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ABSTRACT
In the present study, porous magnesium-xzeolite (x= 0, 3, 5 and 7 wt.%) composite scaffolds
containing different amounts of zeolite were synthesized through combination of powder
metallurgy (PM) and space holder (SH) techniques. The findings demonstrated that incorpora-
tion of zeolite into Mg composite scaffolds leads to higher compressive strength and corro-
sion resistance than Mg scaffolds without Zeo. Moreover, the Mg/Zeo composite scaffold
presented good bioactivity, high capability in MG63 cell attachment and viability whereas a
smaller number of cells could attach to the Mg scaffold without Zeo. The antibacterial
response of these Mg/Zeo-Ag composite scaffolds against Gram-positive Staphylococcus
aureus (S. aureus) and Gram negative Escherichia coli (E. coli) indicates the positive role of
silver-zeolite in suppressing the bacteria growth. The aforementioned tests indicated that the
articulated magnesium composite scaffold containing 7 wt.% Zeo with suitable mechanical
strength and excellent biological activity may be considered as a promising biomaterial for
bone substitution.
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Introductions

Tissue engineering is the field that attempts to replace
or restore diseased or damaged tissues and organs by
controlling the biological microenvironment [1].
A perfect tissue engineering scaffold should be porous
to stimulate organ growth through cell proliferation
and allow for oxygen diffusion and nutrients flow
[1,2]. Ceramics, polymers and hydrogels are among
the biomaterials mostly used in scaffold fabrication
owing to their excellent bioactivity [3]. However, they
suffer from poor mechanical properties which are
necessary in bone tissue engineering [3]. In contrast,
metals as biomaterials possess appropriate mechan-
ical strength making them suited in orthopedic appli-
cations [4]. Among them, porous magnesium
presents great mechanical properties and extremely
close density to the human cortical bone (1.75 g/cm3)
and biocompatibility and it is mentioned as one of
the abundant bone tissue elements which participate
in many metabolic functions [4–6]. However, the
current porous magnesium scaffolds suffer from
high degradation rates, which will form hydrogen
bubble and the alkalization of environment and inhi-
bit the tissue growth which limits the use of Mg
scaffold for clinical applications [6–8]. Different type
of methods, such as powder metallurgy (P/M), laser

perforation and salt-pattern molding process (casting
process) were conducted to produce porous Mg scaf-
fold with low degradation rates [4,5]. Among them,
powder metallurgy processes such as mechanical
alloying are considered as one of the most appropri-
ate techniques which are employed to augment cor-
rosion resistance of porous magnesium [9–12].
Moreover, there is a feasibility to add bioceramic
and several non-equilibrium phases or alloys into
the Mg-based matrix in powder metallurgy (PM),
while in the casting method due to the melting points
differences between the Mg and the bioceramic as
well as requirement in atmospheric control cause
the PM method become more appropriate to
synthesis Mg-based bioceramic composite scaffolds
[9,10]. In this work, at first, Mg was alloyed with Ca
and Zn with the aim of increasing corrosion resis-
tance and controlling its degradation rate. In this
context, addition of zinc as the reinforcement ele-
ment to Mg matrix leads to enhance corrosion resis-
tance and mechanical strength through intermetallic
precipitation and grain size refinement [12–14].
Likewise, calcium as another main chemical compo-
sition of natural bone improves mechanical stability
via formation of secondary phases such as Mg2Ca and
grain size refinement [13]. Moreover, the addition of
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calcium besides zinc into Mg matrix could increase
corrosion potential which leads to a reduction in the
degradation rate [15,16]. However, the porous Mg-
based composites presented poor bioactivity and anti-
bacterial performance which brings about implants
associated with infections and post-operative pro-
blems. To tackle these problems, zeolite and silver
were added to the Mg-based composite [17,18].
Zeolite is a crystalline alumino-silicate of the micro-
porous family which is characterized by large surface
area, rapid diffusion and controllable porosity
[19,20]. The high mechanical strength, non-
cytotoxicity, biocompatibility and porous structure
make this alumino-silicate bioceramic a promising
candidate in biomedical field and drug delivery sys-
tem [17,21]. Zeo also contains metal ions like sodium
or calcium which are able to exchange with metals
including Ag ions for further improvement of anti-
bacterial performance [19,21]. Metallic silver as
another main reinforcement element in the form of
nanoparticles has offered remarkable resistance and is
regarded as a vigorous antimicrobial agent [17].
Many former studies have justified the role of zeolite
in bone formation which can be attributed to silicon
component in its composition [22–24]. In this study,
powder metallurgy process as a cost effective method
was employed to produce porous Mg-based compo-
site scaffolds. To the best of our knowledge, no study
has been conducted regarding the fabrication and
characterization of zeolite incorporating Mg-based
composite scaffold. Thus, in the present research,
porous Mg/Zeo composite scaffolds were fabricated
by combination of PM and SH methods and the effect
of Zeo concentration on corrosion behavior, mechan-
ical properties, bioactivity, antibacterial properties
and cytotoxicity of Mg/Zeo composite scaffolds were
investigated.

