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A B S T R A C T

Ma gne sium (M g) alloys are a prom is ing candidate for synthet ic bone tissu e su bst itu tes. In bone tissu e
en gine ering, achieving a balance between po re characteris tics that facilitate biological fu nc tion s and
the es se ntial st iffne ss requ ired for load-bearing fu nc tion s is extrem ely challeng ing. Th is st ud y em -
ploys bind er jet additive ma nufactu ring to fabricate an in terconne cted po rous st ructu re in Mg alloys
that mi mics the mi croporos ity and me chan ical properties of hu ma n cortical bone types. Us ing sc an -
ning electron mi cros copy, mi cro-comp ut ed tomo graph y, and me rcu ry in trusi on po rosime try, we
foun d that the bind er jet pr in ted and sintered (B JPS) Mg Zn Zr alloys po sse ss an in terconne cted
po rous st ructu re, featu ring an overall po rosity of 13.3 %, a me dian po re si ze of 12.7 μm , and pore in -
terconne ctivity exceeding 95 %. Th e BJPS Mg Zn Zr alloy demo nst rated a tensi le st reng th of
~130 MP a, a yield st reng th of ~100 MP a, an elas tic mo dulus of ~21.5 GP a, and an ultima te compres -
si ve st reng th of ~349 MP a. Th es e value s align with the ranges obse rved in hu ma n bone types and ou t-
pe rform thos e of po rous Mg alloys produ ced us ing the othe r convention al and additive ma nufactu ring
me thods. Mo reover, the BJPS Mg Zn Zr alloy sh owed level 0 cytotoxicity with a greater MC 3T3-E1
cell viability, attachme nt , and proliferation when compared to a cast Mg Zn Zr coun terpart , si nc e
the highly in terconne cted 3D porous st ructu re provides cells with an addition al dime nsi on for in filtra-
tion . Fi na lly, we provide evidenc e for the concept of us ing bind er jet additive ma nufactu ring for fabri-
cating Mg im plan ts tailored for application s in hard tissu e en gine ering, in clud ing cran ioma xillofacial
procedu res, bone fixation , and su bst itu tes for bone grafts . Th e resu lts of th is st ud y provide a so lid
foun dation for fu tu re advanc eme nt s in digital ma nufactu ring of Mg alloys for biome dical applica-
tion s.

1. In tr od uc ti on

An ideal synthet ic bone tissu e su bst itu te sh ou ld have five si g-
ni ficant featu res: adequ ate me chan ical properties , desi red
bioactivity, su itable in terconne cted po rosity, biocompatibility,
and degradability [1]. Th es e are the goals of th ird-gene ration bio-
ma terials developed th rough the us e of th ree me tals [m agne -
si um (M g), iron (F e), and zinc (Z n) ]. Am on g thes e me tals, Fe of -
fers the easies t ma nufactu rability; Zn has the clos es t corrosi on
rate to the ideal degradation value, and Mg provides the best bio-
compatibility and the mo st comparable me chan ical properties to

hu ma n bone [2]. Mg is the four th mo st prevalent mi neral in the
hu ma n body. Mo re than half of the total Mg content in ou r body
is st ored in ou r bone s. Ad dition ally, the un ique os teopromo tive
property of Mg du ring bone regeneration is well known [3– 6].
Th es e characteris tics ma ke Mg a key biodegradable me tal, es pe -
cially for orthopedic application s [7,8]. As su ch , rese archers
have long st ud ied the techno logies behind the us e of Mg for bio-
me dical application s, rang ing from develop ing ne w alloys and
su rface mo dification techniqu es to as se ss ing in vitro and vivo
degradation behavior and clin ical tran s lation [9– 13].
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Th e desi gn and fabrication of bone sc affo lds that clos ely repli-
cate the biome chan ical characteris tics of na tive bone s rema in
am on g the mo st critical challenges in regenerative orthopedic
me dicine . Po rous sc affo lds are particularly favored du e to their
cu stomi zable po rosity and st iffne ss , which can be adjust ed to
me et sp ecific requ ireme nt s. Th e in terconne ctivity of po res is
crucial for en hanc ing perme ability and diffu si on , thereby pro-
mo ting vascu larization with in the sc affo ld. Ho wever, in creas ing
po rosity compromi se s me chan ical st reng th , ne cessi tating a de li-
cate balance between po rosity and me chan ical in tegrity in bone
sc affo ld desi gn . Tradition al ma nufactu ring techniqu es , su ch as
cast ing and convention al powder me tallurgy, have been exten-
si vely explored for fabricating po rous Mg st ructu res [14– 18].
Wh ile thes e me thods have their me rits, they also prese nt si gni fi-
cant lim itation s. Fo r exam ple, the us e of sa lts or sp ace-ho lder
ma terials to create po res can in trodu ce im pu rities , particularly
in highly reactive Mg alloys . Mo reover, thes e convention al tech -
ni qu es are generally lim ited to produ cing po rous st ructu res with
simple geom etries, and they of fer rest ricted control over po re
characteris tics .

Ad ditive ma nufactu ring (A M) prese nt s a prom is ing alterna -
tive for fabricating geome trically complex bone sc affo lds with in -
tricate po rous arch itectu res, addres s ing ma ny of the challenges
as so ciated with tradition al me thods towards fabricating the ideal
synthet ic bone su bst itu te with all of the above criteria [1]. Ho w-
ever, the techno logy readine ss level of AM for Mg alloys is st ill
relatively im ma tu re compared to othe r me tallic systems su ch as
st eel, titanium , alumi nu m, and ni ckel alloys . Th is is largely du e
to the low boiling po in t and high reactivity of Mg . Wh ile lase r
powder bed fu si on domina tes the AM of Mg alloys [19], bind er
jetting of fers a less challeng ing approach by fabricating a green
part at ne ar-am bien t temperatu res, fo llowed by sintering at ele-
vated temperatu res. Pr eviou s st ud ies have developed a proces s
flow for bind er jetting of Mg powder, ut ilizing capillary-me diated
as se mbly to create a green part [20 – 22], which is then sintered
in convention al or mi crowave fu rnaces [23– 25].

In pr ior rese arch on AM of Mg alloys for biome dical applica-
tion s, lattice st ructu res with dens e st ru ts , typically with diam e-
ters >50 0 μm , have been fabricated us ing lase r powder-bed fu -
si on and ma terial extrusi on techniqu es [26– 29]. Wh ile bind er
jetting has su ccess fu lly produ ced Mg sc affo lds with in tercon-
ne cted mi cron -si zed po rosity, thes e st ructu res have of ten lacked
the me chan ical in tegrity, particularly tensi le st reng th , requ ired
for practical application s du e to the high se nsi tivity of tensi le
st reng th to po rosity pe rcent age [21,23]. Th e prese nt st ud y ex-
plores the us e of bind er jet AM in fabricating a po rous st ructu re
in Mg alloys that mi mics the mi croporos ity and me chan ical
properties of hu ma n cortical bone . We exam ined the mi -
cros truc tu re of a bind er jet pr in ted and sintered (B JPS)
Mg Zn Zr alloy with sc anning electron mi cros copy (S EM ),
alon g with its po re characteris tics as se ss ed th rough mi cro-
comp ut ed tomo graph y (μ CT ) and me rcu ry in trusi on po rosime -
try. We also evaluated the me chan ical pe rforma nc e of fabricated
sc affo lds th rough tensi le and compres si on test ing. An in vitro
biological as se ss me nt and me tallic ions release of BJPS sc affo lds
and convention ally cast Mg was condu cted , providing evidenc e
for the viability of us ing th is AM techniqu e to digitally ma nufac-
tu re biodegradable Mg im plan ts tailored for hard tissu e en gi-
ne ering application s, in clud ing cran ioma xillofacial procedu res,
bone fixation , and as su bst itu tes for bone grafts .

