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Abstract
Objectives: To investigate the role of hierarchical micro/nanoscale topography of 
direct metal laser sintering (DMLS) titanium surfaces in osteogenic differentiation of 
bone marrow mesenchymal stem cells (BMSCs), as well as the possible underlying 
epigenetic mechanism.
Materials and methods: Three groups of titanium specimens were prepared, includ-
ing DMLS group, sandblasted, large-grit, acid-etched (SLA) group and smooth tita-
nium (Ti) group. BMSCs were cultured on discs followed by surface characterization. 
Cell adhesion and proliferation were examined by SEM and CCK-8 assay, while 
osteogenic-related gene expression was detected by real-time RT-PCR. 
Immunofluorescence, western blotting and in vivo study were also performed to 
evaluate the potential for osteogenic induction of materials. In addition, to investi-
gate the underlying epigenetic mechanisms, immunofluorescence and western blot-
ting were performed to evaluate the global level of H3K4me3 during osteogenesis. 
The H3K4me3 and H3K27me3 levels at the promoter area of the osteogenic gene 
Runx2 were detected by ChIP assay.
Results: The DMLS surface exhibits greater protein adsorption ability and shows bet-
ter cell adhesion performance than SLA and Ti surfaces. Moreover, both in vitro and 
in vivo studies demonstrated that the DMLS surface is more favourable for the osteo-
genic differentiation of BMSCs than SLA and Ti surfaces. Accordingly, osteogenesis-
associated gene expression in BMSCs is efficiently induced by a rapid H3K27 
demethylation and increase in H3K4me3 levels at gene promoters upon osteogenic 
differentiation on DMLS titanium surface.
Conclusions: Topographical cues of DMLS surfaces have greater potential for the 
induction of osteogenic differentiation of BMSCs than SLA and Ti surfaces both in 
vitro and in vivo. A potential epigenetic mechanism is that the appropriate topography 
allows rapid H3K27 demethylation and an increased H3K4me3 level at the promoter 
region of osteogenesis-associated genes during the osteogenic differentiation of 
BMSCs.
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1  | INTRODUC TION

Generally, the surface of intraosseous implants could be considered 
as stem cell niche that instructs stem cells to either self-renew or dif-
ferentiate.1,2 In this local environment, stem cell fate is well known 
to be controlled by genetic and biochemical mediators. However, 
increasing evidence has revealed that biophysical properties of the 
surface, particularly topographical cues, also have substantial influ-
ence on cellular behaviours.3,4 Previous studies have shown that the 
topographical features of implant surfaces, such as scale (micro- or 
nano-), type (grooves, pits or ridges) and distribution (random or 
ordered), regulate the adhesion, proliferation and differentiation 
of bone marrow mesenchymal stem cells (BMSCs),5-11 and conse-
quently affect the commencement and outcome of osseointegra-
tion which is a prerequisite for long-term success of intraosseous 
implants. Therefore, appropriate topographical features of implant 
surfaces should be constructed to facilitate the differentiation of 
BMSCs into the osteogenic lineage to eventually obtain the desired 
osseointegration.

Direct metal laser sintering (DMLS), one of the latest 3D print-
ing techniques, can be used to fabricate custom-made intraosseous 
implants with required microscale surface structures. In this tech-
nique, implants with a defined complex geometrical structure and 
shape are built layer by layer from titanium alloy powder on the 
basis of a virtual 3D model.12 Together with acid-etching process, 
DMLS technique could conveniently provide a specific rough sur-
face with hierarchical micro/nanoscale topography, which mimics 
the natural bone structure assembled from microscale collagen fi-
bres and nanoscale hydroxyapatite crystals.13-15 Implant surfaces 
with hybrid or hierarchical micro/nanostructures have been shown 
to outperform those with individual microscale or nanoscale topog-
raphy in new bone tissue formation.16-23 Therefore, DMLS titanium 
surface is considered a promising intraosseous implant surface 
candidate, and it is tempting to evaluate the BMSC response to this 
surface, as well as to further investigate the underlying mechanism.

