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Abstract: Biodegradable magnesium (Mg) alloys have potential applications in orthopedic implants
due to their mechanical and osseointegration properties. However, the surface characteristics,
biocompatibility, and toxicity of the released corrosion products in the form of magnesium oxide
(MgO) and magnesium hydroxide (Mg(OH)2) nanoparticles (NPs) at the junction of implants and in
the surrounding tissue are not completely understood. Here, we investigated in vitro cytotoxicity
and morphological changes in human fetal osteoblast (hFOB) 1.19 cells in response to various
concentrations (1 mM, 5 mM, 10 mM, and 50 mM) of MgO/Mg(OH)2 NPs by live/dead assay and
scanning electron microscopy (SEM). In this study, we performed a surface characterization of
MgO/Mg(OH)2 NPs to evaluate the size of the NPs. Further, an immersion test was performed in
Dulbecco’s Modified Eagle’s Medium (DMEM) with randomly selected various concentrations (1 mM,
5 mM, 10 mM, 50 mM, and 100 mM) of MgO/Mg(OH)2 NPs to understand the degradation behavior
of the NPs, and the change in the pH values from days 1 to 7 was measured. After conducting
an immersion test for seven days, the highest concentration (100 mM) of MgO/Mg(OH)2 NPs
was selected to study the element depositions on nanoparticles through scanning electron
microscopy–energy-dispersive X-ray spectroscopy (SEM–EDX) mapping. The results from this
in vitro cytotoxicity study suggest that less than or equal to 5-mM concentrations of MgO/Mg(OH)2

NPs are tolerable concentrations for hFOB 1.19 cells. This study provides a foundational knowledge
of MgO/Mg(OH)2 NP cytotoxicity in hFOB 1.19 cells that can help to develop future sustainable
biodegradable magnesium-based alloys for orthopedic applications.

Keywords: magnesium oxide nanoparticles (MgO NPs); magnesium hydroxide nanoparticles
(Mg(OH)2 NPs); cytotoxicity; human fetal osteoblast (hFOB) 1.19 cells

1. Introduction

Orthopedics is a multibillion-dollar global industry that is mainly focused on the diagnosis,
treatment, and prevention of musculoskeletal system via surgical and nonsurgical therapeutic
interventions. Orthopedic devices have gained a considerable amount of attention for the treatment of
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bone, joint, and muscular injury. According to the American Academy of Orthopedic Surgeons (AAOS),
musculoskeletal problems are the most prevalent medical conditions, and more than 130 million
patients need medical attention each year [1]. Reports have also suggested that the annual cost of
musculoskeletal disorders in the US is about $510 billion [2]. Therefore, there is a great demand
for orthopedic devices in this industry. Current metallic biomaterials have been used to repair or
replace existing damaged bone tissues due to their mechanical strength and fracture toughness [3].
However, these metallic biomaterials release toxic metallic particles through a corrosion process [4–8].
These toxic corrosion particles lead to inflammatory responses, which reduce the biocompatibility of
implants and result in tissue damage [4–15]. Several foundational studies on humans have suggested
that magnesium (Mg)-based alloys be used for orthopedic implants. These implants were abandoned
due to their rapid degradation and accumulation of hydrogen gas in adjacent tissues at the site
of implant [16,17]. However, magnesium (Mg) was rediscovered as a biodegradable material in
orthopedic applications due to its biocompatibility and structural stability [18]. These biodegradable
implants (after supporting the diseased tissues and bone fractures) degrade in the physiological
environment of the body. Therefore, this eliminates the need for a second surgery to remove implants.
However, unpredictable degradation behavior, the formation of gas cavities at the junction of the implant
and the surrounding tissues, and their compromised structural integrity in an in vivo environment
makes Mg-based implants challenging [19]. Some studies have reported a disparity between in vitro
and in vivo corrosive environments for Mg-based alloys [20,21].

Moreover, the surface characteristics, biocompatibility, and toxicity of the corrosion products
released from Mg-based implants in the form of MgO/Mg(OH)2 nanoparticles (NPs) (at the junction
of implants and surrounding tissues) are not completely understood. Therefore, there is a need to
control the corrosion rate of these implants for better performance for an adjustable amount of time.
The purpose of this study, therefore, was to determine the in vitro cytotoxicity of magnesium oxide
(MgO) and magnesium hydroxide (Mg(OH)2) nanoparticles (NPs) in human fetal osteoblast (hFOB)
1.19 cells to understand an acceptable concentration of release from biodegradable Mg-based alloys to
develop a sustainable implant for future in vivo studies. In this study, a surface characterization of
MgO/Mg(OH)2 NPs was performed to evaluate the size of the nanoparticles.

