
 
 

Delft University of Technology

Additively manufactured biodegradable porous zinc

Li, Yageng; Pavanram, P.; Zhou, Jie; Lietaert, K.; Taheri, P.; Li, W.; San, H.; Leeflang, M. A.; Mol, J. M.C.;
Jahr, H.
DOI
10.1016/j.actbio.2019.10.034
Publication date
2020
Document Version
Final published version
Published in
Acta Biomaterialia

Citation (APA)
Li, Y., Pavanram, P., Zhou, J., Lietaert, K., Taheri, P., Li, W., San, H., Leeflang, M. A., Mol, J. M. C., Jahr,
H., & Zadpoor, A. A. (2020). Additively manufactured biodegradable porous zinc. Acta Biomaterialia, 101,
609-623. https://doi.org/10.1016/j.actbio.2019.10.034

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.actbio.2019.10.034
https://doi.org/10.1016/j.actbio.2019.10.034


Green Open Access added to TU Delft Institutional Repository 

'You share, we take care!' - Taverne project  
 

https://www.openaccess.nl/en/you-share-we-take-care 

Otherwise as indicated in the copyright section: the publisher 
is the copyright holder of this work and the author uses the 
Dutch legislation to make this work public. 

 
 



Acta Biomaterialia 101 (2020) 609–623 

Contents lists available at ScienceDirect 

Acta Biomaterialia 

journal homepage: www.elsevier.com/locate/actbio 

Full length article 

Additively manufactured biodegradable porous zinc 

Y. Li a , ∗, P. Pavanram 

b , J. Zhou 

a , K. Lietaert c , d , P. Taheri e , W. Li e , H. San 

a , f , M.A. Leeflang 

a , 
J.M.C. Mol e , H. Jahr b , g , 1 , A .A . Zadpoor a , 1 

a Department of Biomechanical Engineering, Delft University of Technology, Delft 2628 CD, the Netherlands 
b Department of Anatomy and Cell Biology, University Hospital RWTH Aachen, Aachen 52074, Germany 
c 3D Systems - LayerWise NV, Grauwmeer 14, Leuven 3001, Belgium 

d Department of Materials Engineering, KU Leuven, Kasteelpark Arenberg 44, Leuven3001, Belgium 

e Department of Materials Science and Engineering, Delft University of Technology, Delft2628 CD, the Netherlands 
f School of Materials Science and Engineering, Harbin Institute of Technology, Harbin 150 0 01, China 
g Department of Orthopedic Surgery, Maastricht UMC + , Maastricht6202 AZ, the Netherlands 

a r t i c l e i n f o 

Article history: 

Received 12 August 2019 

Revised 16 October 2019 

Accepted 24 October 2019 

Available online 28 October 2019 

Keywords: 

Additive manufacturing 

Zinc 

scaffold 

Biodegradation 

Mechanical property 

Biocompatibility 

a b s t r a c t 

Additively manufacturing (AM) opens up the possibility for biodegradable metals to possess uniquely 

combined characteristics that are desired for bone substitution, including bone-mimicking mechanical 

properties, topologically ordered porous structure, pore interconnectivity and biodegradability. Zinc is 

considered to be one of the promising biomaterials with respect to biodegradation rate and biocom- 

patibility. However, no information regarding the biodegradability and biocompatibility of topologically 

ordered AM porous zinc is yet available. Here, we applied powder bed fusion to fabricate porous zinc 

with a topologically ordered diamond structure. An integrative study was conducted on the static and 

dynamic biodegradation behavior ( in vitro , up to 4 weeks), evolution of mechanical properties with in- 

creasing immersion time, electrochemical performance, and biocompatibility of the AM porous zinc. The 

specimens lost 7.8% of their weight after 4 weeks of dynamic immersion in a revised simulated body 

fluid. The mechanisms of biodegradation were site-dependent and differed from the top of the speci- 

mens to the bottom. During the whole in vitro immersion time of 4 weeks, the elastic modulus values of 

the AM porous zinc ( E = 70 0–10 0 0 MPa) even increased and remained within the scope of those of can- 

cellous bone. Indirect cytotoxicity revealed good cellular activity up to 72 h according to ISO 10,993–5 and 

-12. Live-dead staining confirmed good viability of MG-63 cells cultured on the surface of the AM porous 

zinc. These important findings could open up unprecedented opportunities for the development of mul- 

tifunctional bone substituting materials that will enable reconstruction and regeneration of critical-size 

load-bearing bone defects. 

Statement of significance 

No information regarding the biodegradability and biocompatibility of topologically ordered AM porous 

zinc is available. We applied selective laser melting to fabricate topologically ordered porous zinc and 

conducted a comprehensive study on the biodegradation behavior, electrochemical performance, time- 

dependent mechanical properties, and biocompatibility of the scaffolds. The specimens lost 7.8% of their 

weight after4 weeks dynamic biodegradation while their mechanical properties surprisingly increased 

after 4 weeks. Indirect cytotoxicity revealed good cellular activity up to 72 h. Intimate contact between 

MG-63 cells and the scaffolds was also observed. These important findings could open up unprecedented 

opportunities for the development of multifunctional bone substituting materials that mimic bone prop- 

erties and enable full regeneration of critical-size load-bearing bony defects. 

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

The recent advent of additive manufacturing (AM) techniques

as caused a breakthrough in the manufacturing of porous metal-

ic bone substitutes for bone regeneration [1–3] . AM can precisely
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Fig. 1. Topological design of AM porous Zn specimens: (a) diamond unit cell, (b) Zn 

scaffold, and (c) dynamic degradation setup. BD: building direction. 
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s  
control and customize the geometry of porous biomaterials to

match the mechanical properties of the human bone [4 , 5] , while

a fully interconnected porous structure, a large bio-functionalized

surface area [6] , and an appropriate range of permeability values

facilitate cell proliferation and differentiation [7] . Up till now, a

number of metallic AM porous biomaterials, such as stainless steel

[8] , titanium alloys [9 , 10] , tantalum [11] , and cobalt-chromium al-

loys [12] , have been studied. However, all these non-biodegradable

implants cause chronic local inflammation and physical irritation

and, thus, may necessitate a second surgery [13] . Furthermore,

the risk of recrudescent and hardly curable implant-related infec-

tions that often incur from non-biodegradable implants is perma-

nently present [14] . AM biodegradable porous metals with proper

biodegradation profiles are, therefore, required to address all the

above-mentioned challenges [15] . 

Among the known biodegradable metals, magnesium (Mg) and

iron (Fe) have been studied the most [16 , 17] . The well-known

challenge in developing Mg-based biomaterials concerns their

excessively high biodegradation rates [17 , 18] . Hydrogen released

during the biodegradation of Mg alloys is another concern [19] .

Fe-based biomaterials, on the other hand, degrade too slowly [20] ,

meaning that the implant stays in the human body longer than

necessary and may hinder the process of full tissue regeneration.

Moreover, according to the in vivo tests of pure Fe stents, volu-

minous biodegradation products are formed and remain in the

human body for long periods after implantation [21 , 22] . Although

developing new alloys and functional coatings could improve the

performance of biodegradable Mg and Fe [23 , 24] , an alternative

and potentially more rewarding approach would be to develop

biomaterials based on the other types of biodegradable metals.