Materials and methods

Magnesium powder (purity> 99%, 5–20 μm particle
size), calcium (99.5% purity, granular size ≤ 1 cm), zinc
(99.7% purity, particle size <80 μm) and zeolite (99%
purity, particle size <45 μm) were purchased from
SIGMA-ALDRICH and used as raw materials. The mix-
ture of Mg-Zeo (Mg-Zn-Ca/Zeo) particles was prepared
based on 1 wt.% Ca, and 6 wt.% Zn, with Zeo content
ranging from 0 to 7wt.%. In the next stage, silver (0.5 and
1 wt.%) was added to the optimum concentration ofMg-
Zeo composite powder. The composite powder samples
were then dried in a vacuum dry oven under argon
atmosphere at 220 °C for 10 h. To ensure fine powder
mixing and particle reduction size, the samples were
ground under argon gas in a zirconia cup planetary ball-
mill with 600 rpm for 4 h with a ball-to-powder weight
ratio of 10:1 and zirconia balls with diameters of 5 and
10 mm. Spherical carbamide particles (Co(NH2)2;

SIGMA-ALDRICH) with 600–800 μm in size were
used as space holder to produce porous Mg-based com-
posite scaffolds. To generate pore network in the Mg-
based composite scaffolds, the carbamide particles
and Mg/Zeo and Mg/Zeo-Ag composite powders were
manually mixed at 60:40 weight ratio to obtain homo-
geneity. In order to avoid segregation of dissimilar par-
ticles, a small amount of ethanol as binder (2 wt.%) was
added during the mixing process. The homogenous
mixed powders were uniaxially pressed in a stainless
steel die under a pressure of 200 MPa and at the cross-
head speed rate of 5.0 mm/min into cylindrical green
product. The final sintering operation was performed as
two following steps in a tube furnace under a high purity
argon gas, at 175 °C for 2 h to remove carbamide parti-
cles from the green compacts, then at 580 °C for 2 h to
increase the metallurgical bonding between the compo-
site powders. Microstructures of Mg/zeolite composite
scaffolds were studied using scanning electron micro-
scopy (SEM, JEOL JSM-6380LA; Jeol Ltd., Japan,
Tokyo) equipped with Oxford energy dispersive X-ray
spectrometer (EDS) analysis with an operating voltage of
20 kV and transmission electron microscopy (TEM,
HT7700 Hitachi, Japan). An X-ray diffractometer
(Siemens D5000, Karlsruhe, Germany) was used to iden-
tify the phase components through Cu-Kα radiation (45
kV, 40 mA) over the diffraction angles (2θ) of 20–75° at
a scanning speed of 4°/min.

Archimedes’ principle was applied to measure the
porosity of the articulated structures. Following equa-
tion (1) determines the interconnected porosity
where Ww implies the water-saturated sample, Ws is
the sample weight suspended in water and Wd is the
sample weight in air.

Interconnected porosity ¼Ww �Wd
Ww �Ws

� 100 (1)

The total porosity of the porous scaffolds that
includes interconnected and closed pores all together
is calculated by equation (2), where ρ (true density) is
obtained by equation (3).

Total porosity ¼ 1� Wd
ρ Ww �Wsð Þ � 100 (2)

True density ¼ wt:%Mg:ρMgþwt:%Zn:ρZnþwt:%Ca:ρCa
þwt:%Zeolite:ρZeolite (3)

For electrochemical measurements, the Mg/Zeo compo-
site scaffolds with a surface area of 1 cm2 were prepared
as working electrodes in PARSTAT 2263 potentiostat/
galvanostat (Princeton Applied Research, 263A,
Germany) device. The other electrodes in the three-
electrode cell include a platinum wire as the counter
electrode and saturated calomel as the reference electrode
(SCE). As for the electrochemical solution, Kokubo SBF
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solution at 37 °C andwith a pH 7.4 was prepared to fulfill
the requirements of Ref. [25].

To evaluate the mechanical properties of Mg/Zeo
composite scaffolds, the compressive strength of the
green compacts (10 mm in diameter and 15 mm in
height) was measured by a universal testing machine
(Hounsfield: H50KS) at a crosshead speed of 0.5 mm/
min and a load cell of 10 kN. For each compressive
test, three samples were prepared and the average of
them was determined as the final mechanical com-
pressive strength.

For evaluation of apatite-forming ability, the fabri-
cated composite scaffolds were soaked in 100 ml of SBF
solution at the pH value of 7.4 and temperature of 36.5 °
C for 96 h. After the duration, the scaffolds were filtrated
and rinsed gently with distilled water and dried at room
temperature. During the soaking time, pH changes of the
solutions were measured by a pH meter (Metrohm,
Germany). The hydrogen evolution rate of the Mg/Zeo
composite scaffold was measured throughout 96 h
immersion period during which the SBF was changed
every day according to the Kokubo et al. [25].

The antibacterial activity of Mg/Zeo composite scaf-
folds was searched in the inhibition zone using Gram-
positive Staphylococcus aureus (S. aureus, ATCC
12600) and Gram-negative Escherichia coli (E. coil,
ATCC 9637). For this purpose, the samples were sub-
jected to the agar plates including bacteria cells and
incubated at 37 °C for 24 h in which gentamicin includ-
ing discs (PadtanTeb, Iran) were used as positive con-
trol disc. In this method (disc diffusion test), inhibition
zone (IZ) appeared around samples was used to deter-
mine the antibacterial activity of each species.

