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A B S T R A C T   

Constructing moderate surface roughness is a widely used, non-toxic, cost-effective, and outcome-predictable 
approach to accelerate implant osteointegration in clinical settings. MicroRNAs (miRNAs) play vital regulato
ry roles in the osteogenic differentiation of bone marrow stem cells (BMSCs). However, their specific contribution 
to the influence of surface roughness on osteoblastic behavior remains unknown. Therefore, applying the smooth 
titanium surface as a control, a typical titanium surface with moderate roughness was prepared here to reveal the 
mechanism through which surface roughness regulates cell osteogenic behavior by altering miRNA expression. 
First, the morphology and roughness of two surfaces were characterized, and the enhanced osteogenic differ
entiation of BMSCs on rough surfaces was verified. Then, twenty-nine differentially expressed miRNAs in BMSCs 
cultured on different surfaces were selected via miRNA chip and corresponding functional prediction. After 
verifying the expression of these miRNAs using quantitative real-time polymerase chain reaction, four were 
considered eligible candidates. Among these, only miR-181d-5p significantly affected RUNX2 gene expression 
based on overexpression and knockdown experiments. From the osteogenesis-related gene and protein expres
sion, as well as alkaline phosphatase and alizarin red experiments, we further confirmed that the downregulation 
of miR-181d-5p promoted osteogenic differentiation of BMSCs, and vice versa. In addition, rescue assays showed 
that the knockdown of miR-181d-5p improved the inferior osteogenesis observed on smooth surfaces, whereas 
the overexpression of miR-181d-5p suppressed the superior osteogenesis observed on rough surfaces. These 
results indicate that the moderate surface roughness of the implant stimulates the osteogenic differentiation of 
BMSCs by remarkably downregulating miR-181d-5p. These findings provide helpful information and a theo
retical basis for the development of advanced implant materials for fast osteointegration.   

1. Introduction 

Implants have been widely applied to various clinical disciplinary 
scenarios for bone repair, such as orthopedics (e.g. fracture fixation) [1], 
neurosurgery (e.g. closing skull bone defects) [2], otolaryngology (e.g. 
treatment of sensorineural hearing loss) [3], and dentistry (implant 
restoration of lost teeth) [4]. The clinical outcomes of these medical 
treatments are largely determined by the osseointegration status at the 
interface between implant surfaces and surrounding bone tissue [5,6]. 
The implant surface characteristics, such as surface chemistry, wetta
bility, surface charge, and surface roughness, can be tailored through 
manifold approaches to affect the cell morphology, proliferation [7] and 

even guide the osteogenic differentiation of bone marrow stem cells 
(BMSCs) [8–11]. Compared with other implant surface modifications, 
constructing appropriate surface roughness has become one of the most 
widely used methods to accelerate implant osseointegration in the clinic 
currently, with advantages including non-toxicity, cost-effectiveness, 
and clinical outcome-predictability [12,13]. A systemic review sum
marized data indicating that implant surfaces with smooth (Sa < 0.5 μm) 
and minimal roughness (Sa 0.5–1 μm) result in less bone formation than 
rough surfaces, whereas surfaces with moderate roughness (Sa 1–2 μm) 
result in greater bone formation than extremely rough surfaces (Sa > 2 
μm) [14]. Afterwards, implant surfaces with moderate roughness 
applied in medical practices were deemed optimal to promote 
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osteogenesis [14–17]. 
MicroRNAs (miRNAs) are a class of small non-coding RNAs that 

function in RNA silencing and modulating gene expression at the post- 
transcriptional stage by destabilizing target messenger RNAs or inhib
iting protein translation [18,19]. Increasing evidence demonstrates that 
miRNAs have pivotal roles in the gene regulatory networks involved in 
the osteogenic differentiation of osteoblasts [20–22]. For example, miR- 
204 acts as an endogenous attenuator of RUNX2 to negatively regulate 
the osteogenic differentiation and determine cell fate in BMSCs [20]. 
Hassan et al. reported that osteoblast differentiation is repressed by the 
exogenous expression of miRNA cluster 23a–27a–24-2, which was 
further inhibited by RUNX2 [21]. Another recent study found that a 
random nano-fibrous alignment substrate can induce osteogenesis of 
BMSCs via the miR-193a-3p-MAP3k3 signaling axis [22]. However, 
little is known about the specific roles of miRNAs in implant surface 
roughness-induced osteogenic differentiation of BMSCs. 