Zinc (Zn) and its alloys are considered highly promising candidates

for this purpose, as they are capable of tackling some of the

fundamental engineering challenges associated with the use of

biodegradable Mg and Fe [25] . Zn offers multiple advantages as

compared to Mg- and Fe-based biomaterials. First, Zn is one of

the most abundant essential trace elements in the human body,

confined primarily to skeletal muscles and bones (86%) [26] .

Furthermore, over 600 enzymes rely on Zn for proper orientation

and function [27] . Moreover, Zn plays catalytic, structural, and

regulatory roles in the functions of human cells [28 , 29] . From this

perspective, Zn ions released from the implant could participate in

the metabolic activity of the host cells instead of causing systemic

toxic side effects [30] . Secondly, the biodegradation process of Zn

does not generate hydrogen gas. Thirdly, being similar to Mg but

opposed to Fe, the biodegradation products of Zn are biocompat-

ible [31] . Finally, as the chemical potential of Zn falls between

the chemical potential values of Mg and Fe, it should exhibit a

more suitable biodegradation rate, as compared to fast degrading

Mg or slowly degrading Fe [32 , 33] . Ideally, the biodegradation

rate of implants should match the bone regeneration rate, during

which the implants provide enduring mechanical support for 3–6

months and fully degrade in 1–2 years [25] . Rapid degradation

may compromise the mechanical integrity during the healing

process [34] , while slow degradation causes long-term implant

retention and in turn metabolic complications [21] . 

However, unlike AM bio-inert titanium or cobalt-chromium, AM

biodegradable metals pose many processing challenges, such as se-

vere evaporation and high chemical activity, especially for Mg and

Zn [35] . Under any inappropriate processing conditions, defects in-

cluding voids, lack of fusion, rough surface, severe residual stresses

and distortions have been observed. Even for Fe, evaporation was

found to play an important role in densification during laser melt-

ing [36] . Precise process control is therefore needed in order to ob-

tain eligible samples from AM for further investigation. Up to date,

only a few studies on powder bed fusion AM porous biodegrad-

able Mg, Fe, and Zn have appeared in the literature [37–42] . AM
orous Mg and Fe have both demonstrated unique biodegradation

ehaviors, as compared to their bulk counterparts [37 , 38] . How-

ver, as AM porous Zn has just been realized [39 , 43 , 44] , no in-

ormation regarding its biodegradation, biocompatibility, and me-

hanical property changes along with its in vitro biodegradation is

vailable in the literature. Here, for the first time, we present an in-

egrative study on the static and dynamic biodegradation behavior

n a revised simulated body fluid, evolution of mechanical proper-

ies with increasing immersion time, electrochemical performance,

nd biocompatibility of the AM porous Zn. 

. Material and methods 

.1. Scaffold manufacturing 

Cylindrical scaffolds (with dimensions of 10 mm in height and

1.2 mm in diameter, Fig. 1 a) based on a diamond unit cell (unit

ell size: 1.4 mm, strut thickness: 0.4 mm) were designed ( Fig. 1 b).

pecimens were produced by laser powder bed fusion AM (ProX

MP 320 machine, 3D Systems, Belgium). The machine had a max-

mum laser power of 500 W and could reach oxygen levels below

0 ppm in the build chamber. A nitrogen-atomized Zn powder was

sed in this study with the following properties: particle sizes:

 10 : 26 μm, D 50 : 39 μm, and D 90 : 60 μm; O content: 2551 ±81 ppm,

 content: 17 ±2 ppm, and H content: 7.6 ± 0.8 ppm. The morphol-

gy of powder particles was analyzed before [45] . The powder

ayer thickness was 60 μm and the energy density 39.0 J/mm 

3 . The

pecimens were removed from the steel baseplate by wire electri-

al discharge machining (WEDM). 96% ethanol was used to ultra-

onically remove powder particles entrapped in the pores of the

pecimens for 20 min. Subsequently, the specimens were cleaned

y using a solution composed of 5% (by volume) hydrochloric acid,

% nitric acid, and 90% ethanol for 2 min to further remove loose

owder particles, after which 96% ethanol was used again to wash

way residual hydrochloric acid. 

.2. Morphological characterization 

Micro-computed tomography (μCT) was used to scan the Zn

caffolds (Phoenix Nanotom, GE SensingInspection Technologies
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mbH, Germany) with the following parameters: 220 μA tube cur-

ent, 130 kV tube voltage, 500 ms exposure time,12 μm 

3 resolution,

nd1440 projections. Phoenix Datos|x 2.0 (GE Sensing & Inspection

echnologies GmbH, Germany) was used to reconstruct and trans-

orm the acquired data into 2D images ( i.e. , DICOM image stacks).

o extract quantifiable data from these images, the following steps

ere taken. First, the images were locally thresholded (FIJI, NIH,

ethesda, MD, USA) over a range of 107 to 255 for the Zn ma-

erial. Then, circular regions of interest (ROIs) (diameter: 10 mm)

ere outlined to include all the structures. BoneJ (a plugin of FIJI)

as used to calculate the porosity, pore size, and average strut

hickness of the AM porous Zn. Furthermore, the weighing method

as applied to determine the porosity: Porosity = 1-(W Zn /V bulk )/ ρZn ,

here W Zn and V bulk are the weight and apparent volume of the

pecimen, respectively, and ρZn is the theoretical density of pure

n. The porosity within the struts was determined by using a

ethod based on Archimedes’ principle [11] . 

After the biodegradation tests, two different ranges, i.e. , 45–107

nd 107–255, were applied to segment the biodegradation prod-

cts and porous Zn structure, respectively. After segmentation in

IJI, the volume of Zn and that of the biodegradation products were

alculated with BoneJ (a plugin of FIJI). The images were then ex-

orted for 3D reconstruction (AVIZO Fire, VSG, France). 

.3. Microstructural characterization 

Electron back-scattered diffraction (EBSD) was conducted with

n HKL Nordlys II detector, attached to a field emission gun scan-

ing electron microscope (FEGSEM) (JEOL JSM-6500 F, Japan), at

00 nm step size. TSL OIM® Analysis (EDAX Inc.,USA) was used to

econstruct inverse pole figure (IPF) maps. The average grain width

as calculated by using the line intercept method, according to

STM E112-12. Pole figures (PF) with (0 0 01) and (1010) reflections

ere measured. EBSD specimens were ground, mechanically pol-

shed up to 1 μm with lubricant, followed by further mechanical

olishing with 0.04 μm silica. 

.4. Static and dynamic immersion tests 

Static in vitro immersion tests were performed inside an in-

ubator (5% CO 2 , 20% O 2 , 37 °C) using 300 ml revised simulated

ody fluid [46] (r-SBF), i.e. , a r-SBF volume to sample surface

25 cm 

2 ) ratio of 12, for up to 28 days. In addition, dynamic in

itro immersion tests were performed in r-SBF up to 28 days

sing a self-designed bioreactor (5% CO 2 , 20% O 2 , 37 °C) ( Fig. 1 c)

t a unidirectional flow rate of 0.3 ml/min [47–49] . Medium pH

alues were registered (InLab Expert Pro-ISM, METTLER TOLEDO,

witzerland) at 1, 2, 7, 14, and 28 days of static and dynamic

iodegradation. An inductively coupled plasma optical emission

pectroscope (ICP-OES, iCAP 6500 Duo, Thermo Scientific, USA)

as used to determine the concentrations of Zn, Ca, and P ions in

he medium. All the tests were performed in triplicate. 