Further, we systematically investigated the degradation behavior of various concentrations (1 mM,
5 mM, 10 mM, 50 mM, and 100 mM) of MgO/Mg(OH)2 NPs through an immersion test in Dulbecco’s
Modified Eagle’s Medium (DMEM), and the change in the pH values from day 1 to 7 was measured.
After seven days, we investigated the elemental depositions on MgO/Mg(OH)2 NPs for the higher
concentration (100 mM) through scanning electron microscopy–energy-dispersive X-ray spectroscopy
(SEM–EDX) mapping. Since the results of the pH values obtained from the immersion test between
50- and 100-mM concentrations of MgO/Mg(OH)2 did not show a significant difference, we therefore
optimized the 50-mM concentration as the highest concentration for further experiments.

A live/dead assay and SEM were performed to study the cytotoxicity and morphological changes
in the hFOB 1.19 cells in response to various concentrations (1 mM, 5 mM, 10 mM, and 50 mM) of
MgO/Mg(OH)2 NPs. The result of this cytotoxicity study provided a foundational knowledge of the
tolerable range of MgO/Mg(OH)2 NPs that might be released from biodegradable Mg-based alloys to
improve the current challenge of implant degradation for future in vivo studies.

2. Materials and Methods

2.1. Materials

Magnesium oxide nanoparticles (MgO NPs) (nanopowder, <50-nM particle size; Cat# 549649-5G)
and magnesium hydroxide nanoparticles (Mg(OH)2 NPs) (nanopowder, <100-nM particle size; Cat#
632309-25G) were purchased from Sigma-Aldrich, USA.
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2.2. Immersion Test and pH Measurement

We investigated the degradation behavior of the MgO/Mg(OH)2 NPs through an immersion test.
After the sterilization of various concentrations of MgO/Mg(OH)2 NPs (1 mM, 5 mM, 10 mM, 50 mM,
and 100 mM) through ultraviolet (UV) rays for 15 min, samples were immersed in 1 mL of Dulbecco’s
Modified Eagle’s Medium (DMEM) with 4.5 g/L glucose and sodium pyruvate without L-glutamine
and phenol red (Cat# 17-205-CV, Cellgro) for 7 days in a 24-well plate. Each sample was carried out
in triplicate. Samples were maintained in an Isotemp incubator (ThermoFisher Scientific, NC, USA)
under standard cell culture conditions (37 ◦C, 5% CO2) to study the change in pH from day 1 to 7.
The pH values were measured at time points during days 1–7 using a pH meter (Oakton® pH2100,
Eutech Instruments, Singapore) to understand the degradation behavior of MgO/Mg(OH)2 NPs.

2.3. Surface Morphology and Element Analysis

The surface characteristics of MgO/Mg(OH)2 NPs were determined by a Hitachi SU8000 Field
Emission Scanning Electron Microscope (Hitachi High Technologies America, Dallas, TX) after
gold-coating the samples using a Polaron E5400 Sputter coater. This gold coating served as a strain
for SEM to enhance the contrast of the images. For effective results, the gold sputter chamber was
flushed with argon gas at a low pressure at a direct current (DC) voltage between 1000 and 3000 volts.
In addition, after conducting the immersion test for 7 days, samples were gold-coated, and element
depositions on the MgO/Mg(OH)2 NPs were analyzed through EDX Quantax Esprit 1.8.2 software
(Bruker). Further, an EDX mapping analysis was performed to evaluate the element distribution on
the MgO/Mg(OH)2 NPs. With the EDX mapping, each element was scanned individually across the
entire surface of the MgO/Mg(OH)2 NPs. An overlay of all the elements distributed on the surface of
the MgO/Mg(OH)2 NPs was observed to predict the presence of the corrosion products.

