

For all the three groups, after 28 day static or dynamic degra-
dation, four types of biodegradation products were found on

2408 | Bjomater. Sci., 2020, 8, 2404-2419

the surfaces of the Zn scaffolds (Fig. 4a-f). Clusters of small
particles (Fig. 4c) were mainly found on the biodegraded sur-
faces and contained Zn, O, C, P, and Ca. The morphological
features of the other biodegradation products were: dome-like
biodegradation products (Fig. 4d) that had Zn, C, O, and P,
needle-like biodegradation products (Fig. 4e) that contained
Zn, O, Ca, and P, and flake-like biodegradation products
(Fig. 4f) that contained Zn, O, Cl, and C. XRD analysis showed
the presence of ZnO, Zn;(CO;3),(OH)s, Caz(PO,),, and
Zn;(OH)sClgH,0 after both static and dynamic immersion
tests, with elevated intensity levels of these biodegradation
products under the dynamic condition (Fig. 4g).

3.4. Reconstructed morphologies of the specimens after
biodegradation

Under the static condition, the specimens underwent more
localized biodegradation (Fig. 5a, yellow circles) than those
under the dynamic one during the same period of 28 days.
Interestingly, for the group S0402, the struts in the center
seemed to experience more local biodegradation during the
dynamic tests. In contrast, more biodegradation was found at
the periphery of the specimens during the static tests.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Biodegradation behavior of AM porous Zn: (a) visual inspection of the as-degraded specimens under the static and dynamic conditions, (b)
pH variation with the immersion time, (c—e) the changes in Zn (c), P (d), and Ca (e) ion concentrations with immersion time.

Furthermore, larger volumes of biodegradation products
(Fig. 5a, red) formed during the dynamic immersion tests than
during the static tests. The biodegradation products appeared
to have mostly formed on a specific side of the specimens,
which was further dependent on the testing condition
(Fig. 5a). Under the static condition, the biodegradation pro-
ducts mainly formed at the bottom side of the specimens,
which was in contact with the beaker (Fig. 5a). Under the
dynamic condition, however, the biodegradation products

This journal is © The Royal Society of Chemistry 2020

were found mostly on the top side of the specimens, which
was the outlet side of the r-SBF flow (Fig. 5a). After 28 days of
dynamic biodegradation, specimens of the groups S03 and S04
exhibited the highest (11.9% + 0.6%) and lowest (7.1% + 0.3%)
values of volume reduction, respectively (Fig. 5b). The volume
loss of the specimens of the group S0402 was in-between those
extreme values (7.9% = 0.6%) (Fig. 5b). As compared to the
dynamic biodegradation tests, the static ones resulted in con-
siderably lower values of volume loss in all the groups

Biomater. Sci,, 2020, 8, 2404-2419 | 2409
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Fig. 5 Micro-CT analysis of AM porous Zn after 28 days of biodegradation: (a) 3D reconstruction, (b) volume losses of AM porous Zn, and (c)
volume gains due to the formation of the biodegradation products shown in Fig. 4. Grey: Zn. Red: biodegradation products. Circle: localized

biodegradation.

(Fig. 5b). The dynamic tests resulted in about twice as much
biodegradation product volumes (i.e., volume gain) in all the
three experimental groups, as compared to the static tests
(Fig. 5¢).

3.5. Mechanical properties and their changes with
biodegradation time

The specimens from all the experimental groups exhibited
smooth stress-strain curves under compression, even after
in vitro biodegradation for 28 days (Fig. 6a and b). The stress-
strain curves of the three groups all exhibited a linear elastic
region at early stage, followed by a gradually decreasing slope
until a plateau stage, and rapidly increased stresses towards
the end (Fig. 6a and b).