.5. Characterization of the biodegradation products 

The morphologies and compositions of the biodegradation

roducts were analyzed using a scanning electron microscope

quipped with an energy-dispersive X-ray spectroscope (EDS)

SEM, JSM-IT100, JEOL, Japan). To observe the biodegradation layer

f the specimens, a dualfocused ion beam(FIB) available as part of

 scanning electron microscope setup (FIB-SEM) (Helios G4CX, FEI,

he Netherlands) was used for cross-section milling and EDS map-

ing. The cross-section milling was performed at a tilting angle of

2 ° with a Ga ion beam operated at 30 kV over a current range of

.5 to 20 nA. 
For the analysis of the biodegraded specimens, Fourier-

ransform infrared spectroscopy (FTIR) spectra were collected at

 cm 

−1 resolution over 128 scans for each spectrum, using a

hermo-Nicolet Nexus FTIR (USA) apparatus. Prior to the analysis

f the biodegradation products, a background spectrum was col-

ected from a sample before biodegradation. The final spectra were

ubtracted from this background. Moreover, an X-ray diffractome-

er (XRD, Bruker D8 Advance diffractometer in Bragg-Brentano ge-

metry, Germany) was used for the identification of the phases

n the biodegradation products. The diffractometer was operated

t 45 kV and 40 mA (power: 1.8 kW) using Cu Ka radiation with

.035 ° step size and 10 s dwell time per step. In addition, X-ray

hotoelectron spectroscopy (XPS, Thermo Fisher Scientific, K Alpha

odel, USA) was used to characterize the surface chemical states

f the specimens following the biodegradation tests. The XPS mea-

urements were performed under normal emission at 250 μm spot

ize and at 10 −8 mbar base pressure using a monochromated Al

 α X-ray source.Thermo Avantage v5.903 software (Thermo Fisher

cientific, USA) was used to process and analyze the spectra. 

.6. Electrochemical tests 

AM porous Zn specimens were mounted in an epoxy resin and

round using 20 0 0 grit SiC sandpapers for electrochemical tests.

urface area ( i.e. , 0.28 cm 

2 ) of the specimen exposed to the elec-

rolyte was measured by using ImageJ (NIH, Bethesda, MD, USA).

pecimens were made conductive by placing copper screws in-

ide the resin. Electrochemical tests were performed in r-SBF at

7 °C with a Bio-Logic SP-200 potentiostat (Bio-LogicScience Instru-

ents, Claix,France). A three-electrode electrochemical cell was set

p with Zn specimen as the working electrode, graphite as the

ounter electrode, and a saturated calomel electrode as the refer-

nce electrode. Potentiodynamic polarization (PDP) measurement

as performed after the open circuit potential (OCP) was reached

nd stabilized for 2 h. Afterwards, the specimen was polarized from

0.2 V to + 0.5 V potential versus OCP at 0.5 mV/s scan rate. For

lectrochemical impedance spectroscopy (EIS), the tests were re-

eated at 1, 2, 7, 14, 21 and 28 days with 10 mV amplitude within

 100 kHz to 10 mHz frequency range. The impedance data were

nalyzed with the EC-Lab software (Bio-LogicScience Instruments,

laix,France) and fitted to the equivalent electrical circuits, where

 s represented the solution resistance; R f and constant phase el-

ment CPE f were applied to describe the resistance and non-ideal

apacitance properties of the biodegradation film, respectively; the

harge transfer resistance R ct and the constant phase element rep-

esenting the non-ideal double layer capacitance CPE dl in parallel

ere used to describe the electrochemical interface of the elec-

rolyte solution and the Zn substrate. The linear polarization re-

istance (LPR) of the samples was also measured consecutively at

ifferent immersion time points at ± 15 mV versus OCP at 0.167 mV

 

− 1 potential sweep rate. The tests were performed in triplicate. 

.7. Mechanical characterization 

Compression tests were carried out at 2 mm/min (10 kN, In-

tron,Germany). The specimens had a height of 10 mm and a di-

meter of 11.2 mm. The yield strengths and quasi-elastic gradients

elastic modulus) of the AM porous Zn specimens before and after

he immersion tests were determined according to ISO 13,314:2011

38] . The tests were performed in triplicate. 

Hardness was measured by using a microhardness tester

DuraScan, G5, Austria) at 1 N indentation load. Three tests were

arried out on the cross section of the AM Zn substrate and an-

ther three indentations on the biodegradation products. 
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Table 1 

Topological characteristics of AM Zn scaffolds. 

AM Zn scaffold Strut size (μm) Pore size (μm) Porosity 

Design 400 600 67% 

Micro CT 441 ±1 550 ±38 62 ±2% 

Weighing method – – 60 ±1% 
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2.8. Cytocompatibility 

Human osteoblast-like cells (MG-63, ATCC, CRL-1427) were cul-

tured in 10% fetal calf serum (PAN Biotech) containing Dulbecco’s

modified eagle medium with low glucose 100 mg/L (DMEM LG)

(Sigma) under physiological conditions (5% CO 2 , 20% O 2 , and 95%

humidity) at 37 °C. The biocompatibility of AM porous Zn spec-

imens were evaluated through direct cell seeding and indirect

extract-based cytotoxicity tests. Cleaned specimens were sterilized

in 100% isopropanol (Merck; Darmstadt, Germany) for 30 min. 

Extracts were prepared at 0.2 g/ml concentration by incubating

the specimens in the DMEM LG medium with serum for 72 h un-

der physiological conditions, as recommended in EN ISO standards

10,993:5 and 10,993:12. Prepared 1x extract was diluted to 10x us-

ing the same medium. A 1x extract from AM Ti-6Al-4 V porous

scaffolds of the same dimensions served as control. All the extracts

were sterile filtered (0.2 μm). 20% Dimethyl sulfoxide (DMSO) was

used as the positive control. The methodology followed for the

preparation of the extracts and MTS assay was the same as that

previously reported by us [38] . After MG-63 cells reached optimal

adherence, the serum-containing DMEM LG medium was replaced

with 10x extracts and cells were further incubated for 0, 24, 48

and 72 h under physiological conditions. Relative cellular activity

was tested using CellTiter 96® AQueous One Solution Cell Prolifer-

ation Assay (G3580, Promega,USA) [37] . 

Previously cleaned and sterilized specimens were seeded with

3 × 10 6 MG-63 cells and incubated for 24 h in the serum-

containing DMEM LG medium under physiological conditions. Cell-

seeded specimens were cut longitudinally (Figure S1a) and stained

using Live and Dead Dye from Live and Dead Cell Assay kit

(ab115347, Abcam, UK). A 5x concentration of the dye was added to

the specimens with cells and then incubated at room temperature

for 10 min. The cells were analyzed by fluorescent optical imag-

ing first and the same specimens after rinsing in 1X phosphate

buffered saline were fixed and used for SEM analysis (ESEM XL 30

FEG, FEI, Eindhoven, The Netherlands) [37] . 

