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A B S T R A C T   

Titanium (Ti) has been the most widely used orthopedic implant in the past decades. However, their inert surface 
often leads to insufficient osteointegration of Ti implant. To solve this issue, two bioactive Mg(OH)2 films were 
developed on Ti surfaces using hydrothermal treatment (Ti-M1# and Ti-M2#). The Mg(OH)2 films showed nano- 
flake structures: sheets on Ti-M1# with a thickness of 14.7 ± 0.7 nm and a length of 131.5 ± 2.9 nm, and on Ti- 
M2# with a thickness of 13.4 ± 2.2 nm and a length of 56.9 ± 5.6 nm. Both films worked as Mg ions releasing 
platforms. With the gradual degradation of Mg(OH)2 films, weakly alkaline microenvironments will be estab
lished surrounding the modified implants. Benefiting from the sustained release of Mg ions, nanostructures, and 
weakly alkaline microenvironments, the as-prepared nano-Mg(OH)2 coated Ti showed better in vitro and in vivo 
osteogenesis. Notably, Ti-M2# showed better osteogenesis than Ti-M1#, which can be ascribed to its smaller 
nanostructure. Moreover, whole genome expression analysis was applied to study the osteogenic mechanism of 
nano-Mg(OH)2 films. For both coated samples, most of the genes related to ECM-receptor interaction, focal 
adhesion, and TGF-β pathways were upregulated, indicating that these signaling pathways were activated, 
leading to better osteogenesis. Furthermore, cells cultured on Ti-M2# showed markedly upregulated BMP-4 gene 
expression, suggesting that the nanostructure with Mg ion release ability can better activate BMP-4 related 
signaling pathways, resulting in better osteogenesis. Nano-Mg(OH)2 films demonstrated a superior osteogenesis 
and are promising surface modification strategy for orthopedic applications.   

1. Introduction 

Currently, for millions of patients who benefit from orthopedic sur
gery, titanium (Ti) is one of the most frequently used orthopedic im
plants [1–3]. Despite improvements in surgical procedures, 
postoperative care, and many other perspectives which all aim to speed 
up healing after bone implantation, insufficient osteointegration fol
lowed by aseptic loosening remains the key limiting factor of bio
materials made of Ti [4–6]. This is because the inert surface of Ti is hard 
for the newly formed bone to bind. Hence, a bioactive surface of Ti 
implant is essential for the superior osteointegration, leading to a reduce 

of aseptic loosening risk. 
Surface properties, including physical morphology, released bioac

tive metal ions, and pH value, are all important parameters for implants 
to regulate behaviors of osteogenesis-related cells [7–9]. It is widely 
accepted that micro-roughness surface is beneficial for osteointegration 
between implant and new bone, because micro-roughness surface has a 
larger surface area [10]. Surface modification technologies, such as acid 
etching and sandblasting, are widely used in Ti-based orthopedic im
plants for clinical applications [11]. Compared with the micro-surface, 
the nano-surface has a greater influence on bone-related cell behav
iors. Nanostructures are more favorable for identification and deposition 
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of proteins, and can promote adhesion and spreading of cells via in
teractions with integrin [12]. Incorporating bioactive metal ions into Ti 
surface is another strategy to enhance osteogenesis behavior of Ti im
plants. For example, Mg and Ca ions are not only essential elements to 
maintain bone strength and density, but also improve bone formation 
and regeneration, while Sr ions can improve bone metabolism and 
prevent bone loss [13–15]. The pH value, determined by the H+ and 
OH− ions surrounding the implants, can also be used to guide cell fate. 
Harada et al. found that the optimum pH for alkaline phosphate (ALP) 
activity was pH 8.5 [16]. Tan et al. fabricated a calcined layered double 
hydroxide film on Ti to create a local alkaline microenvironment, and 
found that the ALP activity of rBMSCs was enhanced when cultured on 
this film [17]. Moreover, an alkaline microenvironment is good for the 
deposition of hydroxyapatite, which is the main organic component of 
bone tissue [18–20]. It should be noted that an excessive alkaline 
microenvironment might be a disadvantage for the proliferation of cells 
[17]. Though single parameter (bioactive ions/nano-structure/alkaline 
microenvironment) has all been proved to be benefit for osteogeneses 
process, but few studies tried to fabricate a surface with all the three 
characterizations to enhance osteogenic behaviors. Hence, design and 
construct a multi-characterizations film on Ti with nanostructure, 
bioactive metal ions release ability, and weakly alkaline 

microenvironment formation ability remains a challenge and is of great 
importance for Ti-based orthopedic implants. 

On the other hand, the underlying mechanisms of cell behaviors, 
especially osteogenic behaviors, stimulated by modified surface of Ti 
remain poorly understood. Several studies have demonstrated the dif
ferential expression of RNAs or proteins in specific signaling pathways 
were related their involvement in cell behaviors [21–23]. For example, 
Wang et al. found that the expression of p-FAK, p-ERK, p-P38, and p-JNK 
proteins in rBSMCs were upregulated when cultured on 
polydopamine-coated polyetheretherketone (PEEK), and concluded that 
polydopamine could enhance the osteogenic differentiation of rBMSCs 
through FAK and p38 signaling pathways [23]. However, identify all 
signaling pathways that may play a crucial role in the osteogenic dif
ferentiation of stem cells remains a challenge. In recent years, whole 
genome expression analysis technology has been rapidly developing. By 
detecting the RNA expression of all the genes, researchers can conduct a 
comprehensive evaluation of all the signaling pathways related to cell 
behaviors, and thus obtain information regarding the molecular mech
anisms underlying various cell behaviors stimulated by biomaterials 
[24–26]. Hence, using whole genome expression technology can fully 
and comprehensively understand the underlying molecular mechanism 
between cells and biomaterials, and then offer guidance for the design of 
biomaterials. 

