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’ INTRODUCTION

Hydroxyapatite (Ca10(PO4)6(OH)2; HAp) is a biocompati-
ble ceramic1 and has been widely investigated with respect to its
application in bone-filling materials with collagen2�5 and as a
drug-delivery carrier.6�9 Its protein adsorption behavior is a
critical issue and has beenwidely investigated.10�12 The real-time
adsorption of proteins on HAp nanolayer deposited with an
electrophoretic deposition (EPD) method has also been
investigated.13�20 However, oxidized polystyrene (PSox) is a
cytocompatible polymer21 that is applicable in tissue culture
dishes. The differences between HAp and PSox surfaces with
respect to cell adhesion have not been elucidated, and there is
little information on the interfacial phenomena between surfaces
and cells. Thus, the interfacial phenomena with cell adhesion
should be studied with the aim of designing superior biomaterial
surfaces.

The cell adhesion behaviors depend on surface properties
such as the topography, wettability, and charge and on the
competitive and multiple adsorption of proteins.22�24 The
conformational change, denaturation, and arginine-glycine-
asparagine (RGD) sequence of the proteins adsorbed on bio-
materials directly govern the biocompatibility, which is attributed
to the adhesion, proliferation, migration, and differentiation of
cells.25,26 An extracellular matrix (ECM) with the RGD sequence
strongly affects cell adhesion.27 Integrin binds to the RGD
sequence in the ECM,28 actin cytoskeletons are then produced,
and the associated proteins form focal adhesion points at the
surfaces.29 The interfacial region close to the surface including

Received: January 3, 2011
Revised: May 6, 2011

ABSTRACT: The adhesion process of osteoblast-like cells on
hydroxyapatite (HAp) and oxidized polystyrene (PSox) was
investigated using a quartz crystal microbalance with dissipation
(QCM-D), confocal laser scanning microscope (CLSM), and
atomic force microscope (AFM) techniques in order to clarify
the interfacial phenomena between the surfaces and cells. The
interfacial viscoelastic properties (shear viscosity (ηad), elastic
shear modulus (μad), and tan δ) of the preadsorbed protein layer
and the interface layer between the surfaces and cells were
estimated using a Voigt-based viscoelastic model from the
measured frequency (Δf) and dissipation shift (ΔD) curves. In
the ΔD�Δf plots, the cell adhesion process on HAp was
classified as (1) a mass increase only, (2) increases in both mass
andΔD, and (3) slight decreases in mass andΔD. On PSox, onlyΔD increases were observed, indicating that the adhesion behavior
depended on the surface properties. The interfacial μad value between the material surfaces and cells increased with the number of
adherent cells, whereas ηad and tanδ decreased slightly, irrespective of the surface. Thus, the interfacial layer changed the elasticity to
viscosity with an increase in the number. The tan δ values on HAp were higher than those on PSox and exceeded 1.0. Furthermore,
the pseudopod-like structures of the cells onHAp had periodic stripe patterns stained with a type I collagen antibody, whereas those
on PSox had cell-membrane-like structures unstained with type I collagen. These results indicate that the interfacial layers on PSox
and HAp exhibit elasticity and viscosity, respectively, indicating that the rearrangements of the extracellular matrix and cytoskeleton
changes cause different cell�surface interactions. Therefore, the different cell adhesion process, interfacial viscoelasticity, and
morphology depending on the surfaces were successfully monitored in situ and evaluated by the QCM-D technique combined with
other techniques.
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the binding of ECM�integrin�cytoskeleton affects the cell
activities and functions. Thus, the in situ monitoring technique
of the interface layers is of great importance.

The protein adsorption and subsequent osteoblast cell adhe-
sion on the surfaces were previously reviewed by Aneslme.24 The
adsorption of different amounts of fetal bovine serum (FBS) on
nanophase ceramics was found to cause different osteoblast cell
adhesion.30 In particular, HAp shows good biocompatibility with
osteoblasts, and the features are attributed to the surface
properties.31�33 The proliferation and mineralization of osteo-
blasts on a HAp sintered body with and without preadsorbed
type I collagen were investigated, revealing the various pheno-
type and gene expression patterns that were different from those
on tissue culture polystyrene (TCPS).34,35 If the cell behavior is
determined by the adlayers of type I collagen, then the gene
expression should be the same for the coatings of the type I
collagen on HAp and TCPS. These results indicated that the cell
functions were determined by the adsorption structure of the
interfacial proteins. Therefore, it is indispensable to clarify the
phenomena between the substrate surface adsorbed proteins and
the cells during the initial adhesion stage.

Among the various means used to investigate the bimolecular
interactions on the surfaces, the quartz crystal microbalance
(QCM) was originally developed to measure mass changes at a
gas�solid interface after Sauerbrey identified the linear relation-
ship between a mass change for a piezoelectric substrate and a
resonance frequency shift (Δf ).36 The development of suitable
oscillator circuits made it possible to monitor adsorption beha-
vior in organic liquids.37 The cell viability and response to certain
agents were first monitored with a piezoelectric sensor developed
by Ebersole et al.38 The QCM can detect the adhesion and
spreading of cells39,40 and is applicable to the cell�microparticle
interaction.41

