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ABSTRACT: Magnesium (Mg)-based alloys are promising biodegradable Pressingforce

materials for bone repair applications. However, due to their rapid degradation ccee .

and high corrosion rate, Mg-based alloys are typically associated with in vivo ' Spark plasma sintering
infections and implant failure. This study evaluated the synergistic stability and anti- P
inflammatory properties that could potentially be achieved by the modification of
the Mg alloy with graphene nanoparticles (Gr). Incorporation of low dosages of Gr 9 e o ‘
(0.18 and 0.50 wt %) in a Mg alloy with aluminum (Al, 1 wt %) and copper (Cu, / - .

0.25 wt %) was successfully achieved by a spark plasma sintering (SPS) method. | T " ﬁ
Notably, the degradation rate of the Mg-based alloys was reduced approximately 4- .
fold and the bactericidal activity was enhanced up to S-fold with incorporation of

only 0.18 wt % Gr to the Mg—1Al—Cu matrix. Moreover, the modified Mg-based
nanocomposites with 0.18 wt % Gr demonstrated compressive properties within the ‘
range of native cancellous bone (modulus of approximately 6 GPa), whereas in vitro
studies with human mesenchymal stromal cells (hMSCs) showed high cytocompatibility and superior osteogenic properties
compared to non-Gr-modified Mg—1Al—Cu implants. Overall, this study provides foundations for the fabrication of stable, yet fully
resorbable, Mg-based bone implants that could reduce implant-associated infections.
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1. INTRODUCTION degradation of Mg-based implants while simultaneously
introducing antibacterial properties.'® Despite the promising
properties of the Mg—1Al—Cu alloy, the reported degradation
rate was still too fast to meet the bone growth rate and the
ability to support sufficient bone formation was not
demonstrated. In addition, eradication of the bacterial biofilm
that formed on the implant surface remained a major risk,
which requires further strategies to mitigate implant-associated
infection.'”"®

As an alternative to the conventionally used metal-ion
additives, graphene (Gr)-based nanocomposites have been
explored.'””” Gr is composed of carbon atoms arranged in a
flat honeycomb structure and possesses unique mechanical
strength”’ and antibacterial”” and osteogenic properties.”’
However, a recent study reported the enhanced corrosion
resistance of Mg-based implants when combined with
graphene oxide (GO)."”” We here hypothesize that the
incorporation of Gr within the Mg—1Al—Cu alloy will

Despite intensive research over the last decade, shortage of
bone implants with acceptable resorbability and load-bearing
properties still remains a major problem in orthopedic and
musculoskeletal surgery.' > Metallic bone implants made of
titanium, ™ stainless steel,® cobalt-chrome,” and magnesium
(Mg)-based alloys® are still the only clinical available solutions
to ensure stable and sustained support during in vivo service.
Among these, magnesium-based metals are one of the most
promising metallic biomaterials due to their in wvivo
resorbability and unique osteopromotive properties.”'’ Mg-
based alloys are known to be extremely active materials that
can degrade in physiological conditions due to their electro-
chemical properties, in particular, due to their low standard
electrode potential."' Unfortunately, such strong electro-
negativity leads to accelerated implant surface corrosion and
formation of voids within the bulk material structure, which in
most cases cause premature loss of implant mechanical
integrity.12

To overcome the fast degradation rate of Mg-based
implants, incorporation of low dosages of metal ions, like
zinc, aluminum (Al), manganese, copper (Cu), and zirconium,
within the Mg matrix has been explored.l?’_15 In particular,
researchers have recently shown that the combination of Mg
with Al and Cu (Mg—1Al—Cu) could decrease the in vitro
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reduce/inhibit/slow down the degradation of Mg—1Al—-Cu
implants while simultaneously providing antibacterial and
osteopromotive properties. To incorporate the Gr within the
Mg—1Al-Cu matrix, a spark plasma sintering (SPS) method
was used, and different amounts of Gr nanoparticles (0.18 and
0.5 wt %) were investigated. After fabrication, the degradation
rate, mechanical properties, antibacterial activity, and cyto-
compatibility of the prepared Mg-based implants were
thoroughly investigated and compared with non-Gr-modified
Mg—1Al—-Cu implants. In addition, the osteogenic potential of
the generated materials was evaluated in vitro over 14 days
under culture conditions with and without osteoinductive
agents.