The cellular viability was assessed using
3-(4,5-dimethylthiazol-2-yl) 2,5 diphenylte trazolium-
bromide (MTT) assay based on extraction method.
Sterilized Mg/Zeo scaffolds were soaked in Dulbecco’s
Modified Eagle Medium (DMEM) with 10% fetal
bovine serum in 37°C under an atmosphere.
According to the ISO10093 standard, the ratio of sam-
ple surface area to medium was 1.25 cm2/ml. Then the
extracts were collected and kept in a humidified incu-
bator with 5% CO2 for 24 and 48 h. Fibroblast cells

(1 × 104 cells per well) were seeded on a 96-well plate
followed by storing in an incubator (5%CO2, T = 37 °C)
for 24 h. Then, the former culture mediumwas replaced
by 100 μL of 24 and 48 h incubated sample extracts and
then kept for another 24 h in the incubator. In the next
step, 10 μL of MTT stock solution (12 mM) was added
to each well and kept at 37 °C. After 4 h, 50 μL of DMSO
(Sigma-Aldrich, USA) was added to each well in order
to dissolve the formed purple formazan crystals. After
10 min, the absorbance was read at 545 nm using an
ELISA reader (Stat Fax-2100; GMI, Inc., Miami, FL,
USA). Nuclear staining with DAPI (4′, 6-diamidino-
2-phenylindole, blue fluorescence in live cells) was per-
formed in order to examine the MG63 cell proliferation
on the Mg/Zeo composite scaffolds under fluorescence
microscopy (Carl Zeiss, Germany). The ALP activity
assay was performed on the third and seventh days to
assess the influence of tetracycline on the early osteo-
genic differentiation of M-G63 cells according to
Ref. [6].

Results and discussion

Characterization of Mg/Zeo powders and
scaffolds

Figure 1 shows the XRD patterns of Mg/Zeo compo-
site which indicate the presence of α-Mg, Ca2Mg6Zn3
and zeolite. There is no sign of carbamide decompo-
sition products in the scaffolds which verifies that all
space holder particles are removed. For further con-
firmation of structural evaluation including particle
size and morphology of the Mg/Zeo composite synth-
esis powder TEM analysis was performed. The TEM
image shows that the composite nanopowder con-
sisted of spherical shape particles with a size in the
range of 60–80 nm.

Figure 2 depicts the SEM images of Mg/Zeo com-
posite scaffolds containing different amounts of Zeo.
As can be seen, interconnected pores are distributed
homogenously through the scaffolds with 600 to
800 µm array size and porosity of around 60%, imply-
ing the pores are independent of the scaffolds

Figure 1. XRD pattern (a) and TEM micrograph (b) of Mg/Zeo composite powders.
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composition and Zeo had minimal effect of pore size
and porosity. Instead, they almost retained the origi-
nal shape and size of the used carbamide spherical
particles. In addition, the micro pores (100–250 µm)
observed in the larger arrays were generated during
the evolution of carbon dioxide (Figure 2(a-d)).
According to Barroca et al. [2], the presence of such
pores is required because they stimulate the capillary
in-growth as well as cell-matrix interactions. The EDS
analyses show the existence of Zn, Ca, and Mg in Mg-
Zn-Ca composite scaffold and Al, Na, Si, O, Zn, Ca,
and Mg in Mg/Zeo composite scaffold (Figure 2(e)).
The XRD pattern of Mg composite (Mg-Zn-Ca) scaf-
fold exhibited the obvious peaks of α-Mg and Ca2Mg6
Zn3 peaks while the presence of diffraction peaks at
24.1° and 31.1° (JCPDS: 38–0239) was related to the
Zeo incorporation into the Mg-based composite scaf-
folds, as shown in Figure 2(f).

Mechanical characterization of Mg/Zeo composite
scaffolds

Mechanical stability of bone scaffolds plays a vital
role in decomposition rate, extracellular matrix pro-
duction and avoids early damage in load bearing
conditions. Tan et al [26] exhibited that scaffolds
should have sufficient mechanical properties similar
to the host bone and not failure throughout the
period of implantation and regular activities of the
patient. In addition, the scaffolds mechanical prop-
erty is in close connection to porosity, composition,
density and grain size. The compressive strength
average value extracted from three compressive tests
is summarized in Table 1 for each the Mg-based
scaffold fabricated under 400 MPa pressure. It is
also evident from Figure 3(a) that the compressive
strength of Mg-based composite scaffolds increases

Figure 2. SEM images of Mg/Zeo composite scaffolds with no Zeo (a), 3 wt.% Zeo (b), 5 wt.% Zeo (c), and 7.0 wt.% Zeo (d), and
EDS spectrum of (e) area A and B, and (b) X-ray diffraction patterns Mg/Zeo composite scaffolds.
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with the zeolite content, as the highest one is attrib-
uted to 7wt.% Zeo. It is worth noting that bone
scaffolds acting as a temporary template to support
cell growth are required to possess compatible
mechanical strength to the host bone, hence design
scaffolds with suitable mechanical properties are of
great importance [6]. In this research, zeolite
increases the compressive strength of Mg-based scaf-
folds since zeolite as a ceramic resembles stiff filler
in Mg matrix whereby enhances mechanical strength.
As tectosilicate zeolites also consists of [SiO4]

4- and
[AlO4]

5- tetrahedrons connected with each other in
a manner that all four oxygen atoms at the corners of
each tetrahedral crystal are in common with the
neighboring tetrahedrons [19,20]. Therefore, the
complex structure of zeolite accounts for the increase
in the compressive strength of Mg-based composite
scaffold. The other reason fo r such increase in com-
pressive strength of the scaffolds may be attributed to
the presence of zeolite at the grain boundary inter-
faces which act as an impediment to dislocation
motion and increasing dislocation density from strain
mismatch that exist between zeolite and Mg-based
matrix. Similarly, Guan et al [27] demonstrated pre-
cipitation and/or reinforcement phase leads to
obstruct the moving of the grain boundary. Thus
when dislocations slip to nearby position of the sec-
ondary phase, they pile up due to impeding effect of
the secondary phase, resulted in enhancement of the
strength of the Mg-based alloy. Trivedi et al [5] is also
believed that the enhancement of tensile strength is
strongly related to the refining the grain size of Mg-
based alloy samples according Hall-Petch relation-
ship. The result indicates that the incorporation of
7wt.% Zeo into the Mg-based composite scaffolds

could significantly rise the compressive strength
from 3.4 ± 0.2 to 5.3 ± 0.4 MPa. The compressive
strength values for all of the fabricated scaffolds were
in the range of bovine and human cancellous bone
(compressive strength 2–12 MPa).