In the present study, to construct nanostructured film with the ability 
to release bioactive ions and create a weakly alkaline microenviron
ment, we used hydrothermal treatment to fabricate nanostructured Mg 
(OH)2 films on Ti surface. The decomposition of Mg(OH)2 films would 
not only result in the release of Mg ions, but also result in the release of 
OH− , thus forming a weakly alkaline microenvironment surrounding the 
implant. The osteogenesis potential of the resulting nano-Mg(OH)2- 

Fig. 1. Surface morphology (a) and full XPS spectrum of Ti, Ti-M1#, and Ti-M2# samples. Cumulative release of Mg ions from Ti-M1# and Ti-M2# samples (c).  

Table 1 
Elemental compositions of Ti-M1# and Ti-M2# samples.   

Ti (at. %) O (at. %) Mg (at. %) 

Ti-M1# 39.9 53.5 6.6 
Ti-M2# 27.7 58 14.3  
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coated Ti was evaluated using in vitro culturing murine C3H10T1/2 cells 
and an in vivo bone defect model. The molecular mechanism of enhanced 
osteogenesis of the nano-Mg(OH)2 film was explored using whole 
genome expression analysis. 

2. Materials and methods 

2.1. Sample preparation and characterization 

Commercial pure Ti (purity > 99.85%) was cut into 10 × 10 × 1 mm 
and 20 × 20 × 1 for in vitro experiments, and 10 × Φ 2 mm for in vivo 
experiments. The specimens were treated with HF and HNO3 mixed 
aqueous solution to remove the oxide layer. For hydrothermal treat
ment, the cleaned Ti was placed in a Teflon-lined stainless steel, and 
then gently added to 50 mL of a solution containing 1.2 mM MgCl2 and 
21.6 mM urea. Immediately, the stainless steel was programmed to 
reach 120 ◦C and kept for 12 h. The obtained samples were cleaned with 
deionized water and denoted as Ti-M1#. Furthermore, Ti samples hy
drothermally treated in solution containing 6 mM MgCl2 and 108 mM 
urea were denoted as Ti-M2#. 

A field-emission scanning electron microscope (FE-SEM; Merlin; Carl 
Zeiss AG, Germany) was used to observe the surface morphology. Sur
face roughness was examined using an atomic force microscope device 
(AFM; MFP-3D-S; Asylum Research, USA) in tapping mode. The mean 
roughness value (Ra) represents the arithmetic average of the deviation 
from the center plane of the sample and Rq represents the root-mean- 
square deviation of the surface. X-ray photoelectron spectroscopy 

(XPS; EscaLab Xi+; Thermo Fisher Scientific, USA) was used to analyze 
the surface chemical compositions. 

2.2. Ion release 

The samples were immersed in 10 mL of deionized water at 37 ◦C for 
1, 4, 7 and 14 days. The extract solutions of various samples were 
collected at each time point. The amount of released Mg ions was 
quantified via inductively coupled plasma atomic emission spectroscopy 
(ICP-MS; iCAP RQ; Thermo Fisher Scientific, USA). 

2.3. Water contact angle 

The water contact angle was determined through goniometry using a 
static water drop method. Contact angles were measured with distilled 
water using the contact angle measuring system (OCA15; Dataphysics, 
Germany). A drop of water with a volume of 4 ± 0.2 μL was deposited on 
the surface. 

2.4. Surface zeta potentials 

A surpass electrokinetic analyzer (Anton Parr, Austria) was used to 
detect the surface zeta potential. Briefly, two samples (20 × 10 × 1 mm) 
were fixed face to face on the holder with a gap of 100 ± 5 μm. The 
electrolyte solution was KCl solution (1 mM), and its pH was adjusted 
using HCl and NaOH (0.05 M). The surface zeta potential was calculated 
according to the Helmholz-Smoluchowski equation: 

Fig. 2. Two-dimensional (2D) and three-dimensional (3D) topography of Ti, Ti-M1#, and Ti-M2# samples (a). Surface zeta potential (b) and water contact angle (c) 
of Ti-M1# and Ti-M2# samples. 
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ζ=
dU
dP

×
η

ε × ε0
× C (1)  

where ζ denotes the zeta potentials, dU/dP is the slope of the streaming 
potential and pressure, and η, ε, ε0, and C represent the electrolyte vis
cosity, dielectric constant, vacuum permittivity, and conductivity, 
respectively. 

2.5. Cell experiments 

2.5.1. Cell culture 
Murine C3H10T1/2 cells (ZQ 0452, Shanghai Zhong Qiao Xin Zhou 

Biotechnology Co., Ltd. China), which are isolated from the embryo of 
C3H mice, were used to evaluate the in vitro performance of various 
samples. The cells were cultured in MEM (ZQ-300, Shanghai Zhong Qiao 
Xin Zhou Biotechnology Co.,Ltd. China) supplemented with 1% Gluta
max, 1% sodium pyruvate, 10% fetal bovine serum and 1% penicillin- 
streptomycin at 37 ◦C in a humidified atmosphere of 5% CO2. Prior to 
the test, the samples were sterilized in a high-pressure steam steriliza
tion pot for 20 min. 