2. MATERIALS AND METHODS

2.1. Materials and Processing. Magnesium (purity 99.8%,
particle size <70 ym), aluminum (purity 99.8%, particle size <60 ym),
and copper (purity 99.8%, particle size <63 um) powders and stearic
acid were purchased from Merck Company, Germany. Graphene
nanoparticles (purity 99.5%, particle size <100 nm, <32 layers) were
obtained from Nanosany Corporation, Iran.

Mg—1Al-Cu/xGr nanocomposites were prepared using a two-step
process that included milling and SPS. At first, to synthesize the
intermetallic phase (AL,Cu), Al and Cu powders in a weight ratio of
80:20 were mixed in a high-energy ball-mill (Retsch Pm100 model,
Germany) at 200 rpm for 20 h (1Al-Cu). To prevent powder
agglomeration, 1 wt % stearic acid was added prior to the milling
process. Then, two different concentrations of Gr (0.18 and 0.5 wt %)
were added to the Al,Cu mixture and mechanically ball-milled for at
least 4 h (1Al-Cu/xGr). To prepare the powder for SPS, Mg—1Al—
Cu/xGr suspensions were made by dispersing the 1AI-Cu/0.18Gr
and 1Al-Cu/0.5Gr in Mg powders with weight ratios of 3:197 and
4:196, respectively. The Mg—1Al—Cu/xGr suspensions were mixed
using a mechanical agitator with the speed of 2000 rpm for 3 h and
dried in a vacuum oven (Teb Azma, Iran) at 70 °C for 2 h. After
milling, the nanocomposite powders were compacted into a Gr mold
(@ = 15 mm) and then sintered using an in-house-modified spark
plasma device (SPS, KPF Model, Iran). The sintering process was
conducted for 10 min at a heating rate of 75 °C/min, constant
temperature of 600 °C, and pressure of 40 MPa. 1Al-Cu/0.18Gr,
1Al-Cu/0.5Gr, and Mg—1AI-Cu without Gr were also prepared as
control groups following a similar protocol.

2.2. Physical and Chemical Characterization. X-ray diffraction
(XRD) analysis was performed after each step of the fabrication
process using Cu Ka radiation (4 = 0.154 nm) at 40 kV and 40 mA
(XRD, Phillips, Germany). XRD patterns were collected with 26
ranging from 20 to 70° and a scan step size of 0.05°. The
microstructure of Mg—1Al—Cu/xGr nanocomposites was analyzed
using a scanning electron microscope (SEM, Philips, XL30, Germany)
equipped with an electron backscatter diffraction (EBSD) detector
and X-ray mapping (Oxford EDX system, U.K.). Prior to imaging, all
samples were coated with a 6 nm gold layer. In addition, the density
of Mg—1Al-Cu/xGr nanocomposites was determined by the
Archimedes principle, according to a protocol described elsewhere.**
Theoretical densities were calculated by the rule of mixture, assuming
theoretical densities of each individual material of py, = 1.73 g/ cm®,
pa = 2.7 g/em’, and pg, = 8.96 g/cm’ 25277

2.3. Mechanical Characterization. Uniaxial compression testing
was carried on a Hounsfield H2SKS universal testing machine
equipped with a 1 kN load cell, at room temperature. Compression
tests were performed on dense samples with 3 mm X 3 mm X 6 mm
size (n = 3), at a rate of 0.5 mm/min, according to the ASTM E9-89a
(2000) standard.”® From the engineered stress—strain curves,
compressive strength, compressive modulus, and strain at breakpoint
were calculated. The compressive strength was determined as the
maximum compressive stress until the sample breakpoint. The
compressive modulus was defined as the slope of the linear region
of the stress—strain curves from 0.02 to 0.0S mm/mm strain. After

6254

compression, the fractured surface of the tested samples was evaluated
by SEM analysis.