Corrosion behavior of Mg/Zeo composite
scaffolds

Figure 3(b) displays the anodic and cathodic polariza-
tion curve of Mg/Zeo composite scaffolds after 30 min
of exposure to SBF. The decrease in the current density
(icorr) as a function of Zeo content is evidenced from
the curve, indicating that the extent of Mg-based com-
posite dissolution can be reduced by increasing the
zeolite content with the following order Mg/
7Zeo< Mg/5Zeo< Mg/3Zeo< Mg/0Zeo. Similarly, the
corrosion potential Ecorr shifts to nobler directions
after zeolite addition to the Mg-based composite scaf-
fold. The main reason for such an improvement in
corrosion resistance of the scaffolds may be related to
the existence of Zeo in the Mg-based composite which
provides larger exposed Mg/Zeo surface area than that
of Mg scaffold without Zeo when exposed to SBF,
hence a more uniform and compact layer was quickly
formed on the composite surface which acts as
a protective layer and increases the corrosion resis-
tance of the scaffolds. Furthermore, when the Mg/Zeo
composite scaffolds are dissolved in SBF, silicate ions
are released from scaffolds during dissolution process,
thus promoting the deposition of Ca-P containing
phases [23] on the scaffolds surface which may deac-
celerate the penetration of corrosive ions from the SBF
solution and consequently decrease the corrosion rate
of the Mg/Zeo composite scaffold.

Bone-like apatite formation on the scaffolds sur-
face is a centrality of bone-biomaterial integration
causing lock in position of the scaffolds after implan-
tation [23–25]. In the present study, zeolite as the
source of silica was selected hoping that it raises
apatite mineralization on the Mg-based composite
scaffolds surface. Figure 4 illustrates the apatite

Table 1. Compression test results of the Mg/Zeo composite
scaffold with various content of Zeo.
Mg- wt.%Zeo composite

scaffold Mg-0Zeo Mg-3Zeo Mg-5Zeo Mg-7Zeo

Compressive strength
(CS; MPa)

3.4 ± 0.2 4.3 ± 0.3 4.9 ± 0.3 5.3 ± 0.4

Figure 3. Location-related instantaneous changes in compressive strength of Mg/Zeo composite scaffolds (a) and potentiody-
namic polarization curves (b) of Mg/Zeo composite scaffolds.
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particles nucleation on the scaffold surface in the
form of agglomerate particles with a spherical mor-
phology at higher magnitude. It is obvious from the
image that the apatite particles densification increases
with the zeolite content in the Mg/Zeo composite
scaffolds. The crack is formed on the corrosion pro-
duct layer of the scaffold, which is attributed to the
dehydration shrinkage. Formation of dense apatite on
the scaffold surface causes the change in the mor-
phology and porosity of the composite scaffolds. The
growth of the crystal of apatite inside the porosity
leads to the filling of small porosities and porosity
size lessening which may escalate the strength of the
composite scaffolds. In this regard, crystalline zeolite
nanoparticles provide active sites for the nucleation
of apatite particles which can be attributed to the
silicate ions released from the zeolite rich in silanol
groups at the composites surface that attract Ca2+

from SBF [25]. The accumulation of apatite particles

can be explained by PO4
3- groups that electrostati-

cally bond to Ca2+ cations. In this view, it was sug-
gested that [21,28] silanol groups formed on the
surface of silicate glass-ceramics in body fluid play
an essential role in the nucleation of the apatite layer
on their surfaces.

The EDS spectra of the composites scaffold with-
out Zeo after immersion show the appearance of Ca
and P with low intensity accompanied with Mg and
O elements while Si, Ca O, P, and Mg elements were
observed in the Mg/Zeo scaffolds after soaking in SBF
(Figure 5(a)). The atomic ratio of Ca to P (Ca/P) was
found to be almost 1.31, 1.42 and 1.49 for Mg/
0Zeo, Mg/5Zeo and Mg/7Zeo composite scaffold,
respectively, which implies the formation of calcium
deficit hydroxyapatite on the entire scaffolds surface.
The XRD pattern further confirms the apatite forma-
tion ability of the composite scaffold in the SBF
solution. Since SBF as the in vitro testing solution
consists of Cl–, H2PO4

– and Ca2+, the corrosion
products are likely to be Mg(OH)2 and HA.
Broad Mg(OH)2 diffraction peaks can be related to
the poor crystallinity of these phases (Figure 5(b)).
Similar corrosion products (Mg(OH)2 and HA) was
also observed by Trivedi et al [29] on the surface
of Mg alloy after immersion in SBF for various incu-
bation times which indicate apatite formation ability
of Mg-based samples. Regarding Mg(OH)2 and HA
formation mechanism, when the Mg-based scaffold
surface is exposed to the SBF, corrosion reactions
occur and Mg is converted into an Mg(OH)2 film
according to the following reaction Mg+2H2

O→Mg(OH)2+ H2. At the same time, several cracks
were observed on the scaffold surface due
to Mg(OH)2 film shrinkage as a result of dehydration
of scaffolds [3,9]. As the dissolution of Mg composite
scaffold in the SBF prolonged, more hydroxyl ions
(OH−) are released from the scaffold surface and
combine with PO4