The mechanism of stem cell differentiation varies widely 
both in temporal and spatial dimensions, in which dynamic post-
translational modifications at the N-terminal tails of nucleosomal 
histones have been widely implicated in and are thought to be es-
sential in regulating chromatin functions.24,25 For example, the pre-
cise control of the trimethylation levels of histone H3 at lysine 4 
(H3K4me3) and H3 at lysine 27 (H3K27me3) at gene promoters is 
crucial to tip the balance towards gene activation or repression.26 
Several studies have indicated that topographical cues influence 
the epigenetic signature and function of stem cells by increasing 
the global levels of histone H3 acetylation.24,27 Therefore, under-
standing how the hierarchical micro/nanostructure of DMLS sur-
face affects chromatin modifications and gene transcription would 
be of great significance.

Herein, we hypothesized that DMLS surface with hierarchical 
micro/nanoscale topography could facilitate osteogenic differentia-
tion of BMSCs through regulating the co-occupancy and dynamics of 
H3K4me3 and H3K27me3 at gene promoters. DMLS surfaces were 

fabricated and characterized. BMSC response to DMLS surface was 
investigated with sandblasted, large-grit, acid-etched (SLA) tita-
nium surface and smooth titanium surface as control. Furthermore, 
global level of H3K4me3 during osteogenesis was evaluated, while 
the H3K4me3 and H3K27me3 levels at the promoter area of the 
osteogenesis-associated gene Runx2 were detected. Our results 
showed that the hierarchical micro/nanoscale topography of DMLS 
surface promotes the osteogenic differentiation of BMSCs both in 
vitro and in vivo. Mechanistically, the hierarchical micro/nanoscale 
topography leads to H3K27 demethylation and increased levels of 
H3K4me3 at the promoter of the Runx2 gene.

2  | MATERIAL S AND METHODS

2.1 | Specimen preparation

Three groups of titanium specimens (disc-shaped, 10-mm diameter 
and 1-mm thickness, Ti-6Al-4V; Institute of Aeronautical Materials, 
Beijing, China) were prepared, including DMLS group, SLA group 
and smooth titanium (Ti) group. DMLS discs (particle size 15-45 μm) 
were fabricated in an argon atmosphere with Yb fibre laser system 
(EOS M280, EOS GmbH, Krailling, Germany) using a wavelength of 
1054 nm, continuous power of 200 W, scanning speed of 7 m/s and 
a laser spot size of 0.1 mm. The resultant discs were then etched 
with 1.5% HF for 12 minutes to generate surfaces with hierarchical 
micro/nanostructure. Smooth Ti discs were polished with silicon car-
bide sandpaper of No. 240, 360, 400, 600, 800, 1000 and 2000 grits 
in series. The SLA discs were prepared by sandblasting and acid-
etching technology. To remove residual impurities after the fabrica-
tion process, all the specimens were immersed in NaOH (20 g/L) and 
hydrogen peroxide (20 g/L) at 80°C for 30 minutes and then ultra-
sonically washed with acetone, absolute alcohol and Milli-Q water 
sequentially. Finally, specimens were cleaned with double-distilled 
water (ddH2O) in an ultrasonic cleaner for 30 minutes, dried at room 
temperature for 1 hour and sterilized in an autoclave at 120°C for 
20 minutes before use.

2.2 | Surface characterization

SEM (SUPRA 55 SAPPHIRE, Oberkochen, Germany) was used to 
observe surface morphology of specimens. High-magnification 
images were used to qualitatively evaluate the surface nanoscale 
features. Drop contact angle measurements were performed with 
both simulated body fluid (SBF) and ddH2O to assess the wet-
tability. Protein adsorption assays were performed by culturing 
100 mg/mL of FITC-BSA (Solarbio, Beijing, China) for 30 minutes 
on the specimens and samples being viewed under a fluorescence 
microscope (Olympus, Tokyo, Japan).

2.3 | BMSC culture and osteogenic induction

BMSCs (Purchased from Peking Union Medical College, China) 
were cultured in fresh DMEM (HyClone, Logan, UT, USA) with 
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10% FBS (Gibco, New York, NY, USA) and 1% penicillin/strepto-
mycin and incubated in a 5% CO2 atmosphere at 37°C. BMSCs 
were seeded at a density of 1 × 104 cells/well and incubated on 
specimens. Culture medium was replaced the next day with oste-
oinduction (OI) medium containing 10% FBS, 1% penicillin/strep-
tomycin, 50 μg/mL ascorbic acid, 10 nmol/L dexamethasone and 
5 mmol/L β-glycerophosphate. The medium was changed every 
3 days. Samples were cultured for the desired times in the follow-
ing experiments.

