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a  b  s  t  r  a  c  t

Clarifying  material–cell  interactions  after  eliminating  various  effects  including  cell–cell  interactions  is  a
very  important  issue  in tissue  and  cell engineering.  We  investigated  several  cellular  behaviors  dynami-
cally  after  growing  cells  individually  one  by  one  to  eliminate  cell–cell  contact  by  direct  observation  using
the quartz  crystal  microbalance  with  dissipation  (QCM-D)  and  microscopy.  The  initial  cellular  behaviors
of several  cells  (adsorption,  attachment  and  spreading  of L929  mouse  fibroblasts)  on  the  gold  electrode
of the  QCM-D  were  classified  into  three  regions  according  to  the  slope  of  the  Df  plots:  I, cell adsorption
and  desorption;  II,  attachment  and  spreading;  and  III, secretion  of  microexudates.  When  the  number  of
cells increased  which  leads  to increase  of cell–cell  distance,  region  III  disappeared  and  the slope  of  the
Df plots  in  region  II became  steeper.  The  behavior  related  to the  variation  in the  number  of  attached
CM-D biosensor
ell morphology

cells  was  indicated  by  the adhesion  strength  between  the  cells  and  the gold  electrode.  Furthermore,
the  slope  of the  Df  plots  was  not  shown  on the  (poly(2-methacryloyloxyethyl  phosphorylcholine)–co–2-
(methacryloyloxy)ethylthiol)-modified  gold  electrode  and  almost  all of  the  cells  were  not  attached  to
the polymer  surface.  The  initial  cell  attachment  behavior,  especially  the  strength  of  cell  adhesion  to the
material  surface,  was  evaluated  quantitatively  by determining  the  slope  of  the  Df plots  using  the  QCM-D
system.
. Introduction

Control of cellular behavior and material–cell interactions has
ecently become a very important issue in the field of tissue and
ell engineering. For example, the use of hybrid artificial organs
n regenerative medicine has attracted attention towards the con-
truction of actual organs using the function of differentiated cells
nd building the cells into the materials artificially in a viable
anner [1].  To construct organs made of cells built into materi-

ls that are similar to those found in vivo, the materials should be
esigned based on the understanding of material–cell interactions.
owever, material–cell interactions include many components,
nd the removal of excess effects including the serum in medium
nd proteins generated by cell–cell interactions is essential in
nderstanding material–cell interactions. Furthermore, to clarify
he dynamic interactions between materials and cell, we should
evelop cell-analytical devices that dynamically monitor and quan-

itatively index the cells.

Among the various tools, such as microscopic, spectroscopic
nd plasmonic measurements that have been developed to clarify

∗ Corresponding author. Tel.: +81 3 5841 7125; fax: +81 3 5841 0621.
E-mail address: takai@mpc.t.u-tokyo.ac.jp (M.  Takai).

925-4005/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2012.05.010
© 2012 Elsevier B.V. All rights reserved.

material–cell interactions [2–4], acoustic measurement as typi-
cally by the quartz crystal microbalance with dissipation (QCM-D),
which can measure not only the mass (frequency) but also the
viscosity (energy dissipation), has been applied to clarify the mech-
anism of cellular behaviors [5–7]. A change in frequency (�f) of
QCM is widely used as a good indictor for a biomolecular interaction
on the material surfaces in situ real-time and quantitatively [8–10].
For investigating the material–cell interactions, it is reported that
the �f  is proportional to the contact area of cells on the surface
[11], and the dissipation (D) can be monitored to detect cytoskeletal
changes [12].