3- and Ca2+ to precipitate hydro-
xyapatite which leads to the deceleration of pH value
augmentation that is evident in the latter part of the
pH diagram. In this respect, Trivedi et al [29] also
exhibited that formation of Ca-P layer on the Mg
alloy surface leads to reduction of hydrogen evolution
and enhancement of biocompatibility due to HA is
the main compound of bone and improves bone
formation. The change of pH value of SBF after
soaking Mg/Zeo composite scaffolds within 96 h is
shown in Figure 5(c). The graph shows that the pH
value of all scaffolds increased initially and subse-
quently decreases and reaches to a constant value
which is owing to the existence of silicates in zeolite,
which prevent penetration ions and act as inhibitor
for the release of OH− ion [13]. Apatite formation on
the scaffold surface could be mentioned as another
reason for the reduction of pH value since the apatite
layer for growth needs to consume OH− ion thus

Figure 4. SEM micrographs of Mg/Zeo composite scaffolds
with no Zeo (a), 3 wt.% Zeo (b), 5 wt.% Zeo (c), and 7 wt.%
Zeo (d) after after 96 h immersion in SBF.
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preventing the augmentation of pH value. Geng et al
[30] showed some bioactive ceramics such as hydro-
xyapatite and silicate-based ceramics is able to form
bonelike apatite on the surface of ceramics to further
stimulate chemical integration of bone tissue. It is
worth considering that the pH of the all scaffolds
containing zeolite is lower compared with the scaffold
without zeolite due to the presence of zeolite in
the Mg composite matrix which significantly
decreases the liberated hydrogen content, hence the
overall pH value of Mg/Zeo scaffolds is less than
the Mg-based scaffold. Mahapatro et al [31] suggested
that pure magnesium presented high corrosion rate
in SBF solution (pH ~ 7.4–7.6) which resulted in
mechanical strength losing prior to tissue has ade-
quately healed. Hence, degradation rate of pure Mg in
SBF should be controlled before its clinical applica-
tions. To measure degradation rates of Mg-based
composite scaffolds, the amount of hydrogen gas
released throughout the immersion of the Mg/Zeo
scaffolds in SBF was assessed, as shown in Figure 5

(d). Great amount of hydrogen gas rapidly released
from both porous Mg and Mg/Zeo scaffolds.
Compared with scaffold without Zeo, lower amount
of hydrogen gas released from Mg/Zeo scaffold with
higher concentration of Zeo which presented similar
trend with the pH escalate of the SBF. The total
amount of hydrogen released from Mg/7Zeo, Mg/
5Zeo, Mg/3Zeo, and Mg/0Zeo scaffolds after 96 h of
immersion in SBF was 70.1, 78.2, 84.3 and 96.1 mL
respectively. The lower rate of hydrogen gas released
for Mg/7Zeo is owing to the formation of a protective
Ca-P layer on the scaffold surface which resulted in
pore clogging. It worth noting that all scaffold
released large amount of hydrogen gas which is due
to the existence of interconnected pores in the highly
porous scaffolds which allow SBF solution easily to
penetrate inside and increase its degradation rate
[32,33]. In fact the presence of large pore size accel-
erate the H2 gas released, thus it is assumed that
porous magnesium degrade faster compared to the
bulk magnesium owing to its larger surface area.

Figure 5. EDS spectrum of (a) area A, B and C, and (b) X-ray diffraction patterns, (c) change of pH value and (d) hydrogen
evolution of Mg/Zeo composite scaffolds after immersion in SBF solution.
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Cytocompatibility of Mg/Zeo composite scaffolds

The MTT assay study revealed that cell viability is
higher for the Mg/Zeo composite scaffolds than
the Mg scaffold without Zeo over the duration of
the experiment. Figure 6(a) shows that Zeo incor-
poration into the Mg-based composite increases cell
proliferation in a dose-dependent manner. It is also
clear that the number of cells spreading on the Mg/
Zeo scaffolds surface raises with increasing the incu-
bation time, as the highest cell viability belongs
to Mg/7Zeo with the increase of 117% after 48 h of
incubation time. The enhancement of cell function-
ality in response to zeolite concentration in the Mg-
based composite resulted from protein absorption
capacity of silica in zeolite [22]. However, Mg scaffold
without Zeo possess high degradation rate along with
extensive H2 bubbles evolution and high pH value
which provide a hostile environment for cells growth
and proliferation. Similarly, the ALP activity of Mg/
Zeo is higher than that of Mg scaffold without Zeo
throughout the experimental period. The ALP
expression suggests that the Mg scaffolds containing
higher Zeo concentration benefit osteoblastic differ-
entiation indicating that the scaffolds containing
higher concentration of Zeo extracts are able to pro-
mote the cell differentiation (Figure 6(b)).