2.5.2. Cell adhesion and proliferation 
The samples (10 × 10 × 1 mm) were placed in 24-well plates and 

then seeded with cells (2 × 105 cell/mL). After 12 and 24 h of culture, 
the samples from each group were rinsed with PBS three times, and then 
fixed in 4% paraformaldehyde for 30 min at 4 ◦C. The cells were then 
permeabilized with 0.2% (v/v) Triton-X100 (Sigma) for 10 min. Non- 
specific binding sites were blocked by incubating the samples in 
bovine serum albumin for 1 h. Anti-vinculin (400 μl) was added and the 

cells were cultured for 1 h at 37 ◦C. Finally, the cells were stained by 
DAPI away from any light for 30 min. Between each step, the samples 
were rinsed with PBS. The stained cells were observed using a fluores
cence microscope (80i; Nikon, Japan). 

The samples (10 × 10 × 1 mm) were placed in 24-well plates and 
then seeded with cells (2 × 105 cell/mL). Cell proliferation was evalu
ated on days 1, 4, and 7 using CCK-8 assay. Briefly, 10% CCK-8 solution 
was added to each sample and incubated at 37 ◦C for 2 h. Aliquots from 
each sample (100 μL) were transferred into a 96-well plate and absor
bance was measured at a wavelength of 450 nm using a microplate 
reader (Multiskan Go; Thermo Fisher Scientific, USA). 

2.5.3. Extracellular matrix (ECM) mineralization 
The samples (10 × 10 × 1 mm) were placed in 24-well plates and 

then seeded with cells (1 × 105 cell/mL). After 1 day of culture, the 
original culture medium was replaced with culture medium supple
mented with osteogenic induction solution (strain C57BL/6 Mouse 
Adipose-derived Mesenchymal Stem Cells Osteogenic Differentiation 
Medium (RASMD-90021); Cyagen Biosciences Inc., China)). After 7 and 
14 days of culture, ECM mineralization were quantified by Alizarin red 
staining. Briefly, the cells were washed three times with PBS, fixed for 1 
h in ice-cold 70% ethanol, and rinsed three times with deionized water. 
The cells were stained for 30 min with 40-mM alizarin red solution at 
37 ◦C, and excess dye was removed gently with PBS. Calcification de
posits, which appeared bright red, were identified using a stereoscopic 
microscope (SMZ25; Nikon, Japan). Quantification was performed as 
follows. Next, 40 μL of 10% hexadecylpyridine was added to each 
sample and the aliquots from each sample (100 μL) were transferred into 

Fig. 3. Fluoroscopy images of murine C3H10T1/2 cells stained with anti-vinculin and DAPI cultured on various samples for 12 and 24 h (a) and calculated coverage 
percentage (b). Cell proliferation of murine C3H10T1/2 cells cultured on various samples for 1, 4 and 7 days (c). 
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a 96-well plate and for absorbance was measured at a wavelength of 620 
nm using a microplate reader. 

2.5.4. Alkaline phosphatase (ALP) activity 
The cells were cultured as described in the ECM mineralization 

assessment. The ALP activity of each sample was assessed after 7 and 14 
days of culture. The content of ALP was determined using an alkaline 
phosphatase assay kit (Beyotime, China), and the content of intracellular 
protein was determined using a BCA protein assay kit (Beyotime, China). 
The quantitative result of ALP activity was determined by the ratio of 
ALP content to BCA content. Furthermore, ALP was stained with BCIP/ 
NBT Alkaline Phosphatase Color Development Kit (Beyotime, China), 
and images were obtained using a stereoscopic microscope. 

2.5.5. Quantitative real-time PCR (RT-PCR) analysis 
The expression levels of four osteogenesis-related genes, namely 

bone morphogenetic protein 2 (BMP-2), alkaline phosphatase (ALP), 
osteocalcin (OCN) and osteopontin (OPN), were evaluated using qRT- 
PCR. The samples (20 × 20 × 1 mm) were placed in 6-well plates and 
seeded with cells (2.5 × 105 cells/mL). After 1 day of culture, the 
original culture medium was replaced with culture medium supple
mented with osteogenic induction solution. After 7 and 14 days of 

culture, total RNA was extracted using Trizol (Sigma Aldrich, USA) and 
then quantified by Nanodrop 2000 (Thermo fisher scientific, USA). Next, 
1 μg of RNA was reverse transcribed into cDNA using the 1st Strand 
cDNA synthesis supermix Kit (Yeasen, China), and then mixed with 
SYBR Green Mastermix and primers to quantify the gene expression of 
the target genes. GAPDH was used as a housekeeping gene. The primer 
sequences are listed in Table S1. 

2.6. In vivo study 

All animal experiments were approved by the Animal Ethics Com
mittee of Guangdong Provincial People’s Hospital and applied in 
accordance with the Guidelines for Care and Use of Laboratory Animals 
of Southern Medical University. 

