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Magnesium-based coatings have attracted great attention in surface modification of titanium implants due
to their superior angiogenic and osteogenic properties. However, their biological effects as a carbonate-
based constituent remain unrevealed. In this study, magnesium carbonate coatings were prepared on
titanium surfaces under hydrothermal conditions and subsequently treated with hydrogen peroxide. Also,
their antibacterial activity and in vitro cell biocompatibility were evaluated. The obtained coatings
consisted of nanoparticles without cracks and exhibited excellent adhesion to the substrate. X-ray
diffraction (XRD) results indicated pure magnesium carbonate coatings formed on the Ti surface after
hydrothermal treatment. After hydrogen peroxide treatment, the phase composition of the coatings had
no obvious change. Compared to the untreated coatings, the hydrogen peroxide-treated coatings
showed increased surface roughness and hydrophilicity. Co-culture with Staphylococcus aureus (S.
aureus) demonstrated that the obtained coatings had good antibacterial activity. /n vitro cell culture
results showed that the hydrogen peroxide-treated coatings enhanced the viability, proliferation, and
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Accepted 25th March 2024 osteogenic differentiation of bone marrow mesenchymal stem cells (BMSCs). These findings suggest that
this MgCOs-based coating exhibits excellent antibacterial performance and osteogenic potential. Based

DOI: 10.1035/d4ra00399¢ on the above, this study provides a simple method for preparing titanium implants with dual antibacterial
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Introduction

According to a statistical survey, there are over 2 million bone
transplantation surgeries performed globally each year," with
a steady increase in the usage of bone repair-related implants. It
has been reported that an estimated 2-5% of these implants
may occur with infection in clinical application.” The primary
pathogen responsible for implant-related infections is often S.
aureus.>” In cases of treatment failure, extreme measures such
as amputation may be necessary, and in severe instances, it can
even lead to fatal outcomes.® To address this issue, numerous
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and osteogenic capabilities, holding great promise in clinical applications.

technologies have been developed to impart antimicrobial
properties to implant surfaces.

Titanium has been widely used in bone repair and achieved
general satisfactory effects in clinical application due to its
superior physiochemical properties.”” However, in some
compromised situations, including infections and poor
osseointegration, there is a higher risk of implant failure.*>**
Therefore, the preparation of biofunctional titanium implants
with antibacterial and osteogenic capabilities is highly desir-
able in the field of biomedical engineering. To enhance the
antimicrobial activity, for instance, Schmidmaier et al. loaded
gentamicin-poly(lactic-co-glycolic acid) coatings onto intra-
medullary nails made of titanium (Ti)."* This implant has
received approval for use in Europe, and clinical studies have
reported a significant reduction in infection rates compared
with pure Ti nails.”® However, it is susceptible to inducing
bacterial resistance. Studies have shown that inorganic metal
ions such as silver (Ag), copper (Cu), and magnesium (Mg)
exhibit potential antimicrobial properties without promoting
antibiotic resistance.”>™® Especially for Mg, as the fourth most
abundant metal element in the human body, it is considered
safe and demonstrates excellent biocompatibility, biodegrad-
ability and antimicrobial activity."' Research has demon-
strated that Mg ions have the potential to upregulate the
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expression of integrins o2 and o3, thereby mediating the
proliferation and osteogenic differentiation of human bone
marrow mesenchymal stem cells (hBMSCs).>> Furthermore,
magnesium ions can enhance the adhesion of osteoblasts onto
biomaterials by promoting integrin expression.>*** Moreover,
Mg ions exhibit antibacterial activity probably due to their
alkaline properties.>**® Thus, many studies have focused on
preparation of Mg ion-based coatings such as magnesium
hydroxide and magnesium oxide to enhance the antimicrobial
and osteogenic properties of the implants.””*® In contrast,
magnesium carbonate is predominantly utilized for gastroin-
testinal protection and mitigating stomach ailments,**** with
limited exploration into its potential for bone formation and
related aspects. Recent studies suggest that magnesium
carbonate, owing to its alkaline nature, shows promising anti-
bacterial properties.’” Additionally, its role as a magnesium ion-
releasing agent has been proposed to promote bone
formation.*