Furthermore, by combining the change in frequency with
the change in energy dissipation (�D), additional information,
including the secretion of microexudates was determined in a
non-invasive way [5,6]. Moreover, the sensitivity of this approach,
which is in the ng/cm2 range in liquid, makes it possible to clarify
material–cell interactions, including morphological and cytoskele-
tal changes of cell, during cell adhesion, spreading, and growth
processes. However, these reports have studied a large number
of confluent cells in the presence of serum in medium. Thus,

these analyses have evaluated many effects including material–cell,
cell–cell, material–serum, and serum–cell interactions. Therefore,
it is necessary to clarify only material–cell interactions, eliminating
these various effects.

dx.doi.org/10.1016/j.snb.2012.05.010
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:takai@mpc.t.u-tokyo.ac.jp
dx.doi.org/10.1016/j.snb.2012.05.010
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chain, which binds covalently to the gold electrode. The PMSH
was prepared from 2-[2-(methacryloyloxy)ethyl]isothiuronium
p-toluenesulfonate (MET, Fig. 2-a) and MPC. MET  and MPC
were synthesized as previously reported [16,17]. The PMSH was
Fig. 1. Schematic illustra

In this study, we investigated material–cell interactions it
eans cellular behavior including cell adsorption, adherent and

preading on the material by QCM-D combined with real-time
icroscopy, which can monitor the material–cell interactions

irectly, and the morphological changes of the cell simultane-
usly. To understand the initial cell attachment behavior, a gold
urface for cell attachment and a biocompatible polymer surface
ithout cell attachment were used as typical materials. We  used
oly(2-methacryloyloxyethyl phosphorylcholine) (MPC polymer)
s a biocompatible polymer that is well known for reducing non-
pecific proteins and cell adsorption [13,14].

Furthermore, the cell density was controlled by a microchan-
el chip, which can separate cells one by one to eliminate cell–cell
ontact. Using this system, we could control the number of cells
onitored and clarify the difference between material–cell and

ell–cell interactions.

. Materials and methods

.1. Construction of the cell-analytical system

.1.1. Kinetic cellular behavior observation system
Fig. 1 shows the design of the analytical system used to eval-

ate the initial attachment behavior of several cells preventing
he cell–cell contact on the QCM-D sensor. In this paper, initial
ttachment behavior defines the behaviors before cell division (cell
dsorption, attachment spreading, secretion of microexudates and
igration). The dynamic morphological changes of the cells were

bserved simultaneously by microscopy (Leica MS16FA, Tokyo,
apan) for 6 h, along with the measurement of �f  and �D  from the
CM-D window chamber (QWiC 301, Q-Sense AB, Sweden), which
as placed in a temperature-controlled box.

The capacity of the window chamber was 400 �L and the gold
lectrode was a circle with a 14 mm diameter. The QCM-D win-
ow chamber was internally maintained at 37 ± 0.1 ◦C and housed

n a clear temperature-controlled box at 40 ◦C to maintain the con-
tant temperature of the injection fluid because the temperature
hange greatly affected to the frequency of QCM-D, which leads to
oise. In the same manner, heat from the light source influenced
he frequency; therefore, we used the LED light source to eliminate
xtrinsic noise.
.1.2. Single cell separation by microchip
The conceptual scheme of the microchip for cell sep-

ration is shown in Fig. 1. This microchip was made of
f cell-analytical system.

polydimethylsiloxane (PDMS) by soft lithography, and the channel
surface was  modified with PMED (poly(MPC-co-2-ethylhexyl
methacrylate (EHMA)-co-2-dimethylaminoethyl methacrylate
(DMAEMA)), which was  inspired from the cell membrane struc-
ture to inhibit non-specific cell adhesions [15]. This polymer
was developed as the coating material of PDMS. To take up and
separate cells one by one, we  placed fluorescently stained mouse
fibroblast L929 cell suspensions (medium: Dulbecco’s Modified
Eagle Medium (D-MEM)) into the inlet of the microchip and
controlled the density of the cell suspensions and flow velocity.

2.2. Synthesis of PMSH
(poly(MPC–co–2-(methacryloyloxy)ethylthiol))

The PMED obtained suitable properties for cell adhesion
resistance, but it could not adhere on the gold electrode uni-
formly. Therefore, we developed a new biocompatible polymer
conjugated to the gold electrode surface. The chemical struc-
ture of poly(MPC–co–2-(methacryloyloxy)ethylthiol) (PMSH) is
shown in Fig. 2. This polymer has a thiol group on the side
Fig. 2. Chemical structures of MET(a) and PMSH (b).
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Table  1
Result of synthesized PMSH.

