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Applications
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A class of biodegradable Mg-3Zn-xAg nanocomposites was presented in the present study with the
assessments for implant application. The evaluations included the effects of increasing the Ag content from
0.5 to 3 wt.% on the corrosion behavior, mechanical properties, antibacterial activity and cytotoxicity of
Mg-3Zn-xAg nanocomposite. Microstructural analysis revealed the secondary phase intermetallic
Mg54Ag17 along the grain boundaries, with grain refinement as a result of increasing the Ag concentration.
0.5 wt.% Ag results in increasing the compressive strength and elongation; however, further addition
decreases the compressive strength. The nanocomposite samples were verified for the improved antimi-
crobial activity by utilizing both E. coli and S. aureus bacteria, the growth of which was suppressed around
all Ag-containing nanocomposites, whereas bacterial proliferations were detected around the Mg-3Zn
nanocomposite. The escalating levels of Ag in the nanocomposite resulted in the elevated antimicrobial
effect. Cell adhesion and proliferation were not significantly influenced by the inclusion of 0.5-1 wt% Ag
into Mg-3Zn nanocomposite; however, cell adhesion and proliferation were lower on the surfaces of the
nanocomposite containing 2-3 wt.% Ag counterparts. According to the mechanical, corrosion and bio-
logical assessments in the current research, it can be concluded that the nanocomposite containing 0.5 wt.%
Ag can be properly applied as an orthopedic implant biomaterial.

Keywords antibacterial activity, corrosion behavior, mechanical
alloying, Mg-based nanocomposites

1. Introduction

During the past decades, there has been a growing interest in
Mg alloys as an outstanding alternative material for implants as
they focus on the present-day prevailing problems of orthope-
dic biomaterials, including the stress shielding issues accom-
panying Ti alloys and the poor mechanical stability of polymer-
based devices (Ref 1, 2). Magnesium is the lightest of all
engineering metals (Ref 3). Magnesium and magnesium alloys
are non-magnetic which have relatively high thermal and
electrical conductivity and good vibration and shock absorption
ability (Ref 4). Mg-based implants are mechanically similar to
the natural bone. There is considerable research interest in
biodegradable implants due to their ability to biodegrade in situ
without needing extra surgery to remove them (Ref 5-7). Mg is
biodegradable, biocompatible and osteoconductive with
antibacterial properties (Ref 8, 9). Above all, the human body

is capable of effective metabolism of Mg degradation products,
eliminating the need for implant removal surgeries following
tissue repair (Ref 10).

However, several issues are remained to be accounted for
prior to taking pure Mg into consideration for tissue engineer-
ing, predominantly its low corrosion resistance and high
degradation rate which causes a serious and unfavorable
inflammatory response with cytocompatibility. Accordingly,
composite materials were established as an option in order to
focus on this issue aiming at yielding materials with high
corrosion resistance and antibacterial activity sought after in
medical applications (Ref 11). Three effective routes including
alloying, surface modification and the formation of magnesium
matrix biocomposites have been applied to reduce the degra-
dation rate of magnesium. A potential approach is to utilize
powder metallurgy routes (e.g., mechanical alloying, MA) in
order to fabricate the magnesium-based composites. Mechan-
ical alloying is a solid-state reaction for producing various non-
equilibrium phases or alloys, such as amorphous phases,
supersaturated solid solutions, nanostructured materials and
nanocomposites in powder form (Ref 12). The mechanical
properties of Mg-based biocomposites can be improved by MA
through the modification of the grain size as opposed to the as-
cast Mg samples with larger grains and preparation of
homogenously dispersed reinforcement particles (Ref 13, 14).

In the present study, Zn and Ag were included to reinforce
Mg-based composites in order to promote the corrosion
resistance and antibacterial activity of Mg to meet the clinical
requirements (Ref 15). Zinc plays a vital role in the human
body as it is crucial for numerous biological functions (Ref 16).
Based on a view of materials, it is acknowledged that age

Mahmood Razzaghi, Masoud Kasiri-Asgarani, Hamid Reza
Bakhsheshi-Rad, and Hamid Ghayour, Advanced Materials
Research Center, Department of Materials Engineering, Najafabad
Branch, Islamic Azad University, Najafabad, Iran. Contact
e-mails: m.kasiri.a@gmail.com, m.kasiri@pmt.iaun.ac.ir,
rezabakhsheshi@gmail.com, and rezabakhsheshi@pmt.iaun.ac.ir.

JMEPEG (2019) 28:1441–1455 �ASM International
https://doi.org/10.1007/s11665-019-03923-5 1059-9495/$19.00