2.9. Statistical analysis 

A two-way ANOVA test ( α = 0.05 ) and a post-hoc test ( i.e. ,

Tukey’s multiple comparison test, α = 0.05 ) were run to analyze the

relative cytotoxicity ( p < 0.0 0 01, ∗∗∗∗; p < 0.0 01, ∗∗∗; p < 0.01, ∗∗; p <

0.05, ∗; n.s. = not significant). 

3. Results 

3.1. Macrostructure and microstructure of the specimens 

The average strut size and pore size of the as-built scaffolds

were 441 ± 1 μm (design value = 400 μm) and 550 ± 38 μm (design

value = 600 μm), respectively ( Table 1 ). The porosity of the speci-

mens was calculated to be 62 ± 2% (μCT) or 60 ± 1% (dry weighing)

( Table 1 ). The relative density of the struts was measured to be

93.6 ± 0.7%. Columnar grains along the building direction were ob-

servable from the IPF mapping on the longitudinal section of the

struts ( Fig. 2 a). The average width of the elongated grain was about

16.0 ± 1.6 μm. On the cross section of the AM porous Zn specimens,

no extraordinary grain growth morphology could be recognized
 Fig. 2 c). On both the longitudinal and cross sections, the (0 0 01)

F and (10 ̄1 0) PF did not show obvious preferred grain growth in

he building direction ( Fig. 2 b and d). 

.2. In vitro biodegradation behavior of the specimens 

During both dynamic and static immersion tests, white

iodegradation products were gradually generated on the surface

f the struts, as immersion time increased ( Fig. 3 a). However, the

ynamic biodegradation tests appeared to produce more biodegra-

ation products than the static ones. Interestingly, the biodegrada-

ion products mainly formed at the bottom of the specimens (at-

ached to the beaker) under the static condition, but on the top

f the specimens (the outlet side of the medium flow) under the

ynamic condition ( Fig. 3 a). 

The pH value remained stable around 7.5 and 7.6 during both

tatic and dynamic biodegradation tests up to 14 days, and in-

reased during the dynamic tests to 7.7 at day 28 ( Fig. 3 b). Under

he static condition, the concentration of Zn ion slightly increased

rom 0.11 to 0.25 mg/L after 28 days. In contrast, the specimens

ested under the dynamic condition exhibited higher Zn ion con-

entrations (as compared to those tested statically) at day 2, which

urther increased to 4.9 mg/L at day 28 ( Fig. 3 c). Over this period,

he concentrations of P and Ca ions decreased under both condi-

ions ( Fig. 3 d and e). The P and Ca ion concentrations were always

ower under the dynamic test condition as compared to the static

est condition ( Fig. 3 d, e). 

.3. Characteristics of the biodegradation products on the scaffolds 

White particles gradually formed on the surfaces of the biode-

raded specimens ( Fig. 4 a–c) along with increasing immersion

ime. After 1 day, small-size, white biodegradation products ap-

eared on the surface of the specimens ( Fig. 4 d), which contained

n, C, O, P, and Ca ( Fig. 4 d, inlay) according to EDS. At day 14,

he white biodegradation products with a spherical morphology

ad grown in size, while the P and Ca contents in these prod-

cts were increasing ( Fig. 4 e, inlay). At day 28, the biodegradation

ayer became increasingly compact, while the O, P, and Ca contents

ncreased further ( Fig. 4 f, inlay). EDS mapping on the FIBed sec-

ion allowed for the analysis of elemental distribution across the

iodegradation layer ( Fig. 4 g), revealing that O had formed ear-

ier (adjacent to the Zn substrate), followed by P and Ca. C was

ainly present at the top of the biodegradation layer ( Fig. 4 g). XRD

nalysis showed the presence of ZnO, Zn 5 (CO 3 ) 2 (OH) 6 , Ca 3 (PO 4 ) 2 ,

nd Zn 5 (OH) 6 Cl 6 ·H 2 O at day 1, with increased intensities of these

iodegradation products at day 28 ( Fig. 4 h). The FTIR spectrum

ith peaks at 1040 and 1650 cm 

−1 revealed the presence of PO 4 
3 −

nd HPO 4 
2 − ( Fig. 4 i), respectively [50] , while the broad band from

400 to 1550 cm 

−1 likely resulted from CO 3 
2 −[51] . HPO 4 

2 − absorp-

ion peaks emerged from day 7 and increased onwards, together

ith the increases of CO 3 
2- and PO 4 

3 − peaks. 

The total spectrum of XPS revealed that the biodegradation

roducts were composed of Zn, O, C, P, Ca, Na, Mg, S, N, and Cl

 Fig. 5 a). Although there were no differences in the types of the

lements between the different immersion time points, with in-

reasing immersion time, the percentages of Ca, O, and P increased,

hile the percentage of Zn decreased. In addition, high-resolution

PS spectra of Zn2p3/2, C1s, and P2p were collected from the

urfaces of the specimens and fitted. The peaks located at 1022

nd 1024 eV might be attributed to ZnO and Zn(OH) 2 , respectively

 Fig. 5 c,d) [52] . The atomic percentage of ZnO increased from 0.28

t day 1 ( Fig. 5 c) to 0.50 at day 28 ( Fig. 5 d). As for C1s, the peaks

ere well fitted with three signals at 284, 286, and 288 eV ( Fig. 5 d,

). The 284 eV signal was assigned to C–C bonds, while the 286

nd 288 eV signals were attributed to C–O and C = O , respectively
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Fig. 2. EBSD characterization of the struts of AM Zn specimens: (a) IPF map and (b) PF on the longitudinal section, (c) IPF map and (d) PF on the cross section. BD: building 

direction. 
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53 , 54] . The atomic percentage of C = O also increased from 0.10 at

ay 1 to 0.14 at day 28. Finally, the P2p peaks observed at about

33 and 134 eV ( Fig. 5 f) could be characterized to be PO 4 
3- and

PO 4 
2- [55] . 

In addition to mostly homogeneous biodegradation profiles, we

ound several localized biodegradation spots within the AM porous

n specimens ( Fig. 6 ). A crystal-like morphology was observed at

hese spots and EDS analysis revealed a high percentage of Cl in

hese areas ( Fig. 6 a, b). EDS mapping ( Fig. 6 d) also showed the ac-

umulation of Cl at the localized biodegradation sites on the cross-

ection of the biodegradation layers ( Fig. 6 c). 

.4. Electrochemical responses 

According to the PDP results (Fig. S2), the corrosion current

ensity of the AM porous Zn was 45 ± 2 μA/cm 

2 . The biodegrada-

ion rate was calculated to be 0.67 ± 0.04 mm/year based on ASTM

59. According to the Nyquist plots ( Fig. 7 a), the diameter of the

apacitive loop increased after 7 days of immersion, and then de-

reased from day 14 to day 21, followed by further growth af-

erwards. The Bode plots ( Fig. 7 b, c) showed similar trends of

mpedance modulus at the 0.01 Hz (low) and 10 Hz (medium) fre-

uencies. According to the data resulting from the fitted equivalent
ircuit for the AM porous Zn specimens ( Fig. 7 a, Table 2 ), R f and

 ct gradually increased until day 14, decreased after day 14, and

ncreased again after day 21. The LPR value showed a trend similar

o the values of R f and R ct ( Fig. 7 d). 