Various physical parameters with cell adhesion and spreading
were measured to evaluate the viscoelastic properties of the
cell layer, such as the resistance,42�48 transient decay time by
maximal oscillation amplitude,51 and impedance.49,50 Kasemo
et al. suggested a quartz crystal microbalance with dissipation
(QCM-D) technique for the in situ monitoring of the energy
dissipation process with bimolecular adsorption,52�62 which
provides a rapid evaluation of the mass and viscoelasticity of
the hydrated bimolecular adlayers. The QCM-D technique
allowed the monitoring of the cell adhesion and spreading
behaviors on PSox,56�58,60,61 tantalum (Ta),59�61 chromium
(Cr),59 titanium (Ti), and steel.62 The QCM-D technique has
also been used to understand the effect of the preadsorption of
proteins on cell adhesion,59�62 for example, on Ta and Cr with
and without the preadsorption of FBS59 and on Ti, TiO2, and
steel with the preadsorption of fibronectin or fibrinogen.62 These
results indicated that the preadsorption of the ECM proteins
accelerates cell adhesion. However, the real-time in situ mon-
itoring of cell adhesion on HAp as compared to that on other
surfaces has not been investigated in detail. The interfacial
viscoelastic property between HAp and cell adhesion should be
investigated using the QCM-D technique.

In this study, the QCM-D technique was employed to
characterize in situ osteoblast adhesion and spreading on PSox
and HAp preadsorbed FBS proteins in order to provide further
insight into the interfacial cell�surface interactions related to the
cellular pseudopod-like structures. The interfacial viscoelastic
parameters between thematerial surfaces and adherent cells were
also calculated on the basis of a Voigt-based viscoelastic model.

The morphology of the adherent cells was observed using atomic
force microscope (AFM), confocal laser scanning microscope
(CLSM), and confocal laser scanning fluorescence microscope
(CLSFM) techniques. The different cell adhesion process, inter-
facial viscoelasticity, and morphology depending on the surfaces
were evaluated to clarify the interfacial phenomena between the
cells and surfaces.

’EXPERIMENTAL SECTION

Materials. A gold sensor (QSX-301) and a PS sensor (QSX-305,
film thickness of 40 nm on the gold sensor) were purchased from
Q-Sense Inc. FBS (product number 12603C, lot no. 6D0975, SAFCBio-
science Co., Ltd.), alpha minimum essential medium (RMEM, Invitro-
gen Co., Ltd.) as a buffer for protein adsorption and cell adhesion, and
phosphate-buffered saline (PBS, SEIMI Co., Ltd.) as a rinse solution
were used. Ethanol (99.5 vol %), H2O2 (30 vol %), NH3 (25 vol %),
formaldehyde (37 vol %, special grade), t-butyl alcohol (99 vol %, special
grade), and bovine serum albumin (BSA, 011-17844, biochemical grade)
were supplied from Wako Chemical Co., Ltd. RBS@pF solution (<5%
NaOH) as a detergent for the PS sensor was purchased from Sigma-
Aldrich. Osteoblast-like MC3T3-E1 cells (RCB1126) as a cell line were
provided by Riken BioResource Center. Trypsin (0.5%)-1 mM ethyle-
nediaminetetraacetate (trypsin-EDTA, no. 25300) was purchased from
Invitrogen. A plastic cell culture flask with an area of 75 cm2 was
purchased from BD Bioscience. A polyclonal rabbit antimouse collagen
type I R2 chain (sc-28654) and fluorescein isothiocyanate-labeled goat
antirabbit immunoglobulin G antibody (FITC-labeled IgG, F2765)
were purchased from Santa Cruz Biotechnology and Invitrogen (VSA),
respectively. All chemicals were used without further purification.
Preparation of PSox and HAp Sensors. The gold sensor was

cleaned by immersing it into a 5:1:1 mixture of Milli-Q ultrapure water,
H2O2, and NH3 at 70 �C for 10 min. The PS sensor was cleaned with
10 vol % RBS@pF solution, Milli-Q ultrapure water, and ethanol. The
sensors were then dried underN2 gas flow and treated with UV light (λ =
254 and 185 nm, UV/ozone, Bioforce Nanoscience Co.) for 10 min in
air. The PSox sensor and cleaned gold sensors were obtained.

The HAp nanocrystal was synthesized at 21 �C by a wet chemical
method.17 The HAp suspension was centrifuged at 2000g for 15 min,
washed three times with ethanol, and ultrasonically dispersed in ethanol
at 1 wt %. The HAp sensor was fabricated by the electrophoretic deposi-
tion (EPD) method reported in previous studies.13,16 The cleaned gold
sensor was used as an electrode, and a direct current voltage of 100 V/cm
was applied for 1 min. The surplus nanocrystals were removed by
ultrasonic treatment (28 kHz, 100 W) for 1 min in ethanol. To measure
the film thickness, the HAp/gold patterns were fabricated by the partial
masking on the gold before the EPD. The deposited weight of the HAp
nanocrystals was measured in air using the QCM-D technique.
Cell Culture and Fabrication of Cell Suspension.Osteoblast-

like cells were cultured in a cell culture flask containing 15 mL of FBS
dispersed into RMEM at 10 vol % (10% FBS/RMEM). The cells were
incubated at 37 �C in a humidified atmosphere of 5% CO2 and
subcultured every 7 days with 1 mL of trypsin-EDTA. After being
washed with 15 mL of PBS and treated with 1 mL of trypsin-EDTA for
10 min at 37 �C, the cells were dispersed in 15 mL of PBS, separated by
centrifugation (2000 rpm, 2 min), and dispersed in 15 mL of 10% FBS/
RMEM. The centrifugation and dispersion were carried out twice. The
number of cells in the suspension was counted and adjusted at seeding
densities of 1.0� 104, 2.5� 104, 5.0 � 104, and 1.0 � 105 cells 3mL�1.
Real-Time Monitoring of FBS Adsorption and Cell Adhe-

sion with the QCM-D Technique. QCM-D (D300, Q-Sense AB)
measurement was performed at 37.0( 0.05 �C by monitoring Δf (Hz)
and ΔD at 15 MHz. Δf was divided by the harmonic overtone number
(n = 3) to obtain the value at the fundamental frequency of 5 MHz.
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The monitoring of the preadsorption of FBS and the subsequent cell
adhesion were conducted as follows. RMEM was introduced into the
sample chamber to stabilize a baseline for 30�60 min, and then 10%
FBS/RMEM was introduced at 0.5 mL and measured for 60 min.
Subsequently, 0.5 mL of the suspended cells in 10% FBS/RMEM were
seeded onto the FBS adlayers on PSox or HAp at seeding densities of
1.0� 103, 2.5� 103, 5.0� 103, and 1.0� 104 cells 3 cm