2.4. Cell Culture and Treatment

Human fetal osteoblast (hFOB) 1.19 cells (SV40 large T antigen transfected; American Type Culture
Collection) (Cat# ATCC® CRL-11372™) were cultured in complete growth media (1:1 mixture of Ham’s
F12 medium with L-glutamine (Cat#10-080-CV, Cellgro) and Dulbecco’s Modified Eagle’s Medium with
4.5 g/L glucose and sodium pyruvate without L-glutamine and phenol red (Cat# 17-205-CV, Cellgro))
supplemented with 0.3 mg/mL gentamicin sulfate (Cat# 17-518Z, Lonza) and 10% fetal bovine serum
(heat-inactivated at 56 ◦C) (Cat# S1105H, Atlanta Biologicals) under standard cell culture conditions
(37 ◦C, 5% CO2) with humidified air. After the third passage, cells were seeded (50,000 cells/well) in
1 mL of complete growth media on a glass coverslip in a 24-well plate. Further, cells were incubated
under standard cell culture conditions (37 ◦C, 5% CO2) with humidified air for 2–3 days to allow for
adhesion to a 24-well plate. Experimental groups received the cells cultured in complete growth media;
however, negative control groups received media only and cells cultured in complete growth media.
Further, 24-well plates were aspirated.

Various concentrations of MgO/Mg(OH)2 NPs (1 mM, 5 mM, 10 mM, and 50 mM) were sterilized
for 15 min in an ultraviolet (UV) light before exposure to hFOB 1.19 cells to prevent any microbial
growth. After sterilization, each concentration of MgO/Mg(OH)2 NPs was immersed in 1 mL of
complete growth media in a 15 mL tube (Cat#05-539-5, Fisher brand). Control groups received
0.5 mL of freshly prepared complete growth media; however, experimental groups received 0.5 mL
of various concentrations (1 mM, 5 mM, 10 mM, and 50 mM) of MgO/Mg(OH)2 NPs prepared in
complete growth media on the 24-well plates. Samples were incubated under standard cell culture
conditions (37 ◦C, 5% CO2) with humidified air for 30 min. Each sample was in triplicate for the
reproducibility of the results. Further, 24-well plates were aspirated, and samples were rotated slightly
in 1X phosphate-buffered saline (PBS) (Cat#21-040-CM, Cellgro) maintained at pH 7.4 to remove
nonadherent cells. They were allowed to sit for 10 min at room temperature (RT).
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2.5. Live/Dead Assay

A Live/Dead® Viability/Cytotoxicity kit (Cat# L3224, Invitrogen) was utilized to study the cell
viability and cytotoxicity in hFOB 1.19 cells in response to various concentrations (1 mM, 5 mM,
10 mM, and 50 mM) of MgO/Mg(OH)2 NPs. With this two-color fluorescence-based assay, live and
dead cells were determined by calcein acetomethoxy (calcein AM) and ethidium homodimer (EthD-1)
dyes as a marker for cell viability and intracellular esterase activity and plasma membrane integrity.
The intracellular esterase activity through the conversion of nonfluorescent cell-permeable calcein
AM to intensified fluorescent calcein determined the live cells. Calcein was retained within the live
cells to produce green fluorescence in the live cells (excitation/emission wavelengths of 495/515 nm),
whereas EthD-1 entered through the damaged plasma membrane of the cells and showed a 40-fold
enrichment of fluorescence upon binding to nucleic acids to produce a bright red fluorescence in dead
cells (excitation/emission wavelengths of 495/635 nm).

Samples were allowed to rotate in 1X phosphate-buffered saline (PBS) and sit for 10 min at
RT, as mentioned in Section 2.4. Meanwhile, for the preparation of the dye solution, 18 µL EthD-1
was added in 18 mL of PBS, followed by the addition of 18 µL of calcein AM, to achieve 0.5 mL of
dye solution per sample in a 24-well plate for MgO/Mg(OH)2 NPs sample sets. Since each sample
was in triplicate, for each sample set, 0.5 mL of freshly prepared dye solution was added slowly in
drop-by-drop fashion. The 24-well plates were allowed to sit in the dark for 30–40 minutes, followed
by observation under a fluorescence microscope (EVOS XL AMG).

