
Influence of Surface Chemistry on Adhesion and Osteo/Odontogenic
Differentiation of Dental Pulp Stem Cells
Ting-Ting Yu,† Fu-Zhai Cui,‡ Qing-Yuan Meng,‡ Juan Wang,§,⊥ De-Cheng Wu,§,⊥ Jin Zhang,∥

Xiao-Xing Kou,† Rui-Li Yang,† Yan Liu,† Yu Shrike Zhang,*,∥ Fei Yang,*,§,⊥ and Yan-Heng Zhou*,†

†Center for Craniofacial Stem Cell Research and Regeneration, Department of Orthodontics, Peking University School and Hospital
of Stomatology, Beijing 100081, P. R. China
‡School of Materials Science and Engineering, Tsinghua University, Beijing 100084, P. R. China
§Beijing National Laboratory for Molecular Sciences, State Key Laboratory of Polymer Physics & Chemistry, Institute of Chemistry,
Chinese Academy of Sciences, Beijing 100190, P. R. China
⊥University of Chinese Academy of Sciences, Beijing 100049, P. R. China
∥Division of Engineering in Medicine, Department of Medicine, Brigham and Women’s Hospital, Harvard Medical School,
Cambridge, Massachusetts 02139, United States

*S Supporting Information

ABSTRACT: The complex interaction between extracellular
matrix and cells makes the design of materials for dental
regeneration challenging. Chemical composition is an
important characteristic of biomaterial surfaces, which plays
an essential role in modulating the adhesion and function of
cells. The effect of different chemical groups on directing the
fate of human dental pulp stem cells (hDPSCs) was thus
explored in our study. A range of self-assembled monolayers
(SAMs) with amino (−NH2), hydroxyl (−OH), carboxyl
(−COOH), and methyl (−CH3) modifications were prepared.
Proliferation, morphology, adhesion, and differentiation of
hDPSCs were then analyzed to demonstrate the effects of
surface chemical groups. The results showed that hDPSCs attached to the −NH2 surface displayed a highly branched osteocyte-
like morphology with improved cell adhesion and proliferation abilities. Moreover, hDPSCs cultured on the −NH2 surface also
tended to obtain an increased osteo/odontogenesis differentiation potential. However, the hDPSCs on the −COOH, −OH, and
−CH3 surfaces preferred to maintain the mesenchymal stem cell-like phenotype. In summary, this study indicated the influence
of chemical groups on hDPSCs in vitro and demonstrated that −NH2 might be a promising surface modification strategy to
achieve improved biocompatibility, osteoconductivity/osteoinductivity, and osseointegration of dental implants, potentially
facilitating dental tissue regeneration.
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1. INTRODUCTION
For many years, titanium (Ti) and its alloys have been the most
commonly used material in dental and orthopedic implants,
based on its appropriate mechanical strength and intrinsic
ability to support osseointegration.1 However, the osseointe-
gration process usually takes long,2 and more often, a thin
amorphous zone or lamina limitan will appear between the
bone and the implant surface.3 These challenges lead to
increased risks of implant failure in clinic.4,5 To achieve a faster
and enhanced osseointegration ability, more bioactive Ti
surfaces are needed. Inspired by the natural biomineralization
process, more recent research has focused on surface
modification methods that can possibly simulate this process
to accelerate bone formation on implant surfaces. Li et al. found
that the sol−gel-prepared Ti may nucleate Ca/P due to the
abundant −OH groups on the surface.6 Campbell et al.

introduced −SO3H to the surface of Ti to initiate Ca/P
deposition.7 These studies indicated that a proper chemical
composition is essential in the biomineralization process to
facilitate bone formation.
Many studies have further investigated the interactions

between cells and material surfaces, and have revealed the
importance of chemical functional groups and how their
associated difference in hydrophilicity could have affected cell
shape, adhesion, and differention.8−13 It is known that the
differential cell shape14 and adhesion15 caused by the properties
of the material surfaces can modulate the stem cells fate,
potentially through the alteration of downstream signaling
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pathways that direct cell proliferation, and differentiation.13