The decomposition of hydrogen peroxide generates reactive
oxygen species (ROS) and other free radicals, which exhibit
a broad-spectrum antibacterial activity.***®* Some studies have
also suggested that exogenous hydrogen peroxide stimulates
the expression of VEGF in a dose-dependent manner in rat and
murine in vitro models, thereby promoting vascular formation
and wound healing.*” Ohlin et al. found that incubating tita-
nium with 30% H,0, at room temperature for 15 minutes
significantly inhibited bacterial growth and reduced their
viability.®® Furthermore, related research indicates that
hydrogen peroxide-induced modification of the titanium
surface leads to the formation of various micro/nanostructures
and alters its wettability. These changes significantly affect the
adhesion, proliferation, and osteogenic differentiation of oste-
oblasts, thereby enhancing bone formation.***° In addition, this
modification simultaneously enhances osteogenesis while
imparting antibacterial capabilities to the titanium surface.*

Therefore, the aim of this study is to develop a technique for
coating titanium (Ti) with magnesium carbonate, and subse-
quently modify it with hydrogen peroxide to enhance its anti-
bacterial activity. Also, the biological function of this coating
was evaluated by co-culture with BMSCs.

Materials and methods
Coating preparation

Medical-grade pure titanium sheets (10 mm x 10 mm x 1.2
mm; Xingye Metal, Qinghe, China) were polished with silicon
carbide paper up to a grit size of 1200 and etched in a mixture of
0.5 M nitric acid (Chengdu Kelon, China) and 0.3 M hydro-
fluoric acid (Chengdu Kelon, China) for 30 s, followed by rinsing
in ultrapure water (18.2 MW cm). Then, the samples were
subjected to ultrasonic treatment in a sequence of acetone
(Chengdu Kelon, China), ethanol (Chengdu Kelon, China), and
distilled water for 10 min, respectively. Subsequently, the
samples were immersed into 60 mL of the solution containing
of 0.05 M Mg(NOj3),-6H,0 (Chengdu Kelon, China) and urea (2
2) (Chengdu Kelon, China). The mixture were transferred into
a Teflon vessel and reacted at 180 °C for 12 hours. After cooling
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to room temperature, the samples were collected and thor-
oughly cleaned in ultrapure water under ultrasonic treatment
for 10 min. Finally, the samples were dried at 60 °C for further
use. The obtained samples were denoted as Ti-Mg, while the
pristine Ti was denoted as Ti. For further treatment, the
samples were subjected to 30% hydrogen peroxide treatment
for 20 min, followed by drying at room temperature. These
treated samples were denoted as Ti-H,O, and Ti-Mg-H,O0,,
respectively.

Coating characterizations

The surface structure and elemental composition were studied
using a scanning electron microscope (FEI-Quanta FEG 250,
USA) and energy-dispersive X-ray spectroscopy (EDS). Crystal
structure was investigated using XRD (FEI-Quanta FEG 250,
USA). Surface hydrophilicity was measured using a contact
angle analyzer (OCA40micro, Germany). Surface roughness was
characterized using an atomic force microscope (AFM)
(BRUKER Dimension Icon, Germany). After immersing the
samples in 1 mL of calcium- and magnesium-free phosphate-
buffered saline (PBS) for 21 days, the supernatant was
collected and analyzed using an atomic absorption spectro-
photometer (model AA-7000, manufactured by Shimadzu). To
evaluate the adhesion of the coatings to the titanium substrate,
a tape test was conducted following the ASTM International
standard D3359.*>*

Bacterial inhibition

The test samples were evaluated for their inhibition of S. aureus
(BNCC186335; BeNa Culture Collection). In brief, 0.5 mL of
bacterial suspension (BNBio, Beijing, China) was transferred to
5 mL of pre-sterilized (121 °C for 15 minutes) liquid culture
medium (containing 10.0 g of peptone, 5.0 g of beef extract,
5.0 g of sodium chloride, and 1000 mL of water, all from
SolarBio, Beijing, China), and thoroughly mixed. The resulting
liquid was streaked onto agar culture medium (100 mL liquid
culture medium and 14.0 g of agar) and incubated at 37 °C for
24 hours. Afterwards, a single bacterial colony was selected,
transferred to 5 mL of sterile liquid culture medium, and
cultured in a shaking incubator (37 °C, 150 rpm) for 10 hours.
The bacterial suspension was then diluted to a concentration of
10°-10” CFU mL ™" for further use.

Subsequently, the Ti-based samples were sterilized by UV
irradiation for 1 hour and placed in a 24-well culture plate. Next,
100 pL of the bacterial suspension was added onto the surface
of the samples and incubated at 37 °C for 1 hour, followed by
the addition of 1 mL of sterile liquid culture medium to each
well. After culture for 6 hours, 100 pL of the diluted suspension
was spread on agar plates. After incubating at 37 °C for 12
hours, bacterial growth on the culture plates was visually
inspected and counted.