2. Ma te ri al s an d me th od s

2.1. Fabrication of Mg samples

Mg powder with the me asu red chem ical composi tion of Mg -
5.49 wt% Zn -0. 17 wt% Zr , was so urced from In terna tion al La bo-
ratory, US A. Th e powder was si eved to remo ve particles sm aller
than 32 μm . Fi g. 1a sh ows the mo rph ology of the si eved powder
having a relatively un iform particle si ze with a sp herical sh ape.
Th e D10, D5 0, and D9 0 (p ercent ile) of Mg Zn Zr powder
were determi ne d to be 46 .49 ±0. 03 μm , 62.59 ±0. 06 μm and
84 .95 ±0. 10 μm , resp ectively (Fi g. 1b). Th e elim ina tion of fine
powder in the powder feedst ock prevent s sm aller particles from
filling the gaps between larger particles as the feedst ock is sp read
over the powder bed du ring bind er jetting . Fu rthermo re, th is re-
su lts in a mo re consi s tent in terparticle sp acing between ne igh-
boring particles (Fi g. 1c). Th e powder densi ty was determi ne d
us ing a gas pycno me ter and foun d to be
1.8252 ±0. 00 08 g· cm −3.

Th e formu lation of bind ers or so lvent s (ink ma terials) is cru-
cial for the su ccess of bind er-jet pr in ting, as the ink in fluen ces
both the pr in ting parame ters and the su bse qu en t po st -pr in ting
proces se s. An ef fective ink mu st exhibit se veral key characteris -
tics in addition to the correct formu lation , in clud ing appropr iate
rheological properties for consi s tent jettability by the pr in thead
and su itable wettability to en su re proper in teraction with the
powder bed. Fo r exam ple, comme rcial bind er jetting systems
typically em ploy fu ran, ph eno lic, si licate , and aqueou s-base d
bind er ma terials. A mo re detailed discu ssi on of bind er ma terial
clas si fication s and the st ages of bind er developme nt can be
foun d in [30]. In th is st ud y, we us ed a si ngle-ph ase ink, free of
bind er or so lute, formu lated sp ecifically for Mg alloys . Th is ink
was desi gned to in teract with the Mg O film on the su rface of Mg
powder, facilitating the forma tion of so lid in terparticle bridges
[21].

Th e fabrication of Mg samples th rough bind er jetting and sin-
tering fo llows thos e of previou s st ud ies [20 – 25]. In brief, the
powder was fed in to a cu stom bind er jet 3D pr in ter. Th e pr in t
head depo si ted a sp ecially formu lated ink on to 100 μm -th ick lay-
ers of powder. Su bse qu en tly, the as -pr in ted objects were re-
trieved from the powder bed by gently du st ing away the un boun d
powder. A rectangular crucible with a tight lid was us ed for si n-
tering of as -pr in ted samples . Si ntering took place in a tu be fu r-
na ce with the temperatu re se t at 615 °C un der an argon atmo s-
ph ere. A se parate se t of bu lk Mg Zn Zr samples with the
same composi tion was obtained by gravity cast ing to se rve as a
referen ce for compariso n with BJPS samples . Mg Zn Zr in -
gots were heated to 750 °C before pour ing the mo lten me tal in to
rectangular mo lds.

2.2. Characterization of the as printed and sintered Mg samples

Th e densi ty of the si ntered Mg samples was determi ne d us ing
the Ar ch im edes me thod , as pe r AS TM B9 62 st andards. To en -
su re reprodu cibility, the me asu reme nt resu lts were collected
from five differen t sp ecime ns . Me rcu ry in trusi on po rosime ter
(M icrom eritics, Au toPo re IV 9500 Se ries ) was ut ilized to char-
acterize the po re si ze dis tribution of the BJPS samples . Me rcu ry
was in trodu ced in to the sp ecime ns at varying pres su re from 0. 55
to 68 78 ps ia. Th e po re characteris tics of BJPS samples were fu r-
ther analyzed by X -ray compu ted tomo graph y (P hoen ix
v| tome |x m) . Th e tomo gram s had a voxel si ze of 1 μm and were
obtained us ing a nano focu s tu be.

Fo r mi cros truc tu ral exam ina tion s, BJPS samples were cu t,
fo llowing by systematic su rface grinding, and po lishing to
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Fi g. 1. Ch aracterization of the Mg Zn Zr powder us ed for fabrication of Mg samples . a) Mo rph ology of the Mg powder by SE M, b) particle si ze of
the Mg powder obtained by lase r diffraction si zing, and c) a sc hema tic illustration of Mg powder st ack-up in bind er-jet pr in ted samples .

achieve a su rface finish of 0. 05 μm while us ing a no n-aqueou s
base d lubricant (D P-Lu brican t Yellow, St ruers) . Th e cros s -
se ct ions of samples were characterized us ing op tical mi crosc ope
(L eica DM 40 00 M) and FE -SE M (Z eiss EV O -50 ).

Th e tensi le (A ST M E8 /E8 M -22) and compres si on (A ST M
E9 -09 ) test ing of the samples were condu cted us ing a un iversa l
test ing ma ch ine (Inst ron 5982). Fo r tensi le test ing, four cylin-
dr ical sp ecime ns with gauge leng th of 24 mm and diam eter
6 mm were prepared via ma ch in ing from BJPS cylindr ical rods .
Fo r compres si on test s, five cylindr ical samples of leng th 12 mm
and diam eter 8 mm were prepared via ma ch in ing.

2.3. Assessment of metallic ion release

To evaluate the release of ions from the alloys , samples were
su bme rged in ph os ph ate-bu ffered sa line (P BS ) for 1, 3, and
5 days un der cell cu ltu re condition s of 37 °C and 5 % CO 2, with a
su rface area-to-volume ratio of 1.25 cm 2/mL. Th e PB S so lution s
were then analyzed for ion content us ing an indu ctively coupled
plasma -op tical em is si on sp ectrom eter (ICP -OE S) . Th is ap-
proach allowed for the accu rate determi na tion of the concentra-
tion s of ions released by the alloys at each time in terval. To calcu -

late the average release rate , the total am ou nt released was di-
vided by the total time period .

2.4. In vitro biological assessment

2.4.1. Cell viability assay
Ce ll viability was condu cted in accordanc e with IS O 1099 3 us -

ing MC 3T3-E1 Su bclon e 14 (A TC C, CR L -2594 ™) preos teoblast
cells. Th e cells were cu ltu red un der ph ys iological condition s
(37 °C in a hu mi dified atmo sph ere with 95 % hu mi dity and 5 %
CO 2). Th e cu ltu ring me dia us ed consi st ed of an alph a-mi nimu m
es se ntial me dium (α -ME M) su ppleme nt ed with 10 % fetal
bovine se rum (F BS ), 100 μg/mL st reptomycin, and 100 U/mL
peni cillin . BJPS and cast pe llets of diam eter 5 mm and leng th
2 mm were st erilized by im me rsi on in acetone and ethano l so lu-
tion fo llowed by UV irradiation . Th e pe llets were then im me rs ed
in α -ME M contain ing 10 % FB S and 1 % peni cillin /st repto-
mycin. Th e extraction me dium had a su rface area-to-volume ra-
tio of 1.25 cm 2/ml. Th e pe llets were in cu bated un der the ph ys io-
logical condition s for 24 h. Ce lls were in cu bated in a 96 -well cu l-
tu re plate at a densi ty of 5 ×103 cells/well for 24 h to allow cell at-
tachme nt . Th en , the me dia were replaced by 100 μL of alloy ex-
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tracts . Th e ne gative control consi st ed of cu ltu re me dia with cells,
whereas the po sitive control involved cu ltu re me dia with 10 %
dime thyl su lfoxide (D MS O) . Fo llowing in cu bation for 1, 3, and
5 days , the extracts were su bst itu ted with fres h cu ltu re me dia.
Su bse qu en tly, 10 μL of Ce ll Co un ting Ki t-8 was added to each
well and allowed to in cu bate un der ph ys iological condition s for
1 h. Th e sp ectropho tome tric abso rbances of each well were me a-
su red us ing a mi crop late reader (D ojind o) at a waveleng th of
450 nm . Value s of the op tical densi ty for the well plate reader
were then determi ne d to calcu late the percent age of viable cells
(p <0. 05 ; n =3).