2.4 | BMSC adhesion assay and morphological 
observation

After 6 and 24 hours of culture, samples were fixed in 4% glutaral-
dehyde, blocked with BSA and stained with rhodamine-phalloidin 
(Sigma-Aldrich, St. Louis, MO, USA) and DAPI (Sigma-Aldrich) sequen-
tially. F-actin and cell nuclei were visualized under a confocal laser 
scanning microscope (CLSM) (SP8, Germany). To observe cell mor-
phology, samples were dehydrated in a graded ethanol series after 
being fixed, dried and deposited with a 10-nm-thick gold-palladium. 
The morphology of the attached cells was examined using SEM.

2.5 | BMSC proliferation assay

At certain time points, cells attached to specimens were incubated 
with Cell Counting Kit-8 (CCK-8, Dojindo, Japan) reagent. Relative 
cell number was determined by measuring the absorbance at 450 nm 
and calculating the OD values to construct growth curves. To visu-
ally determine the number of cells for each sample, dual fluorescence 
staining solution (10 μL) containing 100 μg/mL AO and 100 μg/

mL EB (AO/EB, Sigma, USA) was added to each well after 1, 3, 5 
and 7 days of culture. After 5 minutes, all the samples were viewed 
under a fluorescence microscope.

2.6 | Alkaline phosphatase activity analysis

Bone marrow mesenchymal stem cells were seeded at the same den-
sity, cultured with and without OI on Ti, SLA and DMLS surfaces. 
After 7 and 14 days, cells were collected, sonicated and centrifuged. 
Cell lysate aliquots were collected to evaluate alkaline phosphatase 
(ALP) activity using an alkaline phosphatase ELISA kit (Solarbio). The 
total protein content was measured using a BCA kit (Bio-Rad, CA, 
USA). ALP levels were normalized to the total protein content.

2.7 | qRT-PCR analysis

After 7 and 14 days of culture with specimens, total cellular 
RNA was extracted using TRIzol (Gibco). The primers for the 
osteogenesis-related genes Runx2 and OC are listed in Table 1. The 

TABLE  1 Primer sequences for real-time PCR

Gene Primer sequences (5′-3′)

RUNX2 F: AACGATCTGAGATTTGTAGGC

R: CGGTCAGAGAACAAACTAGG

OC F: GCCGGAGTCTGTTCACTACC

R: GCGCTCTGTCTCTCTGACCT

GAPDH F: CGTCTTCACCACCATGGAGA

R: CGGCCATCACGCCAGTTT

F IGURE  1 Scheme showing the surface of etched DMLS titanium with hierarchical micro- (spherical microparticles) and nanotopography 
(grooves and nanoparticles) fabricated by a combined DMLS and etching process
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qRT-PCR analysis was performed on an Applied Biosystems 7500 
system using a QuantiTect SYBR Green PCR Kit (Qiagen, Hilden, 
Germany). Housekeeping gene GAPDH was used to normalize the 
gene expression.28.

2.8 | Immunofluorescence

After 7 and 14 days of culture, the samples were fixed in 4% para-
formaldehyde, permeabilized with 0.05% Triton X-100 (Sigma-Aldrich) 
and then blocked in BSA solution. The primary antibodies were rabbit 
anti-Runx2 antibody (Abcam, Cambridge, MA, USA) and rabbit anti-
tri-H3K4-methylation antibody (Cell Signalling Technology, Bevery, 
MA, USA). The secondary antibody was a rhodamine-conjugated anti-
rabbit antibody (Invitrogen, Carlsbad, CA, USA).

2.9 | Ectopic bone formation in vivo

The protocol and procedures employed were ethically reviewed 
and approved by the Animal Ethical and Welfare Committee. The 

BMSCs were cultured on discs for 7 days in vitro with or without OI. 
Then, BMSC-coated discs were implanted into back muscle pockets 
of Sprague Dawley rats. At 6 and 8 weeks after surgery, the implants 
were harvested together with surrounding tissues. The samples 
were fixed, dehydrated, embedded in resin and then sectioned. 
After HE and toluidine blue (TB) staining, the slices were observed 
under a fluorescence microscope.

