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Abstract: Infection is a major potential complication in the clinical treatment of bone injuries. Magnesium (Mg)-based composites
are biodegradable and antibacterial biomaterials that have been employed to reduce infection following surgical implants. The aim of
present study was to synthesize and in-vitro characterize Mg-based scaffolds containing silver for bone tissue engineering. Porous
Mg-based scaffolds with four silver concentrations (i.e., 0, 0.5 wt.%, 1 wt.%, and 2 wt.%), denoted by Mg—Ca—Mn—Zn—xAg
(MCMZ-xAg) (where x is the silver concentration), were fabricated by the space holder technique. The effects of silver
concentration on pore architecture, mechanical properties, bioactivity, and zone of bacterial inhibition were investigated in-vitro.
X-ray diffractometry (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM) and fluorescence
microscopy were utilized to characterize the obtained scaffolds. In-vitro corrosion test results indicated that the MCMZ scaffolds
with lower silver content were more resistant to corrosion than those enriched with higher amounts of silver. Examination of the
antibacterial activity showed that the MCMZ—-Ag scaffolds exhibited superb potential with respect to suppressing the growth of
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus), in the inhibition zone around the MCMZ—Ag scaffolds, with
increasing in the amount of incorporated silver; however, higher amounts of silver increased the cytotoxicity. Taken together, the
results of this study demonstrate that the porous 0.5 wt.% Ag-containing scaffolds with interconnected pores, adequate mechanical
properties, antibacterial activity, and cell adhesion are promising with respect to the repair and substitution of damaged and diseased
bones.
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materials for various biomedical applications, including

1 Introduction

Throughout the history of biomedical engineering,
finding an alternative material for repairing bone defects
has been a critical issue [1-3]. Magnesium (Mg) has
drawn much attention as a bone substitute material due to
its biodegradability, biocompatibility, and appropriate
mechanical properties [4,5]. These unique properties of
Mg have motivated many scientists to explore Mg-based

bone tissue regeneration by means of Mg-based implants
or scaffolds [6—9]. Notably, Mg-based alloys have a
poor antibacterial behavior, which has limited their
applications [10,11]. For example, previous studies have
shown that premature failure of implants happens owing
to the bacterial infection on the surface of implants,
which is apt for bacterial adhesion and colonization [12];
that implant-associated infection has a risk (up to 23%)
of serious fractures [13]; and that infection takes place in
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both the beginning stage of implantation and the whole
service lifetime of implants [14]. This raises a great need
to improve the antibacterial behavior of Mg-based
implants [15]. For this, the antibacterial behavior of
metals such as silver (Ag), titanium (Ti), zinc (Zn), gold
(Au), and copper (Cu) has been employed in previous
studies [11,16]. Metallic Ag, as a main reinforcement
element in nanoparticles, has also offered remarkable
resistance and is regarded as a vigorous antimicrobial
agent [17,18].

The present study aimed to develop scaffolds based
on Mg with the addition of Ca, Mn, and Zn, with a focus
on identifying the influence of the addition of Ag on
scaffold performance in terms of mechanical properties
and antimicrobial activity [19]. Silver additives deliver
antimicrobial activity to materials at relatively low
concentrations, and are widely used in the textile
industry and in plastic medical devices
antibacterial properties are required [20]. In addition to
the inherent qualities of Ag as an anti-infective element,
it has biomedical functions in the form of nanoparticles
and can increase the mechanical strength of Mg scaffolds
through the formation of a fine Mg—Ag phase [21]. Some
strains of bacteria such as methicillin-resistant
Staphylococcus aureus (MRSA) can be easily suppressed
by Ag nanoparticles [20,21]. The antibacterial
characteristics of Ag result from a mechanism that
alters the permeability of the bacterial outer cell
membrane [10]. Some researchers maintain that silver
nanoparticles can inhibit bacterial cell growth by
inducing pits and gaps in the cell membrane [8]. The
scaffolds to be considered herein contain Ca, which is an
abundant element in the chemical composition of natural
bone and can act in signal transduction [9,22]. The
co-existence of Ca and Mg accelerates bone healing due
to the simultaneous release of Ca and Mg ions [9,23].
Moreover, the addition of Ca to Mg with a maximum
solubility of 1.34 wt.% can improve the mechanical
strength through the formation of Mg,Ca precipitate
in the o (Mg) phase and grain refinement of Mg [3].
Manganese (Mn) also enhances the mechanical stability
of Mg via grain size refinement [8,9].