2.4. Degradation Rate Evaluation. The degradation rate of
Mg—1A1l-Cu/xGr samples (8 mm X 6 mm X 2 mm) was investigated
in simulated body fluid (SBF) solution at 37 °C and pH of 7.4 for 10
h, following the ASTM-G31-72 standard.”’ Degradation rate, weight
loss, and hydrogen release rate were examined every 2 h during the
immersion period in SBF (n = 3). To evaluate implant degradation,
the rate of hydrogen released was measured during the corrosion
process, according to a method described in detail elsewhere.'®
Briefly, the released hydrogen bubbles were collected in a funnel, and
the change in SBF volume was quantified in a graded buret connected
to the funnel. Corrosion products formed during degradation were
evaluated by XRD, SEM, and energy-dispersive X-ray (EDX)
techniques. In addition, the weight loss (W) of samples was
determined as
MM 00

w, (1)

where W, and W, are the sample weights before and after immersion,
respectively. The degradation rate was quantified as

W,

loss

w

degradation rate(mm h_l) =—
AXTXp

)

where A is the sample area (mm?), T is the immersion time (h), and p
is the theoretical density of the samples (g/mm?).

2.5. In Vitro Antibacterial Assay. Antimicrobial activity of the
Mg—1AI-Cu/xGr was evaluated by the extraction of implants in
phosphate-buffered saline (PBS) at the concentration of 12 mg/mL
according to the methods described in a previous study.'® The
antimicrobial activity of the extracts was tested against Staphylococcus
aureus (ATCC 25923) and Escherichia coli (ATCC 25922) bacteria
(Ideal Gostar co, Iran), and was evaluated using a disk-diffusion agar
method, as described elsewhere.*® Tests were performed in sterile
Petri dishes (@ = S cm) containing brain heart infusion (BHI) agar
medium and the extracts of the nanocomposite powders (12 mg/mL).
The agar plates were prepared and coated with the bacteria at a
concentration of 5 X 10° per colony-forming unit (CFU)/mL. Sample
extracts were incubated at 37 °C for 24 h. The antibacterial behavior
of the Mg—1Al—Cu/xGr nanocomposites was determined according
to the disc-diffusion method by quantifying the bacteria inhibition
zone. In addition, the bacteria morphology was investigated by SEM
analysis. Before imaging, both S. aureus and E. coli bacteria were
incubated in fresh media at 37 °C for 24 h. Next, the Mg—Al—Cu/
xGr extracts (12 mg/mL) were added to the solution containing the
bacteria (5 X 10° CFU/mL) and incubated in an orbital shaker (150
rpm) at 37 °C for 24 h. After treatment, samples were centrifuged at
4000 rpm for 10 min, and bacteria were washed with PBS and then
fixed in 2.5% glutaraldehyde (Sigma-Aldrich, Germany) for 2 h and
dehydrated in a series of ethanol solutions. After dehydration, 10 uL
of each sample was placed on a glass slide and dried on air for 24 h.
Finally, the samples were gold-coated and imaged by SEM (Philips,
XL30, Germany), at an acceleration voltage of 20 kV.

Generation of reactive oxygen species (ROS) was investigated
using the ROS assay kit (Teb Pazhouhan Razi, Iran) according to the
manufacturer’s protocol and determined using dichlorofluorescein
diacetate (DCFH-DA, Merck, Germany) as a fluorescent probe.
Briefly, after incubation of S. aureus and E. coli bacteria in broth
media, the extractions of Mg—1Al—Cu/xGr implants (12 mg/mL)
were added to the bacteria suspension at the concentration of 5 X 10°
CFU/mL, and they were shaken at 150 rpm in an orbital shaker at 37
°C for 24 h. Consequently, the media was removed by centrifuging
the bacteria suspension at 1200 rpm for 2 min, which was then
washed with PBS, treated with 100 L of DCFH-DA and incubated at
37 °C for 1 h in a dark room. Finally, bacterial pellets were
centrifuged and washed to remove the DCFH-DA. As a positive
control, samples treated with 100 yL of H,0,, and as a negative
control, nontreated bacteria labeled with DCFH-DA, were also
included. The intensity of fluorescence was measured with a
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Table 1. List of Primers Used

gene accession no. primer forward
GAPDH NM_001289745 ATGGGGAAGGTGAAGGTCG
B2M NM_ 004048 TGCTCGCGCTACTCTCTCTTT
RUNX2 NM_00102463 TTACAGTAGATGGACCTCGGGA
COLI1AI NM_000088 AAGAGGAAGGCCAAGTCGAG
SPPI NM_ 000582 GCCGAGGTGATAGTGTGGTT