Rowena et al. indicated that human bone marrow mesenchymal
stem cells (hBMMSCs) needed to spread, adhere, and flatten to
undergo efficient osteogenesis, while nonspreading, rounded
cells mostly became adipocytes.16 Furthermore, several studies
demonstrated the influence of surface chemistry on cellular
responses.13,17,18 For example, Allen et al. showed different
gene expression profiles in cells on surfaces of varying
hydrophobicity.17 These studies indicated that the chemical
structure on the surface may guide stem cell fate on-demand,
but the research on dental stem cells is still rare. Currently,
there have rarely been investigations on the effect of surface
chemical modification on dental stem cells, especially its role on
directing cells toward the odonto/osteogenic lineage under the
stimuli of different surface chemistries.
Moreover, teeth constitute a promising cell source that can

be used for a range of therapeutic and regenerative medicine
applications.19 Dental pulp stem cells (DPSCs) are of particular
interest among all the dental stem cells, since they are
convenient and affordable to collect from extracted third molars
or orthodontically extracted teeth in dental clinics. DPSCs
originate from migrating neural crest cells and have multipotent
differentiation ability, such as osteogenesis, chondrogenesis,
adipogenesis, odontogenesis, and neurogenesis, under appro-
priate inductive conditions.20−22 Alge et al. investigated the
difference between DPSCs and BMMSCs, and verified that
DPSCs obtained an elevated clonogenic ability, an increased
proliferation rate, and a higher mineralization potential
compared to BMMSC.22 In vivo studies also proved that
DPSCs represented an excellent cell source to regenerate bone
defect in large animals.23−25 Indeed, using DPSCs it was
capable of producing new woven bones, so as to accelerate the
implant loading time.26 These advantages suggested that
DPSCs are a promising cell source for applications in dental
regeneration.
A key challenge in stem cell research is to direct their

differentiation toward specific lineages in a well-controlled
manner. Notably, materials with various characteristics have
been generated and applied for dental and bone regeneration
protocols with dental stem cells.27−31 Recent studies have
demonstrated that demineralized/chemically treated dentin
matrices (TDM)27 or cryopreserved TDM (CTDM) with
proper mechanical and biological characteristics,28 could
promote the adhesion of DPSCs and guide the cells into
dentinogenic differentiation.29 We previously studied the
interplay between intrafibrillarly mineralized collagen (IMC)
and dental stem cells, and found that the surface chemical
structure could contribute to directing the cells toward
osteogenic differentiation.32

Based on the promising effect of surface chemical
modification, more systematic investigations have been
performed in this study, focusing on the surface chemical
groups and their roles on regulating the proliferation, adhesion,
morphology, and osteo/odontogenic differentiation of human
DPSCs (hDPSCs). Self-assembled monolayers (SAMs) as a
surface modification method, which can achieve a stable,
reproducible, and patterned chemical surfaces,33−36 have been
widely utilized to investigate biomineralization processes34,35

and cell behaviors.10−13,36,37 Among all, amino (−NH2),
hydroxyl (−OH), carboxyl (−COOH), and methyl (−CH3)
functional groups have been commonly studied for their effects
on stem cell behaviors,10−13,36 because all these functional
groups naturally occur within the biological system and

represent distinctive physical and chemical characteristics.
Therefore, we used SAMs of alkanethiols to prepare a range
of chemically defined gold (Au)-coated Ti surfaces with
respective functional groups. The hDPSCs were cultured on
the surfaces for different time periods, and the influence of
chemical groups on hDPSCs was characterized.

2. MATERIALS AND METHODS
2.1. Preparation and Characterization of SAMs on Au-

Coated Ti Surfaces. To obtain surfaces with well-defined chemical
structures, we used SAMs of alkanethiols on Au. The sequential
deposition of Ti (10 nm) and Au (40 nm) films was conducted by
electron beam evaporator (ANELVA L-400EK, Canon Anelva Co.,
Kanagawa, Japan) to obtain Au-coated silicon wafers. 11-amino-1-
undecanethiol [HS-(CH2)11-NH2], 11-mercapto-1-undecanol [HS-
(CH2)11−OH], 11-mercaptoundecanoic acid [HS-(CH2)11-COOH],
and 1-undecanethiol [HS-(CH2)11-CH3] were purchased from Sigma-
Aldrich (St. Louis, USA). Different chemical groups were grown on
Au-deposited films after immersion in 1.0 mmol/L alkanethiol
solutions protected from light for overnight at 4 °C. After washing
with sterile phosphate-buffered solution (PBS, ThermoFisher,
Waltham, USA) and dried using nitrogen (N2) gas, all coverslips
were immersed in 70% (V/V) alcohol overnight. Following the
modification, the thickness of the modified chemical layers would be
around 2 nm according to its atomic composition and structure
patterned on the substrates.34,35 We used the Au-only surfaces as the
control group.