�2, cultured for
2 h in air, and finally rinsed with 0.5 mL of RMEM. Cell adhesion
without the preadsorption of FBS was also conducted by the initial
stabilization by RMEM and the subsequent injection of 0.5 mL of the
cells dispersed into 10% FBS/RMEM at a concentration of 1 � 104

cells/cm�2, with incubation for 2 h. The ΔD/Δf value of the adlayers
was evaluated from the ΔD�Δf plots.13

The cells cultured on the sensors were removed from the sample
chamber and then fixed with 3.7 vol % formaldehyde in PBS for 10min at
room temperature. The cells were washed two times with 1 mL of PBS
before and after formaldehyde fixation. After the fixation, the cultured
cells were soaked in a series of baths comprising 1 mL of EtOH/
ultrapure water mixtures at 50, 60, 70, 80, 90, and 100 vol % with a
soaking time of 5 min in each bath. The supernatant was then exchanged
three times with t-butyl alcohol at 37 �C for 30min per time, kept at 4 �C
for 30 min, and finally freeze dried at 4 �C for 4 to 5 h.

The QCM-D data were simulated using the Q-tools software.
Voinova et al. reported that the measured Δf and ΔD curves by the
QCM-D technique have been fitted with a Voigt-based viscoelastic
model to characterize the viscoelastic properties of the adlayers.54,63 The
viscoelastic property is represented by a complex shear modulus G*
given by eq 1.

G� ¼ G0 þ iG} ¼ μad þ i2πfηad ð1Þ
where G0 is the real part of G*, G00 is the imaginary part of G*, f is the
oscillation frequency, μad is the elastic shear modulus, and ηad is the
shear viscosity. The Δf and ΔD curves were monitored at 15 MHz and
fitted with the Voigt-based viscoelastic model represented by the β
function as follows.

Δf ¼ ImðβÞ
2πtqFq

ð2Þ

ΔD ¼ � ReðβÞ
πftqFq

ð3Þ

where β is represented by eq 4 with R, ξ1, μad, ηad, dad, and ξ2 and ξ1 is
represented by eq 5 with μad, ηad, and Fad as follows.

β ¼ ξ1
2πfηad � iμad

2πf
1� R expð2ξ1dadÞ
1þ R expð2ξ1dadÞ

ð4Þ

ξ1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
� ð2πf Þ2Fad
μad þ i2πηad

s
ð5Þ

where R is represented by eq 6 with ξ1, ξ2, μad, ηad, and ηl and ξ2 is
represented by eq 7 with Fl and ηl, as follows.

R ¼
ξ1
ξ2

2πfηad � iμad
2πfηl

þ 1

ξ1
ξ2

2πfηad � iμad
2πfηl

� 1
ð6Þ

ξ2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
i
2πfFl
ηl

s
ð7Þ

where viscoelastic parameters such as μad, ηad, density (Fad), and
thickness (dad) were determined by using the density (Fl) and viscosity

(ηl) of the bulk liquid. A one-adlayer model was applied to the data
fitting with theΔf andΔD curves of the FBS adsorption or cell adhesion
because only the adsorption or adhesion was detected after the complete
equilibrium of the ion from RMEM or FBS adsorption, respectively. In
the case of FBS adlayers, the values of Fl and ηl were fixed at 1.000
g 3 cm

�3 and 1.000 mPa 3 s, respectively, and Fad was kept constant at
1.010�1.030 g 3 cm

�3.65 The Fl, ηl, and Fad values of the adherent cell
layers were fixed at 0.993 g 3 cm

�3, 0.692 mPa 3 s, and 1.050 g 3 cm
�3,

respectively.49 The other parameters were optimized within the follow-
ing boundaries:μad = 1� 102�1� 106 Pa,ηad = 0.692�100mPa 3 s, and
dad = 1 � 10�9�1 � 10�5 m. The ratio of G0 0 to G0 from eq 1 can be
calculated as a loss tangent delta (G0 0/G0) to evaluate the viscoelasticity
of the adlayer as shown in eq 8.