primer reverse product size refs
TAAAAGCAGCCCTGGTGACC 70 33
TCTGCTGGATGACGTGAGTAAAC 82 33
AGGAATGCGCCCTAAATCACT 104 N/A
GTTTCCACACGTCTCGGTCA 96 34
GTGGGTTTCAGCACTCTGGT 242 35
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Figure 1. Fabrication and chemical properties of Mg—1Al—Cu/xGr (x = 0, 0.18, and 0.5 wt %) nanocomposite samples. (a) Schematic of the two-
step fabrication process, (b) XRD patterns of the 1Al—Cu, 1Al—Cu/xGr, and Mg—1Al—Cu/xGr samples after each processing step followed by (c)

backscattered SEM micrographs and EDX-mapping analysis.

microplate reader (Biotek Instruments, China) at a wavelength of 490
nm.
2.6. In Vitro Cytocompatibility and Osteogenic Potential
Evaluation. Human mesenchymal stromal cells (hMSCs, passage
number 3) were derived from healthy human donors after obtaining
informed consent approved by the Biobank Research Ethics
Committee (University Medical Center Utrecht). hMSCs were
cultured in a-MEM (Gibco) supplemented with 10% (v/v) fetal
bovine serum (FBS, Gibco, USA), 1% (v/v) ascorbic acid (Gibco),
and 1% (v/v) penicillin/streptomycin (Gibco) at 37 °C in a
humidified atmosphere containing 5% CO,. In this regard, hMSCs
with a density of 800 cells/well were seeded in the 48-well plates and
after 24 h of incubation, the culture medium was replaced with the
extracted suspension in basal media. After 24 h, the cells were in
direct contact with the extracts of Mg—1Al—Cu/xGr (x = 0, 0.18, and
0.5 wt %) powders with the concentration of 12 mg/mL (conditioned
medium), based on a concentration optimized elsewhere.'®

On day 7, half of the samples were changed to an osteogenic media
(a-MEM + 10% FBS + 0.2 mM ASAP + 1% Pen—Strep + 10 nM
dexamethasone + 10 mM B-glycerophosphate, Sigma-Aldrich,
Germany), while the other half was kept in basal media for 14
days. On days 1, 7, and 14 of culture, the metabolic activity of the
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different extracts was evaluated with the Alamar blue assay, by
incubating the cell-seeded samples with a 10 wt % Alamar blue
reagent (Thermo Scientific) in a culture medium for 2 h. The
fluorescence at 590/620 nm was detected using a Fluroskan Ascent
plate reader (Labsystems, Helsinki, Finland).

Cell morphology was investigated using the immunostaining assay
(actin staining). Samples were fixed with 4% (v/v) paraformaldehyde
(Sigma-Aldrich, Germany) for 30 min and then permeated in 0.2%
(v/v) Triton for 10 min. Subsequently, samples were incubated with
Rhodamine Phalloidin (Alexa flour 488, Abcam, UK.) at 1:40
dilution and 6-diamidino-2-phenyl indole dihydrochloride (DAPI,
Abcam, U.K.) at a 1:1000 dilution to stain cytoskeletal organization of
actin filaments (red color) and cell nuclei (blue color), respectively.
Then, samples were imaged by a fluorescence microscope (IXS,
Olympus, Tokyo, Japan), and the fluorescence signals from
phalloidin-TRITC and DAPI were collected at Ex/Em 493/517 and
500 nm, respectively. The cell cytoskeleton area was calculated using
Image J software.

Early osteogenic differentiation of hMSCs was evaluated using the
alkaline phosphatase (ALP) assay after 4, 7, and 14 days of culture.
The intracellular ALP activity of hMSCs was investigated by BCIP/
NBT (5-bromo-4-chloro-3-indolyl phosphate/Nitro blue tetrazolium,
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Figure 2. Compressive properties of Mg—1Al—Cu/xGr (x = 0, 0.18, and 0.5) nanocomposite samples. (a) Representative compressive stress—
strain curves and determined (b) ultimate strength, (c) compressive modulus, and (d) strain at break, as a function of the Gr content (*P < 0.05).
(e) Representative SEM images of fractured sample sections after compression testing.