Porous scaffolds act as a template that guides the
bone cells into pores to proliferate and differentiate to
regenerate damaged bones. They also serve as a platform
for drug delivery and body fluid transformation. The use
of space holders to generate pores is an effective method
for fabricating porous scaffolds [24,25]. Heat treatment
burns out the space holder particles and sinters the metal
compact into a porous scaffold. Pore size and porosity
can be adjusted via the size and content of the space
holder, respectively [1,17,26]. To the best of our
knowledge, minimal research has been conducted on
Mg-based scaffolds containing various amounts of silver.

where

Here, porous scaffolds based on Mg, Ca, Mn, and Zn
were created with the space holder method with Ag
added in amounts ranging from 0 to 2 wt.%, and their
performances were evaluated. Specifically, the effects of
silver concentration on pore architecture, mechanical
properties, bioactivity, and zone of bacterial inhibition
were investigated.

2 Experimental

2.1 Materials and preparation

Powdered Mg (purity >99%, patrticle size 5-20 pm),
Ag (99.5% purity, particle size <10 pm), Mn (99.8%
purity, particle size <50 um), Zn (99.8% purity, particle
size <80 um), and Ca (99% purity, granular size <1 cm)
were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and used as precursors. Spherical carbamide
(Co(NH,),) particles with a size of 600—800 pm (Sigma-
Aldrich) were used as the space holders to fabricate the
porous scaffolds. The mixture of MCMZ—-xAg particles
was prepared based on 1 wt.% Mn, 1 wt.% Ca, and 6
wt.% Zn, with Ag content ranging from 0 to 2 wt.%. The
composite powder samples were then dried in a vacuum
drying oven under an argon atmosphere at 220 °C for 2 h.
To ensure fine powder mixing and particle size reduction,
the samples were ground under argon gas in a planetary
ball mill at 600 r/min for 5 h in a zirconia vial with a
ball/powder mass ratio of 10:1 and zirconia balls with
diameters of 5 and 10 mm. To generate the pore network,
the composite powder samples and carbamide particles
were manually mixed at a mass ratio of 60:40 to obtain
homogeneity porous scaffolds. For better distribution of
particles, a small amount of ethanol (2 wt.%) was added
during the mixing process as a binder. The homogenous
mixed powders were uniaxially compacted in a die at
a pressure of 200 MPa and a crosshead speed of
2.0 mm/min into cylindrical green scaffolds with a
diameter of 10 mm and a height of 15 mm. The final
sintering operation was performed in two steps in a tube
furnace under a high purity argon gas atmosphere:
180 °C for 2 h to remove the carbamide particles from
the green compacts, then 580 °C for 2 h to increase the
metallurgical bonding between composite powders
(Scheme 1).

The porosity of composite scaffolds was evaluated
based on the Archimedes principle. Specifically,
Equation (1) represents the density (p) of MCMZ—xAg
scaffolds in which the mass fraction (%) of Ag varies
from 0 to 2, and Eq. (2) gives the total porosity (P) of
porous scaffolds.
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Scheme 1 Space holder method for synthesizing articulated structures

where Wig, Wzn, Wea, Whn and wa, are mass fractions (%)
of Mg, Zn, Ca, Mn and Ag, respectively; mqyand mg are
the mass of sample in dry and water saturated conditions,
respectively. For example, p has a value of 2.206 g/cm’
for MCMZ-1Ag.

2.2 Mechanical properties

Mechanical properties were characterized by using
compression tests performed at room temperature
(Instron—569) using a cell with a load of 10 kN. The
scaffolds were pressed along their long axes at a rate of
0.2 mm/min. At least three scaffolds of each type were
examined to assess the reproducibility of test results.

2.3 In vitro corrosion behavior

The corrosion rate of the Mg-based composite
scaffolds was investigated using the electrochemical
technique. The electrochemical cell consisted of
Mg-based samples with a surface exposure of 0.5 cm” as
the working electrode, a platinum wire as the counter
electrode, and saturated calomel as the reference
electrode (SCE). The Kokubo simulated body fluid
(SBF) solution with a pH of 7.44 was prepared by
dissolving the reagents NaCl, NaHCO;, KClI,
K,HPO,-3H,0, MgCl,-6H,0, CaCl, and Na,SO, into
distilled water, as per Ref. [27]. Chemical composition of
the Kokubo SBF was listed in Table 1, as compared to
the human blood plasma [27]. Scaffolds were soaked in
200 mL of the Kokubo SBF solution for 24 h and after
that, were taken out from the SBF solution, rinsed with
distilled water, and dried in air. The changes in pH (pH &
Ion Meters S50; Camlab) of the SBF solution were also
monitored during the soaking time period. The sample
impedance measurements were performed using an AC
impedance system (model 2263, Princeton Applied
Research), in which the initial frequency and final
frequency were set to be 1x10° and 1x107* Hgz,
respectively, with an AC sine wave amplitude of 10 mV,

