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ABSTRACT: The effects of bioactive properties and surface topography of biomaterials on the adhesion and spreading
properties of mouse preosteoblast MC3T3-E1 cells was investigated by preparation of different surfaces. Poly lactic-co-glycolic
acid (PLGA) electrospun fibers (ES) were produced as a porous rough surface. In our study, coverslips were used as a substrate
for the immobilization of 3,4-dihydroxyphenylalanine (DOPA) and collagen type I (COL I) in the preparation of bioactive
surfaces. In addition, COL I was immobilized onto porous electrospun fibers surfaces (E-COL) to investigate the combined
effects of bioactive molecules and topography. Untreated coverslips were used as controls. Early adhesion and growth behavior of
MC3T3-E1 cells cultured on the different surfaces were studied at 6, 12, and 24 h. Evaluation of cell adhesion and morphological
changes showed that the all the surfaces were favorable for promoting the adhesion and spreading of cells. CCK-8 assays and flow
cytometry revealed that both topography and bioactive properties were favorable for cell growth. Analysis of β1, α1, α2, α5, α10
and α11 integrin expression levels by immunofluorescence, real-time RT-PCR, and Western blot and indicated that surface
topography plays an important role in the early stage of cell adhesion. However, the influence of topography and bioactive
properties of surfaces on integrins is variable. Compared with any of the topographic or bioactive properties in isolation, the
combined effect of both types of properties provided an advantage for the growth and spreading of MC3T3-E1 cells. This study
provides a new insight into the functions and effects of topographic and bioactive modifications of surfaces at the interface
between cells and biomaterials for tissue engineering.
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■ INTRODUCTION

Because a bone defect does not heal in the same way as a
normal wound, grafts of bone and its substitutes are now used
as an effective solution to this problem. Currently, autografts,
allografts, as well as grafts of alloplastics and synthetic bone are
the most widely used strategies for grafting in bone tissue
engineering.1 Although autologous bone transplantation is the
gold standard and allografting is an attractive alternative to
autografts in bone repair, these procedures carries the risk of
inducing a secondary trauma and immunological rejection.
Therefore, an ideal bone substitute is required to circumvent
the current difficulties.

Successful bone tissue regeneration requires at least three key
factors: (I) the cells, (II) the scaffold that provides a structural
support to the cells, and (III) cell−matrix (scaffold)
interactions that direct bone tissue growth.2 Three-dimensional
(3D) scaffolds are also a key factor in bone tissue engineering.
Tissue engineering now faces a major challenge in providing
optimal interactions at the interface between scaffolds and cells.
To mimic the structure of the cell-extracellular matrix (ECM),
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the topography and active chemical groups at the scaffold
interface must provide support to the matrix-infiltrating cells.
However, how differences in characteristics such as topography
and biochemical properties (e.g., roughness, smoothness,
solubility, and chemistry) at the interface correlate to
differences in osteoconductivity and osteoinductivity remains
to be elucidated. To date, reports have described various
methods of surface modification for better cellular attachment,
such as plasma treatment,3 physical adsorption,4 and chemical
immobilization of ECM molecules and cell recognition
peptides.5

In recent years, electrospinning has become a new and
inexpensive nanofiber approach that has attracted significant
public attention.6 More than 100 different types of polymers
have been produced as films by electrospinning, including poly
lactide-co-glycolide (PLGA).7 Conventional fibers produced by
mechanical fiber spinning usually measure tens of microns in
diameter, while the submicron-diameter polymeric fibers or
nanofibers produced by electrospinning can be readily
controlled to provide higher specific surface area and
topography that mimics the ECM. Compared to other types
of scaffolds, those based on electrospun nanofibers with
isotropic aligned fibers have shown superior ability in guiding
cell migration,8 shaping cell morphology,9 and directing cell
differentiation.10