2.6.1. Implantation surgery 
Thirty-six Sprague-Dawley (SD) rats with ages of 5-week-old were 

divided into 3 groups (n = 12 for per group). The rats were anesthetized 
with 3% pentobarbital sodium (30 mg/kg dose) by intraperitoneal in
jection, and then sterilized with 2% iodine at the implanted site. An 
incision of about 1.5 cm was made at the distal side of the femur. The 
patella was pushed inward and a hole with a diameter of 2 mm was 

Fig. 4. Alizarin red staining of murine C3H10T1/2 cells cultured on various for 7 and 14 days (a) and corresponding quantitative analysis (b). Images of ALP staining 
of murine C3H10T1/2 cells cultured on various samples for 7 and 14 days (c) and corresponding quantitative analysis (d). Relative mRNA expression of osteogenesis- 
related genes of murine C3H10T1/2 cells cultured on various samples for 7 days (e) and 14 days (f). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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drilled along the major axis of the femur. Then, the corresponding rod- 
shaped material was implanted. The wound was washed and sterilized 
with 2% iodine. Each rat was injected with benzylpenicillin sodium 
(400,000 units/kg) consecutively for 3 days after surgery to avoid 
infection. The rats were sacrificed by over-injecting chloral hydrate at 4 
and 8 weeks after surgery. 

2.6.2. Micro-CT analysis 
The bone samples obtained were scanned using a micro-CT analyzer 

(Inveon™ Multi-Modality; Siemens Medical Solutions, Inc., Malvern, 
PA, USA). The scanning thickness was 9.1 μm at 80 kV and 500 μA. The 
three-dimensional (3D) image of each sample was reconstructed using 
the Inveon™ Image Research Workplace (Siemens, German). Further
more, the volume/total volume (BV/TV) and trabecular number (Tb.N) 
values were analyzed. 

2.6.3. Sequential fluorescent labeling assays 
Sequential fluorochrome labeling was performed by intraperitone

ally injecting two fluorochromes into the rats. Briefly, 30 mg/kg Alizarin 
red and 25 mg/kg tetracycline hydrochloride (Sigma Aldrich, USA) were 
injected at 4 and 6 weeks post-surgery, respectively. The femurs with 
implants were fixed in formalin, dehydrated with ethanol, and then 
embedded in polymethylmethacrylate (PMMA). The embedded speci
mens were cut, ground, and polished. Fluorochromes labeling of the 
sections was observed by confocal laser scanning microscopy (CLSM; 
Olympus). The values of mineral apposition rate (MAR) and bone for
mation rate/bone surface (BFR/BS) were analyzed using the fluoro
chromes labeling results. 

2.6.4. Histological evaluation 
After micro-CT scanning, the fixed femur specimens were sliced, as 

described in section 2.6.3. The sections were stained with methylene 
blue acid fuchsin solution to visualize the bone-implant interfaces and 
imaged using a stereoscopic microscope. The bone-implant percentages 

were determined using these images. 

2.6.5. Push-out force 
The surface muscles and tendon tissues on the obtained femur were 

removed. Then, the distal bone tissues of the femur were carefully 
stripped to expose the cylindrical materials about 2 mm from the distal 
end for mechanical testing. The other end of the femur was fixed in 
epoxy. The push-out force was detected using a universal material 
testing machine (Instron 5697, USA) according to the test standard DIN 
EN ISO 527-1. 

2.7. Whole genome expression analysis 

Whole genome expression analysis was carried out after culturing 
murine C3H10T1/2 cells on various samples in triplicate for 12 h. Total 
RNA was isolated and purified using TRIzol reagent (Invitrogen, Carls
bad, CA, USA). Poly (A) RNA was purified from 1 μg of RNA and frag
mented into small pieces. The cleaved RNA fragments were then reverse- 
transcribed to create cDNA using SuperScript™ II Reverse Transcriptase 
(cat. 1896649; Invitrogen, USA). U-labeled second-stranded DNAs were 
then synthesized using the obtained DNA and RNA. Finally, 2 × 150 bp 
paired-end sequencing (PE150) was conducted on an Illumina Nova
seq™ 6000 (LC-Bio Technology Co., Ltd., Hangzhou, China) according 
to the manufacturer’s protocol. Cutadapt software was used to remove 
reads that contained adaptor contamination. HISAT2 software was used 
to map reads to the genome and then assembled using StringTie. Then, 
all transcriptomes from all samples were merged to reconstruct a 
comprehensive transcriptome using gffcompare software. The expres
sion values were selected with fold change >2 or <0.5 and p value <
0.05 using the R package edgeR, and defined as differentially expressed 
genes (DEGs). The gene ontology (GO) enrichment and Kyoto Encyclo
pedia of Genes and Genomes (KEGG) databases were analyzed to iden
tify potential pathways. 

Fig. 5. Representative 3D-reconstructred micro-CT images of the harvested femur (a). Quantitative analysis of micro-CT, including BV/TV (b) and Tb.N (c).  
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2.8. Statistical analysis 

Data were expressed as mean ± standard deviations (SD) and 
analyzed using GraphPad Instant Software (GraphPad Prism Software, 
Inc., USA). A two-way analysis of variance (ANOVA) with Tukey-Kramer 
multiple comparison post-test was applied. P < 0.05 was considered to 
be statistically significant. 