tan δ ¼ G}
G0 ð8Þ

Characterization of Surfaces and Cells. The wettability of the
sensor surfaces was analyzed in air by a sessile drop method using
distilled water with a contact angle meter (CA-W200, Kyowa Interface
Science Inc.). The droplet volume was 1.5 μL, and the area attached to
the surfaces was 1.6 mm2. The morphology of the cells was observed
with a confocal laser scanning microscope (CLSM, OLS-3000,
Olympus). The number of adherent cells on the sensors was counted
over 20 different 1 mm2 areas, and the spreading areas for the cells were
measured for 50 cells in the 2D images. Three-dimensional images of the
cells were acquired in 20�50 horizontal sections from cell tops to
bottoms in the vertical direction to calculate the height and volume of
the cells (n = 10). The structures of the surfaces before and after cell
adhesion were observed with an atomic force microscope (AFM, SPM-
9500, Shimazu). The surface roughness was calculated by the rms in the
z-range images. A silicon nitride probe mounted on a cantilever
(OMCL-AC160TS, Olympus) was employed in dynamic mode.
Immunostain of Type I Collagen for Osteoblast-like Cells

on PSox and HAp. The cells cultured for 120 min were fixed with the
same procedure as mentioned above and were stained at room tem-
perature with 100 μL of the polyclonal rabbit antimouse collagen type I
R2 chain as a primary antibody, which was diluted 15-fold in PBS
including 1 wt % BSA for 4 h and washed three times with 1 mL of PBS.
The samples were then incubated in the dark for 60 min with 100 μL of
FITC-labeled IgG as a secondary antibody, which was diluted 15-fold in
PBS including 1 wt % BSA and washed three times with 1 mL of PBS.
The cells in PBS were covered and sealed with a glass to prevent
evaporation during the observation with a confocal laser scanning
fluorescence microscope (CLSFM, TCS SP-5, Leica Microsystems).

’RESULTS AND DISCUSSION

Preadsorption of FBS on Sensors. Figure 1 shows AFM
topographic images of PSox andHAp surfaces over an area of 1�
1 μm2. The PSox and HAp surfaces deposited on the bare gold
surface had rms values of 0.4 ( 0.2 and 4.4 ( 0.4 nm,
respectively, which were almost the same as that of gold with a
value of 0.8 ( 0.4 nm. The weight change of the HAp
nanocrystals on gold with the EPD was 4.0 ( 0.2 μg 3 cm

�2,
and the thickness of the nanolayer was estimated to be
10�20 nm (based on a density of HAp of 3.14 g 3 cm

�3), which
corresponds to the previous report13 and the AFM height line
profile between the gold and HAp nanocrystal surfaces
(Supporting Information, Figure S1). The phase-shift images
of the HAp surfaces have a uniform brightness (data not shown),
indicating the homogeneous deposition of HAp nanocrystals.
PSox and HAp are hydrophilic surfaces with contact angles for
water of 34.6( 4.1 and 48.7( 2.1�, respectively. Thus, PSox and
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HAp sensor surfaces with a flat surface a few nanometers away
were successfully fabricated.
Figure 2 shows the Δf and ΔD curves and ΔD�Δf plots of

FBS adsorption on PSox and HAp. The curves indicate that the
adsorption reached a plateau at 20 min on PSox and at 15 min on
HAp. TheΔf andΔD curves indicate the adsorption equilibrium
states at 60 min. The Δf and ΔD values at 60 min were�59.5(
3.5 Hz and (þ4.9 ( 1.8) � 10�6 on PSox and �44.9 ( 4.0 Hz
and (þ1.2 ( 0.6) � 10�6 on HAp, and the saturated ΔD/Δf
values of the FBS adlayers were (�8.3 ( 1.7) � 10�8 1/Hz on
PSox and (�4.1 ( 1.6) � 10�8 1/Hz on HAp. The adsorbed
amount and absolute ΔD/Δf value of the FBS adlayer on HAp
were smaller than those on PSox.We previously reported that the
slight adsorption of carbonate ions from RMEM on HAp caused
a decrease in the adsorbed amount of FBS and the degradation of
the viscoelastic property of the FBS adlayer.18,19 PSox would
suppress the adsorption of carbonate ions to show larger values.

The thin films of HAp and PSox tightly adhered to the gold, and
the visicosity effect due to the flexibility of the film is vanishingly
small. Therefore, the difference in the protein adsorption beha-
vior was attributed to the surface properties of the sensor.
On the basis of the Voigt-based viscoelastic model, the

viscoelastic parameters of the FBS adlayer on PSox were deter-
mined to be μad = 33.41 ( 5.52 kPa, ηad = 1.76 ( 0.26 mPa 3 s,
Fad = 1.02 ( 0.01 g 3 cm

�3, and dad = 19.2 ( 5.7 nm, whereas
those on HAp were μad = 89.44 ( 7.28 kPa, ηad = 2.09 (
0.09 mPa 3 s, Fad = 1.04( 0.02 g 3 cm

�3, and dad = 22.0( 0.6 nm.
The μad and ηad values for HAp were higher than those for PSox,
whereas the Fad and dad values were irrespective of the surface.
The tan δ value of 0.74 ( 0.40 for HAp was lower than that of
1.73( 0.52 for PSox. The results indicate the viscous adlayer on
HAp as compared with that on PSox. It is speculated that the
multiple proteins in FBS competitively adsorb on the surfaces
and the adsorbed species and structures depend on the surface
properties. The viscoelastic parameters of the FBS adlayer on the
surfaces were very similar to those of the albumin adlayer on gold,
which had μad = 100 kPa, ηad = 6 mPa 3 s, and tan δ = 1.8,64

whereas those of the laminin adlayer on gold were μad = 7.6( 1.9
kPa, ηad = 1.83 ( 0.11 mPa 3 s, and tan δ = 7.6.65 The elastic
property of the FBS adlayer on HAp compared to that on PSox
corresponds to the tendency of the saturated absolute ΔD/Δf
values. These different viscoelastic properties of the adlayers
could affect the cell adhesion behavior.
In Situ Monitoring of the Adhesion Behavior of Osteo-

blast-like Cells. Figure 3 shows the ΔD�Δf plots of the
adhesion behaviors of the cells on PSox and HAp for 120 min,
and expanded plots of the saturated regions at a seeding density
of 1.0 � 104 cells 3 cm

�2 are shown in the insets. Here, the
Figure 1. AFM topographic images of (A) PSox and (B) HAp over an
area of 1 � 1 μm2.