Type I collagen (COL I), the basic structural component of
bone has been widely investigated and presents excellent
properties that facilitate cell attachment.11,12 Collagen is
considered to induce positive effects on cellular adhesion,
proliferation and differentiation,13 and also has direct relevance
to orthopedic applications.14 COL I is used to modify
biomaterial surfaces in order to enhance their bioactivity (e.g.,
on the surfaces of polymers polystyrene,15 titanium and
titanium alloys16). However, COL I coated onto the surface
has a rapid degradation rate that exceeds the rate of bone
regeneration. Similar to other adhesive peptides and growth
factors, COL I is immobilized onto biomaterial surfaces via
either chemical or physical strategies to avoid rapid
degradation.17,18 Although playing an important role in early
cell adhesion and bone mineralization, the function of COL I in
such processes is still far from being well-understood.
Mussels have excellent ability to adhere to virtually all types

of inorganic and organic surfaces,19,20 with DOPA and its
analogous compounds identified as critical functional elements
in the mussel adhesive protein.21 By self-polymerization of
dopamine, a thin polydopamine film can form on the surface of
almost all materials.22 This method has been widely
incorporated into glass23 and organic and polymeric materi-
als,24,25 such as PLGA5 and polyethylene glycol (PEG).26

Because of the presence of catechol and amine functional
groups, DOPA increases the hydrophilicity of the cell surface.27

Studies have shown that the amine group promotes cell
adhesion and spreading.28

In a dynamic environment, cells respond to chemical and
physical stimulation by changing their function or reorganizing
the cytoskeleton. Cells interact with the ECM through
receptors on their surface, including integrins, which are
heterodimeric glycoproteins consisting of α- and β-subunits in
mammals. Currently, 18 α and 8 β subunits have been
identified and exist in a variety of combinations. Each of these
receptors binds to ECM proteins with a different affinity; for
example, α5β1 binds strongly to fibronectin (FN),29,30 whereas
α1β1, α2β1, and α11β1 are known as collagen I receptors.

Different integrins regulate the specific behavior of cells; for
example, the α1β1 and α2β1 integrins have been implicated in
the regulation of cell growth and migration in breast cancer.31

However, the functions of other integrins, such as α10β1 and
α11β1, in the regulation of cell growth and migration are still
unknown. To date, many reports have shown that the
topographical and biochemical properties of biomaterials
regulate cell adhesion via specific integrins. For example, it
has been demonstrated that compared with a smooth surface,
the roughness of modified nanoscale surfaces alters the
adhesion of erythroleukemia cells by increasing the surface
density of adsorbed FN and significantly upregulating α5β1
mRNA expression.32 On nanogrooved surfaces, integrins and
cell adhesive proteins such as FN or VN (Vitronectin) are also
key factors involved in specific cell adhesion.33 However, the
effects of the bioactive properties and topography of interfaces
in different stages of adhesion and the interaction with different
integrins remain to be clarified.
In this study, four different surfaces were prepared to

investigate the roles of topography and bioactive properties on
the adhesion and spreading properties of the mouse
preosteoblast cell line MC3T3-E1. The PLGA electrospun
surface was suitable for the evaluation of cellular adhesion on a
surface with a porous rough topography, whereas DOPA and
COL I were immobilized to compare the effects of two
different bioactive molecules on surfaces. Finally, COL I was
immobilized onto a porous electrospun fiber surface (E-COL)
to investigate the combined effects of bioactive molecules and
topography. Finally, the effects of topography and bioactivity
on different stages of adhesion and the expression of specific
integrins on the cell morphology, proliferation and β1 integrin
expression were investigated. Analysis of mRNA and protein
expression was used for quantitative investigation of integrin-
specific responses to topography and bioactivity.

2. MATERIALS AND METHODS
2.1. Preparation of Four Different Surfaces. Five groups:

Control, untreated coverslips; DOPA, DOPA-coated coverslips; COL,
COL I-coated coverslips; ES, poly lactic-co-glycolic acid (PLGA)
electrospun fibers; E-COL, COL I immobilized onto ES.

For electrospinning, the PLGA (75/25, 0.72 dL/g inherent
viscosity; Jinan Daigang Biomaterial, Jinan, China) was dissolved in
trifluoroethanol to a concentration of 10% (w/v). After transferring
the polymer solution to a 5 mL glass syringe, the solution was injected
in to an infusion pump (TS2−60; Baoding Longer Precision Pump
Co. Ltd., Baoding, China) through a stainless-steel blunt needle. The
injection rate was 0.4 mL/h under 20 kV voltages (HB-F303−1-AC,
Zhejiang, China). Coverslips were adhered to aluminized paper on a
flat tray, which was positioned at a distance of 10 cm from the needle
tip. The obtained PLGA fibrous membranes (ES) were dried 24 h
under vacuum at room temperature.