Th e adhesi on , mo rph ology, and distribution of the MC 3T3-
E1 cells se eded on pe llets in cu bated for 1, 3 and 5 days were ob-
se rved with an SE M (JSM -6701F FE G SE M) . Th e samples were
rins ed with a ph os ph ate bu ffer sa line . Th e cells were fixed in
2.5 % glutaraldehyde at 4 °C for 2 h, then treated with 0. 1 % os -
mi um tetroxide, and su bjected to dehydration in graded concen-
tration s of ethano l (25 %, 50 %, 75 %, 95 %, and 100 %) . Fi -
na lly, the samples un derwent gold sp ut tering to exam ine un der
SE M. Fo r cellular live-dead st aining test , samples were st aine d
with propidium iodide (for st aining dead cells red) , and fluores-
cein diacetate (for st aining live cells green) . Im ages were then
obtained with a fluorescenc e mi crosc ope (L eica DM RB ).

2.4.2. Cytotoxicity assays
Th e activity of the lactate dehydrogena se en zyme (L DH )

se rved as an indicator to as se ss cytotoxicity in the cu ltu re me dia.
Pu re cell cu ltu re me dia contain ing cells were em ployed to ma xi-
mi ze LD H release. Th e LD H as say was condu cted us ing the Cy -
toTox-On e reagen t (P rome ga). 11 mL of as say bu ffer was added
to 1 vial of su bst rate to form the working so lution . MC 3T3-E1
cells were se eded in a 96 -well cu ltu re plate at a densi ty of 8 ×103

and incu bated un der the ph ys iological condition s for 24 h to
reach desi red confluen cy. Af ter the in cu bation period , the plates
were allowed to cool to room temperatu re. 100 μL of Cy toTox-
On e reagen t was added to all the wells contain ing the sample ex-
tracts . Th e fluorescenc e readings were captu red us ing an excita-
tion waveleng th of 560 nm and an em is si on waveleng th of
590 nm (p <0. 05 ; n =3). Th e percent cytotoxicity of each well
was calcu lated us ing Eq . 1. Th e resu lts were foun d to be st atis ti-
cally si gni ficant (p <0. 05 ; n =3).

(1)

2.4.3. Cytoskeleton staining
MC 3T3 cells were se eded at a densi ty of 50 K/ml on above

prepared samples . Af ter a 48 -h in cu bation period , the cells were
fixed with 4 % paraform aldehyde (P FA ) (S igma -Al dr ich) and
wash ed with PB S. Th e cells were then blocked in 1 % bovine
se rum albu mi n (B SA ) (S igma -Al dr ich) and su bse qu en tly
st aine d with 4′,6 -diam idino-2-ph en ylindo le (D AP I) (S igma -
Al dr ich) and ph alloidin (Invitrogen) according to ma nufactu res'
in st ruction s. Im ages were captu red us ing a Le ica DM i8 mi cro-
sc ope (L eica DM RB ).

3. Re su lt s an d di sc us si on

3.1. Density and microstructure

Th e densi ty of the BJPS Mg sample determi ne d by the
Ar ch im edes ' pr in ciple is 1.58 ±0. 01 g cm −3. Th e relative densi ty
(i.e ., the ratio of the Ar ch im edes densi ty to the densi ty of pow-
der me asu red by gas pycno me ter) and overall po rosity (i.e ., the
total su m of open and clos ed po res) for the BJPS sample were
86 .75 % and 13.25 % resp ectively. Th e densi ty determi ne d for

the BJPS Mg sample (1.58 g cm −3) is clos e to the repo rted densi ty
of hu ma n bone s, su ch as thos e of cortical (1.8 – 2.0 g cm −3) and
cancellous bone (1.0 – 1.4 g cm −3) [31]. Wh ile the in fluen ce of
the ma ss differen ce between im plan ts and bone s is no t well un -
derst ood, a low weight for orthopedic im plan ts is of ten se en as
desi rable. It has been sh own that in the case of pros these s, a
heavier pe rception of weight can indu ce ps ychological dissa tis -
faction [32]. A lightweight im plan t is ps ychologically beneficial
to the patien t, es pecially after po st -su rgery trauma . A lower im -
plan t ma ss also caus es a lower load on the mu scu lar system.

Fi g. 2a and b sh ows the SE M mi crographs of as -pr in ted and
as -si nt ered Mg samples . Th e as -pr in ted sample had a relative
densi ty of 53.6 ±1.0 %. Th is value is clos e to the atom ic packing
densi ty of a simple cu bic un it cell crys tal st ructu re (i.e ., 52.4 %) .
In th is un it cell, atom s are si tuated ne xt to each othe r analo-
gous ly in all th ree dime nsi on s to form large diamo nd -sh aped
sp aces with an in terst itial si te si ze of 0. 732 time s the atom ra-
dius . Fr ee-flowing sp herical powder particles can st ack up sim i-
larly du ring the bind er jetting proces s (Fi g. 1c). Gi ven the parti-
cle si ze dis tribution of Mg powder in term s of D10, D5 0, and
D9 0, the si zes of in terparticle sp ace in the as -pr in ted sample is
expected to be in the range of 17 to 31 μm . Th es e in terparticle
sp aces and Mg particles sh rink du ring su per-so lidu s liquid
ph ase si ntering of as -pr in ted samples , by which si nter ne cks de -
velop am on g Mg particles [23,25]. Th is is also se en in the cros s -
se ct iona l op tical mi crograph of si ntered sample (Fi g. 2c).

3.2. Pore characteristics

Th e po re characteris tics of the BJPS sample were fu rther ana-
lyzed by us ing μC T and me rcu ry po rosime try. Fi g. 3a sh ows its
represe ntative tomo gram alon g the bu ild direction , and Fi g. 3b
displays the represe ntative tomo gram perpendicular to the bu ild
direction . Th e tomo gram s indicated a un iform porous mi -
cros truc tu re th roughou t the BJPS sample withou t in ter-and in -
tra-layers zone s in both direction s. Th is homo gene ity origina tes
from an op timi zed perme ation of bind er ma terials in both the
lateral and vertical direction s du ring the bu ild proces s and the
na tu re of bind er jetting to st ack up powder layers withou t us ing
compact ion or heat. Th is is otropic as -pr in ted Mg sample is then
tran sform ed in to a homo geno us st ructu re du ring the si ntering
proces s, as discu ss ed in previou s st ud ies on develop ing bind er
jetting and sintering proces se s for Mg alloys [21,23– 25]. Ac hiev-
ing a mi cros truc tu re in Mg alloys as homo gene ou s as that ob-
tain ed th rough bind er jet AM prese nt s a greater challenge when
em ploying fu si on -base d additive ma nufactu ring proces se s. In
thes e proces se s, mi cros truc tu re inhomo gene ities with in fabri-
cated parts are caus ed by distinc t gradien ts of localized heating
and cooling resu lting from the mu ltiple st ep s of me lting and so -
lidification . Fo r exam ple, in wire arc AM , the continuou s expo -
su re of Mg su bst rates to a complex therma l cycle du ring the
layer-by-layer depo si tion leads to st ructu ral se gregation s [33].
Si m ilarly, the forma tion of me lt zone and heat-affected zone du r-
ing lase r powder-bed fu si on of Mg alloys resu lts in su bst an tially
se gregated and precipitated ph ases and, therefore, mi cros truc -
tu ral variation s [34]. Th es e mi cros truc tu ral differen ces can ne g-
atively in fluen ce the obtained properties of fu si on -base d AM
fabricated Mg sp ecime ns , es pecially their corrosi on perfor-
ma nc e [34].

In the compu tation al analysi s us ing so ftware to compu te the
overall po rosity and the in terconne ctivity of the po re channe ls of
the BJPS sample, the in terconne cted open po res were differen ti-
ated from isolated/clos ed on es , as visu alized by the red and blue
colors in the 3D reconst ructed μC T tomo gram (Fi g. 3c). Th e ra-
tio of the volum e of the open po res to the total po re volum e pro-
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Fi g. 2 . Mi crographs of bind er-jet pr in ted Mg powder in variou s condition , a) a SE M im age of the as -pr in ted condition , b) a SE M im age of the
as -si nt ered condition , and c) an op tical im age of the as -si nt ered condition .

vides the po re in terconne ctivity or po re open ne ss index. Th is
value for the BJPS sample was determi ne d to be 95.3 %. Fu rther-
mo re, the so ftware calcu lated the overall po rosity of the BJPS
sample to be 11.5 %, which is in clos e agreeme nt with the po ros-
ity value obtained from the Ar ch im edes me thod . Th is po rosity
value in the BJPS Mg sample lies with in the range foun d in hu -
ma n bone s: Th e fron tal (10. 24 ± 3.72 %) and parietal bone
(13.94 ±4. 02 %) in the cranium [35], bone s foun d in the up per
(p roxima l hu me rus (2 % – 20 %) [36], dis tal radius (2 % – 20 %)
[37]) and lower limb s (fem oral diaph ys is (5 % – 30 %) [38]).
Mo reover, open po rosity is known to facilitate the mo veme nt of
nu trien ts and wast e produc ts [31]. Or thopedic im plan ts with
open po rosity are highly desi rable for promo ting bone regenera-
tion and os se ointegration . Th e po re in terconne ctivity of sc af-
fo lds en ables the diffu si on of growth factors and en hanc es the
ingrowth of blood vesse ls and tissu es . Th e pres en ce of open
po rosity also in crease s the expo se d su rface area, allowing for
proliferated cell adhesi on , which is thorou ghly discu ss ed in
Se ct ion 3.4.