Thermo Scientific) solution, after DPBS washing steps. Afterward, the
samples were incubated in a light-protective environment for 2 h at
room temperature, washed with PBS, and imaged by a Leica DMil
microscope (Carl Zeiss, Germany). The ALP-stained area was
determined by Image ] software. To evaluate the osteogenic
differentiation capacity of the materials, hMSCs (n = 1 donor in
triplicate, passage number = 3) were seeded at a density of 2600 cells/
cm? in 12-well plates in a basal medium (a-MEM supplemented with
10% (v/v) fetal bovine serum, 1% (v/v) ascorbic acid, and 1% (v/v)
penicillin/streptomycin). The extracts of the samples were
supplemented at 12 mg/mL to the basal or osteogenic medium. As
controls, cells were plated in monolayers without the materials and
differentiated with an osteogenic medium for 7 and 14 days. To
evaluate gene expression, the cells were lysed using the TRIzol reagent
(Thermofisher Scientific) and 20% chloroform (Sigma-Aldrich,
Germany). mRNA was extracted from the aqueous phase and was
quantified using a NanoDrop ND1000 spectrophotometer (Thermo
Fisher Scientific) at 260/280 nm. cDNA was synthesized using the
iScript cDNA Synthesis Kit (Bio-Rad) according to the manufac-
turer’s instructions. PCR analyses of Runt-related transcription factor
2 (RUNX2), collagen type I (COLIAI), and osteopontin (SPPI)
were done with a Bio-Rad CFX96 Real-Time PCR Detection System
(Bio-Rad) using FastStart SYBR Green Master mix (Sigma-Aldrich,
Germany). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and f-2-microglobulin (B2M) were used to determine a best-
housekeeping index (BHKi),*>" which was used as reference for the
expression of the genes of interest. The relative expression was
determined by the 272" method. Cy-values above 40 were considered
undetectable. Primers used are listed in Table 1, and all primers have
an efficiency between 0.90 and 1.00. The primers used were designed
and validated as described elesewhere.*”

2.7. Statistical Analysis. Statistical analysis was performed by
GraphPad Prism software (V.6). All experiments were performed at
least three times and reported as the mean + standard deviation (SD).
The significant difference between groups was determined via the
one-way analysis of variance (ANOVA) with Tukey’s post hoc test.
Differences were considered significant at a probability error (p) of p
< 0.0S.

3. RESULTS AND DISCUSSION

3.1. Implant Composition and Microstructure Anal-
ysis. Mg—1Al-Cu/xGr nanocomposites were successfully

manufactured using a two-step fabrication process that
involved ball-milling followed by SPS, as illustrated in Figure
la. XRD analysis confirmed that the intermetallic phase of
Al)Cu was formed after 20 h of milling and that Gr was
successfully incorporated within the Mg—1Al—Cu matrix after
SPS (Figure 1b). As expected, the Gr peak (20 = 26.5°) was
more pronounced for the 0.5 wt % Gr implants as for 0.18 wt
% Gr implants, which indicates a higher final amount of Gr in
the 0.5 wt % Gr implants.

From the backscattered SEM micrographs, it was observed
that both Gr (black-color deposits) and AlL,Cu (white-color
phase) were homogenously dispersed within the Mg—1Al—Cu
matrix material (Figure 1c). However, with the increase of Gr
concentration from 0.18 to 0.5 wt %, an agglomeration of Gr
nanoparticles, was noticed. The increase in Gr content and
consequent Gr agglomeration resulted in a decrease in material
density from 98.9 + 0.3 to 96.3 + 0.3% for Mg—1AI-Cu/
0.5Gr and Mg—1Al—Cu/0.18Gr implants, respectively (Sup-
porting Information Table S1). Similar agglomeration of Gr
nanoparticles and consequent decrease in material density has
also been observed by Yazdani and co-workers for Gr—AlL,O;
nanocomposites,”® although this was only noted for Gr
concentrations above 0.5 wt %. This Gr agglomeration was
attributed to the high energy absorption of individual Gr
nanoparticles, which was shown to result in high attraction
forces between particles.””