2.10 | Chromatin immunoprecipitation assays

The chromatin immunoprecipitation (ChIP) assay was performed 
as previously described.29 Briefly, at specified time points during 
OI, BMSCs cultured on the SLA and DMLS surfaces were cross-
linked in 1% formaldehyde for 8 minutes at 37°C. Non-specific 
rabbit IgG and H3K4me3 or H3K27me3 antibodies (Cell Signalling 
Technology) were incubated with Protein G beads (Invitrogen) at 
4°C for 2 hours. These antibody-bead complexes were then im-
munoprecipitated with DNA fragments for 12 hours at 4 °C. 
The precipitated DNA was amplified using real-time PCR. The 

F IGURE  2 Surface characterization 
of Ti, SLA and etched DMLS titanium 
discs. (A) SEM observation of Ti, SLA 
and etched DMLS titanium surface at 
500×, 1000× and 2000× magnification. 
(B) SEM observation of SLA and etched 
DMLS titanium surface at 500×, 10 000×, 
50 000× and 100 000× magnification. 
(C) Photographs of the contact angle 
measurement in SBF and ddH2O. (D) 
Contact angle in SBF and ddH2O. Error 
bars represent SD (n = 3). *P < .05. (E) 
FITC-BSA adsorption on Ti, SLA and 
DMLS titanium after 2 h of incubation
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primer pair used was that for Runx2 promoter (region +540 to 
+639): (forward) 5′-GCCCTGATCTTCTTACCCCG-3′ and (reverse) 
5′-AGTGAACGAGCAAGGGAACC-3′.

2.11 | Western blot analysis

After 14 days of OI, BMSCs cultured on Ti, SLA and DMLS surfaces 
were collected, sonicated and then centrifuged. The proteins in the 
supernatant were transferred to PVDF membranes. The membranes 
were blocked, incubated with anti-Runx2 antibody (Abcam) and anti-
H3K4me3 antibody (Cell Signalling Technology) overnight, and incu-
bated with secondary antibody for 1 hour the next day. Finally, the 
membranes were exposed using an ECL kit (CWBIO, Beijing, China) 
to visualize the immunoreactive protein bands.

2.12 | Statistical analysis

All experiments were repeated at least 3 times to ensure the validity 
of observations, and all values are expressed as the mean ± stand-
ard deviation (SD). The data were tested for homogeneity and then 
assessed using one-way ANOVA and the least significant differ-
ence test. Error bars represent SD (n = 3). P < .05 was considered 

significant, and P < .01 was considered highly significant (*P < .05, 
**P < .01).

3  | RESULTS

3.1 | Characterization of DMLS titanium surfaces

The fabrication process and resultant titanium disc surfaces with 
the hierarchical micro/nanoscale topography of DMLS titanium are 
schematically presented in Figure 1. As observed by SEM, the to-
pography of the DMLS titanium surface is composed of randomly 
dispersed interconnected spherical microparticles (Figure 1B,C). The 
average diameter of the microparticles is about 25 μm, with a range 
of approximately 15-45 μm (Figure 2A). As shown in Figures 1D-G 
and 2B, hierarchical micro/nanoscale structures (micro- or nano-
grooves and nanoparticles) are apparent on the surfaces of the mi-
croparticles after etching. By contrast, no grooves or particles are 
observed at the nano-level on the SLA surface (Figure 2Bh).

Drop contact angle measurements with ddH2O and SBF showed 
that the contact angles on the DMLS surface are smaller than those 
on the SLA and Ti surfaces (P < .05) (Figure 2C,D), indicating that 
DMLS surface is more hydrophilic than SLA and Ti surfaces.

F IGURE  3 BMSC adhesion and proliferation on different titanium surfaces. (A) SEM observation of BMSCs on Ti, SLA and direct metal 
laser sintering (DMLS) titanium surfaces after 6 and 24 h of seeding. Pseudopodia of BMSCs extending on the DMLS titanium surface were 
observed. (B) CLSM images of BMSCs (red, cytoskeleton; blue, DAPI) on Ti, SLA and DMLS titanium surfaces after 6 and 24 h of seeding. (C) 
AO-EB staining images of BMSCs on Ti, SLA and DMLS titanium surfaces after 1, 3, 5 and 7 days of seeding. (D) Growth curves of BMSCs on 
Ti, SLA and DMLS titanium surfaces
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FITC-BSA adsorption assays revealed that DMLS surfaces had 
the largest amount of protein aggregates among the 3 surfaces, 
suggesting that DMLS surface has greater protein adsorption ability 
than the SLA and Ti surfaces (Figure 2E).