Fi g. 3d sh ows the po re si ze dis tribution of the BJPS sample
from the me rcu ry po rosime try test . Th e po rosity pe rcent age
was me asu red at 12.78 %. Wh ile Ar ch im edes and μC T me thods
determi ne both open and clos ed po re types, me rcu ry in trusi on
techniqu e on ly characterizes open po res with in the sample.
Th is me an s that the po re open ne ss index can be obtained by

taking the ratio of po rosity determi ne d via me rcu ry po rosime try
to that of Ar ch im edes pr in ciple. Th e po re in terconne ctivity of
the BJPS sample determi ne d from the me rcu ry po rosime try
analysi s is 96 .4 %, which is in clos e agreeme nt with the previ-
ou s value obtained from the μC T resu lts (i.e ., 95 .3 %) . Ad di-
tion ally, the me dian po re si ze of the BJPS sample obtained from
me rcu ry po rosime try was 12.73 μm , which lies with in the si ze
range of os teoblast cells (i.e ., 10– 15 μm ) [39].

Bo ne s are in terconne cted open po rous st ructu res with dis -
tinc t po rosi ties in differen t region s to su ppo rt a variety of fu nc -
tion s. Ex am ples of su ch a variation in po rosity si zes in hu ma n
cortical bone s in clud e the Ha versi an and Volkma nn vascu lar
cana ls region (40– 100 μm ), os teocyte lacu nae region
(10– 30 μm ), and cana licu li region with po res in the tens of
nano me ters range [31]. Th e resu lts of the me rcu ry test in term s
of the relative dis tribution of po re si zes (Table 1) sh ow that the
percent age of open po res with si zes <1μm is 9.4 %, for the po res
si zes between 1 and 10 μm is 24.2 %, for the po res with si zes be-
tween 10 and 30 μm is 53.7 %, and even tu ally the po res with
si zes >30 μm is represe nt ed by the rema in ing 12.5 %. Al l po res
in the BJPS sample had cu rved su rfaces (Fi g. 2b). St ud ies con-
firm that sc affo lds with sm aller po res provide mo re su rface areas
for bone ingrowth [40 ]. Ad dition ally, sc affo lds with su rface fea-
tu res su ch as roughne ss and cu rvatu re promo te tissu e regenera-
tion at a greater rate than thos e with a plana r su rface becaus e of
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Fi g. 3. Ch aracterization s of po rous st ructu res of bind er-jet pr in ted and sintered Mg Zn Zr alloy, a) a represe ntative μC T tomo gram alon g the
bu ild direction , b) a represe ntative μC T tomo gram perpendicular to the bu ild direction , c) a 3D represe ntation of μC T tomo gram s reconst ructed for
analyzing the in terconne ctivity of po re channe ls in which open po res highlighted in red and clos ed po res in blue color, and d) the me rcu ry in trusi on
po rosime try analysi s. (F or in terpretation of the referen ces to color in th is figure legen d, the reader is referred to the web versi on of th is article.)

Ta bl e 1
Th e st atis tical analysi s of the me rcu ry in trusi on resu lts for the BJPS samples alon g with the repo rted value s in the literatu re.
Sp ecim en name Re lative

dens ity
(% )

Po re
conn ectivity
(% )

Me dian po re
si ze diam eter
(μ m)

Re lative volume of overall po res (% ) Re f

Po re si ze
diam eter <1 μm

1 μm <Po re si ze
diam eter <10 μm

10 μm <Po re si ze
diam eter <30 μm

Po re si ze
diam eter >30 μm

Mg -5.49 Zn -0. 17Zr alloy, bind er jet
pr in ted and sint ered

86 .8 96 .4 12.7 9.4 24.4 53.7 12.5 Th is
st ud y

Bi nd er-jet pr in ted and sint ered Mg
samp les

87 65 6.9 9 66 .9 10.9 13.2 [45]

Bi nd er-jet pr in ted and sint ered Mg
samp les, si nt ered in a
conven tion al fu rn ace

71.5 95 14.7 10 16.3 69.3 4. 4 [23]

Bi nd er-jet pr in ted and sint ered Mg
samp les, si nt ered in a mi crowave
fu rn ace

71.7 98 17.9 4. 4 10 69.9 15.7 [23]

greater si tes for attachme nt , proliferation , and differen tiation of
ne w cells [41,42].

Co mparing po re si zes and the level of po re in terconne ctivity
determi ne d in th is st ud y with thos e previou sly repo rted for tra-
dition al ma nufactu ring techniqu es and bind er-jet pr in ted and
sintered Mg samples and of fers in triguing in si ghts . Th e BJPS
sample exhibits an exception ally high level of in terconne ctivity
exceeding 95 %, even for si gni ficant ly sm aller po re dime nsi on s
(~13 μm ), in contras t to the ou tcome s obtained th rough tradi-
tion al ma nufactu ring techniqu es . Fo r in st ance, a po re in tercon-

ne ctivity of ~99 % was repo rted in Mg alloys produ ced th rough a
sp ace ho lder in filtration me thod , with po re si zes rang ing from
250 μm to 40 0 μm [43]. As anothe r exam ple, a po re in tercon-
ne ctivity of ~94 % was obtained from a sp ace ho lder powder
techniqu e for the po re si ze between 70 and 380 μm [44 ].

In compariso n to differen tly si ntered bind er-jet pr in ted Mg
samples repo rted in the literatu re, the tren d obse rved in the st a-
tis tical analysi s of po re characteris tics indicates that in creas ing
relative densi ty sh ifts the me dian po re si ze towards sm aller val-
ue s and si gni ficant ly redu ces po re in terconne ctivity. Sp ecifi-
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cally, in creas ing the relative densi ty from approxima tely 71.5 %
to 87 % redu ces the me dian po re si ze from 17.9 μm to 6.9 μm
and decrease s po re in terconne ctivity from 98 % to 65 % [45].
In teres tingly, the BJPS Mg samples in th is st ud y exhibit po re in -
terconne ctivity exceeding 95 % at a relative densi ty of 86 .8 %. A
compariso n of the st atis tical resu lts in Table 1 also demo nst rates
that the propo rtion s of su bmi cron po res (i.e ., <1μm ), me dian -
si zed po res (i.e ., 1– 30 μm ), and larger po res (i.e ., >30 μm ) re-
ma in relatively consi s tent across relative densi ty ranges . Th es e
po res origina te from the sp aces between Mg particles in the
green st ate, with their si zes determi ne d by the particle si ze dis -
tribution of the Mg powder, particularly in term s of D10, D5 0,
and D9 0, as discu ss ed in Se ct ion 3.1. Th us , if the raw powder has
a broad particle si ze dis tribution , the gap-fillin g ef fect of fine r
particles resu lts in redu ced in terconne ctivity. Si eving fine pow-
der from the BJPS Mg feedst ock prevent s sm aller particles from
filling thes e diamo nd -sh aped gaps between larger particles ,
thereby ma in tain ing high in terconne ctivity and densi ty. Th es e
comparis on s illustrate the critical role of controlling the particle
si ze dis tribution of the Mg powder feedst ock and fine -tu ning the
si ntering profile in regulating mi croporos ity si ze .