Live (green) and dead (red) cells were counted utilizing Image J software (Version 1.48, National
Institutes of Health, Bethesda, Maryland, USA). The percent (%) live cells was calculated as

Percent (%) Live cells =
live cells

Total number of cells
× 100. (1)

Here, we calculated the total number of cells by adding the number of live cells to the number of
dead cells. Further, the results for the percent (%) live cells were analyzed statistically by one-way
analysis of variance (ANOVA) techniques using Prism version 5.0 (GraphPad Software, Inc., San Diego,
CA, USA). The difference between means was considered statistically significant when the p-value was
≤0.05 when compared to controls. The results obtained were expressed as mean ± standard error (SE)
or standard deviation (SD).

2.6. Morphological Changes in hFOB 1.19 Cells

A Hitachi SU8000 field emission SEM was utilized to observe morphological changes in the hFOB
1.19 cells in response to various concentrations (1 mM, 5 mM, 10 mM, and 50 mM) of MgO/Mg(OH)2

NPs. Samples were treated as mentioned in Section 2.4.
Further, samples were rinsed three times with 1X phosphate-buffered saline (PBS) (Cat#21-040-CM,

Cellgro) maintained at pH 7.4 to remove any nonadherent cells. The attached hFOB 1.19 cells were
fixed in 4% paraformaldehyde (Cat# 19943, Affymetrix) and were left for 15–20 min at RT, followed by
aspiration. Further, 1X phosphate-buffered saline (PBS) was added thrice to the samples and was left
for 5 min (each at RT), followed by aspiration. Different concentrations of ethanol were prepared in 1X
phosphate-buffered saline (PBS): 30%, 50%, 70%, 90%, 95%, and 100%. Each sample was treated with
0.5 mL of each of the prepared concentrations of ethanol, starting from 30% for 5 min, followed by
aspiration. Samples were treated with increasing concentrations of ethanol to remove any impurities,
if any, before scanning through SEM. Samples were allowed to dry in a chemical fume hood prior
to gold-coating on the samples being performed for SEM analysis. Further, an SEM analysis was
performed to evaluate morphological changes in the hFOB 1.19 cells.
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3. Results and Discussion

In this study, we investigated in vitro cytotoxicity in hFOB 1.19 cells in response to various
concentrations of MgO/Mg(OH)2 NPs. An immersion test was conducted to study the degradation
behavior of various concentrations (1mM, 5mM, 10mM, 50 mM, 100 mM) of MgO/Mg(OH)2 NPs
in DMEM under standard conditions (37 ◦C, 5% CO2) for 1–7 days. Change in the pH values was
measured at time points during days 1–7. After seven days, elemental depositions on MgO/Mg(OH)2

NPs were analyzed through SEM–EDX analysis. Further, a fluorescence-based live/dead assay was
conducted to evaluate the cell viability and cell-mediated cytotoxicity in hFOB 1.19 cells upon exposure
to various concentrations (1 mM, 5 mM, 10 mM, and 50 mM) of MgO/Mg(OH)2 NPs for 30 min.
In addition, the morphological characterization of the hFOB 1.19 cells in response to the various
concentrations of MgO/Mg(OH)2 NPs was evaluated using SEM.

3.1. Surface Characterization of MgO/Mg(OH)2 NPs through SEM

The surface topology of MgO/Mg(OH)2 NPs was analyzed by SEM. The results showed that
the average size of the MgO NPs was <50 nM, whereas the average size of the Mg(OH)2 NPs was
<100 nM, as shown in Figures 1 and 2, respectively. The results in Figure 1 confirm that the average
particle size of the MgO NPs was <50 nM (particle sizes of 39.69 nM at a 5 µm resolution and 41.67 nM
at a 1 µm resolution are shown). However, the average particle size of Mg(OH)2 NPs was <100
nM (particles sizes of 59.53 nM at a 5 µm resolution and 92.60 nM at a 1 µm resolution are shown),
as shown in Figure 2. The color of the MgO/Mg(OH)2 NPs was white; however, the particles were
irregular in shape. A particle size analysis was conducted using Image-Pro Plus based on the SEM
image. Briefly, we randomly selected three regions followed by histogram-based particle selection and
particle counting.
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Figure 3. Immersion test results through two-way analysis of variance (ANOVA) techniques
representing the change in the pH in response to various concentrations of MgO NPs from days 1 to 7
in 1 mL of Dulbecco’s Modified Eagle’s Medium (DMEM). Data are presented as the mean ± standard
error of the mean (SEM), n = 3, *** p value < 0.001 when compared to control.

