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phenylalanine promote osteogenic differentiation
of human bone mesenchymal stem cells in vitro

Ting Ma, †a Xi-Yuan Ge, †b Ke-Yi Hao,a Xi Jiang,a Yan Zheng,a Ye Lin*a

and Yu Zhang *a

The bioinspired material 3,4-dihydroxy-L-phenylalanine (DOPA) is commonly used as a basic layer in

surface modification for osteogenesis; however, its effects on bone remodeling and the underlying

mechanisms remain unclear. Here, we investigated the effect of DOPA-coated surfaces on human bone

marrow-derived mesenchymal stem cells in vitro. Cells cultured on DOPA-modified titanium discs

exhibited enhanced cellular adhesion and spreading compared with cells on non-treated surfaces.

Moreover, DOPA-coating promoted greater cell proliferation and osteogenic differentiation, as

determined using cell counting kit-8 (CCK-8) assay, alkaline phosphatase activity test and quantitative

mineralization measurements. Furthermore, microarray analysis revealed that genes participating in focal

adhesion were upregulated on DOPA-coated surfaces. Our results indicate that the application of

a simple DOPA coating can promote osteogenic differentiation of osteoprogenitor cells, improving new

bone formation and bone remodeling around implantable devices in tissue engineering.
1 Introduction

Biomaterial surfaces can signicantly inuence cellular func-
tions and promote osseointegration. The term osseointegration
is used to describe the direct and functional connection
between the surface of titanium and bone.1 Because of their
excellent biocompatibility and biomechanical properties, pure
titanium and its alloys have been widely applied in maxillofacial
surgery and dental implants. However, brous tissue formation
at the implant–bone interface can jeopardize the stability of
these devices.2 Many chronic systemic metabolic diseases or
local factors can induce poor bone conditions around the
implant site and threaten long-term xation.3 In these
scenarios, a better understanding of the biological milieu of
xed orthopedic implants is needed to ensure enhanced bone
remodeling. However, to date, studies have mainly focused on
the potential advantages of improving osseointegration and
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bone remodeling around osseointegrated implants via local
implant coating modications.4

Positive and desirable interactions between stem cells and
biomaterial interfaces can offer an alternative and promising
therapeutic approach. Tissue regeneration relies on stem cell
proliferation and differentiation.5 Studies have suggested that
the osteogenic potential of implants is dependent on the rst
group of mesenchymal stem cells (MSCs) colonizing the
implant surface and migrating through the peri-implant clot.6

Rather than contacting the implant surface directly, adherent
cells contact the implant surface through proteins.7 Therefore,
surface topography and chemical composition of implants can
impact protein adsorption, cellular attachment, proliferation
and osteogenic differentiation.8 Moreover, cells colonized on
the implant surface can also affect those distal to the implant
surface by paracrine regulation. MSCs can differentiate into
various types of cells, including osteocytes, adipocytes and
chondrocytes. MSCs also have immunomodulatory properties,
which can be exploited to guide therapeutic treatments for bone
repair.9,10 Many matrix-mimicking biomaterials were rst
developed to favor the cellular behaviors of MSCs. However,
recent advancements in bone tissue engineering include the
development of ECM mimic silk broin, electroconductive
natural polymer-based hydrogels (ENPHs), 3D printed porous
ceramic scaffolds, and bioreactor systems for musculoskeletal
tissue engineering.11–13 These bone tissue engineering scaffolds
exhibit exciting properties, including connectivity (which could
be used as a framework to guide cell and tissue growth to
a certain form), carrier (which transports signaling molecules
RSC Adv., 2019, 9, 9117–9125 | 9117
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for osteoinduction), and cellular functions (by allowing cell
adhesion through specic sites).14 Therefore, to further modu-
late osseointegration, investigations into the underlying
mechanisms of how MSCs behave on implant interfaces are
urgently needed.