Among the as-built specimens, those of the S04 group
possessed the highest elastic modulus (785.7 + 72.1 MPa)

This journal is © The Royal Society of Chemistry 2020

and yield strength (10.8 + 0.2 MPa), whereas the S03 group
showed the lowest elastic modulus (399.8 + 32.3 MPa) and
yield strength (4.2 + 0.1 MPa) (Fig. 6c and d). Functionally
graded group specimens (S0402) had the mechanical pro-
perties in between those of the S03 and S04 groups (Fig. 6¢
and d). After 1 day of biodegradation, the elastic moduli
and yield strengths of the specimens of all the groups
increased (Fig. 6¢ and d). Thereafter, all the groups showed
fluctuations in elastic modulus (Fig. 6c), while their yield
strengths gradually increased with immersion time
(Fig. 6d). All the groups showed higher yield strengths at
day 28 as compared to those of the corresponding as-built
specimens (Fig. 6d). In addition, the specimens that had
undergone dynamic biodegradation exhibited higher yield
strengths, as compared to those exposed to the static con-
dition (Fig. 6d).

Biomater. Sci, 2020, 8, 2404-2419 | 241


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9bm01904a

Open Access Article. Published on 21 January 2020. Downloaded on 12/9/2025 6:29:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
a
(@) 120
100+
804
=
o
S 604
a
£ 40-
wv
20-
O L) L] L) L] L) L)
00 01 02 03 04 05 06 07
Strain
(c)
1600
m S03d @ S0402d A S04d
14004 = SO03s © S0402s A SO4s
= @ S03ab @ S0402ab A SO4ab
S 1200
3 10004 A
1—% A N % % p
S 800 % A A
£ 6004 . &
©
= Q
w400 8 ] g 9 9
. B
wh——————
as built 1d 2d 7d 14d  28d

Immersion time

View Article Online

Biomaterials Science

b
()120
——503
1001 ——spa02
g0l S04
(]
0
2 60
2
S 40-
(%5}
204
0 L) L) L] L) L) L)
00 01 02 03 04 05 06 07
Strain
(d)
20
1 = S03d @ S0402d A S04d
184 m s03s o S0402s A S04s
16- @ S03ab © S0402ab A SO4ab
= °
o
z 14- N A
£ 12 A 8 2
2 10] é
g o
% 84 e o
5o e o
2 6'. F] ] 8 @ L
44 ®
2. T T T T T T T v T v T
asbuilt 1d 2d 7d 14d 28d

Immersion time

Fig. 6 Compressive stress—strain curves of the AM porous Zn specimens before (a) and after (b) 28 days of degradation as well as the changes in

elastic modulus (c) and yield strength (d) with immersion time.

3.6. Permeability and cell seeding efficiency

The order of the AM porous Zn specimens from the highest
permeability to the lowest value was as follows: S03, S0402, and
S04 (Fig. 7a). The cell seeding efficiencies (Fig. 7b) measured
for all the experimental groups were above 70%: S03 (75.2%),
S0402 (74.35%), and S04 (87.85%) (Fig. 7b). Interestingly, speci-
mens of the group S04 showed a 12% increase in cell seeding
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efficiency in comparison to those of the S03 group, while the
seeding efficiency of the functionally graded structure (S0402)
did not significantly differ from that of the group S03 (Fig. 7b).

3.7. Direct evaluation of cytocompatibility

The assessment of direct contact cytocompatibility by live-
dead staining revealed that most of MG-63 cells were viable
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Fig. 7 Permeability values (a) and cell seeding efficiency values (b) of the AM porous Zn specimens of all the three experimental groups.
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(fluorescing green) and only a few cells exhibited evidence of a
compromised cell membrane integrity (fluorescing yellow-red)
after 24 h of direct contact with the AM porous Zn specimens
(Fig. 8a-f). Adhered cells were observed at the periphery as
well as at the center of the Zn specimens (Fig. 8d-f), as is
evident from these cross-sectional images. S04 and S0402
specimens appeared to contain more cells as compared to S03
specimen (Fig. 8a-f). The functional gradient in strut thick-
ness (i.e., S0402 group) did not seem to influence the regional
distribution of cells within the scaffold (Fig. 8d-f).