To assess the bacterial status on the samples, 100 uL of
bacterial suspension (at a concentration of 10°~10” CFU mL ™)
was added to the sample surfaces placed in a 24-well culture
plate. After incubating for 20 minutes, 1 mL of sterile liquid
culture medium was added to each well, and further incubation
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was carried out in a shaking incubator (37 °C, 150 rpm) for an
additional 12 hours. Live and dead bacteria were observed using
a dual staining kit (Shanghai Maokang, China) under a fluo-
rescence inverted microscope (Leica, Germany).

After 12 hours of incubation, bacterial respiratory activity
was assessed using the fluorescent oxidative-reduction dye 5-
cyano-2,3-ditolyl tetrazolium chloride (CTC, Shanghai Mao-
kang, China). Stained bacteria were observed under a fluores-
cence inverted microscope.

Cytocompatibility

The Ti-based samples were sterilized using UV irradiation for
1 h and placed in a 24-well culture plate The extraction of rat
bone marrow mesenchymal stem cells (rBMSCs) was performed
using Sprague-Dawley (SD) rats obtained from the Experimental
Animal Center at North Sichuan Medical College (Nanchong,
Sichuan, China).** After three passages, rBMSCs (1 x 10" cells
per well) were seeded onto different types of discs (Ti, Ti-H,O,,
Ti-Mg, Ti-Mg-H,0,) and cultured in o-minimum essential
medium («-MEM, Gibco, USA) supplemented with 10% fetal
bovine serum (FBS, Gibco, USA) and 1% penicillin-strepto-
mycin (PS, HyClone, USA). The culture medium was refreshed
every two days, and cells were maintained at 37 °C in a 5% CO,
incubator.

Cell viability were assessed after 1 and 4 days of culture using
a dual staining kit for live and dead cells (Abbkine, China).*
Stained cells were observed using an inverted fluorescence
microscope (Leica, Germany). Additionally, on days 1, 4, and 7,
cell proliferation was quantified using the CCK-8 assay kit
(Vazyme) by measuring absorbance at 450 nm with a microplate
reader (Thermo Fisher Scientific, Waltham, USA).

On day 3, the culture medium was switched to osteogenic
induction medium, which consisted of 10% FBS, 50 ug mL ™"
ascorbic acid (Sigma, USA), 10 mM B-glycerophosphate (Sigma),
and 10 nM dexamethasone (Sigma, USA). The culture medium
was renewed every two days during the cell culture period. After
14 days of culture, alkaline phosphatase (ALP) activity was
measured using the ALP microplate assay kit (Beyotime, China)
and normalized to total protein content determined with the
BCA protein assay kit (Beyotime, China). ALP staining was
carried out using the ALP staining kit (Solarbio, China) and
observed under a stereomicroscope.

Following 21 days of culture, samples were stained with
Alizarin Red S (OriCell, China) and examined under a stereo-
microscope. Subsequently, 10% hexadecylpyridinium chloride
was added to each well to dissolve the calcium nodules. Once
the calcium nodules were fully dissolved, 100 pL of the solution

Table 1 Sequences of primers for bone-related genes
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was extracted, and absorbance was measured at a wavelength of
562 nm using a microplate reader.*®

After 14 days of culture, the expression levels of four bone-
related proteins [ALP, osteopontin (OPN), osteocalcin (OCN),
runt-related transcription factor 2 (Runx2)] were quantified
using the SYBR Green Q-PCR kit and following standard
protocols (Vazyme, Nanjing, China).”” The relative gene
expression levels were calculated using the 2-AACt method,”
with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as
the reference gene (Table 1).

Statistical analysis

The data is presented as the mean + standard deviation and
analyzed using one-way analysis of variance (ANOVA) followed
by Tukey's post hoc multiple comparison test. Values with p <
0.05 are considered to have statistical significance.