Inspired by the adhesive proteins secreted by mussels to
attach onto wet surfaces, it was found that dopamine (DA) self-
polymerizes in aqueous solution to adhere onto solid surfaces,15

coating both inorganic and organic surfaces. To provide further
modications, surfaces can be coated with polydopamine (pDA)
or 3,4-dihydroxy-L-phenylalanine (DOPA), forming a basic layer.
Many researchers have developed in vitro linking approaches
that bind to the DOPA or pDA layer with peptides, growth
factors (nerve growth factor or angiogenic factor), or by immo-
bilizing nano-hydroxyapatite particles to the substance, to
modulate their biological effects.16–20 The biochemistry of
mussel adhesion in aqueous conditions is mainly dependent on
Mytilus edulis foot protein-5 (Mefp-5), which contains
�30 mol% DOPA motifs. Adhesion and cross-linking of mussel
proteins correlate with the action of catechol groups in
DOPA.21,22 Therefore, mussel-derived surface modications can
be further modied for biomedical applications. Surface
modications with DOPA are oen combined with factors that
promote bone remodeling for dental implant osseointegration,
whereby adherence of undifferentiated MSCs to the implant site
is a critical step in the process. Although DOPA coatings are
readily used as linkers activated by amine or thiol groups, the
use of DOPA-modied substances in manipulating cells, espe-
cially bone mesenchymal stem cells, remains unexplored. In
this study, we rst investigated the substrate properties of
titanium discs before and aer DOPA-coating. We next analyzed
the effects of DOPA surface modications on cell adhesion,
proliferation, and differentiation of BM-MSCs in vitro. Finally,
we analyzed the effects of DOPA-coating on the mRNA expres-
sion proles of BM-MSCs.
2 Methods
2.1. Titanium sample preparation and DOPA surface
modication

Commercial pure titanium discs (1 mm thick, 15 mm diameter)
were sandblasted using 0.25–0.50 mm Al2O3 particles and acid-
etched in HCl/H2SO4 (sandblasted and acid-etched; SLA; Wego
Jericom Biomaterials Co., Weihai, China). To create SLA-DOPA
samples, discs were coated in 5 mg mL�1 DOPA solution
(Sigma-Aldrich, St Louis, MO, USA) in 10 mM Tris–HCl (pH 8.5)
for 24 h at 37 �C, and the stain was washed with deionized water
and sterilized before use.
2.2. Characterization of titanium discs

The surface morphologies of the DOPA-modied SLA titanium
discs and SLA discs were observed by scanning electron
microscopy (SEM; S-4800, Hitachi, Tokyo, Japan). Surface
morphology and roughness were also examined by three-
dimensional (3D) optical microscopy (Contour GT; Bruker,
Billerica, MA, US). A standard contact angle goniometer
9118 | RSC Adv., 2019, 9, 9117–9125
(OCA20; Dataphysic, Filderstadt, Germany) with drop image
soware was used to characterize surface wettability using
deionized water.
2.3. Cell culture

Human BM-MSCs (Cyagen Bioscience Inc., Sunnyvale, CA, USA)
were cultured at 37 �C in a-Minimal Essential Medium (a-MEM;
Gibco-Life Technologies, Grand Island, NY, USA) containing
10% fetal bovine serum (FBS; Gibco) and 1% penicillin/
streptomycin in a humidied atmosphere containing 5% CO2.
Cells were passaged 1 : 3 every 2–3 days aer reaching 70–90%
conuence. Osteogenic media (a-MEM, 10% FBS, 10 mM glyc-
erophosphate, 50 mg mL�1

L-ascorbic acid 2-phosphate, 100 nM
dexamethasone) was replaced every 3 days. Passages 4–7 were
used for in vitro studies.
2.4. Measurements of cell adhesion