3. Results and discussion 

3.1. Surface physicochemical properties of nano-Mg(OH)2 coated Ti 

The surface morphologies of Ti, Ti-M1#, and Ti-M2# samples are 
shown in Fig. 1a. Mixed acid treated Ti exhibited a typically ridged 
surface [27]. After hydrothermal treatment, the surfaces were covered 
by nano-sheet structures (Ti-M1# and Ti-M2#). The thickness and 
length of the sheets on Ti-M1# surface were 14.7 ± 0.7 nm and 131.5 ±
2.9 nm, respectively, while for the sheets on Ti-M2# surface, the pa
rameters were 13.4 ± 2.2 nm and 56.9 ± 5.6 nm, respectively. These 
results suggested that the nano-sheets on Ti-M2# sample were signifi
cantly smaller than those on Ti-M1# sample. The full XPS spectra of all 
the samples are displayed in Fig. 1b. A significant Mg 1s peak at 1300 eV 
was detected for Ti-M1# and Ti-M2# surfaces. The peak intensity of Mg 
peak of Ti-M2# sample was stronger than that of Ti-M1# sample. 
Further quantitative analysis indicated that the Mg contents for Ti-M1# 
and Ti-M2# samples were 6.6 at% and 14.3 at%, respectively (Table 1). 
Fig. 1c shows the cumulative release of Mg ions from Ti-M1# and 
Ti-M2# samples. Both samples exhibited a sustained release of Mg ions, 

while Ti-M2# sample exhibited a slightly higher release rate than 
Ti-M1# sample, which could be ascribed to the higher content of Mg on 
the surface of Ti-M2# (Table 1). 

In this study, the hydrothermal solution contained urea and Mg2+

ions. The urea will hydrolyze to form NH3 and CO2 when the tempera
ture reaches up to 60 ◦C. Therefore, the reaction occurring in the Teflon- 
lined stainless steel can be described as follows:  

CO(NH2)2 + H2O → 2NH3 + CO2                                                    (2)  

NH3+ H2O → NH4
+ + OH− (3)  

Mg2+ + 2OH− → Mg(OH)2                                                              (4) 

According to the above reactions, it can be concluded that the nano- 
sheet deposited on Ti-M1# and Ti-M2# were product of Mg(OH)2. The 
detection of Mg on the coated samples and the release of Mg ions from 
the coated surface further proved this speculation. Unfortunately, the 
characteristic peak of Mg(OH)2 was not detected by XRD (Fig. S1a), 
which might because the thickness of Mg(OH)2 film was too thin to be 
detected (Fig. S1b). The higher concentration of urea and Mg2+ ions of 
Ti-M2# hydrothermal solution means more crystal nucleus would 
formed on Ti-M2# surface, resulting in smaller Mg(OH)2 structures. 
More importantly, the dissolution of Mg(OH)2 film would not only 
release Mg2+ ions, but also produce OH− ions near the Mg(OH)2 coated 
surface. Therefore, a nano-Mg(OH)2 coated film on Ti not only can 
works as a release platform for Mg2+ ions, but also results in a weakly 
alkaline microenvironment. 

The surface roughness and topography were evaluated by AFM. The 

Fig. 6. Sequential fluorescent labeling of new bone formation (a). Quantitative analysis of sequential fluorescent labeling, including MAR (b) and BFR/BS (c).  
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two- and three-dimensional results of AFM are displayed in Fig. 2a. 
Consistent with the SEM observations (Fig. 1a), Ti-M2# sample showed 
a smaller nanostructure than Ti-M1# sample. Both the Ra and Rq values 
of Ti-M1# and Ti-M2# samples were higher than those of Ti sample, 
especially for Ti-M2# sample. Zeta potential reflects the surface charge 
of the materials, and the detected result is presented in Fig. 2b. All the 
samples showed a decreased potential value with an increasing pH of 
KCl solution. At a pH value of 7.4 (indicated by the purple dotted line), 

both Ti-M1# and Ti-M2# showed a slightly higher potential value than 
pure Ti surface, while no significant difference was observed between 
the two coated samples. Overall, no marked differences in the zeta po
tentials of the three samples were observed. The water contact angles of 
various samples are shown in Fig. 2c and exhibited the following trend: 
Ti>Ti-M1#>Ti-M2#. Because Ti-M1# and Ti-M2# were coated with 
nano-Mg(OH)2, which is a hydrophilic substance, these two samples 
were expected to exhibit lower contact angles than Ti sample. According 

Fig. 7. Histological observation of the tissue sections stained with methylene blue acid fuchsin 4 and 8 weeks after implantation (a). Histogram of the percentages of 
the bone-implant contact ratios (b). Push-out forces of Ti, Ti-M1#, and Ti-M2# samples implanted in the femur for 4 and 8 weeks (c). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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to the Cassie wetting model [28], for a hydrophilic surface, increasing 
roughness results in a decrease in contact angle. Hence, with a higher 
roughness (Fig. 2a), Ti-M2# sample exhibited a lower contact angle than 
Ti-M1# sample. 

3.2. In vitro evaluation of nano-Mg(OH)2 coated Ti 

Cell adhesion and spreading is the first step in proliferation and 
differentiation [29]. In this study, vinculin of murine C3H10T1/2 cells 
was stained after being cultured for 12 and 24 h. The results are pre
sented in Fig. 3a. After 12 h of culture, the cells on Ti surface showed an 
elongated shape, while the cells on Ti-M1# and Ti-M2# surfaces showed 
a relatively polygonal shape, indicating extensive spreading. When the 
culture time was extended to 24 h, the cells on Ti surfaces exhibited 
more lamellipodia structures. The cells on Ti-M1# and Ti-M2# samples 
showed a similar shape to that at 12 h, but with a larger spreading area. 
These images indicated that cells on Ti-M2# showed the best adhesion 
and spreading, followed by Ti-M1# and Ti samples. The calculated 
average coverage ratio of the cells on the surfaces of various samples 
further proved the conclusion (Fig. 3b). Fig. 3c presents the proliferation 

rate of the cells cultured on various samples. The proliferation of the 
cells on each group increased with time, and no significant difference 
was observed between the groups. Furthermore, the live/dead staining 
results suggested that nano-Mg(OH)2 film showed no cytocompatibility 
to the cells (Fig. S2). These results revealed that nano-Mg(OH)2 film is 
more favorable for the early adhesion and spreading of cells, and does 
not harm to cell proliferation. 