The type I collagen solution used in this study was prepared
according to the previous study.5 Lyophilized COL was dissolved in
0.05 mol/L acetic acid (China sun Specialty Products, Jiangsu, China)
to a concentration of 5 mg/mL. After adjusting the pH to 7.0 with
sodium hydroxide solution, the combined and type I collagen surfaces
were produced by pouring the type I collagen solution onto the surface
of PLGA films and coverslips. The surfaces were rinsed three times
with phosphate buffer saline (PBS 1×). Gelation was achieved in
approximately 30 min at room temperature followed by evaporation
for a further 4 h.

For DOPA surfaces, coverslips were immersed into dopamine
(dopamine hydrochloride; Aladdin, Shanghai, China,) solution (2 mg/
mL dissolved in 10 mmol/L Tris solution, pH 8.5). After self-
polymerization for 24 h, a nanoscale thin polydopamine (PDA) film
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formed on the surface of the coverslips. The PDA coverslips were
rinsed three times with Tris solution.
All procedures were performed using aseptic technique and the

prepared surfaces were sterilized under UV for 4 h before cell-seeding.
2.2. Cell Culture. The MC3T3-E1 cell line (subclone 14) was

purchased from the Cell Bank of the Chinese Science Academy
(Shanghai, China). Cells were cultured in a complete medium
containing α-modified minimum essential medium (α-MEM;
HyClone, Logan, UT, USA) supplemented with 10% fetal bovine
serum (Hyclone), 100 mg/mL streptomycin, and 100 U/ml penicillin
(Beyotime, Shanghai, China). After reaching 80−90% confluence, the
cells were detached using 0.25% trypsin (Gibco, NY, USA) containing
ethylenediaminetetraacetic acid (EDTA) and counted with a
hemocytometer. Cells were subcultured at least twice a week and
were maintained at a humidified atmosphere of 95% air and 5% CO2.
Cells below passage 20 were used for this study.
2.3. Cell Proliferation. Cell Counting Kit-8 Cells used for seeding

the surfaces were plated in a 24-well plate at a density of 8 × 103 cells/
well in triplicate. At 1, 3, 5, 7, and 9 days after seeding, the cell viability
was measured using CCK-8 (Cell Counting Kit-8; Beyotime) assays
according to the manufacturers’ instructions. The optical density
(OD) at 450 nm was determined via an enzyme-linked immunosorb-
ent assay plate reader (Titertek, Helsinki, Finland). Three independent
experiments were performed for each assay condition.
Flow cytometry (FCM) was used to further evaluate the cell cycle.

Cells were seeded in the different groups at a concentration of 3 ×
104/mL and synchronized by serum-starvation for 24 h. At day 5 after
synchronization, the cells were collected, washed three times in ice-
cold PBS (pH 7.4) and fixed in ice-cold 70% ethanol for storage at
−20 °C overnight. Cells were incubated with 0.1 mg/mL RNase for 30
min at 37 °C, and stained with 50 μg/mL PI (Sigma, St. Louis, USA).
The cell cycle was investigated by FCM (BD FACSCalibur, San Jose,
CA) and further analyzed for cell cycle distribution using Cell Quest

software. The cell cycle distributions (G1, S, and G2/M phases) were
described and compared. The experiment was repeated in triplicate.

2.4. Cell Attachment. The morphology of cells that adhered to
the surfaces were visualized after cultivation for 6, 12, and 24 h using
confocal laser scanning microscopy (CLSM; Zeiss-LSM710; Carl
Zeiss, Inc., Jena, Germany) and field-emission scanning electron
microscopy (FESEM; S-4800; Hitachi, Tokyo, Japan).The cells were
seeded as described in Section 2.3.

For CLSM, the samples were washed with PBS (1×), fixed with
3.7% paraformaldehyde for 30 min at room temperature and then
permeabilized with 0.25% Triton X-100/PBS for 3 min. Cells were
then incubated with rhodamine phalloidin (1:200 dilution; Cytoske-
leton, Inc., Denver, CO, USA) for 30 min and rinsed five times with
PBS (1×). After incubation with 4′, 6-diamidino-2-phenylindole
(DAPI, Beyotime) (1:2000 dilution) for 30 s in the dark at room
temperature, samples were rinsed fives times with PBS (1×) and
observed by CLSM.