Figure 4 shows that the pH values of the aqueous suspension of Mg(OH)2 NPs (1 mM = 7.50,
5 mM = 7.70, 10 mM = 7.80, 50 mM = 8.0, and 100 mM = 8.0) were more alkaline when compared to the
control group (0 mM = 7.40) for day 1. On day 7, the pH values of the aqueous suspension of Mg(OH)2

NPs were increased (1 mM = 8.07, 5 mM = 8.30, 10 mM = 8.50, 50 mM = 8.80, and 100 mM = 8.80)
significantly compared to the control group of Mg(OH)2 NPs (0 mM = 7.40). However, we observed no
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influence on the pH values of the control group for both MgO and Mg(OH)2 NPs (0 mM = 7.40) from
days 1 to 7.
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Figure 4. Immersion test results through two-way ANOVA techniques representing the change in the
pH in response to various concentrations of Mg(OH)2 NPs from day 1 through day 7 in 1 mL of DMEM.
Data are presented as the mean ± standard error of the mean (SEM), n = 3, *** p value < 0.001 when
compared to control.

The immersion test result showed that the size and concentrations of the MgO/Mg(OH)2 NPs
regulated their degradation behavior in DMEM. The higher concentrations of NPs (>50 mM) showed
increased degradation behavior when compared to lower concentrations (<50 mM) and the control
groups (no influence on the pH). At higher concentrations, the solution was more alkaline due to the
release of an OH− ion. The release of increased OH− ions at higher concentrations of MgO/Mg(OH)2

NPs indicates a challenge for future biodegradable Mg-based alloys. The result of this immersion
test provides tolerable lower concentrations of MgO/Mg(OH)2 NPs that might be released from the
biodegradable Mg-based alloys to help develop innovative alloys for successful implementation in
future in vivo testing.

3.3. Element Depositions on MgO/Mg(OH)2 NPs after Immersion Test

Elemental depositions on MgO/Mg(OH)2 NPs were determined using SEM–EDX analysis after
immersion tests in DMEM. Samples with 100-mM concentrations of MgO/Mg(OH)2 NPs were dried,
gold-coated, and analyzed through SEM–EDX analysis. Figure 5 shows the presence of Mg, O, Na, Ca,
P, Cl, and K as the corrosion products.
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Further, SEM–EDX mapping confirmed the presence of corrosion products for MgO/Mg(OH)2

NPs. Figures 7 and 8 illustrate the presence of Mg, O, Na, Ca, P, Cl, and K as corrosion products after
the incubation of MgO/Mg(OH)2 NPs in DMEM for seven days.
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3.4. The Cell Viability and Cytotoxicity Study in hFOB 1.19 Cells

Cell viability and cytotoxicity in hFOB 1.19 cells in response to various concentrations (1 mM, 5 mM,
10 mM, and 50 mM) of MgO/Mg(OH)2 NPs were studied through a live/dead assay, as represented in
Figures 9 and 10, respectively. Fluorescence microscope results showed green (live), healthy, and viable
hFOB 1.19 cells with a few red (dead) cells upon exposure to lower concentrations (5 mM or less) of
MgO/Mg(OH)2 NPs when compared to the higher concentrations (10 mM or more). The negative
control group Figures 9b and 10b results showed green (live), healthy, and viable cells with no red (dead)
cells. An increase in competitive red (dead) cells at the higher concentrations indicated cytotoxicity in
the cells. Figure 10f illustrates the clustering of hFOB 1.19 cells in response to 50-mM concentrations of
Mg(OH)2 NPs. The clustering of red (dead) cells indicated an agglomeration of Mg(OH)2 NPs within
the cells, showing toxic effects on cell survival. Figures 11 and 12 represent a statistical analysis of the
% live cells for MgO/Mg(OH)2 NPs.
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Figure 10. Live/dead assay results demonstrated live (green) and dead (red) hFOB 1.19 cells
in response to various concentrations of Mg(OH)2 NPs. (a) Media Only (-ve control group),
(b) Cells + Media (-ve control group), (c) Cells + Media + 1 mM Mg(OH)2 NPs,
(d) Cells + Media + 5 mM Mg(OH)2 NPs, (e) Cells + Media + 10 mM Mg(OH)2 NPs, and (f) Cells +

Media + 50 mM Mg(OH)2 NPs.
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Figure 12. Statistical analysis of % live cells in hFOB 1.19 cells through one-way ANOVA techniques
for Mg(OH)2 NPs. Control groups: Media Only (-ve), Cells + Media (-ve); experimental groups: Cells+
Media + 1-mM/5-mM/10-mM/50-mM concentrations of Mg(OH)2 NPs. Data are represented as the
mean ± SEM, n = 3, * p-value ≤ 0.05 when compared to controls.