To evaluate the influence of nano-Mg(OH)2 films on the osteogenic 
behaviors of murine C3H10T1/2 cells, ECM mineralization and ALP 
activity were evaluated. As shown in Fig. 4a and b, no significant dif
ference was observed for the mineralization of the cells cultured on 
various samples at day 7. However, at day 14, the mineralization degree 
of the cells on the sample’ surfaces showed following trends: Ti- 
M2#>Ti-M1#>Ti. The results of the qualitative and quantitative anal
ysis of ALP activity are displayed in Fig. 4c and d, respectively. No 
significant difference was observed at day 7, which is consistent with the 
ECM results. At day 14, the cells on Ti-M1# and Ti-M2 samples showed 
higher ALP activity than on Ti surface, and no significant difference was 
detected between the two coated groups. Both the evaluations of ECM 
and ALP activity suggested that cells cultured on nano-Mg(OH)2 coated 

Fig. 8. Heatmap of DEGs of the top 10 upregulated and top 10 downregulated genes of Ti-M2# vs. Ti (a). Analysis of enriched DEGs by GO (b) and KEGG 
(c) pathways. 
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Fig. 9. Heatmaps of DEGs related to ECM-receptor interaction, focal adhesion, and TGF-β pathways (a). PPI networks of Ti-M1# vs Ti (b) and Ti-M2# vs Ti(c).  

Fig. 10. Potential molecular signaling pathways by which nano-Mg(OH)2 films on Ti surface influence cell behavior.  
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Ti samples exhibited better osteogenic differentiation. Furthermore, the 
osteogenesis ability of nano-Mg(OH)2 coated Ti was detected at mo
lecular level. The expression of osteogenesis-related genes in cells 
cultured on various samples for 7 and 14 days are shown in Fig. 4e and f, 
respectively. At day 7, although no significant differences were observed 
for ECM and ALP activity, cells cultured on Ti-M1# and Ti-M2# samples 
showed significantly higher levels of expression for BMP-2 and OCN 
genes than on Ti sample. Moreover, a higher level of OPN expression 
was detected for Ti-M2# group. At day 14, cells on Ti-M1# sample only 
showed a higher level of expression for BMP-2 gene compared to Ti 
sample. However, the expression of BMP-2, OCN, and OPN genes 
remained higher in cells cultured on Ti-M2# sample than those on Ti 
sample, indicating that osteogenesis was induced more effectively by Ti- 
M2# sample. In addition, the expression of OCN and OPN proteins 
detected by western blotting also indicated that cells cultured on Ti- 
M2# sample showed the best osteogenic differentiation (Fig. S3). 

The surface properties of biomaterials determine the fate of adhered 
cells. As such, a desirable implant should optimize its surface charac
terization according to the requirements of clinical application. For or
thopedic implants, early and fast osteogenesis and osteointegration are 
the endless pursuit in order to prevent aseptic loosening after implan
tation [30]. In the present study, nano-Mg(OH)2 films on Ti were 
designed and fabricated to achieve this aim. The nano-Mg(OH)2 coated 
samples were covered by nano-sheets which may be the main reason for 
their better cell adhesion. Meanwhile, the gradual degradation of the Mg 
(OH)2 coatings would result in the release of Mg ions and the formation 
of alkaline environments. Mg is a vital component of bone and partici
pates in bone metabolism. More importantly, a study by Zhang et al., 
proved that Mg ions could promote osteogenic differentiation mediated 
by calcitonin gene-related peptide (CGRP) [31]. Furthermore, a weakly 
alkaline microenvironment is also proved effective for the differentia
tion of osteoblasts [32]. Therefore, nano-Mg(OH)2 samples produce 
better cell adhesion and osteogenic differentiation results. However, the 
data on ECM mineralization and the expression of BMP-2, OCN, and 
OPN genes suggested that the osteogenic induction ability of Ti-M2# 
sample was superior to that of Ti-M1# sample. Ti-M1# and Ti-M2# 
samples showed similar Mg ions release ability, contact angles, and 
zeta potentials, but showed a significantly difference in the size of the 
nanostructures. Ti-M2# showed a smaller nanostructure. According Yu 
et al., a smaller nanostructure is more favorable for cell adhesion [33], 
as observed in the present study. Hence, better adhesion may be 
responsible for the superior osteogenesis of Ti-M2# sample. 