.5. Mechanical properties 

Under compression, the AM porous Zn showed smooth stress-

train curves ( Fig. 8 a) with no abrupt drop even after biodegrada-

ion for 4 weeks. Following a similar trend, the curves all began

ith a steep slope in the elastic region. Afterwards, the stress de-

reased substantially and then a plateau stage appeared with al-

ost no fluctuations ( Fig. 8 a). Interestingly, after 28 days of dy-

amic biodegradation, the yield strength of the AM porous Zn

radually increased from 11.8 to 13.9 MPa ( Fig. 8 b). While the yield

trengths of the specimens undergoing static biodegradation were

ower than those exposed to dynamic biodegradation, they were

igher than the yield strength of the as-built specimens (10.8 MPa),

ven after 28 days (12.0 MPa). The elastic modulus of the AM

orous Zn increased at day 1, but decreased afterwards ( Fig. 8 c).

imilarly, the elastic modulus of AM porous Zn after 28 days of

ynamic biodegradation (879.3 MPa) was higher than that of the

s-built specimens (785.7 MPa). 
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Fig. 3. Biodegradation behavior of AM porous Zn: (a) visual inspection of the as-degraded scaffolds, (b) pH variation with immersion time, (c) Zn ion concentration variation 

with immersion time, (d) P ion concentration variation with immersion time, and (e) Ca ion concentration variation with immersion time. Arrow in (a) points to the bottom 

side of the scaffolds during degradation. Building direction is opposite to the arrow. Scale bar in (a): 1 cm. 

Table 2 

EIS fitting parameters of AM Zn after immersion tests at different time points. 

Immersion time R s �• cm 

2 CPE f 10 −6 • �−1 • cm 

−2 • s n1 n 1 R f �• cm 

2 CPE dl 10 −4 • �−1 • cm 

−2 • s n2 n 2 R ct �• cm 

2 Chi-square 10 −3 

1d 6.0 ± 0.1 10.1 ± 0.2 0.88 669 ±17 8.2 ± 3.6 0.60 99 ±16 1.1 

2d 6.5 ± 0.1 8.3 ± 0.2 0.85 642 ±6 3.4 ± 0.4 0.82 154 ±6 0.9 

7d 4.9 ± 0.2 3.4 ± 0.1 0.83 1389 ±10 5.1 ± 0.3 0.65 616 ±16 0.9 

14d 5.3 ± 0.2 4.2 ± 0.1 0.81 1303 ±15 4.4 ± 0.5 0.61 504 ±17 1.3 

21d 7.9 ± 0.1 5.6 ± 0.1 0.83 902 ±5 9.0 ± 0.1 0.85 110 ±6 1.0 

28d 8.3 ± 0.1 9.9 ± 0.1 0.79 1137 ±6 13.0 ± 0.2 0.90 129 ±8 0.7 
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The average hardness value of the degradation products was

197 ± 4 HV, while the value of the AM Zn was 41 ± 3 HV. 

3.6. Surface morphology of specimens after biodegradation 

When the as-built specimens were segmented using a thresh-

old range of 107 to 255, the total volume of the scaffolds was
45.2 ± 0.5 mm 

3 . After 28 days of biodegradation, this value de-

reased to, respectively, 332.1 ± 2.3 mm 

3 and 319.0 ± 3.4 mm 

3 ( i.e. ,

.6% and 7.8% of weight reduction or 0.07 and 0.13 mm/year) under

he static and dynamic conditions. The AM Zn scaffolds appeared

o have experienced a higher degree of localized biodegradation

nder the static condition ( Fig. 9 , square), while the dynamic flow

esulted in more homogeneous biodegradation. Quantification of
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Fig. 4. Biodegradation product analyses of AM porous Zn: (a), (b) and (c) SEM images of degradation products at day 1 (a), day 14 (b), and day 28 (c), (d), (e) and (f) higher 

magnification SEM images and EDS analyses at day 1 (d), day 14 (e), and day 28 (f), (g) FIB and EDS mapping of the degradation layer at day 28, (h) XRD analysis, and (i) 

FTIR analysis of degradation products. Arrow: EDS point analysis. Square: EDS mapping area. 

t  

Z  

t  

t  

c  

p  

s  

t  

d  

m  

t  

w  

o

3

 

t  

p  

i  

i  

i  

E  

c  

i  

i  

d  

(

3

 

w  

t  

b  

r  
he biodegradation products using a threshold range that separated

n and the biodegradation products from each other showed that

he dynamic condition resulted in a larger volume of biodegrada-

ion products (104 ± 9 mm 

3 ), as compared to that for the static

ondition (59 ± 8 mm 

3 ) ( Fig. 9 ). Furthermore, the biodegradation

roducts appeared to have mostly formed on a specific side of the

pecimens, which depended on the test condition, as well as in

he center ( Fig. 9 ). Under the static test condition, the biodegra-

ation products mainly formed on the bottom side of the speci-

ens, which was in contact with the beaker ( Fig. 9 , arrow). Under

he dynamic test condition, however, the biodegradation products

ere found more on the top side of the specimens, which was the

utlet side of the r-SBF flow ( Fig. 9 ). 

.7. In vitro cytotoxicity 

The metabolic activity of MG-63 cells cultured with the ex-

racts from the AM porous Zn specimens was assayed and com-
ared to that of the extracts from AM Ti-6Al-4 V specimens (pos-

tive controls). Both extracts, from Zn and Ti-6Al-4 V, resulted

n around 95% cellular activity after 24 and 48 h, thus exhibit-

ng level 0 cytotoxicity ( i.e. , < 25%),according to ISO 10,993.

ven after 72 h of incubation, a large fraction of MG-63 cells

ultured in the Zn extracts were viable ( i.e. , 85%), conform-

ng to a high level of cytocompatibility ( i.e. , level 0 cytotoxic-

ty). In contrast, cellular activity in the negative DMSO controls

ropped quickly to ≈ 55% after 24 h and to ≈15% after 72 h

 Fig. 10 a). 

.8. Biocompatibility in vitro 

Live-dead staining of MG63 cells showed that most of cells

ere viable (fluorescing green) even after 24 h of direct con-

act with the AM porous Zn specimens ( Fig. 10 b). The num-

er of cells with compromised cell membrane integrity (yellow-

ed) was similar to the gold standard biomaterial ( i.e. , Ti-6Al-4 V).
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Fig. 5. XPS spectra of AM porous Zn after degradation: (a) total spectrum, (b) and (c) Zn2p 3/2 peaks at day 1 (b) and day 28 (c), (d) (e) C1s peaks at day 1 (d) and day 28 

(e), (f) P2p peaks at day 28. 

Fig. 6. Localized degradation of AM porous Zn after degradation at day 28: (a) (b) morphology of localized degradation and EDS point analysis, (c) cross section of localized 

degradation, and (d) EDS mapping. Arrow: EDS point analysis. Square: localized degradation. 