In this study, by using the smooth titanium surface as a control, a 
typical titanium implant surface with moderate roughness was prepared 
to reveal the mechanism through which surface roughness regulates 
osteoblastic behavior by altering miRNA expression. First, human bone 
marrow stem cells (hBMSCs) were cultured on two types of surfaces to 
observe the roughness-induced osteogenic differentiation. Then, a 
miRNA chip was adopted for the rapid screening of differentially 
expressed miRNAs in hBMSCs. The potential miRNAs were predicted 
from software according to gene targets in terms of osteogenic differ
entiation and cytoskeleton-related functions, and their expression levels 
were verified by quantitative real-time polymerase chain reaction 
(qPCR). Subsequently, overexpression and knockdown experiments of 
the eligible potential miRNAs were conducted to assess whether they 
could influence osteogenesis-related gene expression. After stepwise 
selection, the confirmed miRNA was overexpressed and knocked down 
to study its roles in regulating osteogenic differentiation of hBMSCs via 
qPCR, western blotting, alkaline phosphatase tests, and alizarin red 
tests. In addition, a rescue assay was performed to confirm the impact of 
the downregulation and overexpression of this miRNA on the osteogenic 
differentiation of hBMSCs on moderately rough or smooth surfaces. 

2. Materials and methods 

2.1. Surface preparation and characterization 

Pure titanium (Ti) implant materials (grade 4) were used. The Ti 
stick was cut into slices of 1-mm thickness. The diameters of the slices 
were 15 mm for 24-well, 22 mm for 12-well, and 34 mm for 6-well 
plates. Each slice was ground with silicon carbide paper, cleaned ul
trasonically three times in acetone, ethyl alcohol, and deionized water 
for 10 min, and air-dried. The slices were divided into two groups, 
moderately rough Ti implant surface (TiR) and machined smooth Ti 
implant surface (TiS). TiR surfaces were treated with sand-blasting and 
acid-etching involving large grit sandblasting, etching with a mixture of 
hydrofluoric acid and nitric acid, and washing ultrasonically in deion
ized water. The TiR and TiS surfaces were characterized via two 
methods. First, surface morphologies were qualitatively analyzed uti
lizing scanning electron microscopy (SEM; Hitachi-S3400N, Tokyo, 
Japan). Second, quantitative three-dimensional characteristics were 
analyzed based on roughness parameters (Sa: arithmetic mean deviation 
of the surface; Sq: root-mean-square deviation of the surfaces) deter
mined using a 3D optical profiler (ContourGT-K0; Bruker, Billerica, MA, 
USA). Five images were examined for each surface. 

2.2. Cell culture 

hBMSCs were purchased from Cyagen (Santa Clara, CA, USA) and 
cultured in α-modified Eagle’s medium (α-MEM; Gibco, Waltham, MA, 
USA) containing 10% fetal bovine serum (FBS; Gibco) and 1% peni
cillin/streptomycin at 37 ◦C in a humidified atmosphere with 5% CO2. 

The hBMSCs were then passaged using 0.25% trypsin after reaching 
70–90% confluence, and passages 2–4 were expanded for subsequent 
experiments. The osteogenic induction medium was the aforementioned 
growth medium supplemented with 0.1 μM dexamethasone, 0.2 mM L- 
ascorbic acid, and 10 mM β-glycerophosphate (Sigma-Aldrich, St. Louis, 
MO, USA). 

2.3. Cell morphology 

The sterilized slices were placed in 24-well plates, and the hBMSCs 
were seeded on TiR and TiS surfaces at a cell density of 1 × 104 cells/ 
cm2. After incubation for 24 h, Immunofluorescence tests were per
formed to investigate the cell morphology. The cells were fixed with 4% 
paraformaldehyde for 30 min and permeabilized with 0.1% triton X-100 
for 5 min. The nonspecific bonding sites were blocked with 1% bovine 
serum albumin (BSA) for 1 h. Then, the cells were immunostained with 
antibodies against F-actin (Sigma-Aldrich) for 1 h and counterstained 
with DAPI (Solarbio, Beijing, China) for 5 min. Fluorescent images were 
obtained using a confocal laser scanning microscope (LSM710, Carl 
Zeiss, Oberkochen, Germany). After incubation for 1, 3, and 7 days, the 
cell proliferation was estimated by the cell counting kit-8 (CCK-8, 
Dojindo Laboratories, Kumamoto, Japan) according to the manufac
turer’s protocol. To investigate the inhibition of cytoskeletal organiza
tion, 10 μM Y27632 (MedChemExpress, HJ, USA) was added to the 
culture medium. Then, hBMSCs with treatment were used for fluores
cent staining and qPCR. 