frequency per decade of 10 Hz, and delayed before
integration of 1 s. For potentiodynamic polarization
measurements, a starting potential of —250 mV, final
potential of 1300 mV, and scan rate of 1 mV/s were used.

2.4 In vitro antibacterial activity

The antibacterial effectiveness of the scaffolds was
evaluated in the inhibition zone with the bacterial
counting method, where gram-positive Staphylococcus
aureus (S. aureus, ATCC 12600) and gram-negative
Escherichia coli (E. coli, ATCC 9637) were used and
counted. The size of the ring that is free from bacterial
colonization indicates the extension of the antibiotic
properties of MCMZ scaffolds incorporating different
amounts of Ag. The test was based on the disc diffusion
test, with the antibiotic gentamicin (10 pg per disc) used
as a positive control. The bacteria were incubated at
37°C for 24 h and the inhibition zone around each
specimen was visually inspected. For bacterial counting,
samples were placed into UV-irradiation sterilized SBF
and incubated at (37+0.5) °C for 24 h with a ratio of
sample surface area to medium of 1.25cm*/mL.
Subsequently, bacterial suspensions were added to the
sample extracts at a volume ratio of 1:9 and the samples
were kept in a humidified incubator with 5% CO, for
24 h. Then, an overnight culture of E. coli and S. aureus
was diluted with broth medium and the diluted bacterial
suspension of 0.1 mL was plated on agar plates and
spread evenly. Viable bacteria were quantified on the
agar plates after being kept in a humidified incubator
with 5% CO, for 24 h.

2.5 Osteoblastic cytocompatibility

A tetrazolium-based colorimetric assay (MTT) was
implemented to evaluate the cytotoxicity of MCMZ
scaffolds containing Ag particles. Briefly, the culture
medium was added to the scaffolds (5 mg) and incubated
at 37 °C for 1 and 2 d. MG-63 cells (1x 10* cell/well)
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Table 1 Chemical composition of Kokubo SBF as compared to human blood plasma

Ton concentration/(mmol-L ")

Solution
Na* K Ca** Mg* HCO;~ cr HPO,> SO
Blood plasma 142.0 5.0 2.5 1.5 27.0 103.0 1.0 0.5
Kokubo SBF 142.0 5.0 2.5 1.5 42 147.8 1.0 0.5

were seeded on the MCMZ—-xAg scaffolds. The ratio of
sample surface area to medium was 1.25 cm*/mL. Then,
the extracts were collected and kept in a humidified
incubator with 5% CO, for various time. Afterward, the
cell medium was refreshed with 1 and 2-day extracts.
The medium was removed after another 24 h and 100 pL
of MTT agent (0.5 mg/mL in PBS) was inoculated into
each well and kept in the incubator for 4 h. After 4 h,
100 pL of DMSO was inserted to the well to dissolve the
formazan crystals. Finally, the absorbance was read at
545 nm by using an ELISA reader (Stat Fax—2100,
Miami, USA) and normalized by free scaffolds culture
medium as a control group [28]. Nuclear staining with
DAPI (4, 6-diamidino-2-phenyl indole, blue fluorescence
in live cells) was conducted to study MG63 cell
reproduction. The ALP activity assay was performed on
the third and seventh day to assess the influence of
tetracycline on the early osteogenic differentiation of
M-G63 cells. The cells were seeded at a concentration of
1x10* cell/mL placed individually in a 24-well plate.
The cells were left to grow for different time at 37 °C
in a humidified atmosphere of 5% CO, according to
Ref. [28].

2.6 Morphological characterization

Scanning electron microscopy (SEM; JSM—6380LA,
JOEL, Japan) was employed to study pore morphology
and detect the presence of apatite on the surface of the
porous structures. Transmission electron microscopy
(TEM; HT7700, Hitachi, Japan) was used to evaluate the
grain size and powder morphology. Oxford energy
dispersive X-ray spectrometer (EDS) analysis with an
operating voltage of 20 kV was employed to determine
the presence of elements. An X-ray diffractometer
(Siemens D 5000) was used to investigate the phase
components with Cu K, radiation (45 kV, 40 mA). The
XRD traces were recorded in a 26 range of 20°—80° at a
scanning rate of 4 (°)/min.