Y. Li, P. Pavanram and J. Zhou et al. / Acta Biomaterialia 101 (2020) 609–623 617 

Fig. 7. Electrochemical characterization of AM porous Zn after immersion tests at 

different time points: (a) Nyquist plots and equivalent circuits, (b) Bode plots of 

impedance modulus |Z| vs . frequency, (c) Bode plots of phase angle vs . frequency, 

and (d) LPR variation with immersion time. 
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Fig. 8. Mechanical behavior of AM porous Zn: (a) compressive stress-strain curves of Zn

immersion time, and (c) elastic modulus change with immersion time. Red line in (a) indi

legend, the reader is referred to the web version of this article.). 
G-63 cells had intimate contact with the struts of the AM porous

n with far-stretching filopodia-like protrusions ( Fig. 10 c), sim-

lar to their phenotype on Ti-6Al-4 V. Cells not only were dis-

ributed around the periphery of the scaffolds but also colo-

ized the inner core, as evident from the cross-sectional images

Fig. S1b). 

. Discussion 

The AM porous Zn showed great potential to meet the three

asic requirements of bone scaffolds: (i) the Zn scaffolds had

ufficiently high mechanical properties, particularly elastic moduli

uring the 28-day biodegradation ( E = 70 0–10 0 0 MPa), to provide

echanical support, as these values are comparable with those

eported for cancellous bone ( E = 10–20 0 0 MPa [56] ). Surprisingly,

he mechanical properties of the AM porous Zn even increased

fter four weeks of in vitro immersion; (ii) the Zn scaffolds had

igh porosity, totally interconnected pores and high-precision unit

ell geometry; (iii) the AM porous Zn specimens showed a very

romising biodegradation rate ( ≈7.8% volume loss after 4 weeks),

hich is an intermediate value between fast degrading Mg-based

lloys and slowly degrading Fe-based alloys. This intermediate

ate of biodegradation is deemed appropriate for most skeletal

pplications where wound healing is expected to complete within

ix months to one year. From a biological viewpoint, AM porous

n showed good cytocompatibility, based on a high degree of cell

iability and the intimate contact between MG-63 cells and the

pecimen surface. 
 scaffolds before and after 28 days of degradation, (b) yield strength change with 

cated the elastic region (For interpretation of the references to colour in this figure 
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Fig. 9. Micro-CT analysis of AM porous Zn after 28 days immersion. DP: degra- 

dation products. Square: localized degradation. Grey: Zn. Red: biodegradation prod- 

ucts. Black arrow points to the bottom side of the scaffolds during degradation. Blue 

arrow indicates the flow direction for dynamic tests. Scale bar: 5 mm (For interpre- 

tation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Biocompatibility and cytotoxicity of AM porous Zn in vitro : Remaining cel- 

lular activity of MG63 cells upon exposure to Zn scaffolds (a), as measured by 

MTS assay. Experiments were performed with extracts of randomly chosen replicate 

scaffolds ( n = 5 ) and analyzed in at least technical triplicates (Zn, n = 5 ; Ti-6Al-4 V, 

n = 3 ). Fluorescent optical images (FOI) of cells attached to AM Zn scaffolds after 

24 h (b) and AM Ti-6Al-4 V scaffolds (d). SEM images of cells attached to AM Zn 

scaffolds after 24 h (c) and AM Ti-6Al-4 V scaffolds (e). Brown masks indicate indi- 

vidual cells. (For interpretation of the references to colour in this figure, the reader 

is referred to the web version of this article.) 
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4.1. Microstructural features 

Refined grains ( Fig. 2 ) in the as-built Zn can be attributed to

the high cooling rates (10 3 –10 8 K/s) during laser powder bed fu-

sion [57] , which is similar to the observation of AM Zn reported

by other researchers [39] . Fine grains can improve the mechanical

performance of AM porous Zn. The elongation of the grains along

the building direction was caused by the thermal gradients experi-

enced during the process of layer-by-layer laser melting [58] . Dur-

ing the laser powder bed fusion process, the melting layer and the

previous layer has the same chemical composition. New phase nu-

cleation is not required for grains to grow epitaxially further from

the substrate layer [59] . The direction of grain growth depends on

the maximum heat transfer direction during solidification, which

is perpendicular to the melt pool boundary. Thus, elongated grains

along the building direction were observed in the AM porous Zn.

Considering the relative density of the struts being 93.6 ± 0.7%, fur-

ther AM process optimization is needed to improve the relative

density of the struts. Since the internal pores within the struts can

act as the sources of fracture and pitting corrosion, the mechan-

ical properties and biodegradation behavior of AM biodegradable

porous Zn can be affected by the sizes, number density and distri-

bution of such pores. 

4.2. In vitro biodegradation characteristics 

In order to better mimic the in vivo environment, we devel-

oped a dynamic biodegradation set-up ( Fig. 1 c) and compared

the dynamic biodegradation behavior of AM porous Zn with its

static degradation behavior. During 28 days of immersion, pH value

stayed almost unchanged (around 7.6), meaning that AM Zn de-

graded slowly and 5% CO worked effectively as a buffer. As the
2 
ynamic biodegradation process progressed, the accumulation of

H 

− caused a slight increase of the pH value ( i.e. , to 7.7 at 28 days)

 Fig. 3 b). According to the ICP results, the dynamic flow of r-SBF in-

reased the biodegradation rate of the AM porous Zn ( Fig. 3 c). Un-

er the dynamic condition, the surface of the AM porous Zn spec-

mens was constantly washed by the medium. The circulation of

he medium over the surface of the specimen inhibited local pH

ncrease, thereby increasing the rate of biodegradation [60] . How-

ver, the concentration of Zn ions measured at day 28 (under the

ynamic condition) was only 4.9 mg/L ( Fig. 3 c), which equaled to

.47 mg of released Zn for 300 mL medium. This value was much

ower than the volume reduction ( i.e. , a volume loss of 7.8%) of

78 mg released Zn (equivalent to 0.13 mm/year) determined us-

ng the μCT analysis. The main reason for this difference could be

he participation of Zn ions in the formation of the biodegradation

roducts. The white biodegradation products ( Fig. 3 a) indeed con-

ained Zn, according to the EDS analysis ( Fig. 4 d-g). XRD also con-

rmed the presence of Zn oxide on the surface of the AM porous

n specimens after in vitro immersion ( Fig. 4 h). The biodegrada-

ion rate was the highest from the PDP tests, being 0.67 mm/year.

ased on this rate, the weight reduction of the AM porous Zn
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ould be 917 mg (36.7% reduction) after 28 days. As an acceler-

ted test, PDP can only represent a snapshot of biodegradation at

he time when it is performed [61 , 62] , i.e., 2 h after immersion in

he present case, which means that Zn still had a relatively fresh

urface. Moreover, when the PDP tests were performed, the sur-

ace of the specimens had experienced a strong polarization ef-

ect [63] . Nevertheless, as a straightforward and quantitative tech-

ique, PDP can be of help in designing or screening of Zn-based

aterials before time-consuming immersion tests and in-vivo

ests [61] . 