View Article Online
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3.8. Indirect biocompatibility in vitro

Cytocompatibility of the novel Zn specimens was assessed
quantitatively using standardized extracts, and compared to
that of the Ti-6Al-4V control, as recommended by ISO 10993.
Cell viability in the 24 h-extracts was higher than 95% for all
the porous Zn specimens, regardless of the topological design:
99.08% (S03), 96.78% (S0402), and 97.83% (S04) (Fig. 8h-i). At
all tested time points, up to harsh 72 h evaluation, the cell via-
bility values found for the porous Zn groups were not signifi-
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Fig. 8 Cytocompatibility of AM porous Zn: images of fluorescent cells attached on top of specimens from group S03 (a), S0402 (b), and S04 (c),
respectively, next to cell distribution in cross-sections of the respective specimens S03 (d), S0402 (e), and S04 (f) to demonstrate homogenous
seeding in the specimen’s core. Relative cellular activities of MG-63 cells in vitro upon exposure to Zn scaffolds S03 (g), S0402 (h), and S04 (i) (n = 5).
Randomly chosen scaffolds per group were tested in at least triplicates (Zn, n = 5; Ti-6Al-4V, n = 3).
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cantly different from those found for the gold standard
material (i.e., Ti-6Al-4V) (Fig. 8h-i).

4. Discussion

Topological designs hold great promise for tuning the bio-
degradation behavior and mechanical properties of AM porous
biodegradable metallic biomaterials. Here, we studied, for the
first time ever, how topological design including a functional
gradient can be applied to AM porous Zn. After biodegradation
for 28 days, the volume losses of the AM porous Zn specimens
varied between 7% to 12% (i.e., 0.13-0.17 mm per year),
depending on the topological design, suggesting that we could
exploit the topological design to achieve a desired value of bio-
degradation rate. Interestingly and being contrary to other AM
porous biodegradable metals,”® the yield strengths of the
specimens of all the groups increased after 28 days of immer-
sion. Furthermore, the specimens of all the groups showed
excellent cytocompatibility, regardless of the topological
design. The results demonstrate that AM porous Zn, with
appropriate design, holds great potential to fulfill the multiple
and often conflicting requirements that are laid out for an
ideal bone substitute.

4.1. Biodegradation behavior

Based on the SEM/EDS analysis, the flake-like biodegradation
products could be Zns(OH)gCl,-H,O (Fig. 4f),*® while the
dome-like biodegradation products were most likely
Zn5(CO;),(OH), (Fig. 4d).>® Higher percentages of Ca and P
elements were found in the clusters of small particles (Fig. 4c),
which could be hydroxyapatite or a combination of ZnO and
Ca;(P0,),.*° This confirmed the results of the ICP analysis,
showing that the concentrations of P and Ca ions gradually
decreased with immersion time, as these ions were involved in
the growth of the biodegradation products (Fig. 3d and e).
Furthermore, at all immersion time points and for all the
experimental groups, the specimens that had undergone
dynamic biodegradation exhibited higher Zn ion concen-
trations, but lower P and Ca ion concentrations in the immer-
sion medium, as compared to the specimens exposed to the
static biodegradation testing. This can be attributed to more
biodegradation products formed under the dynamic testing
condition (Fig. 3a). Under the dynamic condition, the surface
of the AM porous Zn specimens was constantly washed by the
medium. The flow of the medium over the surface of the speci-
men inhibited the increase of local pH, thereby increasing the
rate of biodegradation®' and the rate of the formation of the
biodegradation products. The human body has a constant pH
around 7.4.>> Furthermore, the interstitial fluid flows through
the (intra) medullary cavities at a rate of 0.012-1.67 ml
min~".** Therefore, the dynamic biodegradation setup used in
this research can mimic some aspects of the in vivo
environment.