3 Results and discussion

3.1 Structural and micrographic characterization of
MCMZ—xAg scaffolds
XRD patterns of mechanically alloyed MCMZ—xAg
composite powders are shown in Fig. 1(a). Weak peaks
are observed in the diffractograms of the MCMZ
composite powder free of silver particles due to the

presence of Mg,Ca and Mg,CasZn; precipitate phases.
Upon the addition of silver, a peak intensity related to
Ag;Mgs, is detected in addition to those of Mg,Ca and
Mg,CasZn;. Note that ¢-Mgs;Agy; is a non-equilibrium
precipitate at room temperature with an orthorhombic
structure [29,30]. The TEM image in Fig. 1(b) shows
MCMZ powders containing 1 wt.% Ag prepared by the
solid state mechanism followed by sintering at 580 °C
for 2 h. Each agglomerate has many particles smaller
than 200 nm, and homogenous spherical particles with a
mean size of (67 + 2) nm can be observed.

@ . —Mg,Ca
MCMZ-2Ag « # *—Mg,CagZn;
Cheldes | t e
MCMZ-1Ag A—Mg54Agl7
Yo ’—Mg
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MCMZ-0.5Ag -
! M LN }\ * * *
MCMZ .
* *
k1L

20 30 40 50 60 70 80
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Fig. 1 XRD patterns of MCMA—xAg (a) and TEM image of
MCMZ-1Ag nanopowders (b) after 6 h milling

Figure 2 shows SEM images of the MCMZ
scaffolds containing Ag, which confirm the homogenous
distribution of an interconnected pore network. Open-cell
porosity with an appropriate pore architecture allows
for biomolecules to freely move through the holes of
the porous structures [1,28]. In addition, pore-scale
descriptors are associated with bone ingrowth. In this
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500 pm

Fig. 2 SEM images of MCMZ—-xAg scaffolds without Ag (a), with 0.5 wt.% Ag (b), 1.0 wt.% Ag (c) and 2.0 wt.% Ag (d)

study, pore features including pore morphology and pore
size are consistent irrespective of the silver amount and
remained intact; the porosity of 60% and pore size in the
range of 600—800 pum are suitable for ontogenesis,
vascularization, and bone regeneration [2,25]. Because
spherical space-holder particles were extracted through
conversion to gas bubbles during thermal treatment, most
of the pores in the MCMZ-xAg scaffolds are connected
spherical shapes [26]. In this context, a cut-off for the
pore size needed to stimulate bone ingrowth that
allows body fluid transport of 100—150 um has been
proposed [25]. For porous structures created from
biomaterials, design factors such as pore size and
interconnectivity should be optimized to help the bone
scaffold lock into place, stimulate cell adhesion and
growth, and increase permeability to fluids.

3.2 Mechanical characterization of MCMZ—-xAg

scaffolds

Mechanical properties of porous artificial bone
made from biomaterials are important for biomechanical
functioning. To minimize the risk of stress-shielding in
the host tissues, the mechanical strength of porous
scaffolds must be comparable to that of the neighboring
tissue [24,25]. Furthermore, they must have sufficient

compressive strength to withstand the in vivo load before
the artificial bone degrades and is gradually replaced by
natural bone [9]. Nominal compressive stress—strain
curves of the fabricated scaffolds with 60% porosity are
shown in Fig. 3(a). The ultimate compressive strength
(UCS) of the scaffolds incorporating silver is greater
than that of the scaffold without containing silver
((4.0£0.2) MPa); the addition of only 0.5 wt% Ag
enhanced the UCS to more than (4.3+0.2) MPa without
influencing the elongation. This can be attributed to the
presence of the fine Mg—Ag precipitate phase, grain
refinement, and weak basal texture. Higher Ag
concentrations further improved the UCS, with the UCS
of 2.0wt.% Ag scaffolds at (4.8+0.2) MPa. This is
attributed to grain refining and subsequent hindering of
grain boundary sliding and dislocation motion. UCS
values for all of the fabricated scaffolds were in the range
of those values for bovine and human cancellous bone
(compressive strength 2—12 MPa).