Results
The coating morphology and phase composition

SEM images demonstrated that after undergoing sandblasting
and acid-etching treatments, all samples exhibited some
scratches and pits on their surfaces at low magnification (as
shown in Fig. 1A), with no significant differences among them.
However, at higher magnification (Fig. 1B), the surfaces of the
original Ti and Ti-Mg-H,0, samples appeared relatively
smooth, exhibiting only slight traces of polishing. In contrast,
the surfaces of Ti-Mg and Ti-Mg-H,O, displayed uniformly
distributed nanoparticles without any cracks. EDS analysis
confirmed the presence of Ti, O, C, and Mg on the surfaces of
both Ti-Mg and Ti-Mg-H,O0, (Fig. 1C and D). In the XRD study
presented in Fig. 2, distinct diffraction peaks at 32.5°, 42.9°, and
53.9° were attributed to the (104), (113), and (116) crystal planes
of magnesium carbonate (PDF #08-0479). Notably, the peaks of
Ti-Mg and Ti-Mg-H,O, are consistent with the diffraction
pattern of standard magnesium carbonate, which were in
agreement with the XRD results of magnesium carbonate
powder reported by Liang et al.*® To examine the cross-section
of the coatings, Ti foil was utilized as a substrate, followed by
the same treatments and subsequent fracturing. SEM images
(Fig. 1E) revealed two distinct layers vertically along the cross-
sections: the bottom layer corresponding to the Ti substrate
and the top layer to the Mg-based coating. The Ti-Mg-H,0,
coating was found to be dense and tightly adhered to the tita-
nium substrate, with no evidence of separation or delamination
(Fig. 1E). The EDS spectra (Fig. 1E) indicated an increase in the
distribution of Mg, O, and C in the upward vertical direction

Gene Forward primer (5\-3\) Reverse primer (5\-3\)

ALP GCAGGCAAGACACAGACT TGGAGG AGAGAAGGTCAG AT
OPN CTTGAGCATTCCAAAGAGAGC CTTGTGGCTGTGAAACTT GTG
OCN ACCGCCTACAAACGCATCTA AGAGGACAGGGAGGATCAAGT
Runx-2 GCAGCACGCTATTAA ATCCAA GCCAAACAGACT CAT CCATTC
GAPDH CAGTGGCAAAGTGGAGATTGTTG TCGCTCCTGGAAGATGGTGAT
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Fig. 1 SEM images of different Ti-based samples: (A) x5000, (B) x50
000; the elements distribution on the surface of (C) Ti-Mg sample and
(D) Ti-Mg-H,O, sample; the elements distribution on the cross-
section of (E) Ti-Mg—-H,0, sample.
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Fig. 2 XRD spectra were obtained from powders derived from solu-
tions of Ti-Mg and Ti-Mg—-H,05.

and a decrease in Ti distribution, suggesting in situ growth of
the Mg-based coating on the Ti matrix.

The coating thickness of the Ti-Mg-H,0, sample was
measured to be approximately 18 pm, indicating a relatively
thin coating layer.

Surface wettability and roughness

Wettability analysis (Fig. 3A) revealed that the average water and
contact angle on the Ti surface was 94.3 £ 3.6°, while on the Ti-
H,O0, surface, it was significantly reduced to 82.2 + 1.7°. This
notable difference between the two samples (p < 0.05) suggests
that H,O, treatment enhances the hydrophilicity of the Ti
surface to a certain extent. After the deposition of the coating,
the water contact angle decreased significantly, with the Ti-Mg
sample showing an angle of 65.9 + 4.9° and the Ti-Mg-H,0,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Experimental photographs of water contact angles for
different samples; (B) quantitative calculation of water contact angles
for different samples; (C) AFM of different samples; (D) Ra Rq values for
different samples (* indicates p < 0.05; ** indicates p < 0.01,*** indi-
cates p < 0.001).

sample having an angle of 42.1 + 4.1° (p < 0.05) (Fig. 3B). These
results indicate that the coating deposition improved hydro-
philicity, and H,O, treatment further enhanced this property.

Surface roughness was characterized using Atomic Force
Microscopy (AFM) (Fig. 3C and D). All materials exhibited
similar topography with various pits and protrusions. Arith-
metic mean surface roughness (Ra) and root mean square
roughness (Rq) measurements showed that Ra values for Ti, Ti-
H,0,, Ti-Mg, and Ti-Mg-H,0, were 143.3 £+ 3.2 nm, 98.7 £
12.5 nm, 235.6 £+ 12.5 nm, and 149.0 £ 40.7 nm, respectively,
while Rq values were 110.0 + 2.8 nm, 71.3 + 7.5 nm, 181.6 +
8.8 nm, and 105.8 + 28.1 nm, respectively. Statistical analysis
indicated that the Ra and Rq values of the Ti-Mg-H,0, group
were significantly different (p < 0.05) from the other groups,
suggesting a rougher surface for the Ti-Mg-H,O, group. Addi-
tionally, from a more microscopic perspective, the surfaces of
the Ti and Ti-H,0, groups appeared relatively smooth, while
the Ti-Mg and Ti-Mg-H,O, groups exhibited a higher density of
nanoscale particles.