Monomer unit composition (mol%) Mwb Yield (%)

In feed In polymera

MPC  MET  MPC  2-(Methacryloyloxy)ethylthiol

90 10 97 3 4.2 × 104 76

[ eactio
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F

monomer] = 0.7 mol  L−1, [AIBN] = 0.35 mmol  L−1 in methanol, temperature: 60 ◦C, r
a Determined by 1H-NMR spectrum.
b Determined by GPC in water/CH3OH = 3/7, PEO standard.

ynthesized by a conventional radical polymerization of MET  and
PC  using a, a′-azobisisobutyronitrile (AIBN) as an initiator. After

he polymerization, the reaction mixture was precipitated using
ialysis (Mw  = 3500) for 2 days and treated with base and acid to
erminate the reaction. The structure of the synthesized polymer
as confirmed by 1H-NMR (JEOL JNM-NR30, Tokyo, Japan). The

atio of monomer units in the PMSH was measured by thiol extrac-
ion. The molecular weight was determined by gel-permeation
hromatography (OHpak SB-804 HQ column, Shodex, Tokyo, Japan)
ith poly(ethylene oxide) standards. The characteristics of PMSH

re summarized in Table 1.

.3. Surface materials for cell adhesion analysis
The gold electrode of the QCM-D and the PMSH modified
old electrode were used as surface materials in this study. Gold
lectrodes were purchased from Q-Sense AB, Sweden. Before mea-
urements were taken, the gold electrodes were oxidized for 10 min

ig. 3. (a) P 2p spectra from gold electrode surface. (b) P 2p spectra from PMSH-coated su
n time: 24 h

in a UVO chamber (UV TipCleaner, BioForce Nanosciences, Inc.).
PMSH modification was done in a QCM-D chamber. The gold elec-
trode was dipped in a 0.2 wt.% water solution of PMSH for 10 min.
After rinsing with water, the thickness of PMSH was measured
by the hydrated mass of QCM-D analysis. From the analysis, the
thickness of the PMSH modified gold electrode was  24 nm. The sur-
face chemical composition was determined by X-ray photoelectron
spectroscopy (XPS; AXIS-His, Shimazu/Kratos, Kyoto, Japan, Fig. 3-
a and b). The surface morphology was observed using an atomic
force microscope (AFM, Fig. 3-c), which confirmed that phospho-
rylcholine (PC) existed uniformly on the gold electrode. The PMSH
modified gold electrode is named as PMSH electrode.
2.4. Cell culture conditions

The L929 cell line was grown in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum (FBS)

rface acquired by XPS. (c) Morphology of gold electrode surface coated with PMSH.
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Gibco, Invitrogen Corporation) and maintained in a humidified
ncubator (5% CO2/95% air atmosphere at 37 ◦C). To seed L929 cells
n the QCM-D chambers, the cells were removed from culture flasks
y trypsinization, centrifuged for 3 min  at 1000 rpm, and resus-
ended in serum-free DMEM to eliminate interactions caused by
he serum. Next, the centrifugation and resuspension steps were
epeated, the cell number was determined by directly counting
he cells, and the cell concentration was controlled using serum-
ree DMEM.  Within 15 min  after the final resuspension, the cell
uspension was injected into the QCM-D chamber.

.5. QCM-D measurements

Gold and PMSH electrodes were mounted in the chamber and
easurements of �f  and �D  were conducted in a gaseous environ-
ent. After stabilizing �f  and �D  with purified water on each gold

r PMSH electrode, the purified water was replaced with serum-
ree DMEM.  We  injected approximately 1.3 × 102 cells/mm2 on the
old or PMSH electrodes. To analyze the adherent cells, serum-free
MEM was flowed over the cells 30 min  after the injection and

he non-adherent cells were removed. The behavior of the cells
n gold and PMSH electrodes after 3 h and 6 h were determined
rom the mass and viscosity changes, and the cell geometry was
imultaneously observed using a microscope. Df plots, which deter-
ine the ratio between �f  and �D, are used widely to analyze
aterial–cell interactions [18]. The slopes of the Df plots describe

he material–cell interactions at each phase and they are indepen-
ent of the number of adherent cells. This study presents Df plots
orresponding to the seventh overtone (35 MHz).