3.3 Corrosion behavior of MCMZ—-xAg scaffolds

In the electrochemical terminology, the anodic
polarization curve indicating the potential-current
relationship involves a corroding metal (the fabricated
Mg-based scaffolds) where loss occurs by dissolution.
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Fig. 3 Location-related instantaneous changes in compressive
strength (a), potentiodynamic polarization (b) curves and

electrochemical impedance spectroscopy (EIS) spectra (c) of
MCMZ-xAg scaffolds

The cathodic polarization curve shows the evolution of
hydrogen from the reduction of water. Figure 3(b)
displays polarization curves for exposure of MCMZ and
MCMZ—-Ag scaffolds to SBF solution. The corrosion
potential of the MCMZ scaffold is more positive than
that of the MCMZ—Ag scaffolds. The corrosion potential
of the MCMZ scaffold is (—1726+8) mV (vs SCE),
which is (71+44) mV (vs SCE) higher than that for the
MCMZ—-Ag scaffolds ((—1797+9) mV) (vs SCE) and
implies the effectiveness of the additive elements (Zn, Ca,
Mn) on corrosion resistance of the alloy. In the study on
the corrosion behavior of Mg—Ca—Mn—Zn alloy,
BAKHSHESHI-RAD et al [30] show that intermetallic
precipitation considerably improves corrosion resistance
by interrupting electron transfer. In addition, the

intermetallic phases serve to prevent a continuous
network structure of the anodic phases, which leads to a
reduction in anodic corrosion. During corrosion in SBF,
Zn and Mn additives form a passive layer on the
corroding Mg layers, which hinders the penetration of
chloride anions and hence increases corrosion resistance.
In contrast, the incorporation of Ag nanoparticles into the
MCMZ composite shifts the polarization potential in the
negative direction and increases the corrosion current
density (Jor) to slightly more than (234.2+12) pA/cm’.
This change can be attributed to the electrochemical
potential difference between o-Mg and Ag;;Mgsy
phases [29]. The electrochemical impedance spectro-
scopy (EIS) analysis in Fig. 3(c) shows that the
MCMZ—-Ag scaffolds match well with the high-
frequency capacitive loop. The high-frequency
semicircle diameter determines the charge-transfer
resistance (R) at the electrode/ electrolyte interface.
Thus, the larger diameter implies more difficult charge
transfer between the electrode and electrolyte. The EIS
spectra of the fabricated scaffolds in a simple equivalent
circuit can be used to characterize the samples, where R
denotes the solution resistance, CPE is the electric
double-layer capacitance of the passive film, and R is
the charge transfer resistance. The figure shows that the
addition of 0.5wt.% Ag to the MCMZ composite
scaffold reduces the diameter of the capacitive loop and
hence lowers R ((520+6) Q-cm?). However, further
addition of Ag has a more negative effect on the R, value,
with the lowest value attributed to the scaffolds
containing 2 wt.% Ag (R.=(460+5) Q-cm?).

3.4 In vitro bioactivity of MCMZ—xAg scaffolds

In vitro osteoconductivity is suggested by increased
apatite apposition around the Ag-containing MCMZ
scaffolds for up to 7 d in the SBF solution. Figure 4
shows SEM images of bonelike apatite aggregates
formed on the surface of the scaffolds after 7 d in SBF.
Plenty of apatite particles can be seen on the surface of
the scaffolds due to direct exposure to SBF (Fig. 4). In
addition, the mineralization of apatite particles with a
spherical morphology on the scaffold pore surface might
increase the mechanical integrity. Based on the SEM
images, the deposition of the apatite layer appears to
occur irrespective of silver content, at least for the
concentrations investigated here (maximum of 2.0 wt.%
Ag). EDS spectra of the scaffolds with and without Ag
after immersion in SBF (Figs. 5(a) and (b)) confirm the
formation of the apatite layer (Areas 4 and B in Fig. 4).

The most noticeable changes are the formation of P
and Ca after exposure to SBF, which is related to the
formation of a calcium phosphate film. The increase in
the pH and hydroxyl ion concentration resulting from the
prompt exchange of Ca* and Mg*" with H" and H;0"
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Fig. 4 SEM images of MCMZ—xAg scaffolds without Ag (a), with 0.5 wt.% Ag (b), 1.0 wt.% Ag (c), and 2.0 wt.% Ag (d) after

immersion in SBF solution

from the SBF can induce the biomineralization of apatite
layers. In addition, the adsorption of calcium, phosphate,
and hydroxyl ions from the SBF by the scaffolds causes
the nucleation of bonelike apatite and a drop in pH due to
the consumption of ions such as Ca*" and PO,’" during

the process [5].