Coating adhesion

To evaluate the adhesion of the coatings on the titanium (Ti)
substrates, a tape test was conducted according to the ASTM
International Standard D3359. As shown in Fig. 4A, visual
inspection indicated no visible residues on the tape surface.
Based on the ASTM D3359 rating scale, both Ti-Mg and Ti-Mg-

RSC Adv, 2024, 14, 10516-10525 | 10519
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Fig. 4 (A) Adhesion strength of the coatings on Ti—-Mg and Ti—-Mg-

H,0,; (B) Mg®* release curves for Ti-Mg and Ti-Mg—-H,O,.

H,0, group coatings were graded as 5B, indicating no visible
peeling. These results demonstrate that the coatings on the Ti-
Mg and Ti-Mg-H,0, samples exhibit excellent adhesion to the
titanium substrates.

Magnesium ion release detection

To assess the release of ions from the coatings, the Ti-Mg and
Ti-Mg-H,0, groups were immersed in a calcium- and
magnesium-free PBS solution. Over 21 days, the release trends
of magnesium ions in both groups were similar, with no
significant differences observed. In the initial 7 days, they
exhibited consistent and controlled release, without any
significant burst release (Fig. 4B). Subsequently, the release of
magnesium ions slowed down, reaching about 82.73% after 14
days. Based on the release curve, it can be inferred that
compared to the Ti-Mg group, the Ti-Mg-H,0, group exhibited
a faster release of Mg ions.

In vitro antibacterial performance

After incubating the samples with S. aureus on agar medium for
12 hours (Fig. 5A), a large number of bacterial colonies were
observed in the Ti and Ti-Mg groups, while almost no visible
colonies were seen in the Ti-H,0, and Ti-Mg-H,0, groups.
Compared to the Ti group, the bacterial survival rate on the Ti-
Mg surface decreased to approximately 78%, while in the Ti-
H,0, and Ti-Mg-H,0, groups, bacteria were almost completely
eliminated (Fig. 5B). Following a 12 hours incubation with S.
aureus in liquid medium, the bacteria were stained with a dual-
color staining reagent for live and dead cells (Fig. 5C). Both the
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Fig. 5 (A) Co-cultivation of various materials with S. aureus; (B)
bacterial survival rates when co-cultivated with the materials; (C)
staining of live/dead bacteria on the different surfaces (red represents
dead bacteria, green represents live bacteria); (D) CTC bacterial
staining (live bacteria labeled with red fluorescence) (* indicates p <
0.05).

Ti-H,0, and Ti-Mg-H,0, samples showed a significant
number of red-stained dead bacteria, substantially more than in
the Ti and Ti-Mg groups. Correspondingly, the number of
green-stained live bacteria in the Ti-H,0, and Ti-Mg-H,O,
groups was notably lower than in the Ti and Ti-Mg groups.

Additionally, to investigate potential mechanisms of the
antibacterial action, CTC redox dye staining was used to
quantify active respiratory bacteria on different surfaces
(Fig. 5D). The Ti and Ti-Mg groups displayed a large number of
red-stained active bacteria. Compared to the Ti group, the
number in the Ti-Mg group was reduced, indicating some
antibacterial effect of the magnesium coating. Compared to the
Ti and Ti-Mg groups, only a few red-stained active bacteria were
visible in the Ti-H,0, and Ti-Mg-H,0, groups. The difference
between these groups suggests that H,0, treated Ti surfaces
exhibit superior antibacterial properties. This may be achieved
through the inhibition of bacterial respiratory chain
formation.*

Cell adhesion and proliferation

After seeding cells on various materials for 72 hours, live/dead
cell staining was performed to assess cell viability. As shown
in Fig. 6A, the surfaces of all materials displayed a large number
of green-stained live cells with only a few red-stained dead cells
visible. Image analysis revealed that the live cell count followed
the order Ti-Mg-H,0, > Ti-Mg > Ti-H,0, > Ti, and the differ-
ences among them were statistically significant (p <0.05). CCK-8
assays (Fig. 6B) revealed a gradual increase in the number of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) Live/dead rBMSCs on different material surfaces, with live
cells labeled with green fluorescence and dead cells labeled with red
fluorescence; (B) the proliferation of rBMSCs inoculated on different
material surfaces on days 1, 4, and 7 (* indicates p < 0.05; ** indicates p
< 0.01).

cells on the surfaces of all samples over time. After 1 day of
culture, there was no statistically significant difference in the
proliferation of rBMSCs among different materials (P > 0.05).
However, after 4 days of culture, cell proliferation showed
a trend of Ti-Mg-H,0, group > Ti-Mg group > Ti-H,0, group >
Ti group. The differences between each pair were statistically
significant (P < 0.05). After 7 days of culture, the trend in cell
proliferation was similar to that on day 4. All results indicate
that the deposition of the MgCO; coating, especially in combi-
nation with H,0, treatment, can effectively enhance the
proliferation of rBMSCs.