3.5. Morphological Changes in hFOB 1.19 Cells

SEM was utilized to study the morphological changes in hFOB 1.19 cells in response to various
concentrations (1, 5, 10, and 50 mM) of MgO/ Mg(OH)2 NPs. The results in Figures 13 and 14 illustrate
the minimal impact on hFOB 1.19 cells upon exposure to lower concentrations of MgO/Mg(OH)2 NPs
(1 and 5 mM). At these concentrations, hFOB 1.19 cells showed proliferation and elongation. However,
upon exposure to higher concentrations (10 mM and 50 mM) of MgO/Mg(OH)2 NPs, morphological
changes to round shape and the clustering of cells was observed. The compromised integrity of the
plasma membrane of the hFOB 1.19 cells upon exposure to higher concentrations (10 and 50 mM) of
MgO/Mg(OH)2 NPs indicated cytotoxic effects.



Appl. Sci. 2019, 9, 4304 12 of 15

 
 

round shape and the clustering of cells was observed. The compromised integrity of the plasma membrane 
of the hFOB 1.19 cells upon exposure to higher concentrations (10 and 50 mM) of MgO/Mg(OH)2 NPs 
indicated cytotoxic effects. 

 
Figure 13. SEM results representing the morphological changes in hFOB 1.19 cells in response to various 
concentrations of MgO NPs. (a) Media Only (-ve control group), (b) Cells + Media (-ve control group), (c) 
Cells + Media + 1 mM MgO NPs, (d) Cells + Media + 5 mM MgO NPs, (e) Cells + Media + 10 mM MgO NPs, 
and (f) Cells + Media + 50 mM MgO NPs. 

 
Figure 14. SEM results representing the morphological changes in hFOB 1.19 cells in response to various 
concentrations of Mg(OH)2 NPs. (a) Media Only (-ve control group), (b) Cells + Media (-ve control group), 
(c) Cells + Media + 1 mM Mg(OH)2 NPs, (d) Cells + Media + 5 mM Mg(OH)2 NPs, (e) Cells + Media + 10 mM 
Mg(OH)2 NPs, and (f) Cells + Media + 50 mM Mg(OH)2 NPs. 

3.6. Discussion 

In this study, we investigated the exposure of various concentrations (1 mM, 5 mM, 10 mM, and 50 
mM) of MgO/Mg(OH)2 NPs in hFOB 1.19 cells to understand in vitro cytotoxicity. The determination of 
cytotoxicity in response to concentrations of MgO/Mg(OH)2 NPs in hFOB 1.19 cells will help develop 
sustainable biodegradable alloys as implant materials for commercial orthopedic devices. A recent study 
showed that the hemostasis of bone is affected by local pH and oxygen tension [22]. Hypoxia inhibits the 
proliferation and differentiation of the osteoblast cells responsible for bone formation and stimulates 
osteoclast cells that are associated with bone resorption. In addition, a foundational study on Mg-based 
implants reported a faster corrosion rate for implants in the physiological environment of the body, which 
makes it challenging to establish Mg as a biodegradable material [16]. One study also suggested that the 

Figure 13. SEM results representing the morphological changes in hFOB 1.19 cells in response to
various concentrations of MgO NPs. (a) Media Only (-ve control group), (b) Cells + Media (-ve control
group), (c) Cells + Media + 1 mM MgO NPs, (d) Cells + Media + 5 mM MgO NPs, (e) Cells + Media +

10 mM MgO NPs, and (f) Cells + Media + 50 mM MgO NPs.

 
 

round shape and the clustering of cells was observed. The compromised integrity of the plasma membrane 
of the hFOB 1.19 cells upon exposure to higher concentrations (10 and 50 mM) of MgO/Mg(OH)2 NPs 
indicated cytotoxic effects. 