The formation of the apatite film on the Ag-
incorporating MCMZ scaffolds provides a strong bond
interface between the scaffolds and host tissue that helps
the implants to lock in place. Mg-based scaffolds corrode
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SBF solution (c), change in pH value of SBF solution (d), and XRD patterns (e) of MCMZ—-xAg scaffolds after 168 h immersion in
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rapidly in the electrolytic physiological environment,
which limits their clinical applications. When the
Mg-based scaffolds are exposed to a typical atmosphere,
a protective Mg(OH), film develops and prevents further
corrosion [30]. However, severe pitting corrosion occurs
on Mg-based scaffolds in an aqueous physiological
medium, because chloride ions react with the protective
film to form highly soluble magnesium chloride. Finally,
phosphate (PO4>") and Ca*" in the aqueous solution react
with OH to form hydroxyapatite (HA), which
accumulates on the surface of the Mg-based scaffolds
(Fig. 5(c)). The corrosion reactions of Mg-based

scaffolds can be summarized as follows:

Mg—Mg*'+2e (Anodic reaction) 3)
2H,0+2e—H,+20H (Cathodic reaction) 4
Mg**+20H —Mg(OH), 5)
Mg(OH),+2Cl —»MgCl,+20H" (6)

For all scaffolds, with or without Ag particles, the
pH of the solution fluctuated throughout the in vitro
bioactivity test (Fig. 5(d)). The pH wvalues initially
demonstrate a continuous increase over the first two days
and then this increase slows through the third to seventh
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days and finally stabilizes at 11.35. The most stable pH
value belongs to the Mg-based scaffolds without silver
particles, which also exhibit the lowest degradation rate
compared with the other scaffolds. The initial rise in pH
is attributed to the transition of Mg to Mg*" ions and
consequent production of OH  released during the partial
cathodic reaction. Thereafter, the hydroxyl ions released
combine with PO, and Ca’ to precipitate
hydroxyapatite, resulting in slowing of the increase in pH
that is evident in the latter part of the pH diagram. The
XRD results (Fig. 5(e)) confirm the precipitation of HA
(JCPDS-PDF No. 01-071-5048) and Mg-hydroxide
(Mg(OH),) on the surface of all of the Mg-based
scaffolds. For those incorporated with Ag, a silver
chloride phase (JCPDS-PDF No. 01-085-1355) is
observed in addition to HA and Mg(OH),. XRD peaks
observed at 26 value of 37.5° indicate the presence of

E. coli

Zone diameter/mm
=S CENTE SRV -

N S1 S2
(e) Control

S3  Control

S. aureus

Mg(OH), as an alkalized layer. Nonetheless, the
corrosive media can penetrate the HA coating as well as
the protective alkalized layer and corrode the intact Mg.
The new hydroxyl ions released from further Mg
corrosion react with the products released from the
dissolution of the former apatite layer (PO,> and Ca®")
to form a new HA layer. The above results demonstrate
that the incorporation of Ag into the MCMZ scaffold has
only a minor effect on the formation of apatite.

3.5 In vitro antibacterial activity of MCMZ-Ag
scaffolds
The antibacterial activity was determined by
co-culturing the MCMZ-Ag scaffolds with E. coli and
S. aureus for 1 d and assessing the viability of the
bacterial cells (Fig. 6). The results suggest that Ag
particles can be utilized as a promising bacterial growth
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Fig. 6 Inhibition zones of MCMZ and MCMZ-Ag scaffolds against E. coli (a) and S. aureus (b) bacteria after 24 h and values of
growth-inhibition zones against E. coli (c) and S. aureus (d), and photographs of antibacterial experiment with MCZM—Ag scaffolds
against E. coli and S. aureus bacteria for 24 h (e): SO—MCMZ; SI—MCMZ-0.5Ag; S2—MCMZ—-1Ag; S3—MCMZ-2Ag;