BM-MSCs (2 � 103 cells per mL) were seeded onto SLA or SLA-
DOPA titanium discs in 24-well plates with proliferation
medium (a-MEM; containing 10% fetal bovine serum and 1%
penicillin/streptomycin). These were cultured for 1, 3 or 24 h,
xed in 4% paraformaldehyde solution for 10 min, per-
meabilized in 0.1% Triton X-100/phosphate buffered saline
(PBS), and incubated in 200 mL of 1 mg mL�1 phalloidin-FITC
(Sigma, P5282) in PBS for 1 h to label the actin cytoskeleton.
The nuclei were labeled with 40,6-diamidino-2-phenylindole
dihydrochloride (DAPI; Cell Signaling Technology, Danvers,
MA, USA). Samples were examined by confocal laser scanning
microscopy (CLSM, Carl Zeiss, Jena, Germany) at 488 nm
wavelength or under UV light. To quantify cell adhesion, BM-
MSCs (6 � 103 cells per mL) were seeded onto titanium discs,
cultured for 1, 3 or 24 h, washed in PBS three times to remove
non-adherent cells, xed, permeabilized, and nuclei were
labeled using DAPI. Cell numbers in three randomly selected
light microscope elds (Olympus, Tokyo, Japan; �10 objective)
were calculated using Image-Pro Plus 6.0 soware (Media
Cybernetics, Silver Spring, Maryland, USA).
2.5. Cell proliferation assay

To measure cell proliferation, BM-MSCs were cultured on SLA
and SLA-DOPA titanium discs for 1, 3 or 7 days in proliferation
medium. At each time point, three samples from each group
were analyzed using the Cell Counting Kit-8 (CCK-8, Dojindo,
Kumamoto, Japan). Optical density (OD) was measured at
450 nm using ELX-808 Absorbance Microplate Recorder (Bio-
Tek, Winooski, VT, USA).
2.6. Alkaline phosphatase (ALP) activity

To assay alkaline phosphatase (ALP), BM-MSCs (6 � 103 cells
per well) were seeded onto SLA or SLA-DOPA titanium discs in
24-well culture plates in osteogenic medium. Aer 7 days,
samples were rinsed three times in PBS and cells were lysed in
0.1% Triton X-100. ALP activity was measured using an ALP kit
(Jian cheng Bioengineering Institute, Nanjing, China) and
This journal is © The Royal Society of Chemistry 2019
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normalized to total protein. All experiments were performed in
triplicate.
2.7. Quantitative calcium deposition assay

To assay mineralization, MSCs (a density of 5 � 103 cells per
well) were seeded on SLA or SLA-DOPA titanium discs. Aer
24 h, the proliferation medium (a-MEM; containing 10% fetal
bovine serum and 1% penicillin/streptomycin) was replaced
with osteogenic differentiation medium and cells were incu-
bated for 21 days. At the time point, samples were washed twice
in PBS (pH 7.4). Cells were then xed in 4% paraformaldehyde,
stained with 2% (w/v) Alizarin Red S solution (pH 4.2; Sigma-
Aldrich) and incubated for 10 min, washed three times with
distilled water, incubated in 10% 1-hexadecylpyridinium chlo-
ride, and absorbance of the samples was quantied at 540 nm
using a microplate reader.
2.8. Microarray analysis

BM-MSCs were seeded onto SLA or SLA-DOPA titanium discs (n
¼ 3), cultured for 7 days, total RNA was extracted from cells
using TRIzol reagent (Invitrogen Life Technologies, Carlsbad,
CA, USA). We conducted gene expression proling of BM-MSCs
using Affymetrix Human U133 plus 2.0 arrays (Affymetrix, Santa
Clara, CA). Gene ontology (GO; http://www.geneontology.org)
analysis was performed using soware from Shanghai
Biotechnology Corporation. Microarrays were performed by
Shanghai Biotechnology Corporation.
2.9. Quantitative real-time PCR assay

Total mRNA was isolated from cells seeded on SLA and SLA-
DOPA at day 7 using Trizol reagent. cDNA was synthesized by
using a Reverse Transcription kit (Promega, Madison, WI, USA).
Fast Start Universal SYBR Green Master (ROX; Roche, Indian-
apolis, IN, USA) was used, and an ABI 7500 Real-Time PCR
system (Applied Biosystems, Foster City, CA, USA) was applied
in the present study. Relative quantication was performed
using the DDCt method. The sequences of primers used for
syndecan-1 (SDC1), dipeptidyl peptidase 4 (DPP4), and neuro-
bromin 2 (NF2) are listed in Table 1.
2.10. Statistical analysis