The surface roughness and topography of each sample was
measured using scanning electron microscopy (SEM; Hitachi S-
4800, Hitachi, Japan) and atomic force microscopy (AFM; MFP-3D,
Asylum Research Inc., Santa Barbara, USA) under contact model.
After the modification, each SAM with modified chemical functional
groups was characterized by contact angle measurements (Data-
physics, Filderstadt, Germany). Furthermore, ESCALab220i-XL
electron spectrometer from VG Scientific was used for X-ray
photoelectron spectroscopy (XPS) detection under 300-W Al Kα
radiation. The base pressure was 3 × 10−9 mbar. C 1s line at 284.8 eV
from adventitious carbon was referenced as binding energy. Data
analysis was carried out using XPSPEAK.

2.2. Cell Culture. The hDPSCs were obtained from healthy human
teeth, which were extracted for orthodontic or impaction reasons from
patients of 10−25 years old at Peking University School of
Stomatology, under the Ethical Guidelines PKUSSIRB-201311103.
For dental pulp retrieval, each tooth was cracked open longitudinally
using a bone cutter in a tissue culture hood. Collected pulp tissue was
rinsed with PBS, minced into small pieces, and incubated in medium
containing 0.25% (W/V) type I collagenase for 30 min and transferred
to culture plate filled with culture medium, containing 10% (V/V) fetal
bovine serum (FBS, ThermoFisher), 1% (W/V) glutamin (Thermo-
Fisher), and 1% (W/V) streptomycin and penicillin antibiotics
(ThermoFisher). The hDPSCs at passage 3 were used in all
experiments. To validate the isolated hDPSCs, we assessed the
multidifferentiation potential of the cells toward osteogenesis and
adipogenesis. In addition, the mesenchymal stem cell (MSC) markers
of CD44 and CD90 were tested positive for our isolated hDPSCs, and
the hematopoietic lineage markers, such as CD45 and CD34 (Figure
S1) were tested negative, by using Accuri C6 flow cytometer (BD
Biosciences, San Jose, USA).20

2.3. Cell Viability Assays. Cholecystokinin octapeptide (CCK-8)
cell viability assay (Dojindo, Mashikimachi, Japan) was used to
examine the cell viability following the manufacturer’s protocol. Briefly,
the initial density of seeding cells in 96-well plates was 1.0 × 104 cells/
well. After hDPSCs were cultured for 1, 3, and 7 days, 300.0 μL of
culture medium containing 30.0 μL of CCK-8 was used to incubate
with cells for 2 h. Finally, the cell viability was measured using
microplate reader under the wavelength at 450 nm (Bio-Rad, Hercules,
USA).

2.4. SEM Morphological Observation. To evaluate the influence
of chemical group substrata on cells morphology, 1.0 × 104 cells were
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seeded per well. Cell morphology was investigated by SEM at 15 kV.
After 1 and 7 days of incubation, nonattached cells on the substrates
were removed by washing twice with PBS. Subsequently, 4% (W/V)
paraformaldehyde (PFA) was used to fix cells and the samples were
thoroughly rinsed with PBS. Afterward, the cells were gradually
dehydrated (50, 60, 70, 80, and 90% (V/V) ethanol, each for 15 min)
and air-dried for 3 h. At the end, they were sputter-coated with Au
(99.99%) and observed by SEM. It is well-established that there is a
strong link between cell morphology and cell function.32,38,39 While
the shapes of the osteoblasts are cuboidal, osteocytes are highly
branched. To extract cell morphologies influenced by different
chemical groups, we drew cell outlines for branching analysis. Terms
used in this study for evaluate branching are defined as follows: the
basal dendrites descending from the base of the soma is determined as
primary branching point; the dendrites descending from the primary
branching are termed secondary branching point; and the dendrites
descending from the secondary branching are named tertiary
branching points.38 For each group, 50 cells were analyzed. The
measurements of cell areas were taken using the ImageJ software
(National Institutes of Health, Bethesda, USA). The number of
branching points originating from projection with a length of greater
than 5 μm32,38 was calculated as the number of branching points for
each cell.
2.5. Immunofluorescence Assay of Cytoskeleton and Cell

Adhesion. 1.0 × 104 cells were seeded and cultivated for 24 h. After
fixation, the cells were permeabilized and 10 μg/mL antivinculin
antibody (1:500, Sigma-Aldrich) was incubated for overnight at 4 °C.
Then Alexa Fluor-647 goat antimouse IgG (1:200, Abcam, Cambridge,
USA) and Alexa Fluor 488-Phalloidin (Sigma-Aldrich, St. Louis, USA)
at 2 μg/mL were applied. Finally, the mounting medium containing
DAPI (Sigma-Aldrich, St. Louis, USA) was used for nuclei staining. To
obtain confocal images, the Zeiss laser scanning microscope LSM 510
and LSM 5 Release 4.2 software (Carl Zeiss, Thornwoody, USA) were
used.