Figure 2. Δf and ΔD curves and ΔD�Δf plots of FBS preadsorption on PSox and HAp. Δf was transformed into the value for the fundamental
frequency of 5 MHz by dividing by 3, which was the harmonic overtone number.

http://pubs.acs.org/action/showImage?doi=10.1021/la200008z&iName=master.img-001.jpg&w=240&h=110
http://pubs.acs.org/action/showImage?doi=10.1021/la200008z&iName=master.img-002.png&w=444&h=296
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injection of the cell suspension after the equilibrium state of FBS
adsorption would induce the reaction of the cells with the
preadsorbed FBS surfaces. The adhesion behavior of the cells
on PSox was different from that on HAp, which also depended
on the seeding density. The Δf and ΔD curves at 1.0 � 103

cells 3 cm
�2 showed very similar tendencies on both PSox and

HAp with a decrease in Δf (i.e., an increase in mass) and with an
increase in ΔD (Supporting Information, Figure S2). However,
the ΔD�Δf plots for PSox and HAp surfaces without the pre-
adsorpiton of FBS at a seeding density of 1.0 � 104 cells 3 cm

�2

(Supporting Information, Figure S3) indicated little mass and
ΔD increases with cell adhesion, taking into account the fast
kinetics of protein adsorption as compared with that of cell
adhesion,72 indicating the significant interfacial protein effect
on cell adhesion. These results clearly suggested that the cell
adhesion and spreading processes occurred on the interfacial
protein adlayers on the surfaces.
Interestingly, little mass increase on PSox was detected during

the cell adhesion process, with only an increase in ΔDmeasured
at 5.0 � 103 and 1.0� 104 cells 3 cm

�2. The ΔD�Δf plots for
PSox at 5.0 � 103 and 1.0 � 104 cells 3 cm

�2 clearly showed the
characteristic adhesion behaviors, which were classified into two
regions: (I) an increase inΔD for 60min and (II) a slight increase
in mass with a slight decrease in ΔD for 60�120 min. This
tendency corresponds to that of the fibroblast adhesion on the
fibronectin-preadsorbed PSox and on the FBS-preadsorbed
Ta,60,61 and the f and D changes were due to the morphological

changes followed by the extracellular matrix remodeling as well as
cytoskeletal changes. In this study, region I reflects themorphological
changes in the cells upon approach, and region II reflects the increase
in the surface coverage of the cells upon adhering and spreading.
The adhesion process of the cells on HAp depended on the

seeding density. An increase in the seeding density caused an
increase in mass and a subsequent increase in ΔD. The ΔD�Δf
plots for HAp at 5.0� 103 and 1.0� 104 cells 3 cm

�2 were clearly
classified into three regions: (I) an increase in just the mass for
5 min, (II) an increase in both the mass and ΔD for 5�60 min,
and (III) an decrease in both the mass and ΔD for 60�120 min.
TheΔf values onHApwere clearly larger as compared with those
on PSox, indicating the tight protein�cell interactions on HAp.
The initial Δf decrease was related to an increase in the number
of adherent cells.60 Region I would reflect the approach of the
cells to HAp. Once the cells approach the surface, they quickly
remodel the adsorbed proteins to suit their requirements and
interact with the ECMproteins on the surface.60,61,66 Thus, region II
would predominately indicate the protein remodeling and a cellular
morphological change, and region III would indicate a change in
the plasma membrane rigidity through the ECM�integrin�
cytoskeleton at the interface. Therefore, the QCM-D technique
was successfully used for in situ real-timemonitoring of the different
cell adhesion processes depending on the substrate surfaces.
Table 1 lists the Δf and ΔD values, numbers, and areas of the

cells adhering to PSox and HAp at 2 h. The areas, heights, and
volumes of the cells adhering to PSox and HAp showed no
differences in statistical errors, and these values are almost the
same irrespective of the seeding density. The number of adherent
cells on both surfaces was found to increase linearly against the
seeding density with different slopes after being fitted with a
simple equation. The number of adherent cells on PSox was
larger than that on HAp below 5 � 103 cells 3 cm

�2 and became
smaller at 1 � 104 cells 3 cm

�2. The seeding density strongly
affected the cell adhesion rate on PSox, with values of over 70%
for 1.0 � 103 cells 3 cm

�2, and gradually decreased to approxi-
mately 30%. The cell adhesion rates on HAp increased with the
seeding density, with values of 25% at 1.0� 103 cells 3 cm

�2 and
50% at 1� 104 cells 3 cm

�2. TheΔf change against the number of
adherent cells on PSox showed a positive nonlinear relationship,
meaning that the mass decreased with the seeding density, but
the ΔD values showed a linear correlation. The Δf changes on
HAp almost linearly increased below 5 � 103 cells 3 cm

�2 and
reached a plateau at 1 � 104 cells 3 cm

�2. The general seeding
density of the osteoblast-like cells in culture is well known to be
1.0 � 103�2.0 � 103 cells 3 cm

�2, which is the monodispersion
state of the adhered cells in the initial stage. Thus, the non-
linearity at 1 � 104 cells 3 cm

�2 would be attributed to the
influence of neighboring cells.
Viscoelastic Property of Interface Layers between the

Sensor Surfaces and the Adherent Cells. The difficulty in
interpreting the cell adhesion behavior is attributed to the
theoretical differences in the soft mass loading on the surface,
which cannot behave like the rigid mass model proposed by
Sauerbrey.36Wegener et al. showed that the adhesion of different
cell lines on gold caused different time course curves for Δf and
different apparent viscosities (ηapp).