Under the static condition, no large differences were found
between the three experimental groups with respect to Zn ion
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release into the medium (Fig. 3c). In contrast, the dynamic
tests showed that, after 28 days, a higher Zn ion concentration
was found for the specimens of the group S03 than those of
the groups S04 and S0402. Moreover, the pH value of the
group S03 was slightly higher compared to the other two
groups (Fig. 3b). Micro-CT results confirmed that the volume
losses of the AM porous Zn relied strongly on the topological
design, with the group S03 exhibiting the largest volume loss.
Topological design changed the permeability (i.e., the fluid
flow inside the scaffolds) and thus influenced the bio-
degradation profile of the AM porous Zn. Generally, a higher
porosity leads to a higher permeability and a higher rate of
material loss during the in vitro immersion tests. Therefore,
the biodegradation behavior of AM Zn scaffolds can be effec-
tively tuned by modifying the topological design of the porous
structures.

Besides the commonly observed biodegradation behavior of
AM porous Zn, micro-CT analysis suggested that the speci-
mens experienced more localized biodegradation under the
static condition (Fig. 5a). Moreover, localized biodegradation
mainly occurred at the bottom of the specimens. This
phenomenon was likely caused by the stagnant flow of r-SBF
entrapped in the narrow gap between the specimens and the
beaker. Cl™ likely accumulated at these locations and may
form a local passive layer inside those narrow spaces.** Pitting
or crevice-like biodegradation would then take place. On the
contrary, dynamic flow prevented the adsorption of Cl~ on the
surface of the degraded layer, thereby ensuring the homogen-
eity of the biodegradation process.’*> Interestingly, under the
dynamic condition, localized biodegradation occurred at the
core of the S0402 specimens, which could be related to the vel-
ocity distribution introduced by the gradient design.
According to the computational fluid dynamics (CFD) simu-
lations reported in a previous paper of the present authors,'®
the S0402 specimens have a relatively higher flow velocity at
the center than on the periphery. It can then be inferred that
varied biodegradation rates within one single scaffold can be
achieved simultaneously by tuning the local porosity (i.e., the
permeability). Under the static condition, however, the group
S0402 experienced more localized biodegradation at the per-
iphery, where the struts were thicker and pores were smaller.
The smaller pores in the graded structure may increase the
possibility for localized degradation to occur. The differences
between the static and dynamic conditions in terms of bio-
degradation rate and biodegradation mechanism observed at
different locations within the specimens underscore the fact
that, besides the choice of the biomaterial, the topological
design of the porous structure plays a crucial role in control-
ling the biodegradation profile of the resulting implants.

The rates of Zn biodegradation found in this research are
comparable (i.e., 0.06-0.07 mm per year under the static con-
dition and 0.13-0.17 mm per year under the dynamic con-
dition) with the biodegradation rates reported by others (i.e.,
0.011-0.084 mm per year under static conditions®*>®*").
Compared with the static biodegradation rate of AM porous
Mg (0.23 mm per year) and Fe scaffolds (0.03 mm per year),>®
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AM porous Zn showed a moderate degradation profile in
between. Furthermore, it is interesting to note that, for pure
Zn, the results from in vitro biodegradation tests are largely
consistent with those found in vivo (i.e., 0.010-0.065 mm per
year).*®*** 1t should, however, be noted that in most in vivo
tests, pure Zn wires or stents that were used for those measure-
ments were implanted in the abdominal aorta. Based on these
considerations, AM porous Zn exhibited a moderate bio-
degradation rate that corresponds to complete degradation
within 1-2 years.*” However, in the future, animal experiments
with AM porous Zn should be performed to determine its,
possibly implantation site-specific, real in vivo biodegradation
rate in order to better predict its potential as a bone substitut-
ing material and its local tissue responses.