2.6. Alkaline Phosphatase (ALP) Activity Assay. The hDPSCs
were cultured on 24-well plates (1.0 × 105 cells/well) with the culture
medium for 7 days. ALP Yellow Liquid substrate system for ELISA
(Sigma-Aldrich) was used to analyze the ALP activity on day 7
following the manufacturer’s protocol. The values were measured
using a microplate reader under a wavelength of 405 nm.

2.7. Osteo/Odontogenic-Related Gene Marker Examination
by Polymerase Chain Reaction (PCR). Total RNA was isolated
using Trizol reagent (ThermoFisher). Reverse transcription and real-
time PCR were followed as previously described.40 Expression levels of
osteo/odontogenic-related gene markers including Runx2, ALP, DMP-
1, and DSPP were quantified, as well as the GAPDH, which served as
the housekeeping gene. The primers were commercially synthesized
with the sequences indicated below: for human GAPDH, sense 5′-
ATGGGGAAGGTGAAGGTCG-3′, antisense 5′-GGGGTCAT
TGATGGCAACAATA-3 ′ ; for human Runx2, sense 5′ -
C CGCCTCAGTGATTTAGGGC - 3 ′ , a n t i s e n s e 5 ′ -
GGGTCTGTAATCTGACTCTGTCC-3′; for human ALP, sense 5′-
A ACATCAGGGACATTGACGTG - 3 ′ , a n t i s e n s e 5 ′ -
GTATCTCGGTTTGAAGCTCTTCC-3′; for human DMP-1, sense
5′-TGGCGATGCAGGTCACAAT-3′, antisense 5′-CCATTCCCAC-
TAGGACTCCCA-3′; for human DSPP, sense 5′-AGGAAGTCTCG-
CATCTCAGAG-3′, antisense 5′-TGGAGTTGCTGTTTTCTGTA-
GAG-3′; The melting curve was used to determine the efficiency of
the primers.

2.8. Western Blot Analysis. Proteins were obtained using the M-
PER mammalian protein extraction reagent (ThermoFisher). A 4−
12% NuPAGE gel (ThermoFisher) was used to separate the applied
proteins, which were then transferred to 0.2-μm nitrocellulose
membranes (Millipore, Billerica, USA). After blocking for 1 h, primary
antibodies were applied to incubate the membranes for overnight at 4
°C. Afterward, the membranes were thoroughly washed and incubated
in HRP-conjugated IgG (Santa Cruz Biotechnologies, Dallas, USA;
1:10,000) for 1 h. SuperSignal West Pico Chemiluminescent Substrate

Figure 1. Surface characterization of SAM-modified Au surfaces. (A) Schematic of a thiol monolayer self-assembled on an atomically flat Au-coated
Ti substrate; flat Au substrate was observed by (B) SEM and (C−E) AFM. (C) 3D AFM images of the flat Au substrate. (D) Cross-sectional height
of flat Au substrate with (E) measurement.
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(ThermoFisher) and BioMax film (Kodak, Rochester, USA) were used
to detect immunoreactive proteins. β-actin antibody was used to
quantify the protein loading amount. We purchased Anti-β-actin
antibody from Sigma-Aldrich, while ALP, Runx2, DSPP, and DMP-1
antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz
Biotechnologies).
2.9. Alizarin Red S (ARS) Staining. The hDPSCs were cultured

under osteogenic conditions (1 × 10−7 M dexamethasone, 10 mM β-
glycerophosphate, and 0.05 mM L-ascorbic acid phosphates in the
culture medium). After 3 weeks of differentiation, the cells were fixed
using 4% PFA. Matrix mineralization was stained by 2% ARS staining
and the samples were measured for mineralized nodule formation.
2.10. Data Analysis. SPSS 13.0 program (SPSS Inc. Chicago,

Illinois, USA) was used to perform statistical analysis. All data were
presented as mean ± standard deviation. Comparisons between groups
were assessed using one-way ANOVA. Values of P < 0.05 were
considered statistically significant.