Figure 7 exhibit SEM micrographs of MG63 cells
cultured for 2 days on the surface of Mg/Zeo compo-
site scaffolds. The results further confirmed that there
is no obvious change in the cell morphology in the
cultures, while the cell number was different between

the Mg/Zeo scaffolds. Mg scaffolds containing Zeo
presented connected cells with considerably higher
cell adhesion number compared to the Mg scaffolds
without Zeo after 2 days, implying that the Mg/Zeo
scaffolds contributed more to improve the activity of
the MG63 cells compared to the Mg scaffolds owing
to the incorporation of Zeo. Incorporation of Zeo
to Mg-based scaffold leads to improve cell adhesion
and proliferation owing to existence of silica in the
Zeo, which enhanced protein adsorption, required for
the process of bone mineralization. The DAPI stain-
ing of cells was monitored by fluorescence micro-
scopy to determine cell attachment as well as cell
viability on the surface of the fabricated scaffolds
(Figure 8). A larger number of MG63 cells interacted
and attached to the Zeo incorporating Mg scaffolds
than the scaffold without Zeo. Therefore, the addition
of a high concentration of Zeo seems compatible with
cell attachment on the scaffold surfaces. It was
obvious that the existence of zeolite in the composite
scaffold resulted in the enhancement of cell attach-
ment than scaffold without Zeo due to the fast pre-
cipitation of Ca-P on the scaffold surface which may
enhance the initial cell attachment. It was also
reported [21] that zeolites are composed of (SiO4)

4-

and (AlO4)
5- in which both Si and Al are mitogenic

for bone cells. Al has been found to stimulate neo-
osteogenesis in beagles and Si is a component [13]
found in most cell growth media involving bone cells
[19,20]. In fact, incorporation of Zeo into the Mg
composite scaffold leads to the formation of a great

Figure 6. Viability of MG63 osteoblast cells (a) and ALP of MG-63cells cultured for different culture times (b) on Mg/Zeo
composite scaffolds.

Figure 7. SEM images of MG-63 cells cultured on Mg/Zeo composite scaffolds with no Zeo (a), 3 wt.% Zeo (b), 5 wt.% Zeo (c),
and 7 wt.% Zeo (d).
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amount of surface silanol groups and ion-exchange
sites facilitate the attraction of Ca2+ and PO4

3- ions
from the solution to the surface of the Mg/Zeo com-
posite scaffolds which resulted in the enhancement of
cell attachment.

Antibacterial activity of Mg/Zeo-Ag composite
scaffolds

Due to the lower corrosion rate, higher bioactivity and
cytocompatibility of Mg/7Zeo composite scaffolds than
other composite scaffolds, this scaffold was selected for
the assessment of antibacterial activity after addition of
silver (Ag) into the composite scaffold. The orthopedic
implant associated infection not merely escalates the
time needed for wound healing, but, it has adverse effect
on the performance of implantation. Likewise, Ma et al
[34] reported that some severe infections could likewise
lead to implications such as re-operation, amputation,
and death in severe circumstance. In fact, for the
implant to be effective, the material is anticipated to
hinder bacterial attachment and biofilm formation [35].

The antibacterial activity of theMg/7Zeo andMg/7Zeo-
Ag scaffolds was tested on E. coli and S. aureus bacteria
using the disk diffusion method. The results exhibited
that the Mg/7Zeo-Ag scaffolds have stronger antibac-
terial activity against E. coli than S. aureus compared
with Mg/7Zeo scaffolds (Figure 9). The inhibition zone
(IZ) value of the composite scaffolds considerably esca-
lated with increasing the Ag concentration and the
highest inhibition zone around 4.8 mm diameter is
observed for Mg/7Zeo scaffold containing 1wt.% Ag
owing to more release of silver ions into the solution
from the composite scaffold. A similar situation takes
place against the S. aureus bacteria in the presence of
scaffold containing Ag with the following order: 1Ag
>0.5Ag >0Ag, implying that Mg/7Zeo-Ag scaffolds pre-
sent a great ability to suppress the bacterial growth and
could act as promising bacteria resistant scaffold. The
antibacterial performance of the Mg/7Zeo-Ag scaffolds
was also evaluated via using E. coli and S. aureus strains
through the plate count technique CFU (Figure 10).
The results reveal that 85% of both types of bacteria
are killed within 24 h and the percentage reduction of

Figure 8. DAPI staining of MG63 cell cultured for 24 and 48 h, respectively, on Mg/Zeo composite scaffolds with no Zeo (a,b),
3 wt.% Zeo (c,d), 5 wt.% Zeo (e,f), and 7 wt.% Zeo (g,h). Note: scale bar is equal to 100 μm.

Figure 9. Inhibition zones of the Mg/Zeo composite scaffolds against E. coli (a) and S. aureus (b) bacteria after 24 h. Note:
(S1): Mg/Zeo; (S2): Mg/Zeo-0.5Ag; (S3): Mg/Zeo-1Ag; (Control): Gentamicin.
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bacteria increases with the increase in the silver content
from 0.5 to 1 wt.% in the composite scaffold. It should
be considered that Mg/7Zeo-Ag scaffold presented
higher antibacterial performance against S. aureus
than E. coli due to thicker peptidoglycan layers of
S. aureus bacteria compared to the former one, hence
more protection of cytoplasm of the bacteria from
infiltration of the silver ions. The inhibitory mechanism
of the Mg/7Zeo scaffolds containing Ag may be corre-
lated to the released free radicals that manipulate cell
membrane and interrupt cell functions [17]. Electron
transportation and binding to DNA are the other alter-
natives accounted for the Ag antibacterial mechanism
[36]. However, it sounds plausible to think of the anti-
microbial activity as the interaction between silver ions
and nucleophilic amino acid and thiol residues in the
protein structure causing protein denaturation and cell
death [18,36]. The Ag+ also induces the generation of
hydroxyl radicals, resulted in denature proteins, lipids,
and DNA and, eventually, destroys the bacteria [37,38].
Similarly, Misra et al [39] suggested that penetration of
silver nanoparticles resulted in shrinkage of the cyto-
plasm membrane or its detachment from the cell wall.
Because of this, the DNA molecules to condense and
their capability to repair and multiply is diminished. In
this regard, it was believed that silver ions exert anti-
biotic activity by interacting with disulfide or sulfhydryl
bonds of enzymes to interrupt the metabolic mechan-
ism resulting in cell death.