3.2 | BMSC adhesion and proliferation

To quantify cell adhesion, SEM and CLSM imaging were performed 
to view both the morphology and number of adhered BMSCs on 
3 different titanium surfaces, 6 and 24 hours after seeding. As 
shown in Figure 3A, the cells spread well and extended with long 
pseudopodia on the DMLS surface. By contrast, the cell pseudo-
podia were less extended on the Ti and SLA surfaces. CLSM im-
ages (Figure 3B) revealed the fewest cells on the Ti surfaces but 
no significant differences in cell number on the SLA and DMLS 
titanium surfaces.

As shown in Figure 3C, the cell numbers on the 3 different sur-
faces were comparable at 1 and 3 days, but a larger amount of cells 

were observed on the DMLS surface at 5 and 7 days. The growth 
curves (Figure 3D) of 3 groups were all logarithmic. However, BMSC 
proliferation on the SLA and Ti surfaces reached a plateau on the 5th 
day, whereas the cells on the DMLS surfaces continued to grow and 
did not reach a proliferation plateau until day 6 of culture.

3.3 | Osteogenic differentiation of BMSCs on DMLS 
titanium surfaces

After 7 days of culture, ALP activity in DMLS group was higher than 
that in the other groups with or without OI (P < .05). On the 14th day, 
ALP activity was more sharply increased in the DMLS group (P < .01) 
(Figure 4A). In addition, relative expression of the osteogenesis-
related genes Runx2 and OC in BMSCs on DMLS surfaces was higher 
than that on the SLA and Ti surfaces after 7 and 14 days of culture 
(Figure 4B,C). Furthermore, immunofluorescence data showed that 
cells on DMLS specimens with OI had the strongest Runx2-positive 
staining compared with that of other groups (Figure 4D). Additionally, 

F IGURE  4 Osteogenic differentiation of BMSCs on titanium surfaces in vitro. (A) ALP activity of BMSCs cultured on Ti, SLA, and direct 
metal laser sintering (DMLS) titanium surfaces for 7 and 14 days. (B) The relative mRNA levels of Runx2 in BMSCs cultured in the designated 
conditions on different materials for 7 and 14 days. (C) The relative mRNA levels of OC in BMSCs cultured according to the different groups 
for 7 and 14 days. (D) Immunofluorescence staining assays for Runx2 in BMSCs (red, Runx2; blue, DAPI) cultured on different samples for 7 
and 14 days. (E) The total protein expression of Runx2 in BMSCs at 14 days after osteoinduction was examined by western blot. Error bars 
represent SD (n = 3). *P < .05. **P < .01
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the total Runx2 protein level in the DMLS group was higher than that 
in the Ti and SLA groups, as examined by western blot (Figure 4E).

3.4 | Ectopic bone formation in vivo

HE was used to stain the bone matrix as a uniform acidophilic tis-
sue. Uniform dark blue staining by TB confirmed formation of the 
bone matrix. Only bone tissue showing both positive HE staining 
and TB staining was considered to demonstrate actual bone for-
mation. Six weeks after implantation, obvious bone matrix forma-
tion was observed on the DMLS surfaces. By contrast, muscle 
tissues with large amounts of spindle-like cells were observed on 
the Ti and SLA surfaces. Notably, the neo-bone matrix invaded 
into the pore regions of the DMLS specimen with no noticeable 
foreign body reaction or inflammatory reaction. Eight weeks after 
implantation, ectopic bone formation was more significant on the 
DMLS titanium surface, and the number of cells in the bone matrix 
decreased (Figure 5).

3.5 | Epigenetic regulation of Runx2 in BMSCs via 
DMLS surface topography

To investigate the mechanism of topographical cues of DMLS sur-
face in promoting osteogenic differentiation of BMSCs, global levels 
of H3K4me3 were measured by western blot and immunostaining 

assays. After 7 and 14 days of OI, a marked increase in H3K4me3 
levels was detected in the cells cultured on DMLS surfaces com-
pared with the levels in the SLA group (Figure 6A,B).

Chromatin immunoprecipitation assay demonstrated a bivalent 
state with co-occupancy by the H3K4me3 and H3K27me3 markers 
at the Runx2 promoter in BMSCs before OI (Figure 6C). Upon induc-
tion of BMSC differentiation, the levels of H3K27me3 at the Runx2 
promoter rapidly and sharply decreased at day 1, especially in the 
DMLS group. By contrast, the H3K4me3 level at the Runx2 promoter 
markedly increased at 7 and 14 days of OI, especially in the DMLS 
group (Figure 6C,D).