For FESEM, samples were fixed with 2.5% glutaraldehyde (pH 7.4)
for 4 h, dehydrated using a gradient series of ethanol:distilled water
(30:70, 50:50, 90:10, and 100:0). Each sample was freeze-dried under
vacuum and sputter-coated with gold for observation by FESEM.

2.5. Integrin β1 Immunofluorescence. After cultivation for 6,
12, and 24 h, the samples were rinsed with PBS (1×), fixed with 3.7%
paraformaldehyde for 15 min at room temperature, permeabilized with
0.5% Triton X-100 in PBS for 3 min and sequentially blocked with 3%
bovine serum albumin (BSA) for 30 min. Following overnight
incubation with the specific primary detection antibody (β1, Abcam
plc,) (1:50 dilution), cells were further incubated with the secondary
antibody, Alexa Fluor 488 goat antirabbit IgG (Beyotime) (1:200
dilution), and cytoskeleton actin staining (Inc.). Images were captured
using a Zeiss LSM 710 microscope and analyzed using the LSM image
browser.

2.6. RNA Isolation and RT-PCR. Cells were centrifuged at 1000
rpm for 5 min and total RNA was extracted using the TRIzol reagent

Table 1. Primers for RT-PCR Analysis

gene forward primer (5′-3′) reverse primer (5′-3′)
β1 Integrin ATCCCAATTGTAGCAGGCGTGGTT GACCACAGTTGTCACGGCACTC
α1 Integrin CTGCTGCCTGTGGACTTTAG CTGGAGCGGTGGAAGAGTAA
α2 Integrin GGGACCTCACAAACACCTTC ACTGCTATGCCGAACCTCAG
α5 Integrin GGGAGTGAGACCTGGCAACT CTGGAGCGGTGGAAGAGTAA
α10 Integrin TTGTGAGAGCAGCAAGGAAC TAGTGACCAAGGACCGCAAT
α11 Integrin AGGATGGGCTTGTGGACCTA GACGGTTGCTGTTTGGAAGT
gapdh TGCACCACCAACTGCTTAGC GTCTTCTGGGTGGCAGTGATG

Figure 1. Field-emission scanning electron microscopy images of different surfaces and MC3T3-E1 cell morphologies at 12 h after seeding on
different surfaces (Control, untreated coverslips; DOPA, DOPA-coated coverslips; COL, COL I-coated coverslips; ES, poly lactic-co-glycolic acid
(PLGA) electrospun fibers (ES); E-COL, COL I immobilized onto ES). (a, e) ES surface; (b, f) E-COL surface; (c, g): COL surface; (d, h) DOPA
surface.
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(Invitrogen) following the manufacturer’s protocol. Reverse tran-
scription reactions were performed with 1000 ng total RNA using
PrimeScript RT reagent kit (TaKaRa Bio Co., Ltd., Otsu, Japan). The
generated cDNA was used as template for real-time PCR reactions
using SYBR Premix Ex Taq kit (TaKaRa). The sequences of primers
used in this study are listed in Table 1. Real-time PCR reactions were
performed using the ABI 7300 Real-time PCR System (Applied
Biosystems, USA) using the following conditions: 95 °C for 5 min,
followed by 40 cycles of amplification, consisting of a denaturation
step at 95 °C for 10 s, and an extension step at 60 °C for 31 s. The
level of expression of the target gene, normalized to glyceralde-hyde-3-
phosphate dehydrogenase (GAPDH). Relative gene expression values
were calculated by the 2ΔΔCt method as previously described.34 The
experiment was performed three times.
2.7. Western Blot Analysis. Cells were centrifuged at 1000 rpm