49 The ηapp values were
calculated bymeasuring the viscosities of glycerol�water systems
using a Gordon�Kanazawa equation67 and were determined to
be 1.86 ( 0.08 mPa 3 s for MDCK-II, 1.29 ( 0.05 mPa 3 s for
MDCK-I, and 1.12( 0.04 mPa 3 s for fibroblast 3T3 on the basis
of a cell density of 1.05 g 3 cm

�3. Furthermore, the rat osteoblast-like

Figure 3. ΔD�Δf plots of the osteoblast-like cells adhered on PSox and
HAp for 2 h. The seeding densities were (A) 1.0 � 103, (B) 2.5 � 103,
(C) 5.0 � 103, and (D) 1.0 � 104 cells 3 cm

�2. The insets show the
expanded plots of the cells at 1.0� 104 cells 3 cm

�2. The arrows indicate
the point at 1 h. The Δf values were transformed into values for
the fundamental frequency of 5 MHz by dividing by 3, which was the
harmonic overtone number.

http://pubs.acs.org/action/showImage?doi=10.1021/la200008z&iName=master.img-003.png&w=203&h=284
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cells had an ηapp of 3 mPa 3 s.
68 The cell adhesion behavior,

mainlyΔf, was thus ascribed to the density�viscosity products of
the confluent cell layers, which were mainly due to the cytoplas-
mic viscosities despite the presence of an aqueous or proteinac-
eous intermediate layer of cells and substrates. To apply this
model to the present study, the ηapp values were calculated to be
1.9 � 10�8 mPa 3 s on PSox and 3.4 � 10�3 mPa 3 s on HAp,
which were extremely small as a result of the oscillator circuit
model difference from the QCM-D system.
Only a few studies of the viscoelastic property of the protein

adlayer based on the Voigt-based viscoelastic model have been
conducted,54,63 but the viscoelastic property of the interface
between the material surface and the cell has not been reported.
The adhesion behavior dependent on the surface is attributed to
the cell�surface interactions at the interface. Thus, the evalua-
tion of interfacial phenomena based on the Voigt-based model
would be an effective tool. The model was applied in this study,
and the results were obtained as shown in Figure 4, which shows
the viscoelastic parameters of μad, ηad, and dad for PSox and HAp
with the adherent cell number. With an increase in the seeding
density, the μad and dad values on the surfaces increased and the
ηad and tan δ values decreased. Thus, the adherent cell layers
changed the elasticity to viscosity with an increase in the cell
number, indicating the enhancement of cell�surface and
cell�cell interactions. The μad values on PSox were higher than
those on HAp. The ηad values for PSox and HAp were almost
same, whereas the tan δ values for HAp were apparently larger
than those for PSox. This indicated that the interfacial layer of the
cells adhered onHAp had a certain viscosity compared to that on
PSox. The dad values of the adherent cells on HAp (i.e., the
average thickness of the interfacial layer of adherent cells) were
higher than those on PSox, which also caused the viscosity on
HAp. The Voigt mass of the adherent cell layers was calculated
from the dad values, and the adlayer density of the cells was
assumed to be 1.05 g 3 cm

�3. The Voigt mass of one cell on PSox
remained almost the same at 1 to 2 ng 3 cell

�1 for different seeding
densities, whereas that on HAp decreased from 10 to 2 ng 3 cell

�1

with an increase in the number of adherent cells. From these results,
it is speculated that the adherent cells onHAp secreted visous, high-
density substitutes such as ECM at the interfacial layer. Therefore,
the Voigt-based model clearly reveals the interfacial viscoelastic
properties that depend on the sensor surface.
In the QCM-D measurement, the detectable height (l) of the

D value on the sensor surface was limited and is expressed as eq 9.

l ¼ η

πFf

� �1=2

ð9Þ

where η and F are the density and viscosity of the liquid, re-
spectively, and f is the resonance frequency.50,63 A higher η value
for the adlayer can detect in a higher l region. The l of a
resonating wave in water at 37 �C with F = 0.993 g/cm3 and
η = 0.692 mPa 3 s was calculated to be 110 nm at 15 MHz.49 The
FBS adlayer with the viscoelastic values measured in this study
had an l of 190�210 nm at 15 MHz. The l of the adherent cell
layers decreased from 200 to 120 nm at 15 MHz with an increase
in the number of adherent cells; these values of l were much
shorter than the actual height of cells, which was on the order of
micrometers. This suggested that the QCM-D measured the
lower parts of cells close to the FBS adlayer on the sensors. The
viscoelastic parameters and dad values were within the detectable
height of the D value using 15 MHz. The interfacial layer
composed of the cell cytoskeletons, cell membranes, pseudo-
pods, and protein adlayer on the sensor surfaces is approximately
10�200 nm according to a previous report,73 which is consistent
with the detectable l at 15MHz.However, in the use of the higher
harmonics at 25 and 35 MHz, l is much lower than in the region
of the interfacial layer. Therefore, the QCM-D effectively mea-
sured the lower parts of the cells close to the sensor surfaces.
Li et al. described the viscoelastic properties of a fibroblast