Journal of Materials Engineering and Performance Volume 28(3) March 2019—1441

Author's personal copy



strengthening is increased by Zn because this element yields
intermetallic compounds and modifies the grain size (Ref 17,
18). The strength is boosted as a result of solid solution and
precipitation strengthening by applying Zn in minor concen-
trations (Ref 19). Mg-Zn alloys attract a lot of attention in terms
of medical applications as the whole alloying elements exist
naturally in the human body with the ability of natural
metabolism and release. In particular, Mg is a decisive cation
and cofactor in many intracellular processes (Ref 20), and Zn
contributes to more than 300 enzymatic processes (Ref 21).
Nonetheless, poor antibacterial abilities are reported for Mg-
based composites leading to infected implants and conse-
quently postoperative problems. Bone infection is an essentially
destructive problem causing serious clinical and economic
consequences (Ref 22). As an alternative approach, silver
antimicrobial agents were of interest for decreasing bacterial
adhesion and inhibiting biofilm development. The extensive
antimicrobial activity of silver is known against both Gram-
positive and Gram-negative bacteria, fungi, protozoa and such
certain viruses as antibiotic-resistant strains (Ref 9, 23). It is
acknowledged that the Ag+ ions can deactivate cellular
enzymes and DNA via regulating electron-donating groups
including thiols, carboxylates, amides, imidazoles, indoles and
hydroxyls (Ref 24). In addition, the Ag+ ions are reported to
interact with disulfide or sulfhydryl groups of enzymes
resulting in the interruption of metabolic processes followed
by cell death (Ref 25). These mentioned antibacterial compos-
ites present another advantage in the direct release of the
bactericidal agents at the implantation site, which minimizes the
hazard of reaching concentrations with potential detrimental
side reactions to the other body organs. Silver-containing
composites have exploited metallic silver as a bactericidal
agent. Ag nanoparticles, therefore, were proposed to be
advantageous with a high specific surface area, a high fraction
of surface atoms and antibacterial ability (Ref 26). In this
respect, Mg–1Ag binary alloy was observed to reduce the
amount of adhered platelets in comparison with the pure
magnesium (Ref 27). Additionally, the mechanical properties of
Mg alloys can be improved by a minute Ag addition (Ref 28-
30). However, a study by Ben-Hamu et al. demonstrated that
the inclusion of Ag (0.8-3.0 wt.%) in Mg-Zn alloys declined
the corrosion resistance (Ref 31, 32). Zhang et al. exhibited that
the microstructure was refined and the volume of the second
phase was increased following the addition of Ag to the Mg-
Nd-Zn-Zr alloys (Ref 33). Also, the incorporation of mixed Ag
and Ca into the Mg-2.4Zn alloy could augment the corrosion
resistance and mechanical properties (Ref 34). On the other
hand, another investigation reported that Ag addition to the
Mg-Zn alloys could increase the corrosion rate assessed by the
immersion test (Ref 31). Shuai et al. employed Ag in a co-

dispersing nanosystem and introduced it into PLLA-PGA
scaffolds; the results indicated a significant antibacterial effect
of the nanosystem (Ref 35). Although Mg-Zn-Ag nanocom-
posite demonstrated a remarkable promise for biomedical
applications, the cytocompatibility, antibacterial activity and
bioactivity aspects of these nanocomposites have been
addressed by limited research attempts so far.

Therefore, the present study mainly aims to examine the
microstructure, mechanical properties, corrosion behavior and
biological properties of Mg-3Zn-xAg (x = 0.5 to 3 wt.%)
nanocomposite compared to those of the Mg-3Zn alloy in
order to determine the effect of Ag on the mechanical,
corrosion and biological properties.

2. Materials and Methods

2.1 Sample Preparation

The graphical abstract of the research is indicated in Fig. 1.
The process commences by combining pure magnesium
powder (99.8% purity, 50 lm average particle size), with
3 wt.% zinc powder (98.8% purity, 7.5 lm average particle
size) and 0 to 3 wt.% Ag powder (99.9% purity, 6.5 lm
average particle size), which were purchased from Sigma-
Aldrich, USA. The mixing process was followed by mechanical
alloying in which Mg-3.0 wt.%Zn-xAg (x = 0, 0.5, 1, 2, 3
wt.%) composite powders were denoted as Z3, ZQ30, ZQ31,
ZQ32 and ZQ33, respectively, and were milled in an argon
atmosphere which controlled planetary ball mill for 25 h at
room temperature. The charge was loaded into a steel vial with
a purified argon (< 3 ppm oxygen) atmosphere. Use was made
of stainless steel balls with the diameter of 20 mm for milling,
where the ball-to-powder ratio was 15:1. Table 1 illustrates the
specifications of the research nanocomposites, and Table 2

Table 1 Designation and nominal compositions of Mg-
3Zn-xAg nanocomposites

Material designation Formula

Composition, wt.%

Mg Zn Ag

Z3 Mg-3Zn 97 3 0
ZQ30 Mg-3Zn-0.5Ag 96.5 3 0.5
ZQ31 Mg-3Zn-1Ag 96 3 1
ZQ32 Mg-3Zn-2Ag 95 3 2
ZQ33 Mg-3Zn-3Ag 94 3 3

Fig. 1 A schematic illustration of the fabrication process for preparing Mg-3Zn-xAg nanocomposites
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depicts the parameters of mechanical alloying adopted for
milling the Mg-3Zn-xAg powders.

The milled powders were compacted with the pressure of
880 MPa for the compression test samples (/6 9 9 mm) and
400 MPa for other test samples (Ø10 9 10 mm). Then, the
green compacted samples were sintered in two steps, 2 h at
200 �C and 2 h at 530 �C, in an argon-controlled atmosphere.
The nanocomposite porosity was calculated based on the

equation: Total porosity ¼ 1� Bulk density
qcomposite

� �
� 100 (Ref 36).