3. RESULTS

3.1. Physicochemical Characterization of Different
Surfaces. The topography and roughness of SAM formation

on Au-coated surfaces were observed by SEM (Figure 1B) and
AFM (Figures 1C−E). The images proved the smoothness of
the surfaces. The results of water dynamic contact angle
measurements for SAM-modified surface are shown in Figure 2.
Among all the experimental groups, the −OH surface appeared
to be the most hydrophilic one (38.2 ± 1.3°), whereas the
−CH3 surface was the most hydrophobic (96.8 ± 4.5°) due to
its nonpolar characteristics. Moreover, the contact angle of the
−NH2 surface was 55.5 ± 3.4°, higher than that for the
−COOH surface (47.7 ± 2.9°), although both could still be
classified as hydrophilic. The surface wettability values we
obtained here are consistent with the literature.10−12,34−36

Furthermore, the atomic compositions of the surfaces were
analyzed by XPS (Figure S1, Tables S1 and S2). The
introduction of mercapto ligand to the Au-coated Ti surface
was demonstrated by the decrease in the Au content and
increase in the S content. The detection of 2.7% N element
further confirmed that the surface was successfully modified
with amine groups. The functional compositions of the surfaces
were determined from the C 1s core levels. Figure S1 shows the

Figure 2. Contact angles of SAM-modified surfaces. Shown are (A) droplet profiles and (B) contact angle measurements. Five droplets were
analyzed with contact angles measured from both sides. ***P < 0.001.

Figure 3. Cell proliferation characterization via (A) SEM and (B) CCK-8 assay of hDPSCs on surfaces functionalized with different chemical groups
after 1, 3, and 7 days of incubation. Scale bar = 50 μm. *P < 0.05, **P < 0.01, ***P < 0.001.
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peaks of C 1s on the surface of the Ti−Au plate modified by
the four groups, and the results were consistent with the
corresponding chemical structures. The appearance of the C−
N peak (Figure S1A), the O−CO peak (Figure S1B), and
the C−O peak (Figure S1C) showed that the −NH2, −COOH,
and −OH groups were introduced to the surfaces, respectively.
In comparison, there was only the C−C peak appearing in
Figure S1D, consistent with the surface modified with the
−CH3 group. Meanwhile, based on the calculation of S and Au
atomic compositions, the comparable S/Au ratios at around
0.11 verified that all the modified surfaces had similar densities
of the functional groups. Other information related with these
surfaces such as AFM and Fourier transform infrared
spectroscopy (FTIR) have been reported in our previous
studies.34−36

3.2. Cell Viability Related to Different Chemical
Groups. The effects of surface-modified substrates on the
proliferative activity of hDPSCs were assessed by SEM and
CCK-8 analyses. Figure 3A shows the SEM images, which
represented the distinct cell densities after hDPSCs were
cultured on different chemically modified surfaces on days 1, 3,
and 7. These results were further supported by CCK-8 analysis
of hDPSCs at the same time points (Figure 3B). On day 1,
−OH, −NH2, and −CH3 surfaces displayed similar cell viability
with the control group, whereas the level of cell viability on the
−COOH substrates was significantly elevated compared with
the control group. By days 3 and 7, the values of viable cells on
all different substrates had significantly increased with the cell
growth on the −CH3 surface. On days 1, 3, and 7, the least
amount of viable cells was found on the −CH3 surface,
especially on days 3 and 7, where the values were significantly
lower than all other surfaces. On days 3 and 7, however, a
significant increase in the number of viable cells was detected
on the −NH2 surface, and the value was significant higher than
all other modified surfaces at the same days. However, the
−COOH and OH surfaces also supported cell growth, and
their 3- and 7-day values were significantly greater than those
for the control substrate.
3.3. Cell Morphology. When hDPSCs were cultured on

the surfaces modified with different chemistries, their
morphologies became different. On both days 1 and 7 (Figures
3A and 4A), the morphologies of the hDPSCs on the control
surface was adherent, spindle-shaped, and elongated fibroblast-
like in appearance. On day 7, the densities of the cells were
elevated on the control surface, and the cells were oriented.
Meanwhile, the cells grown on the −NH2 surface became
flattened and many of them displayed the typical osteoblast-like
morphology and appeared to be multilayered. After analyzing
the cell areas (Figure 4B) and the number of branching (Figure
4C), the results indicated that the hDPSCs cultured on the
−NH2 surface had larger cell areas and more branching than
did hDPSCs on other substrates. The cells seeded on the −OH
and −CH3 surfaces displayed elongated shapes and the cells
formed clusters in certain areas on the surfaces on day 1. By day
7, there were increases in cell coverage on both −OH and
−CH3 surfaces, but the cells appeared in round shapes on the
−CH3 surface and elongated shapes on the −OH surface. Most
of the hDPSCs cultured on the −COOH surface appeared to
be rounded on both days 1 and 7. On the basis of the fact that
the hDPSCs became overly confluent in most regions on day 7,
the determination of the single cell outlines was difficult so that
quantification was not performed.