for 5 min. Total protein was extracted from cells using RIPA and 1%
Pheylmethylsulfonyl fluoride (PMSF, Shenergy Biocolor, China). The
supernatant was collected following centrifugation for 5 min at 12 000g
(4 °C). The protein concentration was assessed using a Bradford
method. Equal amounts of protein samples were separated by 10%
SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF)
membranes (Millipore, Massachusetts, USA) membranes. The
membranes were then blocked in Tris-buffered saline with 0.1%
Tween-20 (TBST), containing 5% skimmed milk for 2 h at room
temperature. The blocked membranes were then incubated with
primary antibody Integrin β1 (Abcam) (1:800 dilution) at 4 °C
overnight. GAPDH (Bioworld, USA) was used as an internal control.
After washing with TBST the next day, membranes were incubated in
PBS, containing the secondary antibody (horseradish peroxidase goat
antirabbit conjugated, Beyotime, Shanghai, China) (1:2000 dilution)
at room temperature for 1 h. Immunoreactive bands were detected
using the enhanced chemiluminescence reagent (Millipore). Western
blot results were analyzed using the ImageJ (NIH, Bethesda, USA) and
GraphPad Prime 5.0 software. Each experiment was performed for
three times.
2.8. Statistical Analysis. Statistical analysis was performed using

SPSS v.17.0 software. Data were presented as the mean ± SD.
Significance was accepted at a level of P < 0.05. After testing the data
for normality, statistical analysis was performed using one-way
ANOVA followed by the least significant difference test (LSD). All
quantitative data reported represent the mean of at least three
independent experiments.

3. RESULTS AND DISCUSSION

3.1. Microstructure of Different Surfaces. FESEM
images of the different surfaces are shown in Figure 1. Uniform
and smooth PLGA electrospun (ES) fibers (diameter, 500 nm
to 1 μm) were randomly arranged, forming rough surfaces
containing interconnected pores (Figure 1a). In contrast to ES,
E-COL exhibited a spider-web-like topography that penetrated
throughout the interconnected pores (Figure 1b). The
topographies of the COL and DOPA surfaces were distinct
(Figure 1c, d). The bundles of COL I fibers in COL were
irregular in arrangement (Figure 1c), whereas DOPA showed a
relatively smooth surface (Figure 1d). At 12 h after seeding on
the different surfaces, cells appeared well-spread in all groups.
In the ES and E-COL groups, cells were anchored to the
surface via filopodia along the electrospun fibers (Figure 1e, f),
whereas the filopodia of cells in the COL group were
intertwined with the collagen fibers (Figure 1g). The large
specific surface area and high length to diameter ratio of
electrospun fibers in the ES group facilitates the diffusion of
fluids, oxygen and bioactive substances for cell growth, which is
vital for bone regeneration. The roughness of the electrospun
fibers is suitable for COL I immobilization, and increases the
cell contact area. Furthermore, because of the immobilization of
the bioactive material, E-COL may possess a better bioactivity

than ES. On the DOPA surface, cells showed different shape
with no obvious lamellipodia than the ES, E-COL and COL
surfaces (Figure 1h).

3.2. Cell Attachment Analysis. A suitable interface for
bone regeneration must be biocompatible for cell attachment.
The cellular adhesion process is adjusted by the interaction of
the cell with the ECM, resulting in the formation of focal
adhesions and organization of the cytoskeleton.35 The
cytoskeleton is a three-dimensional grid structure composed
of a variety of specific proteins, which is important for
maintaining cell differentiation, migration and exercising
systolic functions.36 Cellular morphology on different surfaces
was compared (Figure 2). Compared to serum-free conditions,

cells cultured under serum-containing conditions presented a
larger cell spreading area with fully stretched pseudopodia,
indicating that cells attachment is facilitated under these
conditions. It can be speculated that ECM proteins, including
FN, obtained from serum are adsorbed to the surface allowing
direct interaction with cells.37 At 6 and 12 h after seeding under
serum-free conditions, the cytoskeleton was well-organized in
the E-COL, COL and DOPA groups, with long, thin filopodia
present in the COL and DOPA groups. However, the actin
filaments on the ES or Control surfaces were disordered. Our
results indicate that bioactive molecules play an important role
in cell adhesion under serum-free conditions; however the
topography of surfaces does not appear to modify cell adhesion
behavior. In the serum-containing environment, numerous
well-defined and small filopodia were observed on the ES and
E-COL surfaces at 6 h after seeding, especially on the E-COL
surface, indicating enhanced biocompatibility. Cells on the
control surfaces presented a round shape with no obvious
pseudopodia. At 12 and 24 h after seeding, the cells exhibited a
well-spread shape, with a well-organized cytoskeleton observed
in all groups. These results indicate that the topography of the
surface plays an important role in the early stages of cell