The theoretical density of the nanocomposites was calculated
based on the percentage of Mg, Zn and Ag using the equation:
qcomposite ¼ fMg � qMg þ fZn � qzn þ fAg � qAg. For measuring the
bulk density, the mass of the sample was divided by the volume
of the sample, while the mass was measured by accurate scale
and the volume was measured through the dimensions of the
sample. The measured bulk density was verified by using the
equation: Bulk density ¼ Wd

Ww�Ws
(Ref 36), and the total porosity

consisting of interconnected pore network was measured where
Wd and Ws account for the weight of the sample in dry and
water saturated conditions, respectively, and q is the theoretical
density of the nanocomposite.

2.2 Structural Characterization

Microstructural observation was performed by the aid of an
optical microscope. Scanning electron microscopy (SEM;
Quanta 200) and transmission electron microscopy (TEM;
Phillips 208 m) were employed to study the nanocomposite
containing Ag microstructures. An x-ray diffractometer (Sie-
mens D5000) was employed to reveal the phase components by
utilizing Cu-Ka radiation (45 kV, 40 mA) over the diffraction
angles (2h) of 20-80� at a scanning speed of 4�/min. Finally, the
crystallite size was determined by the Williamson–Hall method

according to the equation: b
2cot h = 0:45k

SinhD + e (Ref 37). In this
equation, b accounts for diffraction peak width at the mid-
height, k indicates x-ray wavelength, and D is the average
crystallite size (nm). Microstrain and the Bragg diffraction
angle are indicated in the formula by e and h, respectively.

2.3 Mechanical Properties

To measure the compressive strength, the cylindrical
sintered nanocomposites with 6 mm diameter and 9 mm height
were pressed under the SANTAM (STM-50) universal testing
machine at a crosshead speed of 0.1 mm/min and a load cell of
10 kN at room temperature. Microhardness values of the
samples were measured by Vickers hardness tester (LECO
M-400) with 300 g force.

2.4 Corrosion Behavior

To take the electrochemical measurements with PARSTAT
2273 potentiostat/galvanostat (Princeton Applied Research),
the nanocomposite samples with a surface area of 0.8 cm2 were
prepared and soaked in a three-electrode cell-containing
Kokubo SBF solution at 37 �C with a pH value of 7.4
according to Ref. (Ref 38). In the cell, the working electrode
was utilized with a platinum wire as the counter electrode and a
saturated calomel electrode (SCE) as the reference electrode.
The potentiodynamic polarization readings were from � 250 to
1300 mV versus open-circuit potential (OCP) at a scan rate of
1 mV/s. According to ASTM G1-03 (Ref 39), the same
samples were submerged in 200 ml of Kokubo SBF solution
(pH 7.4) for the immersion test. The change in the pH value of
the SBF solution was recorded all over the immersion test after
every 24-h interval.

Also, immersion corrosion testing was conducted on the
specimens according to ASTM G31-72 standard (Ref 40). The
cylindrical specimens with 10 mm diameter and 10 mm height
were immersed in Kukobo simulated body solution. The test
was conducted at 37�C in an incubator, and the whole test was
sealed to prevent evaporation. The weight measurement of the
specimens was taken after being washed with water and
acetone and removing the corrosion products from the surface
of specimens. The equation CR ¼ 87:6�W=DAT was em-
ployed to calculate the corrosion rate (Ref 41), where CR is the
general corrosion rate of specimen in mm/year, W is the weight
loss in mg, D is the density of the specimen, A is the exposed
surface area in the solution in cm2 and T is the time of exposure
in hours. In order to study the bioactivity behavior, each of the
nanocomposites containing Ag was soaked in 100 ml of the
simulated body fluid (SBF) under the condition of 36.5 ± 1 �C
for 7 days. After this period, they were removed from the SBF
cups and rinsed with distilled water, and then, they were dried
in the open air.

2.5 Silver Releasing

In order to measure the silver ion release of the nanocom-
posites, the samples were submerged in 10 mL of a 0.9% NaCl
solution at 37 �C for 7 days in order to estimate the release of
Ag+ ions. The analysis of releasing the Ag+ ions into the
solution was performed via the inductively coupled plasma
mass spectrometry (ICP-MS).

2.6 Antibacterial Evaluation

Gram-positive Staphylococcus aureus (S. aureus, ATCC
12600) and Gram-negative Escherichia coli (E. coli, ATCC
9637) bacteria were utilized to evaluate the antibacterial
behavior of the nanocomposites containing Ag in agreement
with disk diffusion antibiotic sensitivity and liquid medium
microdilution requirements. The antibiotic gentamicin (10 lg/
disk) was employed as the positive control. The antibacterial
effect of the nanocomposites containing Ag incorporating
different amounts of tetracycline was evaluated by the inhibi-
tion zone (IZ).