 
Figure 13. SEM results representing the morphological changes in hFOB 1.19 cells in response to various 
concentrations of MgO NPs. (a) Media Only (-ve control group), (b) Cells + Media (-ve control group), (c) 
Cells + Media + 1 mM MgO NPs, (d) Cells + Media + 5 mM MgO NPs, (e) Cells + Media + 10 mM MgO NPs, 
and (f) Cells + Media + 50 mM MgO NPs. 

 
Figure 14. SEM results representing the morphological changes in hFOB 1.19 cells in response to various 
concentrations of Mg(OH)2 NPs. (a) Media Only (-ve control group), (b) Cells + Media (-ve control group), 
(c) Cells + Media + 1 mM Mg(OH)2 NPs, (d) Cells + Media + 5 mM Mg(OH)2 NPs, (e) Cells + Media + 10 mM 
Mg(OH)2 NPs, and (f) Cells + Media + 50 mM Mg(OH)2 NPs. 

3.6. Discussion 

In this study, we investigated the exposure of various concentrations (1 mM, 5 mM, 10 mM, and 50 
mM) of MgO/Mg(OH)2 NPs in hFOB 1.19 cells to understand in vitro cytotoxicity. The determination of 
cytotoxicity in response to concentrations of MgO/Mg(OH)2 NPs in hFOB 1.19 cells will help develop 
sustainable biodegradable alloys as implant materials for commercial orthopedic devices. A recent study 
showed that the hemostasis of bone is affected by local pH and oxygen tension [22]. Hypoxia inhibits the 
proliferation and differentiation of the osteoblast cells responsible for bone formation and stimulates 
osteoclast cells that are associated with bone resorption. In addition, a foundational study on Mg-based 
implants reported a faster corrosion rate for implants in the physiological environment of the body, which 
makes it challenging to establish Mg as a biodegradable material [16]. One study also suggested that the 

Figure 14. SEM results representing the morphological changes in hFOB 1.19 cells in response to
various concentrations of Mg(OH)2 NPs. (a) Media Only (-ve control group), (b) Cells + Media (-ve
control group), (c) Cells + Media + 1 mM Mg(OH)2 NPs, (d) Cells + Media + 5 mM Mg(OH)2 NPs,
(e) Cells + Media + 10 mM Mg(OH)2 NPs, and (f) Cells + Media + 50 mM Mg(OH)2 NPs.

3.6. Discussion

In this study, we investigated the exposure of various concentrations (1 mM, 5 mM, 10 mM,
and 50 mM) of MgO/Mg(OH)2 NPs in hFOB 1.19 cells to understand in vitro cytotoxicity.
The determination of cytotoxicity in response to concentrations of MgO/Mg(OH)2 NPs in hFOB
1.19 cells will help develop sustainable biodegradable alloys as implant materials for commercial
orthopedic devices. A recent study showed that the hemostasis of bone is affected by local pH
and oxygen tension [22]. Hypoxia inhibits the proliferation and differentiation of the osteoblast
cells responsible for bone formation and stimulates osteoclast cells that are associated with bone
resorption. In addition, a foundational study on Mg-based implants reported a faster corrosion rate for
implants in the physiological environment of the body, which makes it challenging to establish Mg
as a biodegradable material [16]. One study also suggested that the exposure of corrosion products
such as MgO to an aqueous solution leads to the formation of Mg(OH)2 [19]. Further, the corrosion of
Mg(OH)2 in an aqueous solution containing 150 mmol/L of Cl− forms magnesium chloride (MgCl2)
and hydrogen (H2) gas [23]. In this study, we observed the presence of trace amounts of Cl for both
MgO and Mg(OH)2 NPs after conducting the immersion test for seven days, as analyzed through
SEM–EDX mapping (shown in Figures 7 and 8). This result suggests the formation of water-soluble
MgCl2−. The presence of Ca and P indicates that these corrosion products might interact with the
Ca and P present in the environment and disintegrate in bulk in the case of implant degradation
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into the surrounding medium, as explained in the biocorrosion model [24]. These insoluble complex
compounds of MgO/Mg(OH)2 NPs in the form of magnesium phosphates might introduce cytotoxicity
into hFOB 1.19 cells, as shown below:

3MgO + Ca3(PO4)2→Mg3(PO4)2 + 3CaO, (2)

3Mg(OH)2 + Ca3(PO4)2→Mg3(PO4)2 + 3CaO + 3H2O. (3)

The immersion test result showed rapid degradation behavior of MgO/Mg(OH)2 NPs in DMEM
due to the release of more OH−, which was indicated by an increase in the pH values for the
concentrations 10 mM, 50 mM, and 100 mM when compared to lower concentrations (1 mM and 5 mM)
and the control groups. On the basis of the results of the pH values obtained from the immersion test,
we optimized the higher concentration selection to 50 mM, as no significant difference was observed
between the 50-mM and 100-mM concentrations. Therefore, selected concentrations of 1 mM, 5 mM,
10 mM, and 50 mM of MgO/Mg(OH)2 NPs were used for further live/dead assays and SEM analyses to
determine cytotoxicity and morphological changes, respectively.