3.2. Mechanical Properties and Fracture Analysis. The
effect of Gr addition on the mechanical performance of Mg-
based implants was analyzed under uniaxial compression tests
(Figure 2a). Although the addition of Gr resulted in a decrease
in compressive strength (in particular for 0.5 wt % Gr
implants), a 1.5-fold increase in compressive modulus and a
1.2-fold increase in failure strain were found for the 0.18 wt %
Gr implants (Figure 2b—d). This increase is attributed to the
more homogeneous dispersion of Gr within the Mg—1Al—-Cu
matrix, which acted as a cohesive element of Mg grains during
sintering.38 To investigate this further, the fractured surfaces of
tested materials were investigated by scanning electron
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Figure 3. Degradation behavior of Mg—1Al—Cu/xGr nanocomposite (x = 0, 0.18, and 0.5 wt %) samples in SBF solution over 10 h. (a) Volume of
hydrogen released and respective samples’ (b) weight loss and (c) degradation rate D. pH evaluation of the SBF soaking solution. Representative
(d) SEM images and (e) EDX elemental composition of corroded surfaces (dashed square box).

microscopy (Figure 2e). While a uniform distribution of Gr
was confirmed for the Mg—1Al—Cu/0.18Gr samples, large and
heterogeneously distributed Gr agglomerates (with a length of
111 + 16 pm) were observed in the Mg—1Al—Cu/0.5Gr
samples. Such large agglomerates formed inner flaws within the
Mg-based matrix, which likely may have caused the mechanical
weakening of Mg—1Al—Cu/0.5Gr samples. Similar findings
were reported by Das and co-authors for other Mg-based alloys
blended with GO particles in concentrations above 0.8—1 wt
%.> Notably, the final compressive modulus of the Mg—1Al—
Cu/xGr implants was within the range of the values reported
for human cancellous bone (3—20 GPa),'” which confirms the
suitability of this composite as a load-bearing material.

3.3. Degradation Behavior. To investigate the degrada-
tion of Mg—1Al—Cu/xGr, implants were soaked in an SBF
solution for 10 h, and hydrogen gas (H,) release as well as
implant weight was measured every 2 h (Figure 3). As
previously shown, the degradation of Mg-based implants in an
aqueous medium is accompanied by H, release and
consequent formation of a Mg(OH), film at the surface of
the implants according to the chemical reaction

Mg(s) + Z’HZO(aq) - Mg(OH)Z(s) + HZ(g) (3)

6257

Here, we show that the addition of 0.18 wt % Gr to the Mg—
1Al—-Cu matrix significantly decreases H, gas release from 0.38
+ 0.07 to 0.25 + 0.03 mL/cm?® (Figure 3a). Evaluation of
weight loss, and the respective degradation rate, revealed an
almost 4-fold decrease for Mg—1Al—Cu/0.18Gr samples
(Figure 3b,c). The enhanced degradation rate in the presence
of the Gr nanoparticles is attributed to the formation of
passivation layers, which have prevented electrons from
reaching, and therefore completing, the reduction of hydrogen
ions to form hydrogen gas (2H® + 2~ — H,).**™* This
mechanism slowed down significantly the corrosion rate of
Mg—1Al-Cu/0.18Gr implants. Interestingly, in the samples
containing 0.5 wt % Gr. (Mg—1Al—Cu/0.5Gr), a significant
increase in weight loss (1.2-fold) and the respective
degradation rate (1.1-fold) was observed (Figure 3b,c). This
is likely due to the agglomeration of Gr nanosheets in metal
matrices, which stimulates the degradation due to the
formation of galvanic corrosion.

To confirm the release of degradation products, the pH of
the SBF solution was also monitored during the degradation
tests (Figure 3d). A gradual increase in pH was observed for all
of the investigated material compositions. This alkaline
elevation of the SBF solution can be attributed to the release
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Representative microscopic SEM images of bacteria morphology. (f) Schematic representation of predominant antibacterial mechanisms.

of OH" ions and Mg(OH), deposition at the implant surface.
In accordance, a lower fluctuation of the pH value was
observed for 0.18 wt % Gr composites (7.5—8.5) than for the
0.5 wt % Gr composites and non-Gr-modified Mg—1Al—-Cu
samples, which corroborates the H, release measurements.