2.7 In Vitro Biocompatibility

The in vitro cytotoxicity of the nanocomposite containing
Ag was determined by indirect 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetra-zolium-bromide (MTT, Sigma, Saint Louis,

Table 2 Parameters of the mechanical alloying process
adopted for milling the Mg-3Zn-xAg powders

Parameter Value

Rotation speed 300 rpm
Ball–powder weight ratio 15:1
Vial and ball material Steel
Mass of powder 30 g
Milling time 25 h
Capacity of the vial 250 ml
Diameter of the balls 20 mm
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USA) assay based on the extraction method. Briefly, the culture
medium was added to the nanocomposites (5 mg) and
incubated at 37 �C for 1 and 2 days. 104 cells/ml were
cultured on the 96-well plates for 24 h. Afterward, the cell
medium was refreshed with 1- and 2-day extracts. The
medium was removed after another 24 h and 100 lL of the
MTT agents (0.5 mg/mL in PBS) was inoculated into each
well and was maintained in the incubator for 4 h. After 4 h,
100 lL of DMSO was inserted into 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 nanocomposites culture
medium as a control group. Nuclear staining with DAPI
(4¢, 6-diamidino-2-phenylindole, blue fluorescence in live
cells) was performed in order to examine the MG63 cell
proliferation on the nanocomposites containing Ag under
fluorescence microscopy.

2.8 Statistical Analysis

The test results were reported as mean ± standard error
(SE), analyzed using SigmaPlot software with p value < 0.05
(*), p value < 0.01 (**) and p value < 0.001 (***) to reveal
significance difference between all data.

3. Results and Discussion

3.1 Microstructure Characterization

After some trials for milling duration of the powders, 25 h
of milling was considered as the milling time. The SEM images
of the powder verified the round shape of Mg-3Zn-xAg
nanocomposites with a particle size of less than 50 nm
(Fig. 2b-d). The XRD pattern of the powder demonstrated that
the final products were free of any impurity (Fig. 2a).
According to the Williamson–Hall equation, the nanocompos-
ites crystallite size was calculated between 17.6 and 49.5 nm
which is verified by the TEM micrograph.

Figure 3(a)-(e) demonstrates the optical micrographs of the
Mg-3Zn-xAg nanocomposites, in which a low significant effect
on the grain size of Mg-3Zn alloy is observed by the addition of
Ag due to the decreased grain size from 162 to 113 lm with the
incorporation of Ag at 0 to 3 wt.%. Figure 3(f) represents the
grain sizes measured for the nanocomposites. Based on these
findings, the microstructure of Mg-3Zn composite can be
refined by an increase in the Ag amount (Fig. 4).

The microstructure in greater detail was resolved by the use
of transmission electron microscopy (TEM). Figure 5 demon-
strates the TEM images of the Mg-3Zn-Ag nanocomposite with

Fig. 2 (a) XRD patterns of the Mg-3Zn-xAg mixed powders with various Ag content after 25-h milling and SEM image of the (b) ZQ30, (c)
ZQ1 and (d) ZQ32 powder mixtures after 25-h milling
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various Ag content. It was acknowledged that the coarser
precipitates were formed on the grain boundaries with the finer
ones being developed within the grains. A relatively equiaxed
and uniform distribution was observed for the general shape of
the precipitate. As assumed by their non-specific shape and
random distribution all over the structure, there was no specific
crystallographic relationship at least in their present growth
stage. Indeed, Ag17Mg54 and Mg51Zn20 phases could only be
differentiated by TEM microanalysis owing to the similarity of
crystal structure, space group and crystal parameters. The
increasing additions of silver are expected to facilitate the
formation of the Mg51Zn20 phase. It was also obvious that
increasing the Ag content has less significant effect on the
particles size of Mg-3Zn-xAg nanocomposites.

As illustrated in Fig. 6(a), the XRD patterns of the samples
indicate that the microstructure of binary Mg-3Zn comprises a-
Mg and Mg51Zn20 secondary phases. A distinct phase appears
by the addition of Ag into Mg51Zn20, which suggests the
formation of Mg54Ag17 intermetallic phase in addition to the
two previous phases (a-Mg and Mg51Zn20). The SEM micro-
graphs indicate the lamellar eutectic (a-Mg + Mg51Zn20 +
Mg54Ag17) emerged from the grain boundary and its tri-pole
junction. The results of this investigation are in line with those
of Zhang et al. (Ref 33). The compounds of Mg and Zn are
formed as fine particles in the Mg grains, which increase with
rising addition of Ag, which could possibly result from a higher
amount of Ag solution in the matrix limiting Zn solution and
consequently the formation of the Mg–Zn compound. As
displayed by the nanocomposites containing 2 and 3 wt.% Ag,
the second phase of the nanocomposite is apparently more
continuous among the grain boundaries. An elliptical coarse
phase was particularly detected in the nanocomposites with 3
wt.% Ag, which was recognized as an Mg-Ag phase through
EDS measurements. There is only a phase with fine submicron-
sized Mg-Ag particles in the nanocomposite with 0.5 and 1
wt.% Ag, while a fine and a coarse Mg-Ag phase is found in

those with 2 and 3 wt.% Ag, indicating that the coarse phase is
associated with the Ag-added nanocomposite (Ref 42, 43).

3.2 Mechanical Properties

Table 3 lists the compressive mechanical properties of the
Mg–3Zn nanocomposite compared to Mg-3Zn-xAg nanocom-
posites. Figure 6(b) depicts the strain–stress curves of the
compression test of the nanocomposites, and Fig. 6(c)
illustrates the properties graphically. As it is observed,
0.5% Ag addition results in an increasing compressive
strength and elongation; however, further addition declines
the properties. Although the Ag presence has resulted in
grain refining and solution strengthening, but due to the
formation of brittle intermetallic phases, the UCS was
decreased with increasing Ag in nanocomposites for more
than 0.5% additions.