2.4. MiRNA microarray and gene prediction 

Total RNA was harvested after culturing hBMSCs on the TiR and TiS 
surfaces for 7 days. MiRNA expression profiling was performed using 
Agilent miRNA microarrays version 2.2 according to the manufacturer’s 
protocol (Capitalbio Technology, Beijing, China). The potential miRNAs 
were selected from differentially expressed miRNAs according to the cell 
skeleton, morphology, and cell differentiation functions of gene targets 
using prediction website including TargetScan and miRDB. 

2.5. MiRNA transfection 

The mimic and mimic control (mimic-NC) of miRNAs were sepa
rately transfected at 50 nM. The inhibitor and inhibitor control (inhib
itor-NC) of miRNAs were separately transfected at 100 nM using 
Lipofectamine 3000 (Thermo Fisher Scientific, Invitrogen, Waltham, 
MA, USA) according to the manufacturer’s instructions. After 72 h of 
transfection, all cells were harvested for related mRNA and protein an
alyses. The RNA oligoribonucleotides used as mimics, inhibitors, mimic- 
NCs, and inhibitor-NCs were purchased from RiboBio (Guangzhou, 
China). 

2.6. RNA purification and gene expression analyses 

The hBMSCs were cultured on TiR and TiS slices in 6-well plates with 
standard growth medium or osteogenic induction medium; the medium 
was changed every 2 days. Total RNA was extracted utilizing a total 
isolation kit after 7 days of cultivation (RNeasy Plus Mini Kit; Qiagen, 
Valencia, CA, USA). The levels of runt-related transcription factor 2 
(RUNX2) and osterix (OSX) mRNA expression were determined by qPCR 
with Power SYBR Green PCR Master Mix and an ABI PRISM 7500 system 
(BGI, Shenzhen, China). The internal control was glyceraldehyde-3- 
phosphate (GAPDH). For miRNAs, reverse transcription was conducted 
using the All-in-One™ First-Strand cDNA Synthesis Kit (GeneCopoeia, 
Guangzhou, China) after extracting total RNA. Then, qPCR was per
formed to evaluate the differentially expressed miRNAs and 
osteogenesis-related genes. The relative miRNA expression levels were 
normalized to the expression of U6 (cat. no. miRAN0002; RiboBio). 
Forward and reverse primers for the genes are listed in Table S1 
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(Supplementary Material). Cycle threshold values (Ct values) were used 
to calculate fold differences by the 2− ∆∆Ct method. 

2.7. Western blotting 

The slices with cultured hBMSCs were washed with ice-cold PBS. The 
cells were lysed in radioimmunoprecipitation assay (RIPA) lysis buffer 
(Solarbio). The lysates were sonicated and centrifuged at 12,000 ×g for 
20 min at 4 ◦C to obtain total protein. The proteins were separated on 
10% SDS-polyacrylamide gels and transferred to a polyvinylidene 
difluoride membrane (Millipore, Cambridge, MA, USA). The membrane 
was blocked with 1% BSA for 1 h and incubated with primary antibodies 
against RUNX2, OSX (Abcam, Cambridge, UK), and GAPDH (BGI, 
Shenzhen, China) at 4 ◦C overnight. Then, membranes were incubated 
with secondary antibodies for 1 h and visualized with an Enhanced 
Chemiluminescent (ECL) Kit (CoWin Biotech, Beijing, China) at room 
temperature. 

2.8. Alkaline phosphatase (ALP) assays 

ALP staining was carried out after osteogenic induction for 7 days. 
The hBMSCs were fixed in 4% paraformaldehyde for 20 min and washed 
with PBS. Then, ALP staining was performed using an NBT/BCIP 
Staining Kit (CoWin Biotech) following the manufacturer’s instructions. 
Moreover, the wells were washed twice with PBS, and ALP activity was 
determined in the cell lysate using an ALP Kit (Jiancheng, Nanjing, 
China) after 7 days. The protein content in the cell lysates was analyzed 
using the BCA Assay Kit (Thermo) and ALP activity was normalized 
against the total protein concentration. 