To better understand the surface morphology and released
degradation products, SEM and EDX analyses were performed
(Figure 3e,f). In general, the 0.18 wt % Gr Mg—1Al-Cu
samples showed a less corroded surface, with lower porosity
and less apparent cracks, while the 0.5 wt % Gr and non-Gr-
modified Mg—1Al—Cu samples presented a more corroded
surface, with high porosity and with cauliflower- and needle-
shaped corrosion products (Figure 3e). The EDX analysis
confirmed a higher percentage of corrosion products (1.3- and
1.1-fold higher Mg and O elements, respectively) for 0.5 wt %
Gr composites and nonmodified Mg composites than for 0.18
wt % Gr Mg—1Al—-Cu implants. This difference could be
ascribed to the formation of a Mg(OH), film at the surface of
the implant, as confirmed by XRD (Supporting Information,
Figure S1). Interestingly, residues of precipitated hydroxyapa-
tite (HA) were also observed at the implant surface. This could
be attributed to the alkalinization of the SBF medium and the
presence of calcium and phosphorus ions in the medium.
Other studies also observed the formation of Mg(OH), and
HA in different Mg-based alloys (e.g, calcium—magnesium—
zinc, CagsMgsZn,,) over 60 h of immersion in PBS
solution,*>**

3.4. In Vitro Antibacterial Behavior. The antibacterial
activity of Mg—1Al—Cu/xGr implants was investigated against
two kinds of bacteria, S. aureus and E. coli. Addition of Gr was
observed to enhance antibacterial properties of Mg—1Al—Cu
significantly (Figure 4). In particular, the 0.18 wt % Gr samples
increased the diameter of the inhibition zone approximately S-
and 3-fold against S. aureus and E. coli, respectively, while the
0.5 wt % Gr samples increased the diameter of the inhibition
zone approximately 3- and 1.1-fold against S. aureus and E. coli,
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respectively, when compared to non-Gr-modified Mg—1AI—
Cu samples (Figure 4a,b). In addition, the release of Cu ions
was observed to not change significantly (between 0.031 and
0.072 mg/L) as a function of the investigated Gr contents
(Figure 4c). This observation reveals that the release of Cu
ions alone cannot explain the improved antibacterial effect of
the 0.18 wt % Gr implants. To investigate the mechanism of
the antibacterial activity of Mg—1Al—Cu/xGr implants further,
additional analyses on ROS production and bacteria
morphology were performed. ROS generation was monitored
in E. coli and S. aureus via a fluorescent probe DCFH-DA
(Figure 4d). Notably, ROS formations for Mg—1Al—Cu/
0.18Gr were approximately 10 and 23 times higher than the
negative controls for E. coli and S. aureus bacteria, respectively
(p < 0.05). This revealed a high Gr-concentration-dependent
effect on ROS formation, which is in accordance with previous
work.”> SEM analysis showed that Gr-modified implants, in
particular the Mg—1Al-Cu/0.18Gr implants, induced a
significant morphological change on both E. coli and S. aureus
(Figure 4e). At a 0.18Gr concentration, dramatic cell lysis with
extensive cellular debris was detected (yellow circles). Based
on both analyses, the antibacterial mechanism of Mg—1Al—
Cu/xGr can be attributed to both the physical damage of the
bacteria membranes by the sharp edges of Gr nanoparticles
and to the formation of reactive oxygen species (ROS) (Figure
4f). These findings are in line with previous reports.**~** For
example, Kiani and colleagues49 attributed the antibacterial
effect of graphene oxide (GO)-coated copper oxide nanowires
to the sharp edges of GO, while Akhavan and colleagues®’
corroborated these findings by showing that the strong
interaction between the sharp edges of Gr nanosheets and
the E. coli and S. aureus damaged the cell membrane of the
bacteria. Rajapaksha et al,,*> on the other hand, attributed the
antibacterial activity of copper-modified GO nanoparticles to
the formation of reactive oxide species produced from the
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proliferation on the sample surface.

copper oxide elements (i.e, OH™, O,”) that induce damage of
the cell bacteria membrane.