Figure 6(d) shows the improved average hardness of the
composites as a result of silver incorporation. The Mg-3Zn
composite with a larger grain size is expected to have lower
average hardness levels; however, the composites containing
Mg-3Zn-xAg offered higher values of hardness with the
increasing concentration of Ag. The Mg-3Zn composite with
a hardness value of 58.5 HV indicated the increased values of
65.4, 73.7, 74.2 and 77.4 HV parallel to increasing the Ag
additions to the Mg-3Zn-0.5Ag, Mg-3Zn-1Ag, Mg-3Zn-2Ag
and Mg-3Zn-3Ag composites, respectively. The precipitation of
Mg54Ag17 within the a-Mg matrix and grain boundaries could
have caused the improved hardness with Ag inclusion. The
distribution of Mg54Ag17 along the grain boundaries could
hinder grain boundary sliding and dislocation motion. The
hardness value escalates to 77.4 HV following Ag addition up
to 3 wt.%, caused by the extra refining effect of Ag on the
nanocomposite. Moreover, other factors involving in the
elevated hardness values were precipitation of Mg51Zn20 and
Mg54Ag17 phases along the grain boundaries.

Fig. 3 Optical micrographs of the alloys (a) Mg-3Zn and Mg-3Zn-xAg nanocomposites with various Ag content: (b) 0.5, (c) 1, (d) 2 and (e)
3 wt.%. (f) Grain size of Mg-3Zn-xAg nanocomposites with various Ag content (*p < 0.05; **p < 0.01)
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Point A
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Point E

Point D

Fig. 4 SEM micrographs of (a, b) Mg-3Zn and Mg-3Zn-xAg nanocomposites with various Ag content: (c, d) 0.5, (e, f) 1, (g, h) 2 and (i, j)
3 wt.%
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3.3 Corrosion Behavior

To evaluate the biocorrosion behavior of Mg-3Zn-xAg
nanocomposites, potentiodynamic polarization test was per-
formed in Kokubo�s solution, as demonstrated in Fig. 7.
According to the results, the corrosion potential, Ecorr, of the
nanocomposites indicated more negativity in the order of Mg-
3Zn < Mg-3Zn-0.5Ag < Mg-3Zn-1Ag < Mg-3Zn-2Ag <
Mg-3Zn-3Ag. A decrease in the corrosion current density from
76.5 lA cm�2 in the Mg-3Zn to 102 lA cm�2 in the Mg-3Zn-
0.5Ag nanocomposites indicates a higher corrosion resistance
of Mg-3Zn compared to Mg-3Zn-0.5Ag nanocomposite. The
cathodic polarization current also suggests that the cathodic
reaction and hydrogen evolution were higher for Mg-3Zn-3Ag
compared to the other nanocomposites.

The corrosion current density icorr, corrosion potential Ecorr

and corrosion rate of specimens were extracted from the curves
which are given in Table 4. Accordingly, the negativity of the
aroused corrosion potential is followed by an increase in the
corrosion rate resulting from raising the silver content as a
consequence of high electrochemical curves. Furthermore, the
corrosion potential displayed a greater negativity followed by
an increase in the corrosion rate with the elevated silver
addition as a result of higher electrochemical activity of
Mg54Ag17 than that of a-Mg (Ref 11). This observation could
have arisen from the differences in electrochemical potential
between the a-Mg matrix (solute solution) and the Mg-Ag
precipitates, i.e., Mg54Ag17, which serve as cathodic sites to the
Mg matrix (microgalvanic coupling). The lower corrosion rate
of Mg-3Zn-0.5Ag than Mg-3Zn-3Ag is mainly because of the

remaining silver in the solute solution owing to its low
concentration which plays a role in the corrosion resistance.
The electrochemical potential difference between the matrix
and the precipitates and, in turn, reduced corrosion rate can be
declined by such a low content of silver in solute solution.

The average mass loss of the nanocomposites for 3, 7 and
14 days of immersion time in Kokubo solution is depicted in
Fig. 8. As observed, the corrosion rate of the specimens was
increased in the first 3 days. This can be due to the fact that the
more the surface region was contacted directly by the solution
in the first days of exposure, the more it causes exothermic
reactions and accelerates the corrosion rate. Besides, this
phenomenon can be caused in the first few days by the presence
of a relatively high concentration of chloride in the Kokubo
solution as well (Ref 15). By increasing the immersion time to
7 days, the corrosion rate for the nanocomposite with 0.5 and 1
wt.% of Ag increased with a smaller slope comparing with the
first 3 day of exposure. However, the nanocomposites contain-
ing 2 and 3 wt.% of Ag had lower corrosion rates for this
exposure time. For the immersion duration of 14 days, the
corrosion rates of all nanocomposites were reduced. This can be
due to the reduction in the surface area of the nanocomposite
that was exposed directly to the solution after the extended
exposure times. In addition, the protective films from corrosion
products were formed on the surface of the nanocomposites
after a longer period of immersion time. This film can reduce
the corrosion rate of the nanocomposites by preventing the
direct exposure of nanocomposites with the solution. Also as
observed in Fig. 8, the addition of Ag from 0.5 to 3 wt.%
increased the corrosion rate after 14 days. Erinc et al. proposed

Fig. 5 TEM images of the Mg-3Zn-xAg nanocomposites with various Ag content: (a) 0.5, (b) 1, (c) 2 and (d) 3 wt.%
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specific corrosion requirements of less than 0.5 mm/year for
bone fixture biomaterials (Ref 44). Based on the corrosion test
results, the degradation rate of the nanocomposite containing
0.5% Ag meets the clinical application requirement.