Compared to the results obtained by other researchers using

DP, the AM porous Zn specimens studied here showed a higher

ate of biodegradation ( i.e. , 0.67 mm/year) than the conventionally

anufactured ones ( i.e. , 0.025–0.325 mm/year) [62 , 64–70 ]. This

ight be attributed to the grain refinement and more grain bound-

ries caused by the laser processing, which could increase the

iodegradation rate of pure Zn. However, the effect of grain size on

he biodegradation rate of Zn has not yet been studied. It is there-

ore suggested that further studies are needed to establish a quan-

itative relationship, particularly given the fact that laser-based AM

rocesses may then be used as a way to tune the biodegradation

ate of AM porous Zn. According to the immersion tests, the rate

f Zn biodegradation found in this research (0.07 and 0.13 mm/year

nder static and dynamic condition, respectively) is comparable

ith the values reported by other researchers in their in vitro

tatic immersion tests ( i.e. , 0.011–0.084 mm/year [62 , 64 , 67 , 70–74 ]).

he static biodegradation rate of the AM porous Zn falls between

he values of the AM porous Mg (0.23 mm/year) and Fe scaffolds

0.03 mm/year) [37 , 38] , confirming its moderate degradation pro-

le. Furthermore, it is interesting to note that, for pure Zn, the re-

ults of in vitro biodegradation tests are consistent with those of in

ivo tests (0.010–0.065 mm/year) [31 , 75–80 ]. It should, however, be

oted that in most of the in vivo tests the pure Zn wires or stents

sed for those measurements were implanted in abdominal aorta.

bviously, it is important to find the in vivo biodegradation rate

f AM porous Zn as a bone implant and its interactions with the

urrounding tissues. 

.3. Static and dynamic in vitro biodegradation mechanisms 

The reactions of Zn in the body fluid can be described as: 

n → Z n 

2+ + 2 e −

 H 2 O + O 2 + 4 e − → 4O H 

−

eading to the formation of corrosion products: 

 n 

2+ + 2O H 

− → Zn ( OH ) 2 

 n 

2+ + 2O H 

− → ZnO + H 2 O 

Due to the presence of chloride ions in the body fluid, the cor-

osion products react with chloride ions to form soluble chloride

alts: 

 Zn ( OH ) 2 + Z n 

2+ + 2C l − → 6 Zn ( OH ) 2 · ZnC l 2 

 ZnO + 4 H 2 O + Z n 

2+ + 2C l − → 4 Zn ( OH ) 2 · ZnC l 2 

To reveal the static and dynamic biodegradation mechanisms of

he AM porous Zn specimens, we also studied their biodegradation

ehavior at micro- and macro-scales. At the micro-scale, SEM, FTIR,

nd XPS analyses revealed the gradual formation of the biodegra-

ation products with immersion time. At the start of the in vitro

iodegradation tests, Zn was dissolved and Zn(OH) 2 formed on

he surface of the specimen. As ZnO is more stable than Zn(OH) 2 ,

n(OH) gradually transformed into ZnO, which was confirmed by
2 
he XPS analysis, showing the gradually increasing percentages of

nO ( Fig. 5 b and c). At the same time, CO 3 
2 −, P,and Ca participated

n the formation of the biodegradation products, as shown by both

he ICP results and EDS analysis. The concentrations of P and Ca

ons in the medium gradually decreased with time ( Fig. 3 d and e),

hile the atomic percentages of P and Ca in the biodegradation

roducts increased, as indicated by the EDS analysis ( Fig. 4 d–f).

imilar trends were observed in the FTIR results ( Fig. 4 i). At the

ore advanced stages of biodegradation, carbonates appeared to

ave formed on the top of the biodegradation layer ( Fig. 4 g), which

an also be observed in the FTIR ( Fig. 4 i) and XPS graphs ( Fig. 5 d

nd e). The formed protective layer enhanced the biodegradation

esistance of Zn, while it was simultaneously being attacked by

l −. At the beginning, the buildup of the biodegradation layer was

ore dominant than the damage caused by Cl −. That is why R f , R t ,

nd LPR increased up to 7 days. After day 7, the dissolution of the

rotective layer may have caused R f , R t , and LPR to decrease. Af-

er day 21, R f , R t , and LPR increased again, probably because of the

urther formation of the passive layer [53] . The Bode impedance

raph exhibited a similar trend of impedance variation. At the low

requency range, the impedance modulus values indicated the re-

istance of charge transfer and separation processes of the de-

rading system at the Zn surface. In the middle frequency range,

he impedance modulus changes related to capacitive and resistive

volutions by formation or (partial) dissolution of the biodegrada-

ion layer on the Zn surface. 

At the macro level, μCT suggested that the specimens experi-

nced more localized biodegradation under the static condition.

oreover, localized biodegradation mainly occurred at the bot-

om and at the core of the specimens ( Fig. 9 , red square). This

henomenon was likely caused by the stagnant flow of r-SBF en-

rapped in the narrow gap between the specimens and the beaker.

l − became accumulated at these locations and destroyed the pas-

ive layer locally.Pitting or crevice-like corrosion would then take

lace. On the contrary, the dynamic flow prevented the adsorption

f Cl − on the surface of the corroded layer, thereby ensuring the

omogeneity of the biodegradation process ( Fig. 9 ) [60 , 81] . In to-

al, larger volume of biodegradation products was formed under

he dynamic biodegradation condition than the static one, indicat-

ng a faster rate of biodegradation. The ICP results also showed

hat the concentrations of P and Ca ions were lower under the dy-

amic flow condition ( Fig. 3 d and e). The differences between the

tatic condition and dynamic condition in biodegradation rate and

iodegradation mechanism observed at different locations within

he specimens underscore the fact that, besides the selection of

he biomaterial, the topological design of the porous structure is

qually important in controlling the biodegradation profile of the

esulting implants. 

.4. Unique mechanical behavior 

Similar to AM porous pure Fe [38] , titanium, and tantalum

11 , 82] , the AM porous Zn specimens showed smooth stress-strain

urves with no undulations at the plateau stage during the uniax-

al compression tests. The curve started linearly, meaning that the

orous structure was still in the elastic region. Then, the slope de-

reased rapidly when plastic deformation in the struts occurred,

fter which the plateau region appeared with almost no fluctu-

tions. The specimens maintained their cylindrical shape at 60%

train ( Fig. 8 a inlay). This could be ascribed to the highly ductile

ehavior of pure Zn. Towards the end of the test, the slope in-

reased significantly again, which could be attributed to the den-

ification of the porous structure. The mechanical properties of

he AM porous Zn ( E = 786 MPa, σ y = 10.8 MPa) stayed within the

cope of the values of cancellous bone ( E = 10 – 20 0 0 MPa, σ y =
.2 - 80 MPa [56] ). As the bulk pure Zn has a tensile strength of
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28–120 MPa [25] , AM Zn-based alloys with good biocompatibility

[83] , such as Zn-Mg, Zn-Ca et al., should be developed in the fu-

ture in order to improve its mechanical properties to match those

of cortical bone ( σ y = 170–193 MPa [84] ). Surprisingly, after in vitro

biodegradation tests, the mechanical properties of AM porous Zn

improved as compared to those of the as-built specimens. Al-

though similar results were found at the early stages of biodegra-

dation of AM porous Mg and Fe [37 , 38] , the mechanical properties

of biodegraded AM porous Zn were higher than those of its as-built

counterpart, even after 4 weeks of in vitro immersion ( Fig. 8 b and

c). Interestingly, the specimens subjected to the dynamic biodegra-

dation condition had a higher yield strength and a higher elastic

modulus, as compared to those biodegraded statically. Considering

a 7.8% volume reduction of the Zn scaffold during the dynamic im-

mersion tests for 28 days, the increases in the mechanical prop-

erties of the biodegradable metal over time could be attributed to

the contributions of the biodegradation products. This explanation

is supported by the hardness value of the biodegradation products

which is almost 5 times as high as the hardness of the AM Zn.