3.3. In vivo evaluation of nano-Mg(OH)2 coated Ti 

The in vivo bone osteointegration of nano-Mg(OH)2 coated Ti was 
evaluated using a femur implantation model. Fig. 5a shows the 3D- 
reconstructred micro-CT images of various samples after being implan
ted for 4 and 8 weeks. After 4 weeks of implantation, only part of Ti 
implants were surrounded by the newly formed bone, while higher 
surrounding ratios were observed on Ti-M1# and Ti-M2# implants. 
When the implantation time was extended to 8 weeks, a layer of more 
compacted new bone was detected surrounding the Ti-M2# implant, 
suggesting its better osteointegration. The values of BV/TV and Tb.N 
calculated according to the micro-CT results are shown in Fig. 5b and c, 
respectively. Both the BV/TV and Tb.N values of Ti and Ti-M1# groups 
were in a same level both at weeks 4 and 8. Ti-M2# implant Ti-M2# 
implant exhibited significantly higher BV/TV value than that of Ti and 
Ti-M1# both at weeks 4 and week 8. For the values of Tb.N, Ti-M2# 
showed the higher value than the other two groups at week 4, but no 
significant difference was detected at week 8 for the three groups. 

The new bone formation process surrounding the implants was 
monitored using sequential fluorescent labeling as shown in Fig. 6a. 
Small amount of Alizarin red staining were found to be deposited around 
Ti implants, while more intense and widely Alizarin red staining was 
observed around Ti-M1# and Ti-M2# implants, especially for Ti-M2# 

implant. The distribution of Calcein green exhibited a tendency 
similar to Alizarin red. The MAR and BFR/BS values of various samples 
were calculated using a combination of images collected at different 
time points as displayed in Fig. 6b and c, respectively. MAR reflects the 
ratio of bone mineralization, while BFR/BS represents the activity level 
of bone formation. Ti and Ti-M1# groups showed no significant differ
ence in MAR and BFR/BS values. Ti-M2# showed both higher MAR and 
BFR/BS values than the other two groups, indicating it induced the fast 
and most efficient bone formation process. 

Methylene blue acid fuchsin staining was used to investigate the 
degree of bonding between the newly formed bone and the implants. As 
shown in Fig. 7a, the new bone formed around Ti-M1# and Ti-M2# 
implants were thicker and more closely associated with the implant 
than that surrounding Ti implant at week 4. Eight weeks after their 
implantation, Ti and Ti-M1# implants showed a similar tendency as that 
at week 4, while more new bone was found to form and adhere to the Ti- 
M2# implant, suggesting its superior osteointegration ability. The bone- 
implant contact ratios of various implants are summarized in Fig. 7b. At 
week 4, Ti-M1# and Ti-M2# showed significantly higher bone-implant 
contact ratios than Ti group, especially for Ti-M2# groups. Compared 
with week 4, the bone-implant ratios of all three groups increased at 
week 8, but the trend remained as follows: Ti-M2# > Ti-M1# > Ti. The 
push-out force was used to evaluate the bonding strength between the 
new bone and the implants, as shown in Fig. 7c. For all three implants, 
the push-out forces were in the same level at week 4. However, at week 
8, the push-out forces of Ti-M1# and Ti-M2# groups were significantly 
stronger than that of Ti group, especially for the Ti-M2# group. These 
results suggested that Ti-M2# induced ostoeintegration most efficiently 
among the three samples. 

In general, the in vivo results were consistent with the in vitro results, 
which both indicated that nano-(MgOH)2 films are favorable for osteo
genesis behaviors, in which Ti-M2# exhibit a better performance than 
Ti-M1#. 

3.4. Whole genome expression analysis 

To elucidate the molecular mechanism of the enhanced osteogenesis 
ability of nano-Mg(OH)2 films, whole genome expression analysis was 
conducted on cells cultured on various surfaces. All Pearson correlation 
values were higher than 0.92, suggesting a good clustering (Fig. S4a). Ti- 
M1# and Ti-M2# groups showed few differences in the first principle 
component, while a slight difference was observed at the second prin
ciple component (Fig. S4b). Notably, Ti group exhibited a significant 
difference with nano-Mg(OH)2 coated groups at both the first and sec
ond principles, revealing that the film had an obvious influence on gene 
expression in the cells. From the volcano plot of DEGs, compared with 
Ti, the number of significantly upregulated genes in cells cultured on Ti- 
M1# and Ti-M2# was 36 and 29, respectively, while the downregulated 
genes weas 147 and 251, respectively (Fig. S5). Furthermore, from the 
Venn diagram of DEGs (Fig. S6), the DEGs number of Ti-M2# vs Ti and 
Ti-M1# vs Ti was 280 and 185, respectively. And the co-shared DEGs 
number was 100. 