All data are mean� standard deviation (SD). The t-test was used
to evaluate differences between groups with SPSS 17.0 (SPSS
Inc., Chicago, USA) soware for Microso Windows; P < 0.05
was considered signicant.
Table 1 Primers used for quantitative real-time PCR

Gene Forward sequence (50–30)

GAPDH 50-GGCAAGTTCAACGGCACAGT-
SDC1 50-CTGCCGCAAATTGTGGCTAC-
DPP4 50-AGTGGCACGGCAACACATT-30

NF2 50-AGTGGCCTGGCTCAAAATGG-

This journal is © The Royal Society of Chemistry 2019
3 Results and discussion

Titanium implants are widely used in dentistry and orthope-
dics, owing to their excellent biocompatibility and mechanical
properties. A previous study found that while the thin native
oxide lm on titanium implants exhibited great biocompati-
bility, it was considered inert as it rarely bonded to the
surrounding tissue.23 To enhance titanium biocompatibility
and shorten the duration of bone-healing, various methods of
surface modication have been employed that alter the phys-
ical, chemical and biological properties of implants.24 Particu-
larly, the application of a simple DOPA coating lm via oxidative
polymerization has provided a controlled and versatile
approach for surface modication.25 DOPA modication is an
economical and controlled process. It can be used to modify
subjects with complex geometry and in conjugation of other
biomolecules as a platform for further modications.26

3.1. Effect of DOPA-coating on the surface properties of
sand-blasted and acid-etched (SLA) titanium

Fig. 1a shows the surface morphologies of SLA and SLA-DOPA
titanium discs as observed by SEM. The partial aggregates of
polymerized DOPA seen on the SLA-DOPA discs conrm
successful formation of a DOPA lm coating the surfaces.
Dopamine particles measuring from 10–100 nm wide and 10–
25 nm high can occur on polished surfaces.27,28 Bone tissue is
composed of complex three dimensional hierarchical struc-
tures, which contribute to the integral mechanical properties of
bone. Therefore, nanomaterials with macro- and microstruc-
tures that can mimic bone tissue prove promising candidates in
the development of bone engineering scaffolds.29 Our 3D optical
microscopy analysis revealed that SLA implants produced
a microroughened surface topography with large cavities. We
also found that modication using simple DOPA increased the
average surface roughness from 1.742 � 0.173 mm (for SLA
alone) to 2.283 � 0.166 mm (SLA-DOPA; P < 0.05). These results
indicate that when titanium discs are immersed in DOPA
solution, self-polymerization particles or layers spontaneously
grow on the titanium surface. Moreover, aer observing the
micro-scale structure of the titanium surface, we observed the
surface roughness increased slightly between the DOPA-
modied surface and the control group. However, the under-
lying surface topography did not signicantly change.

The water contact angle (CA) of a material's surface, which is
the angle between the liquid drop (tangent) and the solid
surface (horizontal), reects its hydrophilicity; <90� is consid-
ered hydrophilic, while >90� is considered hydrophobic. We
Reverse sequence (50–30)