Th e mi cron -si zed po rosity types in the BJPS sample are gov-
erne d by bind er jetting proces s parame ters su ch as powder sp ec-
ification s, pr in ting variables, and sintering profiles. In addition
to thes e po res created th rough proces s, larger po re channe ls can
be desi gned in CA D files (p ores by desi gn ) to fine -tu ne the po re
si ze dis tribution and overall po rosity pe rcent age in bind er jet
AM of Mg sc affo lds. Th e advanc eme nt of an AM techniqu e en -
abling the fabrication of a broad range of po rosity si zes is of para-
mo un t im portanc e for Mg sc affo lds. St ructu ral desi gn s devel-
oped for no ndegradable po rous ma terials ma y no t apply to Mg
sc affo lds. Th e time -depend en t characteris tic is a vital de termi n-
ing factor and is cu rrent ly the bigges t obst acle in desi gn ing a
po rous st ructu re for Mg sc affo lds in line with clin ical requ ire-
me nt s. Th e pres en ce of po rosity greatly dimi nishe s me chan ical
properties and si gni ficant ly in crease s the degradation rate of
po rous Mg alloys [46 ,47]. Du ring the in itial st ages of bone tissu e
regeneration , the me chan ical in tegrity of the sc affo ld is en tirely
dependent on the Mg su bst itu te , while its gradual degradation
allows the regenerated bone to progres si vely regain st reng th
[48 ]. Co nse qu en tly, the po rous st ructu re of Mg sc affo lds mu st
be carefu lly desi gned and fabricated to achieve a balance between
po re characteris tics that su ppo rt biological fu nc tion s and the

ne ces sa ry st iffne ss for load-bearing application s. A detailed re-
view of variou s aspects of desi gn ing po rous st ructu res for Mg al-
loys is provided here [49]. Bi nd er jet AM , as demo nst rated here
as well as Se ct ion 3.6 of th is st ud y, po sse ss es the capability to
fabricate a broad range of po re si zes, en abling the produ ction of a
reprodu cible mi cro and ma cro po rous arch itectu re for Mg sc af-
fo lds. Th is versa tility ma kes bind er jet AM a viable op tion for de -
velop ing tailored produc ts for application s in th is doma in .

3.3. Mechanical properties

Fi g. 4 displays tensi le and compres si ve st ress -st rain cu rves
of the BJPS Mg sample, with their corresp on ding value s tabu-
lated in Table 2. Th e BJPS Mg sample exhibited a tensi le
st reng th of ~130 MP a, a yield st reng th of ~100 MP a, an elas tic
mo dulus of ~21.5 GP a, and an ultima te compres si ve st reng th of
~349 MP a, falling with in in the ranges of me chan ical properties
repo rted for differen t types of hu ma n cortical bone s, in clud ing
the femu r, tibia, and the carina l bone s (Table 2). Lo ad-bearing
bone sc affo lds sh ou ld rese mble the me chan ical properties of re-
placeme nt bone s. Sc affo lds with weaker me chan ical properties
than thos e of na tural bone s fail to provide su fficien t su ppo rt ,
while thos e with me chan ical properties that are too st rong can
lead to the st ress sh ielding ph eno meno n.

Re lative densi ty is the mo st in fluen tial factor in determi ning
the me chan ical properties of po rous ma terials. St ructu ral po res
no t on ly redu ce the load-bearing area bu t also act as st ress con-
centration po in ts that facilitate cracking. Th e st reng th of a
po rous ma terial invers ely correlates with its relative densi ty
[50 ], creating a trade-of f between the two. Am on g the variou s
mo dels in the literatu re that relate me chan ical properties to rela-
tive densi ty, the Gi bso n-As hby mo del is wide ly us ed to desc ribe
the relation sh ip between st reng th and relative densi ty [51]:

(2)

where σ is a po rous ma terial st reng th , σ s is a fu lly dens e ma te-
rial st reng th , ρ is a po rous ma terial densi ty, ρ s is a fu lly dens e
ma terial densi ty, and M is a propo rtion ality const an t. In th is
st ud y, the tensi le and compres si ve st reng th s of the BJPS Mg
sample were exam ined relative to the st reng th of the fu lly dens e
Mg Zn Zr alloy (Table 2). Th e value of M was foun d to be 5.4
for tensi le st reng th and 0. 1 for compres si ve st reng th . Th is indi-
cates that the tensi le st reng th of the BJPS po rous Mg st ructu re is

Fi g. 4 . St re ss -st rain curves of the binder-jet pr in ted and sintered Mg Zn Zr alloy un der a) tensile and b) compres si on loading.
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Ta bl e 2
Me chan ical properties of the bind er-jet pr in ted and sintered Mg Zn Zr alloy alon g with hu ma n bone , cast Mg Zn Zr alloy, and additive
ma nufactu red Mg sc affo lds.
Sp ecim en Re lative

dens ity
(% )

Po re st ructure
characterist ics

Co mp ress ive properties Tens ile properties Re f

Ul tima te
comp ress ive
st reng th (M Pa )

Co mp ress ive
yield
st reng th
(M Pa )

Fr actu re
st rain
(% )

El as tic
mo du lus
(GPa )

Ul tima te
tens ile
st reng th
(M Pa )

Yi eld
st ress
(off se t
0. 2 %)
(M Pa )

Du ct ility
(% )

Mg 5.49 Zn
0. 17Zr alloy,
bind er jet pr in ted
and sint ered

86 .8 Average po re
diam eter of
12.7 μm

349.3 ±5.1 – 27.3 ±0. 9 21.5 ±0. 4 130. 3 ±3.2 99 .9 ±0. 6 2.1 ±0. 1 Th is st ud y

Co rt ical bone s
(lon gitu dina l
direct ion)

– – 20 5 ±17.3 – 17.9 ±3.9 135 ±15.6 – – [58]

Co rt ical bone s
(trans vers e
direct ion)

– – 131 ±20 .7 – – 10.1 ±2.4 53 ±10.7 – – [58]

Cr an ial bone s 86 .9 ±4. 23 – 96 .5 ±35.9 – 5.1 ±3.2 11.5– 32.5 20 .4– 124. 6 – 0. 34–
1.09

[35,59,60 ]

Tibia – – 159 – – 14.1– 18.1 120. 9–
175.9

123.7–
178. 2

– [61,62]

Fe mu r 90 .6 ±3.0 167 – – 9.55– 17.3 121– 172.5 115.7–
154. 4

– [61– 63]

Mg Zn Zr ,
bind er jet pr in ted
and sint ered

71.5 Average po re
diam eter of
14.7 μm

173 40 .3 34.5 18.6 – – – [23]

Mg Zn Zr ,
bind er jet pr in ted
and sint ered

71.7 Average po re
diam eter of
17.9 μm

176.6 39 28 20 .5 – – – [23]

Mg Zn Zr ,
bind er jet pr in ted
and sint ered

– – 260 41 71 0. 7 [21]

Mg 5.8Z n
0. 61Zr ,
comm ercially
cast ed ingot

– – 354 118 19 – 278 140 14 [64 ]

WE 43, lase r powder
bed fu si on

40 Gy roid sc affo lds
with po re si ze of
50 0– 1400 μm

66 .8 – 78.5 – – 1.03 – 1.22 – – – [52]

WE 43, lase r powder
bed fu si on

36 Average st ru t
si ze of
420 ±4 μm

<30 24 10 0. 8 – – – [65]

WE 43, lase r powder
bed fu si on

24– 42 Tunable st ru t
si ze of 250–
750 μm

55 – – – – – – [66 ]

WE 43, lase r powder
bed fu si on

~20 300– 50 0 μm 4. 37–
21.21

– – – – – – [67]

Pu re Mg , 3D gel
pr in ted and
sint ered

23.1– 53.4 – 13.18–
20 .0 5

– – – – – – [68 ]

Mg Zn , so lven t-
cast 3D pr in ted
and sint ered

49.7 516 μm 95 14.5 30 0. 5 – – – [69]

propo rtion al to its relative densi ty rais ed to the power of 5.4,
demo nst rating a si gni ficant dependenc y of tensi le st reng th on
po rosity. In contras t, the compres si ve st reng th is less se nsi tive
to po rosity. Th e larger M value obse rved un der tensi on com-
pared to compres si on in bind er jet pr in ted Mg samples is attrib-
ut ed to the densi fication that occu rs du ring the compres si on of
po rous st ructu res [20 ].