Figure 9 illustrates the SEM micrographs and EDS spectra
of the Mg–3Zn–xAg nanocomposite samples following immer-
sion in SBF for 7 days, after which some cracks were noticed
on the surfaces of the samples as a result of dehydration while
drying. Also, a corrosion layer covered the sample surfaces
entirely after the immersion. The corrosion layer inhibited the
pitting corrosion from developing into the regions of localized
corrosion with further immersion. A possible reason for the
occurrence of large holes could be a stringent pitting corrosion
along the grain boundary regions that presented weak spots as
they were more disposed to local attack by ions such as Cl�,

HCO�3 and SO2
�4 existing in the SBF media due to the

presence of the second phase (s). The present findings further
highlight that an Ag inclusion up to 2 wt.% does not seem to
play a major role in the surface appearance of the Mg-3Zn-xAg
nanocomposite. Moreover, the Mg-3Zn nanocomposite con-
taining 3 wt.% Ag is severely prone to corrosion raid leading to
the accumulation of huge corrosion products on its surface.

Table 3 Compressive mechanical properties of the Mg-
3Zn-xAg nanocomposites

Sample UCS, Mpa Elongation, %

Mg-3Zn 187.3 11.7
Mg-3Zn-0.5Ag 190.9 11.9
Mg-3Zn-1Ag 174.3 10.9
Mg-3Zn-2Ag 166.7 9.9
Mg-3Zn-3Ag 159.6 8.7

Fig. 6 (a) XRD pattern, (b) compressive strain–stress curves, (c) changes in UCS and elongation and (d) microhardness of the Mg-3Zn-xAg
nanocomposites with various Ag content (*p < 0.05)

Fig. 7 Potentiodynamic polarization curves of Mg-3Zn-xAg
nanocomposites with various Ag content in SBF solution
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EDS results indicates that there are ample amounts of O, Mg, P
and Ca in the surface corrosion products. As essential bone
constituents, Ca and P were reported to form a calcium
phosphate layer (Ca/P molar ratio 1.20-1.32) on the Ag-
contained Mg-3Zn nanocomposite after SBF immersion. The
formability of an apatite layer on the surface of a material in
SBF is believed to be an indication of its bioactivity, as well as
its in vivo capability of proper bone integration (Ref 6, 45). The
ability of Mg-3Zn nanocomposite containing Ag in developing
an apatite layer on their surfaces while being immersed in SBF
signifies their bone formation.

3.4 Silver-Releasing Profiles

The silver-releasing ion from Mg-3Zn-xAg (x = 0.5, 1, 2
and 3 wt.%) nanocomposites after 7 days are illustrated in
Fig. 10 and Table 5. The findings indicate that at all time
periods, a higher addition of Ag nanoparticles (Mg-3Zn-3Ag)
into the nanocomposite leads to a significant release of greater
silver ions compared to the one with lower inclusion of Ag

nanoparticles (Mg-3Zn-0.5Ag), which reveals a great depen-
dence of silver-releasing profiles from the nanocomposites
upon their contents of Ag. Furthermore, silver-releasing rates
demonstrated the correlations with the level of Ag inclusion in
the nanocomposites. Escalating the Ag content up to 3 wt.% in
the nanocomposite increased the silver release rate significantly,
where the Mg-3Zn-0.5Ag and Mg-3Zn-3Ag nanocomposites
yielded silver release rates of 62.78 and 204.71 ppm, respec-
tively. Based on the experimental studies, the 60 ppm concen-
tration of Ag+ ions should be sufficient to control the majority
of bacterial and fungal pathogens (Ref 46). The toxicology of
silver is not well documented, and few relevant experimental
studies in animal models are reported, while studies for
predicting human risk from silver exposure were insufficient
(Ref 46). As the silver-releasing profiles depicts, Mg-3Zn-
0.5Ag nanocomposite has the released Ag+ ions more than the
suggested sufficient amount and has less released ions com-
pared to the nanocomposites with more Ag concentrations and
it has less risk of cytotoxicity.

Table 4 Electrochemical parameters of the Mg-3Zn-xAg nanocomposites specimens in Kokubo solution attained from the
polarization test

Sample
Corrosion potential,

Ecorr, mV
Current density,
icorr, lA/cm

2
Cathodic slope,
2bc, mV/decade

Anodic slope,
ba, mV/decade

Corrosion rate,
CR, mm/year

Mg-3Zn � 1617 76.5 291 558 0.18
Mg-3Zn-0.5Ag � 1625 102.0 301 606 0.43
Mg-3Zn-1Ag � 1680 126.0 355 734 0.53
Mg-3Zn-2Ag � 1703 134.2 400 758 0.56
Mg-3Zn-3Ag � 1705 162.9 392 844 0.68

Fig. 8 Weight loss corrosion rate of Mg-3Zn-xAg nanocomposites in Kokubo solution for the durations of 3, 7 and 14 days (*p < 0.05;
**p < 0.01)
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Point E