Figure 2. Confocal laser scanning microscopy images (×400) of
morphology of cells cultured on different surfaces (Control, untreated
coverslips; DOPA, DOPA-coated coverslips; COL, COL I-coated
coverslips; ES, poly lactic-co-glycolic acid (PLGA) electrospun fibers
(ES); E-COL, COL I immobilized onto ES). Cells were
immunostained for F-actin (red) and nucleus (blue). FBS (−): cells
cultured in serum-free medium. FBS (+): cells cultured in serum
medium. Cell adhesion on different surfaces was compared by cellular
morphology.
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adhesion. Compared with the effects of any of the topographic
or bioactive properties in isolation, the combined effects of the
two types of properties provided an advantage in cell adhesion
and spreading, possibly because of enhanced protein adsorption
induced by the increased roughness or specific surface area.
3.3. Integrin β1 Immunofluorescence Analysis. Im-

munofluorescence studies were conducted to investigate the
role of β1 integrin molecules in cell attachment (Figure 3). This

is an essential transmembrane molecule, which acts as a link
between the extracellular matrix and cytoskeleton proteins.38 In
our study, after seeding for 6, 12, and 24 h in a serum-
containing environment, cells cultured on all surfaces expressed
β1 integrin protein. As shown in Figure 3, the distribution of β1
was in accordance with cell morphology and localized at the
plasma membrane. At 6 h, the cells presented a round shape
with almost no spreading in COL, DOPA and Control groups.

High expression of β1 integrin was detected in the E-COL
group, whereas there was almost no expression in the other
four groups. Elongated pseudopodia were observed in the E-
COL and ES groups, whereas no obvious pseudopodia were
observed in the other groups. However, at 12 and 24 h, high
expression of β1 integrin was observed in all groups. Previous
studies have indicated that β1 integrin expression facilitates the
attachment of cells onto the surface by mediateing the
interaction between cells and adsorbed matrix proteins from
the culture medium.39 Our results indicate that proteins are
adsorbed onto the biomaterial surface via topographic proper-
ties in the early stages of adhesion, which is consistent with the
CLSM results. The distribution of β1 integrin was almost
identical to that of the actin cytoskeleton. Studies have shown
that cell movement and differentiation are regulated by the
actin cytoskeleton in a process that may involve integrin-
mediated matrix binding and signaling pathways,40,41

3.4. Western Blot and RT-PCR Analyses of β1 Integrin
Expression. It is now widely acknowledged that integrins act
as cell adhesion molecule bind to ECM proteins regulating
intracellular signaling and facilitating cell attachment and
spreading.42 In this study, a quantitative analysis of β1
expression and that of the α subunits was then conducted to
investigate the involvement of different adhesion receptors
during the adhesion process.
The mRNA and protein expression levels of the β1 subunit

were measured quantitatively by RT-PCR and Western blot
analyses, respectively (Figure 4). At 6 h after seeding, β1
integrin mRNA expression of cells grown on E-COL was
obviously upregulated compared with the other groups (P <
0.05) (Figure 4a). Furthermore, increased β1 integrin mRNA
expression was observed in the COL and DOPA groups in
comparison with the Control group at 12 h (P < 0.05) (Figure
4b), whereas there were no significant changes in expression in
any of the groups at 24 h (P > 0.05) (Figure 4c). Combined
with the CLSM results, this finding suggests that both the
topography and bioactive characteristics modulate β1 integrin
mRNA expression in the early stages of adhesion and that this
effect is enhanced by the combination of the two characteristics.
At 6 h, β1 integrin protein expression in the cells grown on

E-COL was significantly higher than those in the other four
groups (P < 0.01) (Figure 4d). In addition, at 6 h, higher levels
were detected in the ES group compared with those in the
DOPA, COL and Control groups (P < 0.05) (Figure 4d).
These results suggest that the rough topography may
significantly modulate β1 integrin expression in the early stages
of adhesion, while bioactive characteristics play an important
role at the later stages. At 12 and 24 h, β1 integrin protein levels
were consistent with the mRNA levels detected by RT-PCR. At
12 h, the β1 integrin protein levels in the DOPA and COL
groups were significantly upregulated compared with that in the
Control group (P < 0.01) (Figure 4e). β1 protein expression in
the E-COL group was significantly higher than that in the other
four groups (P < 0.001). These results further suggest that the
topographical properties of the surface play an important role
in regulating the expression β1 integrin in the early stages,
whereas the combined effect of topographical and bioactive
characteristics exert a greater effect that either of the individual
types of characteristics alone. It may be that collagen fibers in
two-dimensions offer a high degree of polymerization and tight
arrangement, whereas the distribution of the three-dimensional
space between the electrospun fibers exposes more collagen
active sites than the two-dimensional arrangement. However,