Th e me chan ical properties repo rted in the literatu re for Mg
sc affo lds fabricated by us ing variou s AM proces se s were su m-
ma rized in Table 2. Co mparing the properties of BJPS Mg sam-
ples with varying relative densi ty, as su mma rized in Table 2,
highlights the si gni ficant po tential of bind er jet AM in realizing
tu nable me chan ical properties . It is evident that the BJPS Mg
samples in th is st ud y provides twice the compres si ve st reng th of
the bind er-jet pr in ted Mg Zn Zr alloys with a relative densi ty
of 71.5 %. Wh en comparing thes e resu lts with Mg alloys fabri-
cated us ing the lase r powder bed fu si on me thod , it is evident

that po re si zes rang ing from 250 μm to 1400 μm were in tro-
du ced in to Mg st ructu res, resu lting in po rosity pe rcent ages be-
tween 60 % and 80 %. As an ticipated, the po re si ze direct ly in -
fluen ced the st reng th and elas tic mo dulus of the fabricated sc af-
fo lds. Fo r exam ple, gyroid sc affo lds ma de of WE 43 alloy with a
po re si ze of 50 0 μm exhibited a compres si ve st reng th of
78.5 MP a and an elas tic mo dulus of 1.22 GP a [52].

Si m ilarly, when comparing the me chan ical properties of BJPS
Mg samples to thos e of po rous Mg alloys fabricated us ing ma ter-
ial extrusi on techniqu es (as prese nt ed in Table 2), it is clear that
BJPS alloys of fer su perior properties . Th e large po re si zes in Mg
st ructu res si gni ficant ly redu ced the me chan ical properties of the
fabricated Mg sc affo lds (i.e ., 4 MP a < compres si ve
st reng th < 95 MP a), ma king them considerably weaker than
both the BJPS Mg sample (i.e ., 173– 349 MP a) and hu ma n com-
pact bone (i.e., 96 – 20 5 MP a). Th e relatively low me chan ical
properties exhibited by thes e Mg sc affo lds ma y compromi se
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their ability to sa fe ly bear loads, particularly when replacing load-
bearing cortical st ructu res, thereby po tentially lim iting their
clin ical application s. Mo reover, the cu rrent me chan ical st reng th
of Mg sc affo lds repo rted in the literatu re does no t even ma tch
that of biodegradable po lyme rs su ch as po ly(lactic) acid (P LA ),
which has a tensi le st reng th of 66 MP a [53], or po lycaprolactone
(P CL ), with a tensi le st reng th of 38.8 MP a [54]. Th is discrep -
ancy in st reng th could deter the adop tion of Mg sc affo lds, es pe -
cially given the widesp read us e of biodegradable po lyme rs for
no n-load-bearing application s [55].

Im proving the me chan ical properties of Mg sc affo lds pro-
du ced th rough lase r powder bed fu si on and ma terial extrusi on
me thods would requ ire a su bst an tial redu ction in st ru t diam e-
ter— a task that would be extrem ely challeng ing, if no t im possi -
ble, to achieve. Fo r in st ance, the mi nimu m achievable diam eter
in the lase r powder bed fu si on proces s is const rained by the lase r
sp ot si ze (e.g., 80 μm ) and the me lt pool si ze (typically two to
th ree time s the lase r sp ot si ze) [56 ,57]. In th is st ud y, we have
demo nst rated that bind er jet additive ma nufactu ring can pro-
du ce Mg sc affo lds with an open po rous st ructu re characterized
by si gni ficant ly refine d po re si zes (Fi g. 3d) . Th is capability al-
lows Mg sc affo lds to achieve an exception al and adjust able bal-
an ce between me chan ical properties and po rosity, ef fectively ad-
dres s ing the long -st anding challenge of the st reng th -po rosi ty
trade-of f.

3.4. In vitro biological evaluation

3.4.1. Cytocompatibility
Fi g. 5a sh ows the cell viability of MC 3T3-E1 mo us e pre os -

teoblast precu rso r cells cu ltu red with the BJPS and cast ed
samples . Th e viability pe rcent ages of the MC 3T3-E1 mo us e pre
os teoblast precu rso r cells cu ltu red with the BJPS samples are
higher compared to thos e cu ltu red with the cast and control
coun terparts at the en d of every in cu bation period . At the en d
of Da y 1, a robu st level of cell viability was obse rved with a
121 % for the viability pe rcent age of the BJPS sample and
114 % for the cast sample. Th e cell viability in crease d at the
en d of Da y 3, with that for the BJPS sample being higher
(151 %) than that of the cast coun terpart (131 %) . At the en d
of Da y 5, the cell viability decrease d, with a 114 % for the via-
bility pe rcent age of the BJPS sample and 97 % for the cast

sample. No ne theless thes e value s for cell viability are above
the th resh old for cytotoxicity base d on IS O st andard (70 %)
[70]. Th e BJPS sample sh owed lower cytotoxicity pe rcent age
(8 %) than that of the cast sample (14 %; Fi g. 5b), clas si fying
un der the level 0 cytotoxicity (<25 %) in accordanc e with IS O
1099 3-5 [70]. Th e greater cell viability and lower cytotoxicity
for the BJPS sample than in the cast coun terpart indicates its
su perior cytocompatibility. Th is su periority is attribut ed to the
pres en ce of 3D in terconne cted po rous st ructu res that provide
mo re location s and a higher su rface area for the in teraction s
between the cu ltu re me dium and cells (Se ct ion 3.2).

Th e decrease in the cell viability pe rcent age at the en d of Da y
5 st em s from the contact inhibition as a resu lt of cell confluen ce.
Th is decrease in cell viability was also demo nst rated by Mo st of i
et al. [71], in which the MC 3T3-E1 cell viability in Mg and Mg al-
loys decrease s with in crease d cu ltu red du ration . Th e cell viabil-
ity has been demo nst rated to decrease st eadily with an in crease
in Mg 2+ concentration above the repo rted critical limi t
(0 .3 g L −1). Si m ilarly, Li n et al. [68 ] repo rted the redu ced cell via-
bility of MC 3T3-E1 du e to the in crease in alkalin ity of the so lu-
tion caus ed by the accu mu lation of hydroxide ions as a byprod -
uc t of Mg degradation . Ce ll viability has addition ally been pro-
po se d to be im peded by the forma tion of crys tallized corrosi on
produc ts on the su rface [71]. Th is redu ction in viability does no t
ne ces sa rily me an that Mg -base d ma terials are un su itable for im -
plan ts . Un der in vitro cell cu ltu re condition s, the ions released
in to the cu ltu re me dium by the corroding Mg sample accu mu -
lates, while the dynami c in vivo en vironme nt has me chani sm s to
redu ce Mg ion concentration th rough ma terial tran spo rt . To il-
lustrate th is po in t, the in vivo degradation of Mg Zn alloy was
foun d to have no detrime ntal ef fects on ne ighboring bone tis -
su es [72]. Th is is attribut ed to the ability of the body to excrete
excess Mg 2+th rough the rena l system, while Zn 2+is abso rbed by
adjacent tissu es and excreted via both the gastrointest ina l tract
and the rena l system. Bo th the BJPS and cast samples sh owed
great cytocompatibility (Fi g. 5) base d on the criteria se t by the
above-me nt ione d IS O st andard. Th is is largely du e to the pres -
en ce of Mg , which has been demo nst rated to st im ulate the adhe -
si on of os teoblastic cells and ma in tain ing geno mi c st ability [73].
Th e pres en ce of Zn in the Mg Zn Zr alloy also the en hanc es
os teoblast cells' viability, proliferation , and mi gration [74]. In
particular, Zn ions have been foun d to promo te anabolic ef fect in

Fi g. 5 . Ce ll viability of MC 3T3-E1 mo us e pre os teoblast precu rso r cells cu ltu red with cast and bind er-jet pr in ted and sintered alloys , a) cell viabil-
ity of MC 3T3-E1 cells cu ltu red with 100 % extracts for pe riod up to 5 days , and b) cytotoxicity pe rcent age LD H en zyme release after 24 h incu ba-
tion .
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os teoblastic MC 3T3-E1 cells [75]. In pu re Mg alloy, the MC 3T3-
E1 cells' viability pe rcent ages at the en d of Cu ltu re Da ys 1, 3, and
5 were repo rted to be 117 %, 91 %, and 85 %, resp ectively [76].
Co mparing am on g the value s for pu re Mg , the BJPS , and cast
samples verifies the su perior cytocompatibility se en here. In
vivo experime nt s have demo nst rated that the Mg Zn alloy has
excellent biocompatibility, with its degradation produc ts being
biocompatible with the sp leen , kidne y, liver, and heart [77].