Control—Gentamicin
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inhibitor in the scaffolds. The (0.5-2)wt.% Ag-
containing scaffolds demonstrate more growth-
inhibiting influence than the Ag-free scaffold (Figs. 6(a)
and (b)), and this effect seems to be concentration-
dependent as it extends to the highest concentration
(2 wt.% Ag) considered here. The means sizes of the
inhibition ring for E. coli for Ag free, 0.5 wt.% Ag,
1.0 wt.% Ag, and 2.0 wt.% Ag scaffolds are (0.7+0.3),
(1.5£0.3), (2.740.4) and (3.6+£0.6) mm, respectively;
slightly larger inhibition rings are observed for S. aureus
than E. coli (Figs. 6(c) and (d)). Figure 6(e) presents
images illustrating the percent bacterial inhibition of the
MCMZ scaffolds containing various amounts of Ag. The
Ag-free MCMZ scaffolds have poor antimicrobial
performance towards both E. coli and S. aureus while the
MCMZ—-Ag scaffolds considerably inhibit their growth.
This is attributed to the rise of pH value throughout the
degradation of Mg-based scaffolds and release of silver
in the bacterial solution. In fact, high pH value of the
SBF solution during the degradation of Mg-based sample
leads to the bacteria membrane damage, which causes
in cell death. Different kinds of microorganisms
representing many biological groups have developed
drug resistance, but Ag ions are known to suppress drug
resistance of various bacterial cells [24]. As such, the
Ag-containing scaffolds fabricated in this study can be
contributed to the prevention of infection, bacterial
growth inhibition, and drug resistance during the clinical
usage. Even though the antibacterial effectiveness of
silver has long been known and at present has been used
to modulate bacterial growth in different clinical
applications, the inhibitory mechanism remains largely
undefined [11,16]. Possible mechanism for antibacterial
performance of the MCMZ—-Ag scaffolds is exhibited in
Scheme 2. One possibility is that the antimicrobial
activity is correlated with the released free radicals that
manipulate the cell membrane and interrupt cell
functions; electron transport binding to DNA is another
alternative for the Ag antibacterial mechanism [20].
Another plausible argument is that antimicrobial activity
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DNA damage b’

Enzyme disruption

Protein deactivation
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Flagella o T ®
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Scheme 2 Schematic illustration of antimicrobial mechanisms
of MCZM—Ag scaffolds in SBF solution

results from the interaction between silver ions and
nucleophilic amino acid and thiol residues in the
protein structure, causing protein denaturation and cell
death [21,31]. Moreover, the release of OH ion results
in increasing pH value and alkaline environments may
cause lipid peroxidation of phospholipids in bacterial
membrane. This phenomenon leads to the destruction of
membrane and further cellular lysis. Hence, MCMZ—-Ag
scaffolds present good antibacterial performance due to
the release of silver ions and the formation of an alkaline
environment.

3.6 In vitro biocompatibility of MCMZ—xAg scaffolds

Biocompatibility is a general term used to describe
a material that is compatible with living tissue.
Biocompatible materials exposed to SBF do not produce
toxic responses [10,32]. Measurement of cell viability
and growth is the foundation for many in vitro assays of
cell community response to external factors [4,25]. The
in vitro cytotoxicity of Ag-incorporating MCMZ
scaffolds was measured by MTT cell proliferation assay
for various incubation time (Fig. 7(a)). EL-KADY
et al [24] measured the maximum cytocompatible
concentration of Ag ions released from scaffolds;
however, the results varied depending on the type of
cell/microorganism and whether the measurements were
conducted in vivo or in vitro. The results from the
present study show that the higher concentration
scaffolds (2.0 wt.% Ag) release Ag ions into the culture
medium and induce cytotoxic responses in the bone cells,
whereas Ag released from the lower concentration
scaffolds (0.5 wt.% Ag, 1.0wt.% Ag) only causes
minor decrease in cell proliferation. Therefore, the
concentration of Ag in MCMZ scaffolds that result in a
cytocompatible response from the bone cells is very
narrow. The scaffolds containing 0.5 wt.% Ag develop
more cells initially (1d), but experience a slight
reduction in cell viability over 4 d compared with the
negative control (without Ag). Overall, the cell
proliferation and cell viability of the 0.5 wt.% and
1.0 wt.% Ag-containing scaffolds are close to values
noted for the negative control group.