30 50-GCCAGTAGACTCCACGACAT-30

30 50-TGAGCCGGAGAAGTTGTCAGA-30

50-AGAGCTTCTATCCCGATGACTT-30

30 50-TGTTGTGTGATCTCCTGAACCA-30

RSC Adv., 2019, 9, 9117–9125 | 9119
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Fig. 1 Characterization of sandblasted and acid-etched (SLA) titanium and SLA–3,4-dihydroxy-L-phenylalanine (DOPA) titanium surfaces. (a)
Scanning electron microscopy analysis shows partial aggregates of polymerized DOPA on SLA-DOPA surfaces. (b) Three-dimensional optical
microscopy images. (c) Water contact angle: SLA-DOPA surface ismore hydrophilic than the SLA surface. Data aremean� SD (***P < 0.001, n¼ 3).
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showed that DOPA coating signicantly reduced the contact
angle, from 128.41 � 6.83� to 61.79 � 7.54� (Fig. 1c). Surface
energy can be measured indirectly using the liquid–solid CA.
There are many methods to calculate the surface free energy,
such as Owens–Wendt–Rabel–Kaelble (ORWK) method, Zisman
approach, and Good–Girifalco method et al. However, serious
deviations in surface free energy have been reported using
different approaches.30 Meanwhile, calculation of CA hysteresis
of surface biomaterial adhesion strengths can provide better
insight into the bioadhesion mechanism.31 Albeit, the values of
CAs of clinical dental implants range widely; it is generally
accepted that surface hydrophilicity is a critical factor for
protein and cell adhesion during early stages of osseointegra-
tion.32 For example, chemical modication of hydrophobic SLA
titanium discs has been shown to create superhydrophilic
microstructures that enhance cellular osteogenesis compared
9120 | RSC Adv., 2019, 9, 9117–9125
to hydrophobic ones.33 However, extremely high surface ener-
gies may hinder cell motility and subsequent cell function.34

The optimal hydrophilicity of dental implants for best biolog-
ical and clinical outcomes still remains unclear. Furthermore,
DOPA-coating increases surface hydrophilicity, owing to its
catechol and amine functional groups,35 and water contact
angle decreases as a function of dopamine concentration,
reecting increased hydrophilicity.36 DOPA layer formation is
a two-part process involving simultaneous adsorption and
polymerization. During the polymerization process, a serious
reaction can occur under alkaline conditions. For example, o-
quinone was shown to be oxidized from the catechol group of
DOPA and deposited on the surface through strong covalent
interactions.37 In our previous study, we conrmed the surface
chemistry of simple DOPA modication using XPS analysis, by
revealing a nitrogen signal from the amine group.38 Non-
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09952a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
M

ar
ch

 2
01

9.
 D

ow
nl

oa
de

d 
on

 1
1/

8/
20

25
 1

0:
09

:3
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
specic interactions, including electrostatic charge and hydro-
phobic interactions, between the cell membrane and the
substrate surface can cause cell adhesion. Hydrophobic
surfaces have been reported as unfavorable for pre-adsorbed
proteins adhesion and subsequent attachment.32 Moreover,
physicochemical changes upon DOPA coating, which include
surface roughness, wettability, and functional group changes,
can all inuence subsequent cell spreading and adhesion
properties.
3.2. DOPA-coating promotes adhesion, proliferation, and
differentiation of BM-MSCs on SLA titanium discs

BM-MSCs play a key role in bone regeneration around ortho-
pedic implants or other bone tissue-engineered scaffolds, owing
to their osteogenic differentiation potential. Cellular adhesion
of BM-MSCs to the substrate is the initial stage of cellular
migration and proliferation; therefore, direct and rm adhesion
is important for proper implant osseointegration. Furthermore,
the initial adhesion step is a prerequisite for osteogenic differ-
entiation of MSCs into mature osteoblasts, responsible for bone
formation on the bone–implant interface.39 We evaluated the
inuence of DOPA-coating on cellular adhesion of BM-MSCs,
using cytoskeletal F-actin staining. We noted that cells exhibi-
ted a atter and larger morphology on SLA-DOPA than on SLA
alone at 1 and 3 h (Fig. 2a). Quantitative analysis showed that
DOPA-coating enhanced cellular adhesion at 1, 3, and 24 h (P <
0.05) (Fig. 2b). This is consistent with previous studies that
showed DOPA-coating increases cellular adhesion on modied-
substrates.28,40 Although it remains unclear how DOPA-coating
improves cellular adhesion, reports have suggested that the
increased surface energy is responsible.41,42 Furthermore,
several studies have postulated that cell behavior is regulated by
serum proteins immobilized on DOPA-modied substrates,42 or
that attachment is inuenced by cellular integrins.43 The results
of our adhesion analysis indicate that DOPA-coating enhances
cellular adhesion of BM-MSCs, which favors osteogenic differ-
entiation during bone remodeling.