4  | DISCUSSION

The topographical features of material surface are known to modu-
late the adsorption and conformation of extracellular matrix (ECM) 
proteins, and adsorbed ECM proteins act as extracellular ligands to 
specifically bind to cell receptors and mediate cell adhesion.30-33 
Thus, protein adsorption is the very first biological event of cell-
material interactions. Generally, protein adsorption is affected by a 
range of surface properties, especially hydrophilicity and topogra-
phy.33-35 For example, Ko et al36 reported that a hydrophilic surface 
could strengthen the binding of adhesion proteins to the surface. 
De et al37 reported that fibronectin in medium selectively adsorbs 

F IGURE  5 Ectopic bone formation. Haematoxylin and eosin (HE) and toluidine blue (TB) staining on the hard tissue slices, 6 and 8 weeks 
after the implantation of Ti, SLA and direct metal laser sintering (DMLS) titanium specimens
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onto the ridge/groove boundaries of microgrooved metallic sur-
faces. In this study, DMLS surface was found to be more hydrophilic, 
and its hierarchical micro/nanoscale topography exhibited greater 
protein adsorption ability than the SLA and Ti surfaces. Therefore, 
the DMLS surface was concluded to be favourable for cell adhesion, 
and it could also provide a better microenvironment to instruct stem 
cells to differentiate, which were unequivocally corroborated by the 
following results.

As illustrated by the SEM and CLSM analyses, cells on the DMLS 
surface exhibited faster adhesion and greater extension than those 
on SLA and Ti surfaces. One possible reason is that the hierarchical 
micro/nanoscale topography of DMLS surface could provide more 
protein binding sites to the integrins on the cell membrane, and in 
turn improve integrins clustering into focal adhesion complexes.1,2,38 
In addition, once a cell-material junction is established, unbundled 
actin-fibril-driven filopodia allow the cell to probe the surface struc-
tures.39 During this process, F-actin bundles come into forming as 
response to the hierarchical topography, giving rise to larger finger-
like filopodia.39-41 As further F-actin polymerization is induced by 
the topographical cues,39,42 sheet-like lamellipodia appear between 
the matured filopodia,43 resulting in enhanced cell extension. In this 
study, attached cells on the DMLS surface exhibited a well-spread 
shape with more polygonal lamellipodia than those on SLA and Ti 
surfaces, verifying that hierarchical micro/nanoscale topography of 

DMLS surface has greater capability to promote cell adhesion and 
pseudopodia extension.

Mediated by alterations in cell adhesion and extension, stem 
cells would further respond to surface topographical features with 
changes in cell proliferation and differentiation.39 It has been re-
ported that combined micro/nanoscale surface topography is more 
favourable than individual microscale topography for cell prolifera-
tion.22,44 However, a debate emerged in response to data showing 
unfavourable cell proliferation on nanogroove or nanotube topog-
raphy compared to that on smooth control.45,46 According to our 
data, the hierarchical micro/nanoscale topography of DMLS surface 
seems to delay the emergence of the plateau phase rather than ac-
celerate the rate of cell proliferation, thus increasing the cell num-
ber at maximal confluence. It was posited that a fine-tuned balance 
between proliferation and differentiation was achieved on DMLS 
surface, which would provide an ideal situation for bone growth and 
repair.46

For cell differentiation, previous studies on surfaces possessed 
both microscale roughness and a high density of nanoscale features 
showed that osteogenic differentiation was greatly enhanced.22,23 
That was confirmed by our results. In this study, cells cultured on 
the DMLS surfaces exhibited significantly higher Runx2 and OC ex-
pression levels and higher ALP activity compared with those on SLA 
and Ti surfaces. Moreover, the total Runx2 protein level in the DMLS 