3.4.2. Cells morphology and cytoskeleton organization
Ce ll attachme nt is crucial in cells' viability and their prolifera-

tion , and fu nc tion ality. Fa ctors in clud ing the su bst rate ma teri-
als' characteris tics , cell-cell in teraction s, and cell-su bs trate in -
teraction s determi ne the cell mo rph ology and cytoskeleton. Th e
im ages of the cytoskeletal st ructu re and cellular mo rph ology of
MC 3T3-E1 cells fo llowing a 24 h cu ltu re pe riod with BJPS and
cast samples sh ow the elon gate cells extend ing on to the sample
su rface (Fi g. 6). Th e cells adhering to the BJPS su rface sh owed
mo re sp reading (depicted by the area of cytoplasm in red) and
mo re extensi ve filopodia extensi on s with cell-cell contacts, when
compared to the cells adhering to the cast coun terpart .

Th e MC 3T3-E1 cells mo rph ology after in cu bation for 1, 3 and
5 days on BJPS and cast samples (Fi g. 7) su ppo rt the tren d ob-
se rved in Fi g. 5a. At the en d of Da y 1, the cells sh owed in itial at-
tachme nt and sp reading for both samples , with the cells sh owing
an elon gate mo rph ology and being well sp read ou t. At the en d of
Da y 3 and Da y 5, there was a no ticeable in crease in the coverage
of cells concern ing both cell attachme nt and proliferation on the
su rface of the BJPS sample. Th e cells exhibited a po lygona l mo r-
ph ology and achieved ne arly 100 % confluen cy. Th e resu lts indi-
cate good cell attachme nt s and cell viability for both samples . In
addition , we obse rved the forma tion of crys tallin e corrosi on
produc ts on the su rface of both samples , being mo re extensi ve in
the cast sample. As previou sly st ated , th is forma tion of crys -
tallin e corrosi on produc ts has been propo se d to im pede cell via-
bility and mi ght be the reaso n for redu ced cell viability in both
samples after Da y 3 [71].

Th e en hanc ed cell mo rph ology obse rved in the BJPS sample
can be attribut ed to the larger bioactive su rface area available for
cell attachme nt as well as in crease d perme ability (Se ct ion 3.2). A
po rous st ructu re is known to promo te better adhesi on of os -
teoblast cells, and its higher su rface area ma y also have in crease d
the nu trien t release rate , in creas ing cell proliferation [69]. Hi gh
in terconne ctivity and perme ability of po rous st ructu res allow for
cell in filtration . An in terconne cted open arch itectu re in po rous

sc affo lds provides the cells with the passage to penetrate
th rough the leng th of sc affo lds withou t bind ing between the cells
and the su rface-adso rbed protein s [78]. Fu rthermo re, po rous
sc affo lds with great pe rme ability en hanc e bone ingrowth while
su ppres s ing the developme nt of cartilagino us tissu e at the re-
generation si te [78]. Wi th a high po re in terconne ctivity of >
95 % (Se ct ion 3.2), the open po rous st ructu re of the BJPS sam-
ple allows for th ree-dime ns iona l cell attachme nt , whereas in the
cast sample, cells can on ly adhere in a two-dime ns iona l fash ion.
Th is po tential of the BJPS samples to en hanc e os teogen ic cell
differen tiation is a prom is ing aven ue for fu tu re rese arch .

Li ve and dead cell st aining was condu cted to as se ss the prolif-
eration of MC 3T3-E1 cells after 1, 3 and 5 days of cu ltu re us ing
both BJPS and cast samples . In the fluorescent mi cros copy im -
ages (Fi g. 8), viable cells are represe nt ed in green and dead cells
are indicated in red. Me rged im ages depict both live and dead cell
population s. Th e cells were wide ly dis tribut ed with fewer dead
cells. Th e densi ty of live cells in crease d to confluen ce after
3 days . As the living cells occu py almo st all the available su rface,
the sp ace available for cell proliferation is redu ced. Th is led to a
few dead cells se en with the cast sample at the en d of Da y 3, at-
tribut ed to cell confluen cy contact inhibition . Mo re live cells and
fewer dead cells were obse rved in the BJPS sample after Da y 3,
largely du e to the pres en ce of po res that provides cells with a
th ird dime nsi on for in filtration . Wh ile both samples sh owed fa-
vorable cytocompatibility, BJPS had a sl ight ly better pe rfor-
ma nc e. Th e in crease d proliferation of the cells su ggest s better
biocompatibility for the BJPS sample compared with the cast
coun terpart . Th es e obse rvation s corroborate the previou s re-
su lts.

3.5. Metallic ion release

Table 3 su mma rizes the release profiles of me tallic ions from
the BJPS sc affo lds and cast samples at variou s time po in ts . Th e
BJPS samples exhibited an in itial bu rs t release ph ase, fo llowed
by a mo re gradual release of Mg , Zn , and Zr ions . Th e BJPS sam-
ple demo nst rated higher average release rates for thes e ions
compared to the cast sample. Th e in crease d release in the BJPS
sample is attribut ed to its larger expo se d su rface area in ph ys io-
logical me dia, which accelerates biodegradation and, conse -
qu en tly, leads to a higher ion release. It has been es tablish ed that
the degradation rate of po rous Mg sc affo lds correlates with po re
si ze [52]. No tably, the corrosi on rate of po rous ma terials is no t
linearly propo rtion al to the po rosity pe rcent age bu t is si gni fi-

Fi g. 6 . MC 3T3-E1 cells mo rph ology and cytoskeleton organi zation after in cu bation for 24 h, a) bind er-jet pr in ted and sintered alloy, b) cast alloy.
Th e sc ale bar indicates 50 μm .
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Fi g. 7. SE M mi crographs of the MC 3T3-E1 cell attachme nt on the su rfaces of cast and bind er-jet pr in ted and sintered alloys after 1, 3 and 5 days
of in cu bation .

cant ly higher than that of their no n-po rous coun terparts [46 ].
Th erefore, applying a su rface coating is es se ntial for controlling
the degradation of po rous Mg sc affo lds [10,29] to ma in tain Mg
concentration s with in sa fe lim its for MC 3T3-E1 cells, repo rted
to be arou nd 40 0 pp m [79].

Du ring the anod ic disso lution of Mg Zn Zr alloys , both
Mg and Zn un dergo oxidation , with Zn oxides form ing with in the
inne r layer of the corrosi on produc t film [80 ]. As repo rted in a
previou s st ud y [46 ], the higher degradation rate obse rved in the
BJPS samples is accompani ed by in crease d su rface hydrogen
evolution , which caus es mo re frequ en t pe rtu rbation s and dis -

ruption s of the su rface film , thereby releas ing mo re ions in to the
so lution . Th e Zn ion concentration in the BJPS samples rema in s
well below cytocompatibility lim its. Th e Zn ions released from
the cast sample appear to be ne ar the detection limi t of the IC P
in st rume nt (approxima tely 0. 01 pp m) , indicating that Zn ion re-
lease was mi nima l.

3.6. Towards binder jet additive manufacturing of mg implants

BJPS Mg Zn Zr parts can be ma nufactu red in differen t
si zes and geom etries, demo nst rating the trem en dous po tential
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Fi g. 8 . Li ve and dead cell st aining of MC 3T3-E1 on cast and bind er-jet pr in ted and sintered alloys after 1-, 3-, and 5-days in cu bation . Th e sc ale bar
indicates 250 μm .

of bind er jetting for the digital ma nufactu ring of Mg im plan ts
(Fi g. 9). In particular, Fi g. 9a sh ows BJPS Mg im plan ts for cran -
ioma xillofacial im plan ts ; Fi g. 9b represe nt s BJPS Mg bone plates
as bone fixation im plan ts ; and Fi g. 9c-e displays BJPS Mg sc rews
targeting hard tissu e en gine ering application s su ch as teeth,
bone su bst itu tes, femo ral in terferen ce, tendon grafts , and cra-
ni al fixation parts. BJPS Mg parts can be po st proces se d (e.g., by

ma ch in ing) to me et precise dime nsi on al accu racies requ ired for
sp ecific application s (Fi g. 9e).