2.9. Alizarin red (AR) assays 

AR staining was conducted after osteogenic induction for 14 days to 
determine mineralized nodule formation. The cells were fixed in 95% 
ethanol for 30 min, washed with deionized water, and then stained with 
0.1% AR (Sigma-Aldrich) for 1 h at room temperature. To quantitatively 
assess the mineralization degree, the stained mineralized nodules were 
dissolved in 10% cetylpyridinium chloride for 1 h and the absorbance of 
solution was detected at 570 nm. 

2.10. Luciferase assay 

The luciferase reporter plasmids containing the wild type (pEZX- 
MT05-Wild type) or a mutant fragment of target gene (pEZX-MT05- 
mutant) were constructed by GeneCopoeia. 293T cells were cultured in 
12-well plates at a density of 1 × 105/well. As the confluence of cells 
reaching to 50–70%, 293T cells were co-transfected with the plasmids 
and the miRNA mimic or mimic-NC oligonucleotide using Lipofectamine 
3000. After transfection for 48 h, the supernatant was collected and 
GLuc/SEAP activity was measured using a Secrete-Pair Dual Lumines
cence Assay Kit (GeneCopoeia). 

2.11. Statistical analysis 

All statistical analyses were performed with Prism 7.0 (GraphPad 
Software, CA, USA). Data are expressed as the means ± standard devi
ation of three repeated experiments. Student’s t-tests were used to 
compare the differences between two groups. A two-tailed p-value 
<0.05 was considered statistically significant. 

3. Results and discussion 

3.1. Implant surfaces with moderate roughness enhance osteogenic 
differentiation of hBMSCs 

The topography of the TiR and TiS surfaces were characterized by 

SEM and a 3D optical profiler. SEM showed that micro-nano hierarchical 
ridges with various size pores were observed on the TiR surface and 
some milled traces were observed on the flat TiS surface (Fig. 1a). The 
3D optical profiler showed no orientation on TiR and a clear orientation 
on TiS (Fig. 1b). Based on the surface roughness parameters Sa and Sq, 
the TiR surface (Sa: 1.858 ± 0.005 μm, Sq: 2.395 ± 0.007 μm) was 
obviously rougher than the TiS surface (Sa: 0.222 ± 0.007 μm, Sq: 0.279 
± 0.013 μm; p < 0.05; Fig. 1c, d). 

The fluorescent images (Fig. 1e) showed that the cells cultured on TiS 
surface appeared flatted with convex edges. The actin filaments were 
mostly distributed within the cells and stress fibers were arrayed along 
the main directions of tensional force. In comparison, the morphology of 
cells on TiR surface exhibited a stellate shape with concave edges and 
abundant filopodia. The cells have more stress fibers along the outer 
edge and with the filopodia [23,24]. A review summarized that the cells 
have a distinctly different morphology on various surfaces. The cells are 
less well spread on rougher surface and attached to the surface through 
cytoplasmic extensions. This rearrangement of the cytoskeleton can 
transduce information about the surface to nucleus [25]. The CCK-8 
assay revealed that the cell proliferation was decreased with surface 
roughness increased, which are consistent with previous observations 
[26,27]. There were no significant differences in cell proliferation be
tween two groups after culturing for 1 day, while the cell proliferation 
culture on rough surface lower that on smooth surface after culturing for 
3 and 7 days (Fig. S1, Supplementary Material). 

The osteogenic differentiation of hBMSCs was evaluated after 7 days 
of cultivation. In the ALP staining images, blue-stained hBMSCs 
observed on TiR surface were more prevalent than those on the TiS 
surface (Fig. 1f). Quantitative ALP activity analyses also showed that 
ALP levels in the TiR group were higher than in those in the TiS group (p 
< 0.05; Fig. 1g). Moreover, qPCR indicated that RUNX2 and OSX mRNA 
expression levels in hBMSCs on the TiR surface were both higher than 
those on the TiS surface (p < 0.05; Fig. 1h, i). The topographical features 
of implant surfaces can orchestrate stem cell differentiation via cellular 
mechanotransduction [28]. Surface topography is determined by sur
face roughness and orientation. Whether a surface is isotropic or 
anisotropic, however, seems to be of little importance for implants 
inserted into bone, as reported previously [14]. Thus, the diverse oste
ogenic differentiation observed in TiR and TiS was mainly influenced by 
surface roughness. These results confirmed that the TiR surface with 
moderate roughness had better osteoconductivity than the TiS surface 
with smooth roughness [16]. 