DOPA signicantly increased BM-MSC proliferation at days 1
and 3, compared with SLA alone (P < 0.05), but not at day 7
(Fig. 2c). Previous reports have shown enhanced cellular
proliferation on synthetic pDA-modied polymer
substances.44,45 ALP is an important marker of early osteoblastic
differentiation. We noted DOPA coating signicantly enhanced
ALP activity of BM-MSCs compared with control cells at day 7 (P
< 0.001) (Fig. 2d), suggesting that DOPA-coating enhances
osteoblastic differentiation. Similarly, Yu et al. showed that
pDA-coating enhanced ALP activity of MC3T3-E1 cells on tita-
nium at day 3. Our quantitative analysis of Alizarin Red S
staining at 21 days indicates that DOPA-coating promotes
osteogenic differentiation (Fig. 2e). In line with these observa-
tions, coating with dopamine has also been shown to promote
osteogenic differentiation of MSCs on polymer bers, acceler-
ating human adipose-derived stem cells towards osteogenic
differentiation.16 In our study, we used an osteogenic differen-
tiation medium to induce osteogenic differentiation. We
observed an enhanced effect of cells on DOPA-modied
This journal is © The Royal Society of Chemistry 2019
titanium discs in ALP and our quantitative calcium deposition
assays indicated that MSCs exhibited a differentiated osteo-
blastic phenotype compared with cells on the untreated SLA
surface. Previous studies have used osteogenic differentiation
medium and proliferation medium simultaneously to analysis
ALP activity, with cells treated in proliferation medium used as
the negative control.31 Interestingly, no remarkable differences
in ALP activity were observed for MG63 cells treated in prolif-
eration medium between zirconia ceramics and DOPA-modied
ZrO2 groups.26 MSCs grown on polydopamine-coated poly (L-
lactide) bers have shown higher differentiation of ALP activity
and osteogenic genes under the osteogenic conditions.46 These
conicting results of ALP and osteogenic activity could be
attributed to the difference between cells, cell numbers, the
level of protein expression and osteogenic conditions.
3.3. Comparison of mRNA expression proles of BM-MSCs
cultured on titanium discs with or without DOPA coating