ALP expression and in vitro calcium nodule deposition

After 14 days of culture, all surfaces were stained blue, with
more stained cells observed on the surfaces of Ti-Mg and Ti-
Mg-H,0, (Fig. 7A), indicating these materials’ capability to
induce osteogenic differentiation of rBMSCs. Quantitative
analysis (Fig. 7B) showed that the expression levels of ALP
increased over time on all surfaces. On day 7, the Ti-Mg-H,0,
group exhibited the highest ALP content, followed by the Ti-Mg
group, while the Ti group had the lowest ALP concentration.
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Fig. 7 (A) Staining of alkaline phosphatase in rBMSCs on different
material surface; (B) quantitative measurement of alkaline phosphatase
content; (C) staining of calcium deposits with Alizarin Red S; (D) semi-
quantitative measurement of calcium deposits (* indicates p < 0.05; **
indicates p < 0.01).
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There were statistically significant differences in ALP content
between the materials (p < 0.05). After 14 days of culture,
a similar trend was observed, consistent with the results from
day 7. These findings suggest that MgCO; deposition combined
with H,0, treatment effectively promotes ALP expression in
rBMSCs.

After 21 days of culture, Alizarin Red S staining was used to
assess the formation of calcium nodule deposits (Fig. 7C). The
results indicated the presence of orange-red calcium deposits
on all surfaces, especially larger orange-red areas on the Ti-Mg
and Ti-Mg-H,0, samples. Semi-quantitative analysis of
calcium nodule deposition (Fig. 7D) showed that the quantity of
calcium nodules followed the trend of Ti-Mg-H,0, > Ti-Mg >
Ti-H,0, > Ti, with significant differences between the groups
(all p < 0.05). Based on these results, it is confirmed that the
combination of MgCO; deposition and H,0, treatment effec-
tively promotes in vitro mineralization.

Evaluation of bone-related gene expressions on various
surfaces

Quantitative PCR (q-PCR) was utilized to measure the expres-
sion of osteogenesis-related genes, including OCN, Runx2, ALP,
and OPN (Fig. 8). The expression of all these genes followed the
trend of Ti-Mg-H,0, > Ti-Mg > Ti-H,0, > Ti, with significant
differences observed between the groups (all p < 0.05). For OCN,
the gene expression level in the Ti-Mg-H,0, group was 128.8%
higher than in the Ti-Mg group (p = 0.101), while the expres-
sion on Ti-Mg was 128.8% higher than on Ti-H,0, (p = 0.0259),
and the expression on Ti-H,0, was 214.5% higher than on Ti (p
= 0.0010). For OPN, the gene expression level in the Ti-Mg-
H,0, group was 116.8% higher than in the Ti-Mg group (p =
0.0046), the expression on Ti-Mg was 128.8% higher than on
Ti-H,0, (p = 0.0008), and the expression on Ti-H,0, was
164.3% higher than on Ti (p = 0.0003). These results indicate
that the coatings, especially when combined with H,O, treat-
ment, can significantly enhance the expression of osteogenic
genes in rBMSCs.
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Fig. 8 The gene expression levels normalized to GAPDH in rBMSCs
including: (A) OCN, (B) Runx2, (C) ALP, (D) OPN after culture on
different surfaces for 14 days (* indicates p < 0.05; ** indicates p <
0.01).
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Discussion

In this study, a nanostructured magnesium carbonate coating
was successfully prepared on Ti substrates using a hydro-
thermal reaction method which resulted in enhanced surface
roughness and wettability compared with the pristine Ti
surface. Additionally, the coating was further modified using
H,0, treatment, and the H,O, treated coating exhibited
a superior antibacteria activity. Moreover, compared to pristine
Ti and hydrogen peroxide-treated Ti surfaces, the coated
substrates exhibited improved proliferation of rBMSCs and
promoted osteogenic differentiation through improving the
ALP activity, bone matrix mineralization and the expressions of
osteogenic-related genes.