4.2. Mechanical behavior

All the AM Zn scaffolds, even after 28 days of biodegradation,
still had the mechanical properties within the scope of those of
cancellous bone (E = 0.01-2 GPa, o, = 0.2-80 MPa (ref. 2))
(Fig. 6). Similarly to AM porous Fe, titanium, and
tantalum,>'**%*” the AM porous Zn specimens had smooth
stress-strain curves a plateau stage (Fig. 6a and b), which could
be attributed to the high ductility of pure Zn.*! Regarding the
functionally graded design (S0402), as the struts thickness con-
tinuously and gradually changed, abrupt changes in stress at
the boundary between different struts could be minimized.*®
In the case of the three different groups, porosity strongly
affected the elastic modulus and yield strengths of the AM Zn
specimens: lower porosity resulted in a higher elastic modulus
and yield strength. As the porosity of the group S0402 fell
between the porosities of the S03 and S04 groups, their
mechanical properties were also in between those of the S03
and S04 groups. Generally, human bone has a highly aniso-
tropic and heterogeneous structure, leading to different
strength and stiffness values in different directions and at
different locations.”® Meanwhile, bone has a sufficient per-
meability in order to transfer nutrients and cells. Therefore,
biodegradable porous bone-substituting implants should also
have a tailored distribution of mechanical properties and a
certain range of permeability values. In this study, with a line-
arly and radially graded design, we attempted to show that it
was possible to achieve those goals to some extent.

After one day of in vitro biodegradation, specimens of all
the three groups showed improved mechanical properties as
compared to those of their as-built counterparts. Although
similar results were found at the early stages of the bio-
degradation of AM porous Mg and Fe,>® the mechanical pro-
perties of the biodegraded specimens S0402 and S04 were
higher than those of their as-built counterparts, even after
in vitro biodegradation for 28 days (Fig. 6¢c and d).
Interestingly, the specimens subjected to dynamic bio-
degradation had higher yield strengths as compared to those
under the static condition. The increases in the mechanical
properties of the biodegradable metal with immersion time
could be attributed to the contributions of the biodegradation
products. AM porous Zn may behave like a composite material

This journal is © The Royal Society of Chemistry 2020
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consisting of Zn and the biodegradation products. As shown in
our previous study, the micro hardness of the biodegradation
products was almost 5 times as high as the AM Zn.>* The hard-
ness can be converted approximately to strength, although the
ratio varies from ductile metal to brittle ceramic over a wide
range.”® While progressing biodegradation deteriorated the
mechanical properties of Zn, the formation of large amounts
of biodegradation products under the dynamic condition
could help in retaining, or even improving its mechanical pro-
perties. Under the static condition, however, a smaller volume
of biodegradation products was less effective in playing this
role and more localized biodegradation led to decreases in
yield strength.

These observations, together with the bone-mimicking
mechanical properties suggest that AM porous Zn is a promis-
ing candidate for orthopedic implants. Of course, animal
experiments will still be required to see how far the here
reported changes in mechanical properties in vitro can be
translated into the in vivo situation. Of note, the mechanical
properties of AM porous Zn may also change as a result of
bone tissue regeneration.”’ These two effects (i.e., Zn bio-
degradation vs. bone tissue neoformation) should be simul-
taneously considered when studying the evolution of the
mechanical properties of such biomaterials with time.
Computational models of degradation and bone tissue growth
could be also used to predict the mechanical performance of
biodegradable metals.>* Moreover, no information is available
yet concerning the fatigue behavior of these biomaterials.
Given the fact that both topological design and material cat-
egory significantly affect both the static and dynamic mechani-
cal behaviors of AM porous metallic biomaterials,”> > there is
a need for a thorough study on the dynamic mechanical
responses of these porous structures.””