monolayer on a gold surface using a thickness shear mode quartz
crystal resonator with a transfer matrix method.71 They calcu-
lated μad values of 21�39 kPa and ηad values of 0.92�1.56
mPa 3 s at a 5MHz resonance frequency, which are very similar to
the results of the present study. The tan δ values of 1.2�2.3 were
apparently smaller than our results, and the differences could be
caused by the resonance frequency of the quartz crystal used.
Fern�andez et al. investigated the viscoelastic properties of a
fibroblast monolayer with a rheometer and obtained G0, G00, and
tan δ values at 10 Hz of 400 Pa, 150 Pa, and 0.3, respectively,
indicating that the cell monolayer was an elastic body.69 The
viscoelastic parameters were different from our results, which
would be attributed to the measured frequency or detectable
height on the surface. Palmer et al. indicated that the elastic shear
modulus dominates the viscoelastic property of the cells because
of their rigid cytoskeletons at lower frequencies but that the
viscous modulus dominates the property because of the cyto-
plasmic fluid at higher frequencies.70 They suggested that the
actin networks at a high frequency of 1 MHz would show a
liquidlike property and those at a low frequency of 10 Hz would
show an elastic property. In this study, theQCM’s high frequency
of 15MHz caused the viscosity behavior of the adherent cells as a
result of the dependence of the cytoskeleton property on the
frequency. The different viscoelastic properties of the adherent
cells on PSox and HAp could be attributed to the different
cytoskeleton structures and cellular secretion of the ECM close

Table 1. Frequency Shift (Δf), Dissipation Shift (ΔD), Number of Adherent Cells, and Area of the Cells Adhered on PSox and
HAp at 120 min against the Seeding Density

Δf (Hz) ΔD ( � 10�6) number of adherent cells (cells 3 cm
�2) area (μm2

3 cell
�1)

PSox (1.0 � 103 cells 3 cm
�2) �9.3 ( 1.7 þ 3.7( 1.4 730( 150 2270( 590

PSox (2.5 � 103 cells 3 cm
�2) �4.5( 0.8 þ 6.3( 1.4 960( 220 1990( 680

PSox (5.0 � 103 cells 3 cm
�2) �4.8( 0.5 þ 10.5( 1.8 2160( 260 1740( 640

PSox (1.0 � 104 cells 3 cm
�2) �0.1( 0.1 þ 22.1( 5.5 3400( 410 1650 ( 790

HAp (1.0 � 103 cells 3 cm
�2) �5.9( 0.1 þ 3.8( 1.2 250( 130 1500( 500

HAp (2.5 � 103 cells 3 cm
�2) �11.1( 0.7 þ 2.6( 0.7 590( 220 1960( 610

HAp (5.0 � 103 cells 3 cm
�2) �36.9( 2.3 þ 20.3( 3.5 2150( 190 1320( 300

HAp (1.0 � 104 cells 3 cm
�2) �41.3( 2.9 þ 24.1( 4.8 4980( 190 1900( 500
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to the sensor surfaces. Therefore, the interface between the
material surfaces and cells by the Voigt-based model successfully

caused the differences in the interfacial viscoelastic properties
depending on the surfaces.

Figure 4. Plots of (A) elastic shear modulus (μad), (B) shear viscosity (ηad), (C) tan δ, and (D) thickness (dad) values of the interfacial layers of the cell
on PSox (2) and HAp (b) at 120 min against the seeding density.

Figure 5. Light microscope images of the cells adhered to (A�D) PSox and (E�H)HAp, which were incubated for (A, E) 5, (B, F) 30, (C, G) 60, and
(D, H) 120 min. The seeding density was 1.0 � 104 cells 3 cm

�2.

http://pubs.acs.org/action/showImage?doi=10.1021/la200008z&iName=master.img-004.png&w=446&h=316
http://pubs.acs.org/action/showImage?doi=10.1021/la200008z&iName=master.img-005.jpg&w=465&h=235
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Microscopy Characterization of Adherent Cells. Figure 5
shows CLSM images of the osteoblast-like cells adhering to PSox
and HAp. The morphologies of the cells were apparently
changed, and the adhesive area was increased with the incubation
time. The cells incubated at 5 and 30 min had a round shape with
diameters of 18�25 μm at 5 min and 20�35 μm at 30 min, and
the cells started spreading and formed pseudopods at 60 min,
irrespective of the sensor surface. Different pseudopod-like
structures for the cells were observed at 120 min, with planular
pseudopods on PSox and cuspate and fibrous pseudopods on
HAp. The average diameters and adhesive areas of the cells on
PSox and HAp were similar at 60�70 μm and 1600�1800 μm2,
respectively, irrespective of the sensor surface. Modin et al.
reported that the osteoblast-like cells on Ta and Cr had different
adhesive areas, with a ratio of Ta to Cr of 66% under FBS-free
conditions.59 The average diameters on Ta and Cr were 100 μm
smaller than those on PSox and HAp, suggesting that the
difference in the substrate components affected the adhesion
behaviors of the cells. The adherent cells on PSox and HAp
surfaces without the preadsorpiton of FBS show average dia-
meters and adhesive areas at 15�30 μm and 800�1000 μm2

(809.0( 187.0 μm2 for PSox and 1064.8( 257.0 μm2 for HAp;
Supporting Information, Figure S4) at 120 min, respectively, and

are significantly smaller than those occurring with preadsorption,
indicating that cell spreading clearly occurs on the FBS adlayers.
Figure 6 shows the changes in the numbers, areas, maximum

heights, and volumes of the cells adhered to PSox and HAp
against the incubation time at a seeding density of 1 � 104

cells 3 cm
�2. The cells rapidly adhered to PSox after 5 min of

incubation, and the number of adherent cells was approximately
20%. Increasing the incubation time caused only a small increase
in the number of adherent cells. In contrast, the number of
adherent cells on HAp gradually increased with the incubation
time, which could have affected the changes in the Δf and ΔD
values in the QCM-D measurements. The number of adherent
cells on the surfaces without the preadsorpiton of FBS is 1540(
320 cells 3 cm

�2 for PSox and 1550( 240 cells 3 cm
�2 for HAp at

120 min (Supporting Information, Figure S4); these values are
much smaller than those occuring with preadsorption, indicating
the importance of the preadsorption of FBS for cell adhesion.
Although the data, with the exception of the number of adherent
cells, were within the statistical errors, the area and volume of the
cells adhering to the surfaces gradually increased and the height
reached a maximum after 30 min of incubation time, particularly
on HAp. It was found that the numbers and areas with the
interfacial reaction between the proteins and cells clearly changed
with time.