Fig. 9 SEM micrographs of (a, b) Mg-3Zn and Mg-3Zn-xAg nanocomposites with various Ag content: (c, d) 0.5, (e, f) 1, (g, h) 2 and (i, j)
3 wt.% with immersion duration of 7 days
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Table 5 Total amount of the Ag+ ions release from Mg-3Zn-xAg nanocomposites

Sample Mg-3Zn-0.5Ag Mg-3Zn-1Ag Mg-3Zn-2Ag Mg-3Zn-3Ag

Ag+ ions release, ppm 62.78 136.53 176.42 204.71

Fig. 10 Ag+ ions release of the Mg-3Zn-xAg nanocomposites with various Ag content (*p < 0.05; **p < 0.01; ***p < 0.001)

Fig. 11 Antibacterial experiment photograph of the Mg-3Zn and Mg-3Zn-xAg nanocomposites against E. coli (a) and S. aureus (b) bacteria for
24 h and percentage of bacterial inhibition of Mg-3Zn-xAg nanocomposites against (c) E. coli and S. aureus bacteria (**p < 0.01;
***p < 0.001)
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3.5 Antibacterial Properties

The antibacterial examination against Gram-positive and
Gram-negative bacteria, viz. S. aureus and E. coli as model,
respectively, was conducted to assess the potential antibacterial
properties for all nanocomposites that were exposed to the
bacterial species, followed by measuring the inhibition zones
(mm) for Mg-3Zn-xAg nanocomposite samples. Based on
Fig. 11, it is evident that the bacterial growth was inhibited
around all Ag-containing nanocomposites, whereas bacterial
proliferations were observed around the Mg-3Zn nanocompos-
ite. Further, the same figure reveals a wider inhibition zone
around the Mg-3Zn-3Ag (3.29 mm) in the agar plate than the
one developed around Mg-3Zn-0.5Ag (2.48 mm) within 24 h.
Consequently, a correlation was found between the antibacterial
properties of the nanocomposite samples and their Ag contents
such that increasing the Ag content in the nanocomposite
resulted in larger inhibition zones. The reason is that probably a
higher Ag content enables the nanocomposite to significantly
release more silver ions than the one with a lesser Ag content
(Fig. 12). The inhibition zone was between 1.34 and 3.29 mm
for E. coli, whereas the inhibition zone was in the range of
1.10-2.90 mm for S. aureus. This Staphylococcus species was
evaluated to have the highest sensitivity against Ag-containing
nanocomposite with the largest inhibition zones around Sta-
phylococcus species. This species demonstrated lesser sensi-
tivity as opposed to the reference strain because of differences

in the structure and composition. Gram-negative bacteria are
acknowledged to have a thick lipopolysaccharide layer on the
exterior plasma membrane which is thicker than the peptido-
glycan layer owned by Gram-positive bacteria.

It is noteworthy that silver has a major contribution to tissue
engineering as it can strengthen antibiotics against resistant
bacterial strains besides showing natural antibacterial properties
(Ref 23, 24, 47). Therefore, the nanocomposites should furnish
silver ion concentration locally during the course of healing.
This was achieved in the present study by employing an
effective method through the loading silver as a reinforcement
phase into the nanocomposite. As the material contains silver in
the lattice, the ions are released during the lifespan of the
nanocomposite yielding local provision of a constant ion
concentration. It is well known that the mechanism of
antimicrobial properties creates pits in the cell walls of bacteria,
giving rise to elevated permeability and cell death. Upon the
immersion of Ag-containing nanocomposite in the solution, Ag
nanoparticles are rapidly released from the surface of Mg–3Zn-
xAg nanocomposite and confer the operative antibacterial
property in vitro. Indeed, the bacterial species could not adhere
to the surface of Mg-3Zn-xAg nanocomposite disk as a result of
Ag+ ions release.

The quantitative analysis of the antimicrobial activity for
individual samples was carried out by the plate count agar
method, which reflected antimicrobial activities for the all

Fig. 12 Inhibition zones of the Mg-3Zn and Mg-3Zn-xAg nanocomposites against E. coli (a) and S. aureus (b) bacteria for 24 h and values of
growth inhibition zones of Mg-3Zn-xAg nanocomposites against (c) E. coli and S. aureus bacteria (**p < 0.01; ***p < 0.001)
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samples of nanocomposites. Particularly, the nanocomposites
with 0.5–3 wt.% Ag contents presented acceptable antibacterial
activity. On the other hand, the Mg–3Zn nanocomposite
represented a lower significant bactericidal activity. According
to these observations, the enhanced antibacterial activity
against S. aureus and E. coli was caused by the release of
large Ag concentrations from Mg-3Zn-xAg nanocomposites,
suggesting that 0.5–3 wt.% Ag suffices for bacterial growth
inhibition. Accordingly, cellular functions are affected by Ag+

ions that attack various intracellular sites to inactivate critical
physiological functions. It should be mentioned that a deter-
mining element for effective formulation of Mg-3Zn-xAg
nanocomposites is to disseminate constantly the Ag particles in
the Mg-3Zn nanocomposite since instantaneous release of
accumulated Ag particles from nanocomposites results in long-
term lack of antibacterial activity. The antibacterial action of Ag
nanoparticles was attributed to the destruction of the exterior
bacterial membrane. However, some researchers (Ref 48, 49)
assume that pits and gaps are induced in the bacterial
membrane by Ag nanoparticles splitting the bacterial cell; the
latter viewpoint is consistent with the results of the present
research.