3.4. Cytoskeleton and Cell Adhesion. The cell adhesion
and cytoskeletal formation on the different surfaces were
further detected, with focal adhesion points (FAPs) of the
hDPSCs stained by using vinculin, F-actin used to label the
cytoskeletal arrangement, and counterstain of nuclei using
DAPI (Figure 5). From the fluorescence micrographs after 24 h
of culture on the surfaces, the density of FAPs was measured.
Among all the surfaces, the cells cultured on the −NH2 surface
showed the highest level of FAPs (Figure 5B). The image
clearly showed that the FAPs were located within the plasma
and mainly ends of the stress fibers (Figure 5B, arrow).
Meanwhile, the cells cultured on the −NH2 surface exhibited a
clear cytoskeleton structure and clear evidence of stress fiber
formation. The cytoskeleton formations of the hDPSCs
cultured on the −COOH (Figure 5C), −OH (Figure 5D),
−CH3 (Figure 5E), and control (Figure 5A) surfaces were
comparable to that observed on the −NH2-modified substrate
at 24 h, indicating that the stress fibers of viable cells on each
surface could be well-formed. However, the cell adhesion
revealed by FAPs suggested that the cells in contact with the
−CH3 surface displayed a significantly lower level of FAP
density among all the test groups (Figure 5F), where
immunostaining of vinculin could be barely detected in the
hDPSCs cultured on the surface. The influences of the
−COOH and the −OH surfaces toward cell adhesion were
similar to those of the control group.

3.5. Influence of Chemical Modification on Osteo-
genic/Odontogenic Differentiation of hDPSCs. To assess
the effect of different chemical groups on guiding hDPSC
differentiation into the odonto/osteogenic lineage, we meas-
ured the mRNA levels of ALP, Runx2, DSPP, and DMP-1
(Figure 6A) and ALP activity (Figure 6B) after 7 days of

Figure 4. (A) SEM images of hDPSCs morphology cultured on
surfaces with different chemical groups for 24 h. Scale bar = 25 μm.
Cell morphology were quantified for (B) area and (C) number of
primary, secondary, and tertiary branch points for hDPSCs cultured on
different chemically modified surfaces (n = 50). *P < 0.05, **P < 0.01.
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culture in the growth medium without any additional osteo/
odontogenic differentiation-stimulating agents. Furthermore,
Western blot (Figure 6C) and ARS staining (Figure 6D) were
also performed to validate the osteogenic differentiation of
hDPSCs on surfaces with various functional groups on 7 and 21
days of osteogenic induction, respectively.
The mRNA expression levels for Runx2, ALP, DSPP, and

DMP-1 were compared among all the modified surfaces. The
control group was set for the mRNA expression baselines
(relative expression values at 100%). As indicated by the results,
there was a significant increase of the four genes on the −NH2
substrate at 7 days compared with those in the control group.
Both DSPP and DMP-1 are hallmarks of odontoblastic
differentiation.41 DSPP, expressed by odontoblastic cells and
known as an odontoblast-specific marker,42 demonstrated a
1.87-fold increase for the cells cultured on the −NH2 surface
compared to those on the control substrate. Meanwhile, DMP-
1, one of the noncollagenous extracellular matrix proteins, a key
marker for odontoblasts,43 displayed an increase of 3.16 times
for cells on the −NH2-modified surface. Both DSPP and DMP-
1 expression levels for the cells on the −NH2 surface were
higher than all the other experimental groups as well.
Furthermore, two other important osteogenic markers,
Runx2, which is an early stage osteo/odontogenesis-related
gene,44 and ALP, which is important for ECM mineralization,45

were also evaluated. Both of them showed significant increases
for cells grown on the −NH2 surface. On the other hand, the

mRNA levels of Runx2, ALP, DSPP, and DMP-1 were not
significantly and consistently affected by the −COOH, −OH,
and −CH3 surfaces at 7 days, when compared to control
surface. Similarly, the ALP activity of the hDPSCs was
significantly higher on the −NH2 surface compared with
those on all the other groups.
After the hDPSCs were cultured under the induction of

osteogenesis on surfaces with various chemical groups for 7
days, we extracted the protein from seeded hDPSCs on all the
modified surfaces and evaluated the odonto/osteogenic-related
gene expression on protein level by using Western blot (Figure
6C). The results were consistent with those obtained from RT-
PCR and ALP activity analysis, where the expression of protein
levels for Runx-2, ALP, DSPP, and DMP-1 were all elevated on
the −NH2 surfaces compared with other groups. Furthermore,
ARS staining for hDPSCs under osteogenesis induction for 21
days (Figure 6D) also showed that the mineral deposition by
the hDPSCs on −NH2 surfaces were significantly higher than
all the other groups. These data indicated that −NH2 could
potentially promote the differentiation of hDPSCs toward the
odonto/osteogenic lineage.