4.3. Cytocompatibility

The ISO 10993-recommended MTS assay, which is a sensitive
and quantitative method to colorimetrically identify viable
cells, revealed no significant differences in cellular activities of
MG-63 indicator cells between the three different structures
(i.e., S03, S0402, and S04). All the three groups revealed a good
cytocompatibility. While Zn ions at low concentrations hold
potential to enhance cell viability, adhesion, proliferation, and
migration,®® at high concentrations they may stimulate oxi-
dative stress pathways, inducing cell apoptosis and necrosis.>
However, in vivo the body’s vasculature facilitates the removal
of Zn ions and respective biodegradation products, which
helps prevent detrimental local ion overloads. Therefore, we
used recently recommended modification to the ISO 10993
standards to make them applicable for absorbable biomater-
ials.®® Using the suggested 10x diluted extracts in indirect cyto-
toxicity assays, the group S04 revealed 85% cellular activity,
which was the lowest among all the groups, while the S03
specimens showed the highest (i.e., 91%) cellular activity, after
relatively harsh 72 h incubation. Of note, during more fre-
quently reported 24 to 48 h incubation times, cellular activities
remained >90% in all the tested extracts. Thus, the Zn extracts
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from all the three experimental groups may be considered to
be non-toxic (ie, 75-99% viability; cytotoxicity grade 1).
Although a higher porosity normally increases permeability,
thereby resulting in greater ion release into extracts,>**° the
outcome of our study did not indicate such differences
between the three experimental groups. However, while our
cytocompatibility testing regime was in line with current ISO
10993 recommendations,®® even our longest immersion time
might have been too short to fully appreciate such increases in
ion release, which may require weeks to occur.

To better appreciate any cell to biomaterial contact-
mediated cytocompatibility issues, we additionally performed
cell seeding experiments with all the three different AM porous
Zn scaffolds using semi-quantitative fluorescent live/dead
imaging. 24 h after seeding, majority of MG-63 cells remained
viable and appeared well attached to the specimen surfaces.
Interestingly, Zn-based biomaterials have been shown to
support, among others, cell viability and proliferation, because
Zn ions are important cofactors in a variety of metabolic pro-
cesses.’ From surface visualization and cross-sectional
imaging, MG-63 cells appeared to be evenly distributed along
the periphery as well as within the core region of the speci-
mens, without showing any obvious design-related differences.
It is in agreement with the results obtained by other research-
ers who analyzed pre-osteoblasts in graded Ti-6Al-4V
scaffolds,®* in comparison with cell distribution in graded
polymer 3D scaffolds.®? Of note, cell seeding efficiency was
above 70% (i.e., 70% cells attached to the Zn surface) for all the
three porous Zn scaffold designs, but a slightly higher efficacy
in the group S04 was noticed, as compared to S03. Fluorescent
images also showed that S04 and S0402 specimens appeared to
contain more attached cells as compared to S03 specimen
(Fig. 8a-f). A general expectation may be that a smaller pore
size provides a larger strut surface area for cell-surface inter-
actions before cells pass through the pores. In addition, pore-
clogging may result in increased cell accumulation within the
scaffold.®* However, with fluorescence it was hard to quantify
cells objectively and the AM Zn scaffolds did not show signifi-
cant differences in cell seeding efficiency between the different
groups. A possible explanation might be that the scaffolds
designed in the present study were graded along the radial
direction (i.e., along the x and y axes), instead of the axial direc-
tion (z-axis), as in other studies.®*®® Axial gradation could
create a “sieve effect” during cell seeding and may account for
increased cell seeding efficiencies. Another likely reason is that
the pore/strut size differences between the scaffolds in our
study were not large enough to significantly influence cell
seeding efficiency. Moreover, fluorescent imaging has its limit-
ations and is difficult to quantify within opaque metal 3D
structures, which is a limitation of the present study.

5. Conclusions

We demonstrated that functionally graded porous Zn with pre-
cisely controlled topology can be fabricated by using PBF and
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the biodegradation behavior and mechanical properties of AM
porous Zn can be tuned through topological design. The topo-
logical design changed the permeability by up to 3-fold and
altered the biodegradation rate by up to 1.5-fold between the
3 groups of the AM porous Zn. Of note, the biodegradation
rates of all the groups of AM porous Zn were rather moderate,
with 7.1%-11.9% volume losses after 28 days of dynamic
in vitro biodegradation. Elastic modulus (400-786 MPa) and
yield strengths (4-11 MPa) of the specimens of all the three
groups remained within the scope of those of human cancel-
lous bone. Regardless of the topological design, the AM
porous Zn exhibited good biocompatibility in vitro. The results
highlighted that proper topological design plays an important
role in developing AM biodegradable porous metals. AM
porous Zn holds great potential for bone substitution in the
future.
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