F IGURE  6 Epigenetic regulation of BMSCs on the direct metal laser sintering (DMLS) titanium surface. (A) Immunofluorescence 
staining for H3K4me3 in BMSCs (red, H3K4me3; blue, DAPI) cultured on Ti, SLA and DMLS titanium surfaces for 7 and 14 days. (B) Protein 
expression of H3K4me3 at day 14 after osteoinduction. (C) ChIP assay of the H3K27me3 level at the promoter area of the osteogenic gene 
Runx2 at 0, 1, 2, 3 days. (D) ChIP assay of the H3K4me3 level at the promoter area of the osteogenic gene Runx2 at 7 days and 14 days. Error 
bars represent SD (n = 3). **P < .01
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group was higher than that in the other groups. These results suggest 
that the hierarchical micro/nanoscale topography of DMLS surface 
provides a better microenvironment for the osteogenic differenti-
ation of BMSCs than the other samples. Besides, nanotopographic 
cues have been reported to alter the organization of various cyto-
skeletal components (eg, F-actin, α-tubulin and γ-tubulin) and there-
fore affect cell morphology, with a tendency to favour osteogenic 
differentiation.47,48 In this study, it was observed that cells on DMLS 
surface exhibited more F-actin in the cytoskeleton and larger bun-
dles of filament compared with the Ti group. These results are con-
sistent with the aforementioned studies. In addition, ectopic bone 
formation in vivo demonstrated obvious bone matrix formation on 
the DMLS surfaces, and the newly formed bone tissue invaded into 
the pore regions with no inflammatory reaction, indicating a great in 
vivo osteoinducing ability of the hierarchical micro/nanoscale topog-
raphy. On the basis of verified ability of DMLS surface topographical 
cues to influence BMSC fate, an analysis of the underlying mecha-
nisms was further explored in the subsequent experiments.

The nucleus is physically linked to the ECM and to other cells 
as part of a continuous cross-cell stretching network consisting of 
extracellular and intracellular fibres. Topographical features can af-
fect focal adhesion assembly, intracellular actin polymerization and 
cell morphology. All these changes in turn alter the nuclear matrix 
through cytoskeletal filaments, through the recruitment of epigen-
etic modifiers or through reorganization of chromatin to control 
stem cell fates.49-51 The understanding of the epigenetic regulatory 
mechanisms that are governed by topography cues and affect stem 
cell functions is still in the infant stage.24,27,50 Since H3K4me3 and 
H3K27me3 are clearly associated with transcriptional activation or 
repression,26 we measured the global level of H3K4me3 during the 
osteogenic differentiation process of BMSCs. Based on our results, a 
marked increase in H3K4me3 levels was detected in cells cultured on 
DMLS surfaces compared with those for SLA surfaces. Meanwhile, a 
ChIP assay was also performed to explore the histone modification 
dynamics at the promoter of the osteogenic gene Runx2. Interestingly, 
a bivalent state with co-occupancy by the H3K4me3 and H3K27me3 
markers was observed at the Runx2 promoter in BMSCs before the 
induction of differentiation. Bivalent domains were first described in 
embryonic stem cells (ESCs) and were postulated to prepare devel-
opmental regulatory genes for later transcriptional activation upon 
differentiation.52 For ESCs, to maintain self-renewal, the promoter 
of various key developmental genes is marked by H3K27me3 and 
these promoters often carry the activating H3K4 mark as well. At 
the end of ESC lineage commitment, these bivalent domains have 
been resolved to carry either activating (H3K4me3) or inactivating 
(H3K27me3) marks in a lineage-specific manner.53 Our results also 
showed the osteogenesis-associated gene expression in BMSCs is 
efficiently induced by a rapid H3K27 demethylation and increase in 
H3K4me3 levels at gene promoters upon osteogenic differentiation 
on DMLS titanium surface. Therefore, topographical cues of DMLS 
surface likely contribute to the resolution of the bivalent state of os-
teogenic genes, facilitating the osteogenic differentiation of BMSCs.

Together, DMLS implant surfaces with hierarchical micro/na-
noscale topography have greater potential for the induction of os-
teogenic differentiation of BMSCs both in vitro and in vivo than SLA 
and Ti surfaces. And we demonstrate a potential epigenetic mech-
anism: the appropriate topography allows rapid H3K27 demethyl-
ation and an increased H3K4me3 level at the promoter region of 
osteogenesis-associated genes during the osteogenic differentiation 
of BMSCs (Figure 7).

For the first time, we explored the effect of DMLS surfaces 
with hierarchical micro/nanoscale topography on cell behaviour 
from the aspect of epigenetic regulation. However, epigenetic reg-
ulation of stem cell lineage commitment is extensive and complex. 
Due to technical limitations, uncovering the epigenetic mechanisms 
by which surface topography directs stem cell fates is still a signifi-
cant challenge. In the future, systematic examination of epigenomic 
changes by high throughput ChIP sequencing in response to the 
topographical cues of material surfaces could provide new insights 
that would aid implant surface modification and improve bone tissue 
engineering.

F IGURE  7 Schematic representation of the epigenetic 
regulation by the surface topography of direct metal laser sintering 
(DMLS) titanium to promote BMSC osteogenic differentiation
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