Figure 3. Localization of β1 integrin and F-actin protein was identified
by immunofluorescence staining at 6, 12, and 24 h after seeding onto
the different surfaces (Control, untreated coverslips; DOPA, DOPA-
coated coverslips; COL, COL I-coated coverslips; ES, poly lactic-co-
glycolic acid (PLGA) electrospun fibers (ES); E-COL, COL I
immobilized onto ES). Cells were observed by confocal laser scanning
microscopy ( × 200) and immunostained for F-actin (red), nucleus
(blue), β1 (green). The bottom rows in each panel show the merged
images.
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there were no significant differences in β1 integrin expression of
the different groups at 24 h (p > 0.05) (Figure 4f). We
hypothesize that this is due to adsorption of proteins from the
serum. At 6 h, protein adsorption by rough surfaces was more
rapid than that of bioactive sufaces, thus providing an adhesion
advantage. However, at 24 h, adsorption of proteins was
complete so there was no significant difference in integrin
expression levels between the groups.
3.5. RT-PCR Analysis of α-Integrin Subunits. Integrins

bind specifically to the proteins adsorbed on surface of
materials, acting as a bridge between the cell and the
ECM.43,44 Integrins comprise an α chain and a β chain; two
transmembrane glycoprotein subunits, which are noncovalently
bound. The most common binding site is the tripeptide amino
acid sequence arginine−glycine−aspartic acid (RGD),45,46

which is present in most ECM proteins, such as FN, VN and
the collagens. However, several other restricted recognition
sequences, for instance, the DGEA (Asp−Gly−Glu−Ala)
sequence in collagen I are also recognized by α2β1 integrin,
and blocking ECM proteins or integrins with antibodies proved
significant inhibition of cell adhesion and spreading.39,47

Previous studies have demonstrated that α1/β1, α2/β1, α10/
β1, and α11/β1 are major receptors for collagen, whereas α5 is
known as a specific FN-binding integrin.48 Figure 5 shows the
α-integrin gene (α1, α2, α5, α10, and α11) expression in the
cells cultured on the five different surfaces at 6, 12, and 24 h
after seeding. Our data showed that α5 integrin gene expression
was significantly upregulated in the DOPA group at the 12 and
24 h compared with the levels in the other groups (P < 0.001).
Combined with the obvious changes in cell morphology

Figure 4. (a−c) Gene expression levels of β1 integrin relative to gapdh in cells cultured on different surfaces. d−f: Protein expression levels of
integrin β1 relative to GAPDH in cells cultured on the five surfaces (Control, untreated coverslips; DOPA, DOPA-coated coverslips; COL, COL I-
coated coverslips; ES, poly lactic-co-glycolic acid (PLGA) electrospun fibers (ES); E-COL, COL I immobilized onto ES) (left). Densitometry
analysis of each band was performed and calculated using GAPDH expression as a control (right). *, P < 0.05 vs Control; Δ, P < 0.05 vs COL; □, P
< 0.05 vs E-COL.
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observed in the DOPA group, our results indicate that DOPA
acts primarily by adsorbing FN from the serum to increase the
adhesion. Investigations have shown that the surface free
energy of materials is obviously increased after coating with
DOPA, which is widely used as an intermediate layer for
covalent immobilization of bioactive molecules such as heparin
and BSA.49 However, collagen I is highly polymerized, forming
fibers in the COL surface, which may inhibit optimal binding of
bioactive molecules from the serum by steric hindrance. Thus,
it can be speculated that FN adsorption to the COL surface was
less efficient than to the DOPA surface. Study revealed that
immobilization onto the surface of biomaterials allows FN to
mediate bone morphogenesis and differentiation of osteoblasts
via α5/β1.32 At 6 and 12 h the gene expression of α1, α2, α10,
and α11 integrins was significantly upregulated in the COL and
E-COL groups compared with the levels in the other groups (P
< 0.05) (Figure 5). It may be that binding sites such as the
RGD and DGEA sequences on the COL surface are recognized
by the integrins. It was in consistent with the previous study.50

However, at 24 h, there were no significant differences between
the groups (P > 0.05).