The AM porous Zn during biodegradation may be hypothetically

regarded as a composite material consisting of a metal (Zn) sub-

strate and a ceramic surface layer (the biodegradation products).

While the progressing biodegradation deteriorated the mechani-

cal properties of the Zn metal, the formation of the biodegrada-

tion products could help in retaining or even improving its me-

chanical properties. In the case of the statically tested specimens,

however, smaller volume of biodegradation products was less ef-

fective in playing this role and more localized biodegradation led

to decreases in yield strength. This may also explain the fluctua-

tions of the yield strength of the statically tested specimens with

time. It is however important to note that although hardness can

be converted approximately to strength, the ratio varies from duc-

tile metal to brittle ceramic over a wide range [85] . Moreover, the

bonding strength between the struts and biodegradation products

may also affect the mechanical properties of degraded specimens.

Therefore, an in-depth study is needed to ascertain the role of

the biodegradation products in compensating for the loss of the

strength of the struts and the scaffold as a whole during biodegra-

dation. 

These observations, together with the absolute values of the

bone-mimicking mechanical properties of AM porous Zn, suggest

that AM porous Zn is a promising candidate for the design and

fabrication of bone-substituting orthopedic implants. Furthermore,

as the degradation products can indeed improve the mechanical

properties of porous Zn, one can imagine that, with the regenera-

tion of tissues over time, the mechanical properties can be further

improved. It is then important to reconsider what should be the

required mechanical properties of a biodegradable porous implant.

The initial mechanical properties may not be necessarily as high

as those of human bone. Of course, in vivo tests are still needed

to further confirm the observed changes in mechanical property

over time. Moreover, thorough mechanical tests, including fatigue

and creep, in relation to natural aging and static recrystallization

should be performed to address the mechanical compatibility is-

sues of AM porous Zn fully [83] . 

4.5. In vitro cell responses 

Using the latest modification of ISO 10,993 for evaluating the

biocompatibility of medical devices, we investigated the biologi-

cal safety of the biodegradable AM porous Zn [86 , 87] . To this end,

we used direct and indirect (extraction-based) cytocompatibility

testing and compared the AM Zn scaffolds with identically pro-

duced and likewise treated scaffolds of Ti-6Al-4 V - a gold stan-

dard material for orthopedic implants. Of note, we used a harsh

72 h extraction regime with the serum-containing medium that al-
owed for the extraction of both polar and non-polar substances

ISO10993-5, 2009) [87 , 88] in a physiological cell culture environ-

ent ( i.e. , 37 °C, pH 7.2–7.4, 5% CO 2 ). In vivo , vascularization en-

ures, among others, waste product removal. In agreement with

SO 10,993, modified for bioabsorbable biomaterials, we used di-

uted ( i.e. , 10X) Zn extracts, which is further in line with previ-

us reports recommending to use 9X to 14X diluted extracts from

iodegradable metals, such as Mg alloys [87] . Using 10X diluted ex-

racts was also reported earlier in the cases of AM porous Mg and

e [37 , 38] . We further used MTS assays as the most accepted in

itro evaluation for extract-based cytotoxicity screening [87] . Until

8 h, the cytotoxicity profiles of Zn extracts were not significantly

ifferent from those derived from identically designed Ti-6Al-4 V

pecimens. Even in the extended incubations up to 72 h, which is

he longest recommended period by ISO 10,993 [89] , the Zn ex-

racts were well tolerated by osteoblast-like cells, showing com-

romised metabolic activity only in about 15% of the cell popula-

ion and demonstrating a concentration-dependent effect, which is

onsistent with the findings of other researchers [90] . The majority

f the currently available studies report good cell viability of di-

uted Zn extracts [63 , 91 , 92] . However, a few studies have recently

eported good cytocompatibility of even undiluted extracts [93 , 94] .

he desirable cytocompatibility of Zn may be attributed to its low

iodegradation rate in plasma and less severe changes in the local

H [27 , 65] . 

In addition to indirectly evaluating the cytocompatibility of the

M porous Zn specimens, we investigated the cell viability di-

ectly on the Zn scaffolds through fluorescent live/dead imaging.

hile this approach is semi-quantitative, it enabled us to study

he cell morphology on the scaffolds, and cell distribution within

he scaffolds. From peripheral scanning and cross-sectional imag-

ng of the scaffolds, MG-63 cells appeared to be evenly distributed

round and within the scaffolds. The majority of cells was fur-

her viable and appeared to be intimately attached to the Zn scaf-

old surface, already after 24 h of seeding. Cell morphologies on

n were similar to those on Ti-6Al-4V: cells covered all surfaces

f the specimens. This is in agreement with earlier studies show-

ng that Zn-based biomaterials supported cell adhesion, viability,

nd proliferation [95] . Interestingly, several studies have recently

eported that Zn ions can enhance gene expression, cell survival

nd growth, as well as the differentiation of progenitor cells [96–

8] . At low concentrations, Zn 

2 + has been furthermore reported

o have a positive effect on the cellular activity of human vascu-

ar cells [99 , 100] . Although Zn is also reported to be involved in

odulating pro-inflammatory responses, it is actually crucial for

ustaining a proper immune function, too [101] . AM porous Zn im-

lants, therefore, holds a lot of potential for orthopedic applica-

ions, as their biodegradation products may facilitate vasculariza-

ion and, thus, bone regeneration. 

. Conclusions 

AM topologically ordered biodegradable porous Zn showed

otential to fulfill the multiple requirements for an ideal bone-

ubstituting biomaterial. First, the mechanical properties of the

s-built AM porous Zn ( E = 786 MPa, σ y = 10.8 MPa) are within the

cope reported for cancellous bone and thus are high enough to

rovide adequate mechanical support. After 4 weeks of in vitro

mmersion, the mechanical properties of the AM porous Zn even

ncreased ( E = 879 MPa, σ y = 12.0 MPa). Secondly, the fabricated

caffolds presented a precise topology and completely intercon-

ected pores, as designed. Thirdly, the biodegradation rate of

he AM porous Zn was moderate with ≈7.8% and ≈3.6% volume

osses after 4 weeks of dynamic and static in vitro immersion,

espectively. Moreover, the AM porous Zn exhibited good biocom-

atibility in vitro . Therefore, with the proper scaffold design and
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lloying, Zn-based biomaterials will hold great potential to become

ne group of the next-generation functional biodegradable bio-

aterials for orthopedic applications and to provide long-awaited

olutions to the treatment of large bony defects. 
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