Fig. 8a shows the heat map of the top 10 upregulated and top 10 
downregulated genes of Ti-M2# vs Ti. Among these upregulated genes, 
BMP-4, a member of the family of bone formation proteins, was closely 
related to the bone formation process [34]. Thus, all of the signaling 
pathways that contained BMP4 gene were selected (Table S2). Among 
these signaling pathways, the TGF-β pathway (p = 0.36) mediates signal 
transduction by transforming growth factors, and thus takes part in a 
serial of important cell behaviors, such as cell proliferation and differ
entiation. In this context, we speculated that the TGF-β pathway may be 
activated by nano-Mg(OH)2 films. The difference between gene ex
pressions was also evaluated using KEGG analysis and Fig. 8b presents 
the top 20 enrichment pathways. Among these pathways, ECM-receptor 
interaction pathway plays an important role in maintaining cell struc
ture, and function and focal adhesion pathway determines cell-matrix 
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adhesion and thus influences cell proliferation and differentiation. 
Therefore, the ECM-receptor and focal adhesion pathways are believed 
to paly crucial roles in the behavior of cells cultured on nano-Mg(OH)2 
films. Furthermore, cell adhesion of biological process, membrane of 
cellular component, and protein binding for molecular function were 
observed in the top fifteen GO terms based on the most significant 
p-value (Fig. 8c), further indicated that cell adhesion and cell membrane 
protein had great influence on cell behavior in this study. From the 
above analysis, we can conclude that the ECM-receptor interaction, focal 
adhesion, and TGF-β pathways may be comprised the underlying mo
lecular mechanism by which nano-Mg(OH)2 films influence cell 
behavior. Hence, we selected all of the DEGs involved in these three 
pathways for heat-map analysis as shown in Fig. 9a. When cells were 
cultured on Ti-M1# and Ti-M2# surfaces, most genes were upregulated 
compared with those cultured on Ti surface. For DEGs related to the 
ECM-receptor interaction pathway, 30 genes were upregulated and no 
genes were downregulated (Table S3); For the focal adhesion pathway, 
47 genes were upregulated, but only 4 genes were downregulated 
(Table S4); Lastly, for the TGF-β pathway, 11 genes were upregulated, 
but only 3 genes were downregulated (Table S5). These DEGs are also 
presented as protein-protein interactions (PPI) in Fig. 9b and c. The top 
10 genes that participated in the interaction are shown in the innermost 
circle: Itgα5, Itgα6, Thbs1, Itgβ3, Itgα3, Itgβ5, Itgαv, Col1a1, Cd44, Fn1. 
Among these, the number of genes related to ECM-receptor interaction, 
focal adhesion, and TGF-β pathways were 10, 8, and 1, respectively. It is 
worth noting that a major difference between the PPI images of Ti-M1# 
vs. Ti and Ti-M2# vs. Ti was the expression of the BMP4 gene (indicated 
by the blue dotted box). Moreover, in the PPI image of Ti-M2# vs. 
Ti-M1# (Fig. S7), the degree of different expression of BMP4 was the 
same level as that observed in Ti-M2# vs. Ti. Furthermore, BMP4 was in 
the top 10 upregulated genes of Ti-M2# vs. Ti (Fig. 8a), but not in that of 
Ti-M1# vs. Ti (Fig. S8). Hence, compared with Ti-M1# sample, Ti-M2# 
sample appears to be more effective in activating BMP4 expression. 

Previous studies have illustrated that Mg ion is a key factor in 
modulating the osteogenic differentiation of MSCs. The addition of Mg 
ions can activate several cell differentiation-related pathways, such as 
Notch, Rankl, and PI3K/AKT, thereby promoting the transcription of 
osteogenesis-related genes, including RUNX-2, ALP, and BMP-4 
[35–38]. Furthermore, Mg content in bio-ceramic substrate can stimu
late the expression of the integrin receptors of BMSCs, affecting the 
bonding of integrins with sample surface [39,40]. On the other hand, 
surfaces with micro/nano-structures are more favorable for the identi
fication and deposition of proteins, thus promoting the adhesion and 
spreading of cells via interactions with integrin [12]. The molecular 
mechanism of the osteogenic differentiation of nano-Mg(OH)2 coated Ti 
is depicted in Fig. 10. Based on the results of KEGG pathway enrichment, 
cell adhesion and integrin were found to be significantly stimulated in 
Ti-M1# and Ti-M2# groups compared with Ti. Moreover, the key 
osteogenic differentiation gene, BMP-4, was also found to be signifi
cantly promoted. Hence, we speculated that the difference in the 
Ti-M1# and Ti-M2# groups compared with Ti is mainly be attributed to 
the participation of Mg ions and the nanostructures, which activate the 
integrin signaling pathway through extracellular matrix interaction, 
subsequently activating downstream pathways, such as PI3K-AKT and 
MAPK. The phosphorylated transcription factors, AKT and c-jun, may be 
imported into the nucleus, thus promoting the transcription of the 
BMP-4 gene. In addition, we speculated that the Rho A pathway may 
participate in the regulation of cytoskeleton, since it is downstream of 
the integrin pathway. The secreted BMP-4 could further integrate with 
BMP receptor, thus activating the classic TGF-β signal pathway, mainly 
smad1/5/8, following the involvement of samd4, together transferred 
into the nucleus to initiate the osteogenic differentiation process. 
Interestingly, the cells on Ti-M2# were able to promote BMP-4 expres
sion better than those on Ti-M1#. Taking into account that the amount 
of Mg ions released from Ti-M1# and Ti-M2# groups were similar, but 
that Ti-M2# exhibited a narrower microstructure, the superior 

osteogenesis effect of Ti-M2# could be attributed to the nuances of the 
micro-morphology of sample surfaces. 

4. Conclusions 

In this work, nano-Mg(OH)2 films were developed on Ti surface using 
hydrothermal treatment. Mg(OH)2 films with a nano-sheet-like structure 
are able to release Mg ions and establish a weakly alkaline microenvi
ronment surrounding the implant. Both the in vitro and in vivo experi
ments suggested that nano-Mg(OH)2 coated Ti exhibited a better 
osteogenesis than Ti alone. Whole genome expression analysis revealed 
that ECM-receptor interaction, focal adhesion, and TGF-β pathways 
were activated, resulting in its better osteogenesis. Overall, the use of 
nano-Mg(OH)2 films is a promising surface modification strategy for the 
orthopedic application of Ti implants, wherein the study of the molec
ular mechanisms could be used to guide the design and fabrication of 
future Ti implants. 
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