We next usedmicroarrays to compare mRNA expression proles
and identify key factors that control osteogenic differentiation
of BM-MSCs cultured on SLA and SLA-DOPA discs for 7 days. We
performed gene ontology (GO) enrichment analysis to deter-
mine differentially expressed genes during day seven, which is
when MSCs on the DOPA-modied SLA surfaces exhibited
a more differentiated phenotype compared with cells on the
untreated SLA surface. Fig. 3a shows the differential gene
expression was considered signicant if the fold change was
>1.1 or <0.9 and P < 0.05. We focused on top 23 GO functions
and the vertical axis is the signicant GO functions and the
horizontal axis is the enrichment factor (enrichment factor >
1.5) in Fig. 3a. These GO functions were related to focal adhe-
sion, cell–substance junction, RNA binding and other impor-
tant relevant biological processes. Among these top 23 GO
functions, we focused on focal adhesion genes (Fig. 3b), which
not only play an important role in cellular adhesion, but also
behave as a key transducer of anchorage to the cell membrane,
transferring information from the extracellular matrix (ECM).
Fig. 3b is the differential genes that participated in the GO
function of focal adhesion, which is a key transducer of
anchorage to the cell membrane, transferring information from
the extracellular matrix (ECM). The heat map of Fig. 3b showed
the differential gene in color gradation. Each ECM protein
contains characteristic motifs, which are recognized by
different integrins. Ligand-occupied integrins cluster and
recruit other cytoskeletal proteins to stimulate formation of
focal adhesions, establishing a connection between the cell and
ECM.47 Proper cell–ECM attachment and formation of focal
adhesions at the substrate interface play an important role in
osteogenic differentiation and osteoneogenesis.48 Several
studies have suggested that signaling pathways involving
stimulation of mitogen-activated protein kinase (MAPK) and
focal adhesion kinase (FAK) mediated by monomeric small G
proteins, such as members of Rac, Cdc42 and Rho, are impor-
tant transduction elements. Upregulation of gene expression
related to the FAK-extracellular signal-regulated kinase (ERK)–
MAPK signaling pathway promotes MSC osteogenic
RSC Adv., 2019, 9, 9117–9125 | 9121
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Fig. 2 Effects of SLA-DOPA coated titanium on the cellular responses of human bone marrow-derived mesenchymal stem cells (BM-MSCs) in
vitro. (a) BM-MSC adhesion to SLA and SLA-DOPA 1, 3 and 24 h after seeding via FITC-conjugated phalloidin (green signal) and 40,6-diamidino-2-
phenylindole dihydrochloride (DAPI) staining (blue signal). Cells are more widely spread on SLA-DOPA at 1 and 3 h. Scale bar ¼ 50 mm. (b) DAPI
staining of cell attachment; more pronounced cell adhesion is observed on SLA-DOPA at 1, 3 and 24 h. (c) Cell counting kit-8 assays of cell
proliferation on day 1, day 3 and day 7. (d) Cellular alkaline phosphatase activity assay on day 7. (e) Quantification of cellular calciummineralization
on day 21. Error bars are mean � SD, n ¼ 3; *P < 0.05; **P < 0.01; ***P < 0.001 vs. SLA.
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differentiation.49,50 Using real-time PCR, we veried our micro-
array results. We revealed upregulation of SDC1, DPP4 and NF2
mRNA expression in BM-MSCs on SLA-DOPA discs compared
with SLA alone (Fig. 3c). Cooperation between SDC1 and
specic integrins plays a major role in matrix remodeling,
9122 | RSC Adv., 2019, 9, 9117–9125
matrix metalloproteinase secretion, cell adhesion, migration
and cytoskeletal rearrangement.51 DPP4 has previously been
reported to increase cell adhesion through the regulation of E-
cadherin, MMPs and TIMPs.52 NF-2 and its product merlin
(moesin, ezrin, and radixin-like protein) are thought to be
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 DOPAmodified SLA titanium influences gene expression in BM-MSCs. (a) Gene ontology pathway analysis for BM-MSCs on SLA and SLA-
DOPA. Differential gene expression was considered significant if the fold change was >1.1 or <0.9 and P < 0.05. The vertical axis displays the
significant GO functions and the horizontal axis is the enrichment factor (enrichment factor > 1.5). (b) Heat maps of differentially expressed genes
for focal adhesion. Red represents high expression; blue represents low expression. (c) Expression levels of SDC1, DPP4 and NF2 mRNA in BM-
MSCs cultured on different surfaces after incubation for 7 days. Date are shown as mean � SD.*P < 0.05; **P < 0.01 vs. SLA.
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associated with the plasma membrane and cytoskeleton, which
affect cell motility and signal transduction.53,54 In our study, we
observed an up-regulation of genes, namely those involved in
focal adhesion, in BM-MSCs seeded onto DOPA-coated surfaces.
This mechanism is consistent with our observations of
increased cellular adhesion and osteoblastic differentiation of
BM-MSCs seeded onto DOPA-modied surfaces.
4 Conclusions

We characterized the effects of a simple polymerized DOPA lm
on titanium surfaces. SLA-DOPA titanium discs enhanced BM-
MSC adhesion, spreading, proliferation and differentiation,
This journal is © The Royal Society of Chemistry 2019
and upregulated expression of genes involved in focal adhesion
in vitro. Therefore, our results suggest that surface modication
with simple DOPA may provide a promising strategy to enhance
new bone formation and remodeling around the implants.
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