4. DISCUSSION
In this study, the modified Ti surface was made by coating with
Au followed by inducing the formation of SAMs of alkanethiols
to create well-defined surfaces presenting a range of chemical
moieties with distinct characteristics.33−37 Using this model
system, the impact of surface chemistry on the biological
behaviors of hDPSCs as well as their osteo/odontogenic
differentiation was investigated, which may expand our
knowledge in future surface design of implants or other
applications. The results demonstrated that the −NH2-modified
surface could better support cell proliferation, enhance the
formation of focal cell adhesion, and influence the osteo/
odontogenic differentiation of the hDPSCs compared to other
surfaces.
Previous studies have indicated that nanoscale surface

modifications have the ability to modulate the biological
activity of cells.46−48 Thus, to achieve a convincing chemical
modification, we used the electron beam evaporation technique
to create Au films with a thickness of 40 nm, which were
proven to be flat for the subsequent modification with chemical
functional groups. The functional groups were successfully
generated on the surfaces through self-assembly and they had
similar densities/nanoscale topographic features according to
analyses in our previous studies34−36 as well as XPS
measurements (Figure S2, Tables S1 and S2). Therefore, the
cell behaviors should not have been affected by the nanoscale
features,46−48 if any, on our surfaces.
The hydrophilicity of chemical surface was observed to affect

the viability and morphology of the hDPSCs. It is well-known
that the hydrophilicity is a key factor of surface modification in
directing cell and tissue behaviors.49,50 Further influence of
surface chemistry and its hydrophilicity on cell morphology
have been also demonstrated by previous studies.9−12 In our
study, the hDPSCs seemed to specifically prefer to spread out
on the hydrophilic −NH2 surface with a high-branching,
elongated morphology. The proliferation rate of the cells on the
−NH2-modified surface was significantly higher than those on
all the other test groups. Although the cells could also attach to
the most hydrophobic −CH3 surface, they appeared in a
smaller, more compact, and rounded morphology. Moreover,
based on F-actin staining images, among all the experimental

Figure 5. Confocal laser scanning microscopy images of cytoskeleton
demonstrating cell adhesion and cytoskeletal formation of hDPSCs
cultured on various surfaces after 24 h of culture. Immunofluorescence
staining of F-actin (green), DAPI nuclear (Blue), vinculin (red), and
merged images. Scale bar = 20 μm. (A) Control surface, (B) −NH2
surface, (C) −COOH surface, (D) −OH surface, and (E) −CH3
surface. (F) Mean fluorescence intensity of vinculin of hDPSCs seeded
on different surfaces were quantified (n = 50). *P < 0.05, **P < 0.01.
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groups, the cells cultured on the −NH2 surface exhibited a well-
defined cytoskeleton structure and clear evidence of stress fiber
formation. It has been demonstrated in previous study that
thick and clear stress fiber formation could facilitate down-
stream cellular activities and induce differentiation of MSCs.51

Indeed, the hDPSCs cultured on the −OH, −COOH, and
−CH3 surfaces maintained the MSCs phenotype as those
cultured on control surfaces. Cell viability data further proved
that the −OH and −COOH surfaces maintained the cell
viability, while the cells grown on the −CH3 surface displayed
the lowest proliferation rate compared with the other
substrates, indicating the effect of hydrophilicity. The
morphology, FAP density, orientation, and odonto/osteogenic
related gene and protein expressions of hDPSCs cultured on
the −CH3, −OH, −COOH, and control surfaces seemed to
exhibit no apparent changes.
Nevertheless, the hDPSCs cultured on the −NH2 surface not

only displayed larger spreading area with multiple extending
pseudopodia, the focal adhesion density was also the highest
among all the groups. In contrast, the cells in contact with the
−CH3-modified surface exhibited a rounded morphology as
well as the lowest FAP density. As Barcabac et al. suggested,
rounded cells appeared to be less adherent and displayed a thin
cytoskeleton conformation compared to flatter cells.52 This
result might be attributed to the different composition of
surface chemistry, surface free energy, and/or hydrophobicity as
previously demonstrated.49,50 Furthermore, on the basis of
previous studies on the nonspecific protein and detergent
adsorptions to SAMs of alkanethiolates on Au,53 the correlation

between the wettability of the SAMs and the adsorbed protein
size was demonstrated. Proteins with smaller and larger sizes
among those tested were adsorbed on the least wettable
surfaces. Therefore, in our study, both the adhesion and
proliferation of the hDPSCs cultured in contact with the
hydrophilic surfaces (−OH, −COOH) and moderately wet-
table surface (−NH2) were promoted in comparison to the
hydrophobic surface (−CH3). This effect might have occurred
because surface proteins exhibited less organized secondary
structures on hydrophobic surfaces than hydrophilic ones.54