3.2. MiRNA expression profiling of changes in hBMSCs cultured on TiR 
and TiS surfaces and the selection of candidate miRNAs 

MiRNA microarray analysis was used to rapidly screen the differ
entially expressed miRNAs in hBMSCs cultured on TiR and TiS surfaces. 
The heat map showed the differences in miRNA expression indicated by 
the color key (Fig. 2a). A scatter plot revealed the differential extent of 
miRNA expression (Fig. S2, Supplementary Material). There were 13 
upregulated miRNAs and 147 downregulated miRNAs on the TiR sur
faces compared to levels on the TiS surfaces. Subsequently, twenty-nine 
potential miRNAs were selected using the prediction software according 
to the functions of the miRNAs target genes (Table S2, Supplementary 
Material). The expression levels of the potential miRNAs in hBMSCs 
cultured on TiR and TiS surfaces were further confirmed by qPCR 
(Fig. 2b). Consequently, four miRNAs including one upregulated miRNA 
(miR-5703) and three downregulated miRNAs (miR-1249-5p, miR- 
181d-5p, and miR-431-3p) were significantly differentially expressed 
with or without osteogenic induction between the TiR and TiS groups (p 
< 0.05). 

To explore whether miR-5703, miR-1249-5p, miR-181d-5p, and 
miR-431-3p were related to osteogenic differentiation, the relative 
RUNX2 levels were investigated by qPCR after transfecting corre
sponding mimics, mimic-NCs, inhibitors, and inhibitor-NCs in standard 
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medium or osteogenic induction medium. The expression of miR-5703 
was increased by more than 100-fold in the mimic group compared to 
that in the mimic-NC group and was decreased by approximately 70% in 
the inhibitor group compared to that in the inhibitor-NC group (Fig. 2c). 
There were no statistical differences in relative RUNX2 mRNA expres
sion levels between miR-5703-mimic and mimic-NC groups without 

osteogenic induction and between miR-5703-inhibitor and inhibitor-NC 
groups with or without osteogenic induction (p > 0.05). The RUNX2 
levels in the miR-5703-mimic group were higher than those in the 
mimic-NC group with osteogenic induction (p < 0.05; Fig. 2d). The miR- 
1249-5p expression was increased by approximately 25-fold in the 
mimic group and reduced by half in the inhibitor group (Fig. 2e). There 

Fig. 1. Implant surfaces with moderate roughness (TiR) enhance the osteogenic differentiation of human bone marrow stem cells (hBMSCs) compared to that with 
smooth roughness (TiS). (a) Representative scanning electron microscopy images for the TiR and TiS surfaces. (b) Three-dimensional (3D) morphologies of the TiR 
and TiS surfaces acquired by a 3D optical profiler. Surface roughness was analyzed by the calculation of 3D parameters including (c) Sa: arithmetic mean deviation of 
the surface and (d) Sq: root-mean-square deviation of the surfaces. (e) Immunofluorescent images of nuclei stained with 4′,6-diamidino-2-phenylindole (DAPI), F- 
actin stained with FITC-labeled phalloidin, and merged images of hBMSCs on TiR and TiS surfaces. White arrow indicating concave edges, yellow arrow indicating 
convex edges. (f) Alkaline phosphatase activity (ALP) staining of the hBMSCs on the TiR and TiS surfaces. (g) Quantitative ALP activity was normalized against the 
total protein concentration. (h) Relative RUNX2 and (i) OSX mRNA expression levels. *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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were neither statistical differences in RUNX2 levels between miR-1249- 
5p-mimic and mimic-NC groups, nor statistical differences in that be
tween miR-1249-5p-inhibitor and inhibitor-NC groups with or without 
osteogenic induction (Fig. 2f; p > 0.05). The expression of miR-181d-5p 
was increased by more than two-fold in the overexpression group and 
decreased by approximately 50–80% in the knockdown group (Fig. 2g). 
Notably, the overexpression of miR-181d-5p inhibited the relative 
RUNX2 mRNA expression levels, whereas the suppression of miR-181d- 
5p had opposite effects on RUNX2 expression (Fig. 2h; p < 0.01). The 
miR-431-3p expression was enhanced by more than 100-fold in the 
mimic group and decreased by approximately 40% in the inhibitor 
group (Fig. 2i). RUNX2 mRNA expression levels between miR-431-3p- 
inhibitor and inhibitor-NC groups exhibited statistical differences 
under osteogenic induction (Fig. 2j; p < 0.01). 