Conclusion

In the present research, powder metallurgy combined
with space holder technique was used to produce mag-
nesium-based composite scaffolds containing zeolite.
The results showed that the Mg/Zeo composite scaf-
folds had an average pore size of 600–800 μm and
porosity of 60%. The compressive strength of the Mg/

Zeo composite scaffold is higher than that of Mg scaf-
fold without Zeo and this value increased with increas-
ing the Zeo amount, indicating that mechanical
properties of the scaffolds is zeolite dosage dependent.
The electrochemical test showed the corrosion rate of
the composite scaffolds containing Zeo was higher than
that of the Mg-based scaffold. TheMTT assay evaluated
the MG63 cells culturing on the composite scaffolds
extracts. Based on the results, cell attachment and pro-
liferation is in good agreement with the zeolite amount,
the more zeolite content, the higher cell proliferation
and cell viability. The results also demonstrate that
the Mg/Zeo composite scaffold presented higher bioac-
tivity compared to the scaffolds without Zeo. The incor-
poration of Ag into the Mg/7Zeo composite scaffolds
may provide relatively long-term antibacterial activity
which makes it a good candidate to prevent bone infec-
tion. Overall, the results demonstrated that the Mg/
7Zeo composite scaffold exhibited enhanced mechan-
ical integrity and cytocompatibility as a tissue engineer-
ing scaffold for possible bone regeneration applications.

Disclosure statement

No potential conflict of interest was reported by the authors.

ORCID

H.R. Bakhsheshi-Rad http://orcid.org/0000-0002-0719-
6312
A.F. Ismail http://orcid.org/0000-0003-0150-625X

References

[1] Roseti L, Parisi V, Petretta M, et al. Scaffolds for
bone tissue engineering: state of the art and new
perspectives. Mater Sci Eng C. 2017;78:1246–1262.

Figure 10. Photograph of antibacterial experiment with the Mg/Zeo composite scaffolds against E. coli and S. aureus bacteria for
24 h.

MATERIALS TECHNOLOGY 267



[2] Thein-Han WW, Misra RDK. Biomimetic chitosan–
nanohydroxyapatite composite scaffolds for bone tis-
sue engineering. Acta Biomater. 2009;5:1182–1197.

[3] Yazdimamaghani M, Razavi M, Vashaee D, et al.
Porous magnesium-based scaffolds for tissue
engineering. Mater Sci Eng C. 2017;71:1253–1266.

[4] Zheng YF, Gu XN, Witte F. Biodegradable metals.
Mater Sci Eng R. 2014;77:1–34.

[5] Trivedi P, Nune KC, Misra RDK, et al. Grain refine-
ment to submicron regime in multiaxial forged
Mg-2Zn-2Gd alloy and relationship to mechanical
properties. Mater Sci Eng A. 2016;668:59–65.

[6] Cheng M-Q, Wahafu T, Jiang G-F, et al. A novel
open-porous magnesium scaffold with controllable
microstructures and properties for bone
regeneration. Sci Rep. 2016;6:24134.

[7] Chen J, Tan L, Yang K. Recent advances on the
development of biodegradable magnesium alloys: a
review. Mater Technol. 2016;31:681–688.

[8] Chen Z, Mao X, Tan L, et al. Osteoimmunomodulatory
properties of magnesium scaffolds coated with β-
tricalcium phosphate. Biomaterials. 2014;35:8553–8565.

[9] Li K, Injeti Y, Trivedi P, et al. Nanoscale deformation
of multiaxially forged ultrafine-grained Mg-2Zn-2Gd
alloy with high strength-high ductility combination
and comparison with the coarse-grained
counterpart. J Mater Sci Technol. 2018;34:311–316.

[10] Trivedi P, Nune KC, Misra RDK. Degradation beha-
viour of magnesium-rare earth biomedical alloys.
Mater Technol. 2016;31:726–731.

[11] Khalajabadi SZ, Abdul Kadir MR, Izman S, et al.
Effect of mechanical alloying on the phase evolution,
microstructure and bio-corrosion properties of
a Mg/HA/TiO2/MgO nanocomposite. Ceram Int.
2014;40:16743–16759.

[12] Malladi L, Mahapatro A, Gomes AS. Fabrication of
magnesium-based metallic scaffolds for bone tissue
engineering. Mater Technol. 2018;33:173–182.

[13] Bakhsheshi-Rad HR, Hamzah E, Ismail AF, et al.
Novel nanostructured baghdadite-vancomycin scaf-
folds: in-vitro drug release, antibacterial activity and
biocompatibility. Mater Lett. 2017;209:369–372.

[14] Bakhsheshi-Rad HR, Kadir MRA, Idris MH, et al.
Relationship between the corrosion behavior and the
thermal characteristics and microstructure of
Mg-0.5Ca-xZn alloys. Corros Sci. 2012;64:184–197.

[15] Diba M, Goudouri O-M, Tapia F, et al. Magnesium-
containing bioactive polycrystalline silicate-based cera-
mics and glass-ceramics for biomedical applications.
Curr Opin Solid State Mater Sci. 2014;18:147–167.

[16] Trivedi P, Misra RDK. Surface biodegradation beha-
vior of rare earth- containing magnesium alloys with
different microstructure: the impact on apatite coat-
ing formation on the surface. Mater Technol.
2018;33:488–494.