The live/dead assay results showed that upon exposure to lower concentrations (1 mM and 5
mM) of MgO/Mg(OH)2 NPs in hFOB 1.19 cells, proliferation and adhesion with fewer dead cells was
observed. However, upon exposure to higher concentrations (10 mM and 50 mM) of MgO/Mg(OH)2

NPs, a reduction in cell proliferation in hFOB 1.19 cells was observed. Interestingly, upon exposure to
50-mM concentrations of Mg(OH)2 NPs in hFOB 1.19 cells, the clustering of cells due to the disruption
of plasma membrane integrity and the formation of insoluble complex compounds was observed.
Besides, the SEM analyses showed morphological changes in hFOB 1.19 cells upon exposure to various
concentrations of MgO/Mg(OH)2 NPs. The SEM analysis results showed that upon exposure to lower
concentrations (1 mM and 5 mM) of MgO/Mg(OH)2 NPs, cells adhered, proliferated, and elongated;
however, at the higher concentrations (10 mM and 50 mM), the morphology of the cells changed to
a round structure, thereby indicating the disruption of plasma membrane integrity and cytotoxicity
when compared to control groups. The results from the live/dead assays and the SEM analyses,
therefore, were comparable in terms of cell adhesion, proliferation, and cell death. Hence, this in vitro
study provides a foundational knowledge for an acceptable concentration of MgO/Mg(OH)2 NPs that
might be released from biodegradable Mg-based alloys in their application in orthopedic implants in
future in vivo studies.

4. Conclusions

In this present study, in vitro cytotoxicity in hFOB 1.19 cells in response to various concentrations
(1 mM, 5 mM, 10 mM, and 50 mM) of MgO/Mg(OH)2 NPs was studied. The determination of
cytotoxicity in hFOB 1.19 cells provides a foundational knowledge for an allowable concentration of
MgO/Mg(OH)2 NPs that might be released from biodegradable Mg-based alloys in their application in
orthopedic implants in future in vivo studies. The immersion test result showed that MgO/Mg(OH)2

NPs degraded at a faster rate with the release of increased OH− ions at higher concentrations (50 mM
and 100 mM), which was determined by the change in the pH values from days 1 to 7. However,
there was no significant difference observed between the change in the pH values of 50-mM and
100-mM concentrations; therefore, we selected 100-mM concentrations of MgO/Mg(OH)2 to conduct
SEM–EDX mapping to understand the element depositions on MgO/Mg(OH)2 NPs after the immersion
test. SEM–EDX mapping showed the presence of Mg, O, Na, Ca, P, Cl, and K in both MgO and
Mg(OH)2 NPs.

Further, an in vitro cytotoxicity study in hFOB 1.19 cells in response to the exposure to various
concentrations (1 mM, 5 mM, 10 mM, and 50 mM) of MgO/Mg(OH)2 NPs (observed by live/dead assay)
showed cell proliferation and viability at lower concentrations (5 mM or less). However, at higher
concentrations (10 mM and 50 mM) of NPs, an agglomeration of the cells was observed, which indicated
the formation of complex compounds that might be the reason for cell death in hFOB 1.19 cells.
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The morphological changes studied by SEM analysis showed comparable results to the live/dead assay
for cell adhesion, proliferation, and cell death. The results from this in vitro cytotoxicity study suggest
that less than or equal to 5-mM concentrations of MgO/Mg(OH)2 NPs are tolerable concentrations
for hFOB 1.19 cells. On the basis of this foundational study, in the future, innovative biodegradable
Mg-based alloys can be developed for their application in orthopedics. We also suggest that future
research must be done to understand the cytotoxicity of corrosion products through a real-time in vitro
sensing system and in vivo testing.
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