After stepwise selection, miR-181d-5p was selected for in-depth 
studies as it was closely correlated with the osteogenic differentiation 
of hBMSCs. MiR-181s have key roles in cell differentiation and cell fate 
[29–31]. The miR-181 family consists of six mature miRNAs (i.e. miR- 
181a1, miR-181a2, miR-181b1, miR-181b2, miR-181c, and miR-181d) 
were encoded in three independent transcripts on three separate chro
mosomes [32]. During early hematopoiesis, miR-181a is upregulated in 
differentiated B-lymphocytes compared with the levels in undifferenti
ated progenitor cells [33]. MiR-181a is overexpressed in the presence of 
macrophage colony-stimulating factor [34]. MiR-181b and miR-181c 
are downregulated during megakaryocytic differentiation [35], 
whereas the overexpression of miR-181a could activate megakaryocytic 
differentiation by interrupting Lin28 expression and increasing the 
expression of let-7 [36]. Additionally, strontium directly inhibits oste
oclast differentiation by enhancing lipoprotein receptor-related protein 
6, β-catenin, and osteoprotegerin, which are targeted by miR-181d-5p 
[37]. 

In this study, the related enriched terms and pathways on the two 
surfaces were also identified by gene ontology (GO; Fig. S3, Supple
mentary Material) and Kyoto encyclopedia of genes and genomes 
(KEGG) pathway enrichment analyses (Fig. S4, Supplementary Mate
rial). Cytoskeletal organization and cell to cell junction were enriched on 
the moderately rough surface. The key pathways related to the surface 
roughness, including osteogenic-related activities, such as focal adhe
sion, the MAPK signaling pathway, and the Wnt signaling pathway, were 
also enhanced on the moderately rough surface. Previous studies 
demonstrated that the surface roughness affects cell osteogenic differ
entiation by changing cell behaviors, such as altering protein synthesis, 
cell spreading, adhesion, and proliferation in response to mechanical 
forces [7,38–40]. The osteogenic regulation of focal adhesion in stem 
cells in the material microenvironment involves initial integrin binding 
to extracellular matrix components and the reinforcement of the adhe
sion plaques through further protein recruitment [41]. Various surface 
topographies enhance osteogenesis via the activation of MAPK signaling 
[42,43] or Wnt signaling [44,45]. The network interactions between 
cellular signaling pathways and miRNAs triggered by surface charac
teristics of roughness deserve further investigation for the development 
of implant materials. 

3.3. Downregulation of miR-181d-5p is correlated with enhanced 
osteogenic differentiation of hBMSCs 

To further verify the roles of miR-181d-5p in the biophysical and 
chemical stimuli of osteogenic differentiation of hBMSCs, qPCR, western 

blotting, ALP tests, and AR tests were performed with standard growth 
medium and osteogenic induction medium (Fig. 3). The overexpression 
and suppression of miR-181d-5p in hBMSCs, respectively, inhibited and 
enhanced the relative OSX mRNA expression levels with or without 
osteogenic induction (p < 0.01; Fig. 3a). The protein expression levels of 
RUNX2 and OSX were downregulated when miR-181d-5p was overex
pressed in hBMSCs with or without osteogenic induction but were 
upregulated when miR-181d-5p was knocked down (Fig. 3b). Addi
tionally, ALP staining and ALP quantitative experiments showed that 
ALP activity in the miR-181d-5p knockdown group was higher than that 
in the control group, but ALP activity in the miR-181d-5p overexpressed 
group was lower than that in the control group after cultivation for 7 
days with or without osteogenic induction (p < 0.05; Fig. 3c, d). As 
hBMSCs were cultured in osteogenic inductive medium, the intensity of 
AR staining was significantly higher in the miR-181d-5p knockdown 
group than in the control group, indicating that matrix mineralization 
was increased after cultivation for 14 days, and this was lower in the 
miR-181d-5p overexpressed group than in the control group (p < 0.001). 
When hBMSCs were cultured in standard growth medium, the intensity 
of AR staining in miR-181d-5p-mimic, mimic-NC, miR-181d-5p- 
inhibitor, and inhibitor-NC groups was low, but matrix mineralization 
in the miR-181d-5p-mimic group was lower than that in the mimic-NC 
groups, whereas this was increased in the miR-181d-5p-inhibitor 
groups compared to that in the inhibitor-NC group (p < 0.001; Fig. 3c, 
e). The potentially target genes of miR-181d-5p were predicted ac
cording to TargetScan and miRDB. MAPK1 is one of target gene of miR- 
181d-5p with conserved binding site (NM_002745, Fig. 3f). The lucif
erase reporter activity of the pEZX-MT05-MAPK1-WT/miR-181d-5p was 
significantly lower than that of the pEZX-MT05-MAPK1-WT/mimics NC. 
No significant differences were found between pEZX-MT05-MAPK1- 
mut/miR-181d-5p and pEZX-MT05-MAPK1-mut/mimics NC (Fig. 3g). 
The luciferase assay result suggested that the miR-181d-5p targeted the 
3′-UTR of MAPK1. As previous studies reported, MAPK pathway played 
an important role in regulating the activity and function of RUNX2 for 
osteogenic differentiation and bone information [46,47]. 