[17] Ferreira L, Fonseca AM, Botelho G, et al. Antimicrobial
activity of faujasite zeolites doped with silver.
Microporous Mesoporous Mater. 2012;160:126–132.

[18] Sánchez MJ, Mauricio JE, Paredes AR, et al.
Antimicrobial properties of ZSM-5 type zeolite func-
tionalized with silver. Mater Lett. 2017;191:65–68.

[19] Ma Y, Tong W, Zhou H, et al. A review of
zeolite-like porous materials. Microporous
Mesoporous Mater. 2000;37:243–252.

[20] Koohsaryan E, Anbia M. Nanosized and hierarchical
zeolites: A short review. Chin J Catal.
2016;37:447–467.

[21] Kaur B, Srivastava R, Satpati B, et al. Biomineralization
of hydroxyapatite in silver ion-exchanged nanocrystal-
line ZSM-5 zeolite using simulated body fluid. Colloids
Surf B. 2015;135:201–208.

[22] Iqbal N, Kadir MRA, Iqbal S, et al. Nano-
hydroxyapatite reinforced zeolite ZSM composites:
A comprehensive study on the structural and in vitro
biological properties. Ceram Int. 2016;42:7175–7182.

[23] Sánchez MJ, Gamero P, Cortés D. Bioactivity assess-
ment of ZSM-5 type zeolite functionalized with silver
or zinc. Mater Lett. 2012;74:250–253.

[24] Bakhsheshi-Rad HR, Hamzah E, Daroonparvar M,
et al. Bi-layer nano-TiO2/FHA composite coatings
on Mg–Zn–Ce alloy prepared by combined physical
vapour deposition and electrochemical deposition
methods. Vacuum. 2014;110:127–135.

[25] Kokubo T, Takadama H. How useful is SBF in pre-
dicting in vivo bone bioactivity? Biomaterials.
2006;27:2907–2915.

[26] Lili T, Mingming G, Feng Z, et al. Study on com-
pression behavior of porous magnesium used as
bone tissue engineering scaffolds. Biomed Mater.
2009;4:015016.

[27] Guan RG, Shen YF, Zhao ZY, et al. Nanoscale pre-
cipitates strengthened lanthanum-bearing Mg-3Sn-
1Mn alloys through continuous rheo-rolling. Sci
Rep. 2016;6:23154.

[28] Vilaça N, Totovao R, Prasetyanto EA, et al.
Internalization studies on zeolite nanoparticles
using human cells. J Mater Chem B. 2018;6:469–476.

[29] Trivedi P, Nune KC, Misra RDK. Grain structure
dependent self-assembled bioactive coating on
Mg-2Zn-2Gd alloy: mechanism of degradation at
biointerfaces. Surf Coat Technol. 2017;315:250–257.

[30] Geng F, Tan L, Zhang B, et al. Study on β-TCP
coated porous Mg as a bone tissue engineering scaf-
fold material. J Mater Sci Technol. 2009;25:123–129.

[31] Mahapatro A, Matos Negron TD, Gomes AS.
Nanostructured self assembled monolayers on mag-
nesium for improved biological performance. Mater
Technol. 2016;31:818–827.

[32] Bakhsheshi-Rad HR, Hamzah E, Joy Yii SL, et al.
Characterisation and thermodynamic calculations of
biodegradable Mg–2.2Zn–3.7Ce and Mg–Ca–2.2Zn–
3.7Ce alloys. Mater Sci Technol. 2017;33:
1333–1345.

[33] Bakhsheshi-Rad HR, Hamzah E, Staiger MP, et al.
Drug release, cytocompatibility, bioactivity, and anti-
bacterial activity of doxycycline loaded Mg-Ca-TiO2

composite scaffold. Mater Des. 2018;139:212–221.
[34] Ma Z, Ren L, Liu R, et al. Effect of heat treatment on

Cu distribution, antibacterial performance and cyto-
toxicity of Ti–6Al–4V–5Cu Alloy. J Mater Sci
Technol. 2015;31:723–732.

[35] Trivedi P, Nune KC, Misra RDK, et al. Cellular
response of Escherichia coli to Mg-2Zn-2Gd alloy
with different grain structure: mechanism of disruption
of colonisation. Mater Technol. 2016;31:836–844.

[36] Durán N, Durán M, de Jesus MB, et al. Silver nano-
particles: A new view on mechanistic aspects on anti-
microbial activity. Nanomedicine. 2016;12:789–799.

268 M. SAHEBAN ET AL.



[37] Le Ouay B, Stellacci F. Antibacterial activity of silver
nanoparticles: A surface science insight. Nano
Today. 2015;10:339–354.

[38] Girase B, DepanD, Shah JS, et al. Silver–clay nanohybrid
structure for effective and diffusion-controlled antimi-
crobial activity. Mater Sci Eng C. 2011;31:1759–1766.

[39] Misra RDK, Girase B, Depan D, et al. Hybrid
nanoscale architecture for enhancement of antimi-
crobial activity: immobilization of silver nanoparti-
cles on thiol-functionalized polymer crystallized on
carbon nanotubes. Adv Eng Mater. 2011;14:B93–
B100.

MATERIALS TECHNOLOGY 269


	Abstract
	Introductions
	Materials and methods
	Results and discussion
	Characterization ofMg/Zeo powders and scaffolds
	Mechanical characterization ofMg/Zeo composite scaffolds
	Corrosion behavior ofMg/Zeo composite scaffolds
	Cytocompatibility ofMg/Zeo composite scaffolds
	Antibacterial activity of Mg/Zeo-Ag composite scaffolds

	Conclusion
	Disclosure statement
	ORCID
	References