Similarly, Barrias et al. examined the interplay between stem
cell adhesion and the adsorption of adhesive proteins on
various −OH/−CH3 SAMs with different wettabilities.55 They
found that −OH SAMs better sustained the cell-binding activity
of proteins and stem cell adhesion as compared with the
hydrophobic −CH3 SAMs. These results were consistent with
our findings and may provide us a method to illustrate the
interaction between surface chemistry and cell attachment.
Having a good biocompatibility is essential for implants, and

the ability to actively induce cells toward odonto/osteogenic
differentiation is also desired. Our study showed that the
hDPSCs cultured on the −NH2 surface exhibited a highly
branching, well-spread, elongated morphology, maintaining a
statistically significantly higher density of FAPs by 24 h than the
cells on all other surfaces. By day 7, the hDPSCs reached a
confluent monolayer and well-orientated spreading. It is known
that cell adhesion and morphology can mediate their biological
behaviors, such as metabolism, signal transduction, and fate
commitment.9,56−58 In our study, the changes in the

Figure 6. Chemical functional groups altered hDPSCs osteo/odontogenic differentiation through the detection of (A) osteo/odontogenic-related
gene expression and (B) ALP production. Both mRNA levels and ALP activity were investigated after 7 days of culture in growth medium without
any osteo/odontogenic differentiation-related stimuli factors. (C) Western blot and (D) ARS staining were measured after the cells were induced in
osteogenic medium for 7 and 21 days. Scale bar = 200 μm. *P < 0.05, **P < 0.01, ***P < 0.001.
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morphology and increased FAP density of the hDPSCs resulted
in an increase in ALP activity, which represents an early marker
of odonto/osteogenic differentiation. At the mRNA level, the
specific osteo/odontogenesis-related genes were significantly
elevated after the culture of hDPSCs on the −NH2-modified
substrate compared to all the other substrates. Furthermore,
Western blot and ARS staining results also supported these
findings. Collectively, it seems that the hDPSCs preferred to
attach to the −NH2-modified surface and could form a highly
branching “osteoblast-like” morphology, which could have
pushed them toward an odonto/osteogenesis pathway instead
of maintaining the mesenchymal phenotype or differentiating
into other cell types. Better surface hydrophilicity is known to
promote early osseointegration of implants by inducing better
early cellular response of bone-forming cells via the increased
adsorption of cell adhesion proteins.46,59 Thus, the −NH2
surface possessing a proper wettability is anticipated to be
beneficial for achieving osteogenesis as compared with the most
hydrophobic surface (−CH3) or the most hydrophilic surface
(−OH).

5. CONCLUSIONS
By utilizing alkanethiol-based SAM technique, a range of well-
defined surfaces with different chemistries were successfully
created, terminated with −NH2, −OH, −COOH, and −CH3
functional groups. Their distinct surface hydrophilicity and
chemical characteristics contributed to direct the biological
behaviors of hDPSCs. In this study, the −NH2 surface was
found to not only sustain the viability of the hDPSCs, but to
also direct the cells to commit to the specific odonto/
osteogenic lineage potentially through enhanced cell focal
adhesion, cytoskeleton structure, and cell morphology changes.
The hDPSCs cultured on the control, −COOH, −OH, and
−CH3 surfaces preferred to maintain the mesenchymal
phenotype. These findings suggested that, a simple chemical
modification on biomaterial surfaces may be used to control the
complicated cell-matrix interactions and cell functions. The
findings have provided us with a strategy for improving the
biocompatibility and osseointegration of dental implant
materials, and may be further expanded for use in bone graft
or plastic surgery. As we realize the limitation of the current
study, more biological behaviors of hDPSCs such as viability,
phenotype maintenance, and multiple-lineage determination
are currently under exploration and will be reported in future
publications. Furthermore, the underlying mechanisms of the
different surface chemistries on the behaviors of the hDPSCs
still require more systematic investigations and possibly in vivo
validation.
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