Cell responses to mechanical stimuli involve the perception and 
transmission of signals and subsequent changes in downstream 
biochemical reactions [48]. During the process of osteogenesis, the 
biochemical culture environment induces osteogenic differentiation 
along with gene expression changes prior to cytoskeleton rearrangement 
and alterations in cell morphology [49], whereas biophysical stimula
tion induces osteogenic differentiation with changes in focal adhesion 
and the rearrangement of the cytoskeleton before any changes in gene 
expression [50]. To investigate the effect of cytoskeletal organization on 
the expression of miR-181d-5p, the hBMSCs cultured on rough surface 
were treated with the Rho kinase inhibitor Y27632 which control the 
cytoskeletal dynamics and gene expression [51]. The results showed that 
the difference of cell morphology was eliminated, the cytoskeleton of 
cells on two surfaces were disturbed (Fig. S5a, Supplementary Material), 
and the difference of miR-181d-5p expression in hBMSCs on two sur
faces was diminished (Fig. S5c, Supplementary Material). These data 
indicated that the variation in miR-181d-5p expression might contribute 
to the cell morphological differences between two surfaces. Addition
ally, previous studies demonstrated miR-181d-5p can inhibit cell pro
liferation [52,53]. This is opposite to our results (i.e. on rough surface, 
cells proliferated slower with downregulated miR-181d-5p), indicating 
miR-181d-5p is not the main regulator for cell proliferation in this study. 
The expression miR-181d-5p is also influenced by chemical stimuli in 

Fig. 2. MiRNA selection processes. (a) Heat-map of the differentially expressed miRNAs in the human bone marrow stem cells (hBMSCs) cultured on the smooth 
roughness (TiS) and moderate roughness (TiR) surfaces. (b) The expression levels of potential miRNAs on TiS and TiR surfaces. Relative miRNA expression levels 
after the transfection of mimics, mimic-NCs, inhibitors, and inhibitor-NCs for (c) miR-5703, (e) miR-1249-5p, (g) miR-181d-5p, and (i) miR-431-3p. Relative RUNX2 
mRNA expression levels after the transfection of mimics, mimic-NCs, inhibitors, and inhibitor-NCs for (d) miR-5703, (f) miR-1249-5p, (h) miR-181d-5p, and (j) miR- 
431-3p. OS (− ) indicate standard medium, OS (+) osteogenic induction medium. *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to color in 
this figure, the reader is referred to the web version of this article.) 
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Fig. 3. Downregulation of miR-181d-5p in human bone marrow stem cells (hBMSCs) enhances osteogenic differentiation. (a) Relative OSX mRNA expression levels 
after the transfection of mimic, inhibitor, and inhibitor-NC for miR-181d-5p. (b) Effects of miR-181d-5p-mimic, mimic-NC, miR-181d-5p-inhibitor, and inhibitor-NC 
on RUNX2 and OSX expression at the protein level. (c) Alkaline phosphatase (ALP) staining, (d) ALP normalized protein levels, alizarin red (AR) staining and (e) 
quantitative AR evaluation of the mineralized nodules of hBMSCs transfected with miR-181d-5p-mimic, miR-181d-5p-inhibitor, and the corresponding controls. (f) 
The schematic of luciferase reporter plasmids containing the 3′-UTR of wild type or mutant MAPK1. (g) Relative luciferase activity. (h) ALP staining and AR staining 
after transfection with miR-181d-5p-inhibitor or inhibitor-NC in the hBMSCs on smooth roughness (TiS) surface and without transfection in the hBMSCs on the 
moderate roughness (TiR) surface. (i) ALP staining and AR staining after transfection with miR-181d-5p-mimic or mimic-NC in the hBMSCs on TiR and without 
transfection in the hBMSCs on TiS. OS (− ) indicate standard medium, OS (+) osteogenic induction medium. *p < 0.05, **p < 0.01, ***p < 0.001. 
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addition to cellular mechanosensing. The expression of miR-181d-5p in 
the hBMSCs with osteogenic induction was suppressed by approximately 
75% on a rough surface and 50% on a smooth surface compared with 
levels in regular growth medium. Moreover, the differences in osteo
genic capacity between the miR-181d-5p-inhibitor and inhibitor control 
groups were extended due to the addition of osteogenic induction. 
Therefore, the inhibition of miR-181d-5p induced the osteogenic dif
ferentiation triggered by biophysical and biochemical stimuli. 