Magnesium carbonate is an antacid medication known for
its role in neutralizing stomach acid and protecting the gastric
mucosa when used in the human body.***> Additionally, clin-
ical trial research has shown that magnesium carbonate can be
utilized for phosphate control in hemodialysis patients.**** In
recent years, some studies have explored the regulation of Mg”"*
release and promotion of bone formation through hydrogen-
loaded MgO/MgCO; particles.*® However, there are limited
researches focused on depositing magnesium carbonate on the
surface of titanium implants and evaluation of its capabilities in
bone defect repair. In earlier studies, successful preparation of
coatings containing magnesium on titanium (Ti) surfaces was
achieved using techniques like sandblasting and electropho-
retic deposition (EPD).*>*® In comparison to these methods, the
hydrothermal reaction used in this study requires neither
specialized equipment nor complex procedures. Moreover, in
this reaction system, only Mg(NO;), and urea were used and
reacted as following:

(NH,),CO + H,O — 2NH; + CO,, 2NH; + H,O — 2NH*" +
OH~

CO, + H,O — CO5>~ + 2H™, Mg*>* + CO5>~ — MgCO;

At 298 K, the solubility product constants (Ki;,) for Mg(OH), and
MgCO; are known to be 5.6 x 10> and 6.8 x 10~%" respec-
tively. The nucleation driving force decreases with increasing Kp,,>
indicating that magnesium carbonate (MgCO;) is formed first
rather than magnesium hydroxide (Mg(OH),) under these condi-
tions. However, if the alkaline environment is sufficiently strong,
a transformation into magnesium hydroxide can occur.*” Magne-
sium hydroxide is less soluble compared to magnesium
carbonate. When carbon dioxide is introduced into an alkaline
solution, the situation changes: insufficient carbon dioxide leads
to the formation of carbonate ions, while excess carbon dioxide
results in the formation of bicarbonate ions. This process alters
the pH of the solution and subsequently affects the dissolution
and precipitation behavior of magnesium compounds.

Thus, the method herein is easy-simple and friendly envi-
ronment, without waste product generation. Research reports
have indicated that magnesium ions facilitate the proliferation
and differentiation of osteoblasts.®* A substantial body of
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research has indicated that MgO and MgOH possess osteogenic,
angiogenic, and antibacterial properties.®>** However, their
clinical utilization remains limited, possibly due to the
concentration-dependent cytotoxicity induced by nanoscale
magnesium oxide and magnesium hydroxide.®**® In contrast,
related studies have shown that consuming MgCO; can lower
serum phosphate levels in patients. The average daily dose is
1552 mg of MgCO;, which is equivalent to about 441 mg of
elemental magnesium.” Its safety in clinical use has been
confirmed.?**"**** Nonetheless, there has been limited explo-
ration of depositing magnesium carbonate on the surface of
titanium implants for bone repair, possibly because of its
relatively modest functionality and weaker antibacterial capa-
bilities.** Hydrogen peroxide can introduce ROS (reactive
oxygen species) onto the titanium surface, such as superoxide
anion radicals (O, "), hydroxide ions (OH "), hydroxyl radicals (-
OH), and other functional groups.®” Additionally, it can create
micro-nanostructures and enhance hydrophilicity on the tita-
nium surface, thus influencing the adhesion, proliferation, and
osteogenic differentiation of osteoblasts, ultimately strength-
ening bone formation capacity.*® Therefore, in this study, after
depositing magnesium carbonate, hydrogen peroxide was
employed for further treatment.

In this study, a nanostructured magnesium carbonate
coating was successfully synthesized on a titanium substrate
using a hydrothermal reaction method, as illustrated in Fig. 1B,
where both Ti and Ti-H,0, samples exhibited smooth surfaces.
However, as depicted in Fig. 3D, the surface of the magnesium
coating demonstrated increased roughness, indicated by the Ra
and Rq values. After modification with hydrogen peroxide, both
Ra and Rq values decreased, which could be attributed to the
oxidative effect of hydrogen peroxide, leading to the formation
of an oxide film on the surface.®® Additionally, its cleaning and
etching capabilities contributed to a smoother surface
texture.*”* Compared to the untreated magnesium coating, the
Ra and Rq values were lower. A similar observation was made on
the titanium substrate surfaces (Ti vs. Ti-H,0,), where the
surface wettability of the coating were enhanced relative to the
original Ti surface.