3.5. In Vitro Cell Viability, Proliferation, and Osteo-
genic Potential. Cytocompatibility of Gr-modified Mg—
1Al—Cu samples was confirmed with the quantitative Alamar
blue assay, showing a steady increase in the total metabolic
activity over 14 days, independent of the culture medium used,
ie, basal or osteogenic (Figure Sa—c). In addition, release
profile studies revealed maximum quantities of Cu (0.17—0.33
mg/L) and Mg (70—83 mg/L) ions within the recommended
daily intake, ie., 10 mg/day for Cu and 420 mg/day for Mg
ions>*~>* (Figure 4c). Furthermore, the addition of 0.18Gr to
the Mg—1AI-Cu matrix was observed to prevent a burst
release of Mg ions, which relates well with degradation results
presented above. Previous reports on using coating strategies
to combine GO particles with Mg-based samples were found
to predominantly deposit GO particles at the sample’s surface,
which might generate cytotoxic conditions created by GO
burst release.”” This highlights well the advantages of the
fabrication process here presented.

Furthermore, hMSCs were observed to more uniformly
adhere and proliferate in the presence of Gr-modified materials
than on non-Gr-modified Mg—1Al-Cu samples, when
cultured in both basal (Figure 5d) and osteogenic (not
shown) media. When comparing the cell area of proliferated
cells, a 1.6- and a 1.8-fold increase were observed for Mg—
1Al-Cu/0.18Gr samples in comparison to non-Gr-modified
Mg—1Al—-Cu samples and the culture plate, respectively. This
further underscores the cytocompatibility of the Gr-modified
Mg-based samples and could be, at least in part, explained by
the lower degradation and consequent less alkaline surface
environment of the Mg—1Al-Cu/0.18Gr samples, as
compared to the non-Gr-modified Mg—1Al—Cu samples.

Addition of Gr to the Mg-based samples was also found to
improve its osteogenic potential. After 7 and 14 days of in vitro
culture, the alkaline phosphatase activity (ALP) for Mg—1Al—
Cu/0.18Gr implants enhanced approximately 3.4-fold in the
basal medium (Figure 6a,b) and 1.8-fold in the osteogenic
medium (Figure 6b) when compared to the non-Gr-modified
Mg—1Al—Cu samples. This enhancement might be explained
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by the noncovalent binding of proteins and osteogenic
inducers to the Gr nanoparticles.”* Similar observations were
previously made by Yan et al., who described the enhancement
of the ALP activity of rat MSCs after 7 days of culture on Gr-
based nanotubes.’”> Above 0.5 wt % concentration, the
osteogenic effect of Mg—1Al—Cu samples was, however, less
evident. This was likely due to the faster degradation and
alkalinization of the surface, preventing hMSC adhesion and
potentially induced cell membrane disruption due to oxidative
damage.“”7 However, to clarify this, longer-term in vitro
studies are clearly needed. Gene expression analysis confirmed
that hMSCs in contact with Mg—I1Al-Cu/xGr in the
osteogenic medium had similar expression levels of RUNX2,
COL1A1, and SPP1I than of the controls after 7 days of culture.
This indicates that the materials supported, but did not
synergistically enhance, osteogenic differentiation of hMSCs in
monolayers. Interestingly, when the hMSCs were in contact
with the materials and cultured in a basal medium for 14 days,
expression levels were not detectable in the positive controls
but still expressed, albeit low, by the hMSCs in contact with
Mg—1A1—Cu/xGr. These data indicate that contact of the
metallic ions and Gr nanoparticles with hMSCs on its own can
support osteogenic differentiation of hMSCs (Figure 6 e,f).

4. CONCLUSIONS

In conclusion, our results presented a novel and simple
fabrication method for fully degradable, yet mechanically
competent, Gr-modified Mg—1Al—Cu materials. Addition of
only 0.18 wt % Gr nanoparticles to the Mg—1Al—Cu matrix
notably decreases in vitro corrosion of Mg—1Al—Cu samples
while simultaneously improving its antibacterial properties
against two kinds of bacteria, S. aureus and E. coli. In addition,
we demonstrated that the Gr-modified Mg—1Al—Cu samples
are cytocompatible and that the 0.18 wt % Gr-modified Mg—
1A]l—Cu presented better cell proliferation and osteopromotive
properties in terms of the osteogenic gene expression level than
non-Gr-modified samples. Further studies will focus on
extending the in vitro studies and characterization to better
understand the benefits of Gr nanoparticles on bone tissue
formation.
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