3.4. MiR-181d-5p-inhibitor improves the inferior bone formation on a 
smooth TiS surface and miR-181d-5p-mimic suppresses the superior bone 
formation on a rough TiR surface 

To evaluate the osteogenic potential of miR-181d-5p-inhibitor, we 
cultured hBMSCs with miR-181d-5p knocked down on the TiR surface, 
cultured hBMSCs transfected with inhibitor-NC on the TiS surface, and 
cultured hBMSCs without transfection on the TiR surface (control). After 
cultivation for 7 days, weaker staining and fewer ALP-positive cells were 
observed in the group transfected with inhibitor-NC, but staining and 
ALP-positive cells in the group with miR-181d-5p knockdown were 
similar to those of the control group. After cultivation for 14 days, the 
intensity of AR staining observed in the control group was increased 
compared to that in the group with miR-181d-5p knockdown, and that 
in the knockdown group was increased in the group transfected with 
inhibitor-NC. In other words, hBMSC culture with low miR-181d-5p 
expression could rescue the effects of early bone resorption on a 
smooth TiS surface after cultivation for 7 days (Fig. 3h). 

The roles of miR-181d-5p-mimic in disrupting bone formation were 
evaluated by comparing ALP activity and matrix mineralization in 
cultured hBMSCs overexpressing miR-181d-5p on the TiR surface and 
hBMSCs without transfection on the TiS surface (control). After culti
vation for 7 days, weaker staining and fewer ALP-positive cells were 
observed in the miR-181d-5p overexpression group than in the mimic- 
NC and control groups. After cultivation for 14 days, AR staining re
sults showed that the mimic-NC group exhibited increased mineralized 
nodule formation compared to that in the miR-181d-5p-mimic group. 
The mineralized nodule formation in the miR-181d-5p-mimic group was 
similar to that in the control group. These results indicate that high miR- 
181d-5p expression reduces the osteogenic potential in the TiR group 
(Fig. 3i). Rescue experiments demonstrated that miR-181d-5p-inhibitor 

could induce osteogenesis on a smooth surface and might be applied to 
the dental implant neck, which always contains a smooth collar to 
preserve periodontal tissues around the implants; this portion still needs 
to possess the capacity to promote osteogenesis [54,55]. 

4. Conclusion 

In this study, by applying the smooth titanium surface as a control, a 
typical titanium surface with moderate roughness was prepared here to 
reveal the mechanism through which surface roughness regulates cell 
osteogenic behavior by altering miRNA expression (Schematic 1). We 
provided evidence that the implant surface with moderate roughness 
promotes the osteogenic differentiation of hBMSCs compared to that 
with smooth roughness. MiRNA profiling analyses revealed the differ
ential expression miRNAs between two different surfaces. Four candi
date miRNAs were selected after the prediction of gene target function 
and verification by qPCR. Overexpression and knockdown experiments 
based on the four candidate miRNAs suggested that only miR-181d-5p is 
closely correlated with osteogenic gene expression. We further 
confirmed that the downregulation of miR-181d-5p promotes the oste
ogenic differentiation of hBMSCs, and vice versa, based on osteogenesis- 
related gene and protein expression, as well as alkaline phosphatase and 
alizarin red experiments. Additionally, the rescue assay results indicated 
that the knockdown of miR-181d-5p could improve the inferior osteo
genesis on smooth surfaces, whereas the overexpression of miR-181d-5p 
suppressed the superior osteogenesis on rough surfaces. These results 
improve our understanding of mechanisms through which implant 
surface roughness determines stem cell function and fate at the molec
ular level and provide helpful information and a theoretical basis for the 
development of implant materials for fast osteointegration. 
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