Figure 6. Time course curves for (A) the number of adherent cells, (B)
the area, (C) the maximum height, and (D) the volume of cells adhered
to PSox (2) and HAp (b) at 1.0 � 104 cells 3 cm

�2.

Figure 7. AFM topographic images of (A, B) the pseudopod-like
structures of cells adhered on PSox and (C�F) the structures of cells
onHAp: (C) the outer surfaces on the nuclei, (D) the surrounding outer
surfaces around the nuclei, and (E, F) the pseudopods close to the sensor
surfaces.

http://pubs.acs.org/action/showImage?doi=10.1021/la200008z&iName=master.img-006.jpg&w=220&h=369
http://pubs.acs.org/action/showImage?doi=10.1021/la200008z&iName=master.img-007.jpg&w=240&h=340
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Figure 7 shows AFM topographic images of the different parts
of the cells incubated for 120 min on PSox andHAp. The cells on
PSox formed thick pseudopods, as shown in Figure 7A; these
pseudopods had dense particulate structures with no periodic
stripes, as shown in Figure 7B. The pseudopods would be derived
from the spread of cell membranes on PSox. The surface on the
nuclei of cells on HAp showed a typical cell membrane structure
that could be represented by a fluid mosaic model with an rms of
0.9 ( 0.5 nm over 0.5 � 0.5 μm2, as shown in Figure 7C. As
shown in Figure 7D, the surrounding surface on HAp had a
rough fibrous structure with an rms of 52.3( 9.3 nm over 2.5�
2.5 μm2, which could reflect a cytoskeleton. Without the
pseudopods, these surface structures of the cells in Figure 7C,
D on PSox and HAp were very similar. Figure 7E,F show the
cuspate and fibrous pseudopod-like structures on HAp, respec-
tively. Interestingly, these pseudopods had a significant periodic
stripe pattern with an interval of 60�70 nm similar to that of type
I collagen fibrils from the height line profiles (Supporting
Information, Figure S5). Furthermore, the average widths of
these pseudopods on PSox and HAp were 275.8 ( 70.6 and
135.4( 49.5 nm, and those on HAp were smaller than those on
PSox. The interfacial pseudopod structures are clearly different
depending on the sensor surfaces. Thus, it is speculated that the
pseudopods on PSox are part of the cell membrane whereas those
on HAp are composed of both the cell membrane and the
extracellular matrix produced by the cells. The different inter-
facial structures would affect the adhesion behaviors and inter-
facial viscoelastic properties.
The cells adhering to PSox and HAp after 120 min of incuba-

tion after staining were observed by FCLSM (Supporting
Information, Figure S6). PSox- andHAp-adsorbed FBS exhibited
no fluorescence signals from the whole region and were un-
stained. The cells on PSox exhibited weak fluorescence signals
from the whole region, and the pseudopods were unstained by
type I antimouse collagen. This indicated that the cells spreading
on PSox could produce only a small amount of type I collagen.
However, the cells on HAp were preferentially stained over the
whole area; in particular, the fibrous pseudopods were stained
with the type I antimouse collagen. This indicated that the
fibrous pseudopods were composed of type I collagen produced
by the cells; these results were almost coincident with that
obtained by the AFM observation. The pseudopods on PSox
are part of the cell membrane, whereas those on HAp are
composed of both the cell membrane and cell-driven type I
collagen. The interfacial structures affect the elastic and viscous
layers on PSox and HAp, respectively. Therefore, the recognition
of the cells on the surfaces caused different adhesion behavior
and interfacial viscoelastic layers depending on the surfaces,
which are successfully monitored and evaluated by QCM-D
combined with other techniques.

’CONCLUSIONS

QCM-D combined with other techniques (AFM, CLSM, and
CLSFM) was used in situ to analyze the adhesion behavior of the
osteoblast-like cells on PSox and HAp in order to clarify the
interfacial phenomena between the surfaces and cells. From the
ΔD�Δf plots, the cellular adhesion and spreading behaviors
clearly depended on the differences between PSox- and HAp-
surface preadsorbed FBS. The adhesion speed on PSox was more
rapid than that on HAp, which could also have caused the
difference in the ΔD�Δf plots, indicating that the preadsorbed

FBS on the surfaces effectively governed the cell adhesion
process. The viscoelastic property of each adherent cell layer
was calculated using the Voigt-based model, and the interface
between the surface and cell causes the differences in the
viscoelasticities depending on the surface properties. The ad-
herent cell layers on HAp exhibited viscosity as compared with
those on PSox. The pseudopod structures adhering to PSox and
HAp were apparently different: the pseudopods on PSox had a
cell-membrane-like structure, and those on HAp were composed
of the cell membrane and type I collagen produced by the cells. It
is speculate that the adherent cells on PSox expanded the
cytoskeletons without secreting type I collagen, whereas those
on HAp clearly secreted type I collagen at the interface to show
the viscous property. Therefore, the recognition of the cells
caused the different adhesion process and interfacial viscoelastic
properties depending on the surfaces, which were successfully
elucidated by the QCM-D techniques.
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