3.6 In Vitro Biocompatibility

DAPI-labeled cells were employed to evaluate cell attach-
ment and short-term viability on the Mg-3Zn-xAg nanocom-
posites surface, which were then observed under the
fluorescence microscope. Figure 13 depicts observations from
cell attachment and viability live/dead staining which indicates
some attached cells to the substrates after incubation in the
growth medium for 24 h. As observed, no significant negative
influences on cell adhesion and proliferation were noticed by
incorporating 0.5-1 wt.% Ag into the Mg-3Zn nanocomposite;
however, both cell adhesion and proliferation are declined on
the nanocomposite containing 2-3 wt.% Ag.

The Mg-3Zn nanocomposites containing Ag were tested for
their cytotoxicity through cell proliferation assay. The cytotox-
icity of biomaterials can be examined by MTT cell proliferation
assay, which is supposed to decline the cellular proliferation
remarkably, in comparison with the control in the case of
cytotoxic materials. Figure 13(f) displays the results of MTT
assay plotted for 24 and 96 h. An obvious increase in cell
proliferation is first observed on the nanocomposite samples as
opposed to Mg-3Zn sample. As revealed by cell proliferation
results, the addition of silver to the Mg-3Zn nanocomposites

Fig. 13 DAPI staining of MG63 cell cultured for 2 days on Mg-3Zn (a) and Mg-3Zn-xAg nanocomposites with various Ag content: (a) 0.5, (b)
1, (c) 1, (d) 2 and (e) 3 wt.% and (f) viability of MG63 osteoblast cells cultured for 24 and 96 h on Mg-3Zn-xAg nanocomposites with various
Ag content (*p < 0.05; **p < 0.01)
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rendered no cytotoxicity for osteoblasts. Cellular proliferation
was decreased very slightly in the samples with 1 wt.% Ag,
which was not adequately significant to reveal the cytotoxic
effects. Nonetheless, a significant drop in cell proliferation was
noticed with further addition of Ag to the nanocomposites
which suggests a higher cytotoxic behavior in the Ag-
containing nanocomposite. This phenomenon was mainly
caused by incorporating high Ag levels giving rise to the
elevated production of hydrogen gas and pH values and also the
creation of remarkable corrosion products with exerting
negative impacts on cell attachment and viability. In this
regard, increasing the Mg ion concentrations was reported to
yield high pH levels and osmolality in cell culture medium, as
interpreted in the equation Mgþ H2O ! Mg2þ þ OH� þ H2.

The optimal pH values for cell growth range between 7.4
and 7.8 because protein synthesis may be inhibited by alkalosis
or acidosis in some cells, which ultimately induces cell
apoptosis (Ref 50). Thus, alkaline stress resulting from OH�

ion aggregation during degradation of Mg implants is consid-
ered to be a negative stimulus for the cell population. Also,
potential osmotic shock to the cells may be imposed by an
increase in medium osmolality because of the elevated ions,
giving rise to DNA damage (Ref 51-53). Hence, irrespective of
determining the decisive dose or the safety level of Mg ion
concentration for cell growth, the impacts of pH levels and
other factors of cell viability have to be considered indepen-
dently in order to discriminate the main parameter. Both the
antibacterial effects and cytotoxicity are definitely dependent
on the nanocomposite contents of Ag. The density of Ag on the
surface of nanocomposite in particular largely affects its
antibacterial activity and cytotoxicity compared to the mean
Ag content within the nanocomposite.

4. Conclusions

The effects of increasing the Ag additions from 0.5 to
3 wt.% on the measures of nanocomposite performance
including mechanical properties, corrosion, cytocompatibility
and antibacterial activity were analyzed in the present research
in order to examine the practicability of Mg-3Zn-xAg
nanocomposites in orthopedic applications. The incorporation
of Ag resulted in reduction in the grain sizes of the Mg-3Zn
nanocomposite and increased the volume of the second phase.
While the average hardness of Mg-3Zn-xAg nanocomposites
elevated with increasing the Ag content, 0.5 wt.% Ag results in
an increasing compressive strength and elongation; however,
further addition decreases the compressive strength. Besides,
the corrosion rate was aroused by the addition of Ag to the Mg-
Zn alloys owing to the development of microgalvanic coupling
cell. According to the observations on the inhibition zone and
inhibition ratio as well as plate count agar, the Ag-containing
Mg-Zn nanocomposite indicated considerable bactericidal
activity toward both E. coli and S. aureus; on the other hand,
the bacterial colonies dropped less significantly on the Mg–Zn
nanocomposite with no Ag content. No negative influences on
cell adhesion and proliferation were noticed by incorporating
0.5-1 wt.% Ag into the Mg-Zn nanocomposite; however, both
cell adhesion and proliferation declined on the nanocomposite
containing 2-3 wt.% Ag. The overall findings of the current
investigation signify the favorable applicability of biore-

sorbable ZQ30 (Mg-3Zn-0.5Ag) nanocomposite in muscu-
loskeletal implant applications.
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