Expression of α1 was significantly upregulated in the E-COL
group compared with that in the COL group at 12 h (P < 0.05).
Compared with the Control group, α10 expression was
significantly upregulated in the ES group at 6 and 12 h (P <
0.05), whereas α11 expression in this group was significantly
upregulated at 6 h (P < 0.05). These observations indicate that
the topography of surfaces plays an important role in the early
stages via mediating the expression of α1, α10, and α11.
Various studies have demonstrated that surface roughness and
porous topography contribute to the adsorption of organic
substances from the serum, which could enhance the initial
attachment of cells compared with a smooth surface.51,52

Electrospun fibers are thought to bear physical similarity to
natural collagen or the ECM.53,54 The porosity of electrospun
surfaces can facilitate nutrient transport, such as fluids, oxygen
and bioactive substances. It can be speculated that organic
substances adsorbed from the serum upregulate the expression
of α1, α10, and α11 in the early stages of adhesion although
this requires further investigation. Thus, our data show that
surface topography promotes α1, α10, and α11 expression at 6
h, whereas the expression of α2 was not correlated with surface

Figure 5. Gene expression levels of different integrins (α1, α2, α5, α10, α11) relative to gapdh in cells at 6, 12, and 24 h after seeding on different
surfaces. Densitometry analysis of each band was performed and calculated using GAPDH expression as a control. *, P < 0.05 vs Control; Δ, P <
0.05 vs COL; □, P < 0.05 vs E-COL.
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topography. This result confirms that the influence of surface
topography on integrin expression is variable.
3.6. Cell Proliferation. After cells adhere to the materials, a

series of processes including proliferation, differentiation, and
ECM deposition continue to occur.55,56 Cell proliferation on
different surfaces was analyzed in Cell Counting Kit-8 assay
(CCK-8) and FCM assays (Figure 6). In CCK-8 assays,
generally increasing OD levels were observed from 1 to 9 d in
all groups, indicating a good biocompatibility for cell
proliferation in all groups, with no statistical differences
detected between different surfaces at same time point (P >
0.05) (Figure 6a). These results were confirmed by FCM
analysis. Flow cytometry assay revealed that the percentage of
cells in S and G2/M phases were not significantly different
when detected between different surfaces at 5 days (P > 0.05)
(Figure 6b). Western blot and real-time RT-PCR analyses
indicated that the topography and bioactive components of
surfaces significantly affect cell adhesion in the early stages,
while these features did not influence cell proliferation at later
stages. Studies have shown that the interaction of integrins with
the ECM affect osteoblast expression of transcription factors
and osteoblast-specific genes.57,58 A previous study revealed
that adhesion and osteogenic differentiation of bone marrow-
derived mesenchymal stems was promoted in culture on
DOPA-coated surfaces, while apoptosis was not affected.59 We
hypothesize that topographic and bioactive modifications of
surfaces influence the later stages of osteogenic differentiation
of cells via integrin molecule interactions. In addition, Cellular
proliferation may be affected by many other factors, such as
three-dimensional space and sufficient nutrition; however,
further studies on the influence of topographic and bioactive
modifications of biomaterials on osteoblast differentiation and
proliferation are required.

■ CONCLUSIONS

In this study, we developed four different surfaces to investigate
the role of surface topography and biological properties in
regulating cellular behavior. PLGA electrospun fibers were
produced for to generate a porous rough surface, whereas
DOPA and type I collagen were immobilized to coverslips to
provide different bioactive surfaces. Type I collagen-coated
PLGA electrospun fibers were used to investigate the combined
effects of bioactive molecules and topography on the adhesion
and growth behavior of preosteoblast MC3T3-E1 cells.
Immunofluorescence analysis of cell morphology indicated

that surface topography plays an important role in regulating
the early stages of cell adhesion. Furthermore, RT-PCR and
Western blot analyses demonstrated that the combined effect of
topographical and bioactive characteristics exerts a greater effect
than that of either of the individual types of characteristics
alone. This study provides new insights into the functions and
effects of topographic and bioactive modifications of surfaces at
the interface between cells and biomaterials for tissue
engineering.
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