Fi g. 10a sh ows BJPS Mg crani al im plan ts in the as -pr in ted
condition and after si ntering at two differen t temperatu res. Th e
as -pr in ted BJPS Mg crani al im plan t demo nst rates an is otropic
sh rinkage du ring both si ntering temperatu res in all direction s
(Fi g. 10a– d) . Im age analyse s of op tical mi crographs taken from
differen t location s th roughou t the cros s -se ct ion of the si ntered

12



CO
RR

EC
TE

D
PR

OO
F

M. Salehi et al. Biomaterials Advances xxx (xxxx) 214059

Ta bl e 3
Ac cu mu lative me tallic ion release from the cast and bind er-jet pr in ted
and sintered alloys .
Du ration Sa mp le Mg

(p pm )
Zn (p pm ) Zr

(p pm )

Da y 1 BJPS 799 1.58 0. 18
Ca st 271 No t

detected
0. 1

Da y 3 BJPS 1309 1.84 0. 28
Ca st 617 No t

detected
0. 16

Da y 5 BJPS 1873 2.48 0. 48
Ca st 925 No t

detected
0. 23

Average release rate
(p pm /day)

BJPS 265.5 0. 98 0. 08
Ca st 163.5 – 0. 03

im plan t indicated a un iform mi cros truc tu re (Fi g. 10e). Th e im -
age analysi s of the mi crographs indicates a consi s tent po re and
densi ty dis tribution th roughou t the cros s -se ct ion, with the dif-
feren ces am on g the analyse s no t being st atis tically si gni ficant
(i.e ., ±1.11 %) . Th e en tire 3D porous st ructu re of the si ntered
im plan t was fu rther verified by us ing μC T (n ot prese nt ed here)
that indicated a un iform mi cros truc tu re and po re dis tribution
th roughou t the im plan t.

Du ring the fabrication of an as -pr in ted part in bind er jetting ,
layers of powder in the abse nc e of compact ion and heat st ack up
to form a given green sh ape, which then tran sform s in to a ho -
mo geno us part du ring the si ntering proces s. Bi nd er jetting can
thus replicate a po rous st ructu re in a given geom etry for any
given patien t-sp ecific 3D sh ape. In addition to the mi cro po res
controlled by bind er jetting proces se s (i.e ., feedst ock, pr in ting,
and sintering parame ters ), ma cro po res can be in corpo rated by
desi gn to fu lfill any po rosity requ ireme nt (Fi g. 9a). Th es e po re
si zes can se rve as a tool to tu ne me chan ical properties and cu s-
tomi ze ma cro- and mi cro-arch itectu ral featu res of sc affo lds, ac-

commo dating differen ces in an im plan tation location [81,82].
Al l of thes e factors are crucial in const ruct ing biodegradable
sc affo lds for bone tissu e en gine ering. Fo r in st ance, large bone
defects, also regarded as critical-si zed bone defects, are on e su ch
critical exam ple that requ ires the ne ed of fabricating repro-
du cible st ructu res for patien t-sp ecific sc affo lds, irresp ective of
sc affo lds' si ze and geom etry. BJPS of Mg alloys lend s itse lf to be a
prom is ing candidate to addres s th is ne ed . It of fers the po tential
to create a po rous synthet ic bone su bst itu te tailored to individ-
ua l patien t-sp ecific 3D sh apes with tu nable me chan ical proper-
ties . Wi th the capability for precise control over po re si ze and
distribution , BJPS Mg can replicate the ma cro- and mi cro-
arch itectu re foun d in hu ma n bone tissu e.

4 . Co nc lu si on s

We su ccess fu lly fabricated a po rous in terconne ct Mg st ruc-
tu re that mi mics the mi croporos ity and me chan ical properties of
hu ma n cortical bone types by em ploying the bind er jet AM tech -
ni qu e for the firs t time . Th is accomplishme nt en ables Mg alloys
to em ploy a high and tu nable correlation between me chan ical
properties and po rosity in en su ring a de licate balance between
po re characteris tics condu cive to biological fu nc tion s and the
ne ces sa ry st iffne ss for load-bearing pu rpo se s. Th e fo llowing are
ou r conclusi on s from ou r st ud y.

1. Th e BJPS Mg Zn Zr alloy disp lays a un iform
mi cros truc tu re across the in tercon ne cted po rous st ructure,
featur ing an overall po rosi ty of 13.3 %, a me dian po re si ze of
12.7 μm , and pore in tercon ne ct ivity exceeding 95 %. Th es e
values align with the ranges obse rved in hu ma n bone types.
Im portan tly, the dist in ct ive po re characterist ics in BJPS Mg
alloys are un attainable th rough conven tion al ma nu factur ing
me thods.

Fi g. 9 . Bi nd er-jet pr in ted and sintered Mg Zn Zr parts for biome dical application s, a) cran ioma xillofacial, b) bone plate fixation , and c– e)
sc rews that can be us ed in hard tissu e en gine ering application s su ch as teeth, bone su bst itu tes, femo ral in terferen ce, tendon grafts , and crani al fixa-
tion parts.
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Fi g. 10 . Bi nd er-jet pr in ted and sintered sp herical cap-like im plan t ma de from Mg Zn Zr powder for crani al application s, a) sp he rical-cap like
Mg im plan ts before and after si ntering, b– d) comparis on s of the sp herical-cap like Mg im plan ts in the as -si nt ered condition with the as -pr in ted con-
dition and the in itial CA D mo del, sh owing isotropic sh rinkage occu rring du ring si ntering of the as -pr in ted sh ape, e) the cros s -se ct iona l view of the
sp herical cap-like Mg im plan t after si ntering at 615 °C alon g with represe ntative op tical mi crosc ope im ages taken from the po lished su rface.

2. Th e Mg Zn Zr alloy produc ed th rough BJPS exhibited a
tens ile st reng th of ~130 MP a, a yield st reng th of ~100 MP a,
an elas tic mo du lus of ~21.5 GP a, and an ultima te
comp ress ive st reng th of ~349 MP a. Th es e values align with
the typical me chan ical properties of variou s hu ma n cort ical
bone types. Si gn ifican tly, the me chan ical properties of BJPS
Mg sc affo lds are adjust able and ou tperform thos e of Mg
sc affo lds created th rough lase r powder bed fu si on and
extrus ion-base d AM me thods.

3. Th e BJPS Mg Zn Zr alloy exhibits su perior MC 3T3-E1
cell viability and a lower cytotoxicity pe rcen tage (8 %)
comp ared to cast Mg Mg Zn Zr alloy (14 %) ,
demo ns trating level 0 cytotoxicity (i.e ., no cytotoxic ef fects)
at the same time . Fu rthe rm ore, the MC 3T3-E1 cells adhering
to the su rface of the BJPS alloy disp lay greater cell sp reading,
attachme nt , and proliferation in comp aris on to their
coun terparts on the cast Mg Zn Zr su rface. Th is
en hanc ed biocom patibility of the BJPS alloy is attribut ed to
its highly in tercon ne cted 3D porous st ructure, which
provides cells with an addition al dime ns ion for in filtration
(i.e ., a larger bioact ive su rface area) comp ared to the cast

alloy in which in teract ion with cells are limi ted to a two-
dime ns iona l ma nn er.

4. Bi nd er jet AM offers the capability to reproduc e a desi red
po rous st ructure of Mg alloys , en comp as si ng both mi cro-
and ma cro-si zed po res, in any desi red geom etry for patien t-
sp ecific 3D sh apes . Th is adaptability also addres se s the
divers e po rosi ty requ irem en ts ne cess ary for the time -
depend en t characterist ics of biodegradable Mg alloys . We
highlight the conc ep t of bind er jet AM for the digital
ma nu factur ing of biodegradable Mg im plan ts tailored for
applications in hard tiss ue en gine ering, in clud ing
cran ioma xillofacial procedures , bone fixation , and
su bs titu tes for bone grafts .
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