In this study, in vitro cell culture results indicate that,
compared to pure titanium (Ti), magnesium-enriched titanium
(Ti-Mg) significantly enhances the proliferation and differentia-
tion of osteoblasts, with further enhancement observed in
hydrogen peroxide-modified magnesium-enriched titanium (Ti-
Mg-H,0,) compared to Ti-Mg. Additionally, after immersion in
PBS for 21 days, detectable concentrations of magnesium ions
were observed for both Ti-Mg and Ti-Mg-H,0, (as shown in
Fig. 4). These findings can be attributed to several key factors.
Firstly, the magnesium carbonate coatings were composed of
nanoparticles and exhibited increased roughness, which
benefited for the adhesion and proliferation of osteoblasts on
their surfaces.’”>”® Also, these coatings deposition increased the
surface wettability, which is crucial for the proteins adsorption,
cell adhesion, proliferation, and differentiation of osteoblasts
and related cells on implant surfaces.” Secondly, magnesium
ions released from magnesium carbonate may promote osteo-
blasts proliferation and differentiation through integrin-
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mediated pathways, strengthening the interaction between
osteoblasts and biomaterials.****”> These magnesium ions also
serve as nucleation sites for hydroxyapatite formation, facilitating
bone matrix mineralization.”® Finally, hydrogen peroxide intro-
duces osteogenesis-related active groups, such as active hydroxyl
(Ti-OH) and ROS (reactive oxygen species), onto the surface of
titanium implants. Active hydroxyl groups can serve as deposi-
tion sites for calcium and phosphate ions, thereby promoting the
formation of hydroxyapatite and enhancing the potential for new
bone integration, further strengthening its osteogenic capacity.””
Additionally, a certain concentration of ROS can mediate the
PI3K-AKT signaling pathway, thereby regulating cell adhesion,
spreading, osteogenic differentiation, and bone growth.”®”

In this study, when co-cultured with bacteria, Ti + H,O, and
Ti-Mg-H,0, exhibited excellent antibacterial properties
compared to Ti. However, Ti-Mg showed 78.3% bacterial
activity, and through CTC staining, it was observed that Ti-Mg
had fewer live bacteria compared to Ti, while Ti + H,0, and Ti-
Mg-H,0, both demonstrated a sparser presence of live bacteria,
consistent with earlier research findings,** as shown in Fig. 5.

In preliminary studies, magnesium carbonate coatings were
immersed into 3% and 30% hydrogen peroxide for 20 min,
respectively. In vitro antibacterial experiments and cell culture
demonstrated that after reacting with 30% hydrogen peroxide,
the magnesium carbonate coating exhibited superior antibac-
terial effect and no significant cytotoxicity compared with 3%
hydrogen peroxide treatment. Thus, 30% hydrogen peroxide
treatment was selected.

Compared to MgO and Mg(OH),, both of which exhibit
excellent antibacterial properties, magnesium carbonate is
commonly used in clinical practice as a gastrointestinal
protective drug,”>** while hydrogen peroxide is frequently
employed as an antibacterial agent.*” Both substances have
established safety records. Therefore, it is reasonable to spec-
ulate that the hydrogen peroxide-modified magnesium
carbonate coatings utilized in this study may possess favorable
biocompatibility and hold promise for potential clinical appli-
cations. The antibacterial performance can be attributed to
three mechanisms: firstly, the ability of hydrogen peroxide to
generate reactive oxygen species, contributing to its antibacte-
rial properties.***"*> Secondly, magnesium carbonate is alkaline
and can alter the pH of bacterial survival in conjunction with
magnesium ions.*® Finally, the direct interaction between
nanoparticles and bacteria.®***

In our research, the utilization of magnesium carbonate
coatings following hydrogen peroxide treatment not only
demonstrated exceptional antibacterial properties but also
markedly amplified the osteogenic capabilities of BMSCs.
However, the precise mechanisms underlying these effects
remain incompletely elucidated and warrant further investiga-
tion for clarification. Subsequently, we intend to conduct in vivo
animal assessments to delve deeper into this study.

Conclusion

In this study, magnesium carbonate-based coatings on titanium
implants was successfully prepared via a hydrothermal reaction

© 2024 The Author(s). Published by the Royal Society of Chemistry
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method, along with the development of magnesium-containing
antibacterial coatings through hydrogen peroxide modification.
The coatings exhibited enhanced wettability and surface
roughness, which could improve the viability, proliferation, and
osteogenic differentiation of BMSCs. Moreover, the hydrogen
peroxide-modified coatings demonstrated superior antimicro-
bial properties. Collectively, these findings suggest this modi-
fication provides an effective strategy for design of functional
orthopedic implants with antibacterial activity as well as
potential osseointegration, which are promising in clinical
application.
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