The ALP activities of MG63 cells after cultivating
on the MCMZ and MCMZ—Ag scaffolds for 1, 4 and 7 d
are shown in Fig. 7(b). The ALP activity of MCMZ is
higher than that of MCMZ—Ag scaffolds throughout the
experimental period. MCMZ-0.5Ag shows slightly
higher ALP activity than MCMZ-1Ag throughout
culture time and the lowest ALP activity is observed
from MCMZ-2Ag scaffold. ALP expression suggests
that the MCMZ—0.5Ag scaffolds containing lower silver
concentration  benefit  osteoblastic  differentiation,
indicating that scaffolds containing lower concentration
of silver extracts suggest that they are able to promote
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Fig. 7 Viability (a) and ALP activity (b) of MG63 cells cultured
on MCMZ-xAg scaffolds for different time: SO—MCMZ;
SI—MCMZ-0.5Ag; S2—MCMZ-1Ag; S3—MCMZ-2Ag

the cell differentiation. Designing porous scaffolds that
elicit appropriate cell responses (e.g., cell repopulation,
cell adhesion, and differentiation) is a critical element in
orthopedic research. To fulfill such expectations, cells
are required to interact promptly with the scaffolds
surface (the recognition process) by detecting specific

MCMZ MCMZ-0.5Ag

(@

(®)

receptors and attaching to the material surface. Rapid
cell-material interaction strongly determines cell
survival because any delay in the interaction will lead to
cell death [17,18].

DAPI staining of the cells was monitored by
fluorescence microscopy to determine cell attachment as
well as cell viability on the surface of the fabricated
scaffolds (Fig. 8). More MG63 cells interacted and
attached to the (0.5-1.0) wt.% Ag-incorporating MCMZ
scaffolds than to the 2.0 wt.% Ag-containing scaffold
(Fig. 8(a)). Therefore, the addition of a low concentration
of Ag seems to be compatible with cell attachment on
scaffold surfaces. Engineering porous biomaterials elicit
cell responses such as cell adhesion, cell growth, and
differentiation has been a challenging element in
orthopedic research. In the current study, MG63 cells
were also employed to assess the cytocompatibility of
MCMZ and Ag-bearing MCMZ scaffolds. Acridine
orange as a versatile fluorescence dye was used to
visualize the cells under a fluorescent microscope. After
2d of culture, MCMZ and 0.5wt% Ag—MCMZ
scaffolds (Fig. 8(b)) demonstrated greater cell-spreading
with higher cell density than 1.0 wt.% and 2.0 wt.%
Ag—MCMZ scaffolds. The healthy polygonal-shaped
MG63 cells with their typical filopodia and flatted
spindle seeded on the 2.0 wt.% Ag—MCMZ scaffold
transitioned to a blurry image after 2 d, suggesting that
this amount of Ag is cytotoxic. Overall, Ag incorporation
into the MCMZ scaffolds had an adverse cellular
response, with the 2.0 wt.% Ag significantly decreasing
cell viability and adhesion. This adverse cell-biomaterial
interaction might be associated with high pH and metal
ions released from the 2.0 wt.% Ag—MCMZ scaffolds.

MCMZ-1Ag MCMZ-2Ag

100 pm 100 pm

Fig. 8 DAPI staining images of MG63 cell (a) and acridine orange fluorescent staining images (b) of osteoblasts cultured for 24 and
48 h, respectively on MCMZ, MCMZ-0.5Ag, MCMZ-1Ag and MCMZ—-2Ag scaffolds
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The degradation rate of the 2.0 wt% Ag—-MCMZ
composite scaffolds increased in the presence of Ag
nanoparticles, but the increasing ion concentrations also
led to higher cytotoxicity of these scaffolds to MG63
cells.

4 Conclusions

(1) The incorporation of Ag nanoparticles into the
MCMZ composite scaffolds changed neither pore
architecture nor porosity. The ultimate compressive
strength (UCS) of the nanostructured MCMZ-Ag
scaffolds was higher than the Ag-free MCMZ scaffold.
The MCMZ and 0.5 wt.% Ag—-MCMZ scaffolds showed
higher corrosion resistance than the 1.0 wt.% or 2.0 wt.%
Ag—MCMZ scaffolds.

(2) The bactericidal effect of the MCMZ-Ag
scaffolds indicates that these biomaterials are strongly
active against E. coli (ATCC 10536) and S. aureus
(ATCC 6538 P), with the antimicrobial effect correlating
with Ag content.

(3) The MTT assay confirmed the higher cell
viability and cell adhesion of MCMZ and 0.5 wt.%
Ag—MCMZ scaffolds than 1.0 wt% or 2.0 wt%
Ag-MCMZ scaffolds. Hence, porous 0.5wt.%
Ag—MCMZ scaffolds with a pore size of 600—800 pum
and a porosity of 60% accompanied by good
antimicrobial activity meet the essential requirements for
applications in bone tissue engineering.
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