. Results and discussion

.1. Monitoring a few cellular behaviors by QCM-D

Using a microchip (Fig. 1), the desired number of L929 cells
as tested at a density of 3.0 × 104 cells/mL and a flow velocity

f 0.10 �L/min. In order to exclude cell–cell contact, we  controlled
he number of adherent cells on the gold electrode by changing
he number of injected cells. By reducing the number of injected
ells, we could monitor 7 cells/mm2 less than 10 cells/mm2 and we
onfirmed that each cell was independently attached. And, using

 high sensitive QCM-D using the resonance frequency of 35 MHz,

he reliable �f  was obtained by increasing the number of adher-
nt cells as shown in Fig. 4. However the relation between �f  and
he number of adherent cell does not show linear relationship. This
esult indicated that the �f  was caused by not only the change of

ig. 5. (a) Df plots of L929 cellular behavior on gold electrode surface (the injected cel
lectrode were classified into the three regions standing for I: cell adsorption and desorp
f  Df plots. (b) The photograph of L929 cellular behavior on gold in region II, (c) in region
Fig. 4. Correlation between �f  and number of adherent cells (35 MHz). Each data
plot was measured after 3 h after cell injection with various numbers of cells.

adherent cell number but also the change of contact area between
the material surface and the adherent cells [11]. The contact area
of adherent cells was determined by microscopic observation.

3.2. Analysis of material–cell interactions

Df plots of cells attached to the gold electrode are shown in
Fig. 5-a. The three regions were observed in this plot (Fig. 5-a). In
region I, �f  decreased rapidly while �D did not change, which
indicated that the cells were adsorbed on the surface by grav-
ity. This is indicated by the correlation between the �f  value in
region I and the number of adherent cells, as shown in Fig. 4. In
region II, �f  decreased and �D increased steeply because the con-
tact area between the surface material and the cells increased with
cell attachment and spreading [19,20]. In region III, �f  gradually
decreased, while �D  decreased. This result indicates that the rigid-
ity between the surface material and the attached cells increased.
It was known that ECM remodeling and cytoskeletal changes lead
to an increase in the rigidity of the focal adhesions of the cells [21].
From microscopic observations in region III, the adhered cells are
no longer large and flat, but rather the cells move with changing
the shape. Therefore, it is indicated that these cells changed the
cytoskeleton and remodeled the ECM. These behaviors could be
monitored by the Df plots and the slope in region III. A photograph
of Fig. 5-b shows the shape of the cells in region II of Fig. 5-a. This
picture shows that the cells exist independently and round shape,
which is supposed to eliminate direct cell–cell contact including

cell fusion. Moreover, it was found that shapes and sizes of the cells
in regions II and III of Fig. 5-a were identical (Fig. 5-b). Information
regarding ECM remodeling could only be obtained from the slope of
the Df plots, indicating that the slope in region II is steep, whereas

l number was  13 cells/mm2). Initial cell interactions for several cells on the gold
tion, II: attachment and spreading, and III: secretion of microexudates by the slope

 III (the white bar stands for 100 �m).



ctuators B 171– 172 (2012) 1297– 1302 1301

t
r
s
t
c
t
c
i
r
a
o
t
b
F
t
c
l
a
o
a
b
a
t
E
T
a
E
t
c

Fig. 6. Df plots of L929 cellular behavior on Au surface in high cell density (500
adherent cells/mm2). Initial cell interactions at the higher cell density on the gold
electrode were classified into two regions standing for I: cell adsorption and des-
orption and II: attachment and spreading by the slope of Df plots. Region III, which
represents the secretion of microexudates as shown in Fig. 5 disappeared from this
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he slope in region III is gradual. To test the reproducibility of these
esults, we conducted these measurements 3–4 times under the
ame conditions. Furthermore, we found that the slope value of
he Df plots and the cell size depended on the number of adherent
ells. When the number of adherent cells was 7–33 cells/mm2 and
he distance between each cell was great enough to eliminate direct
ell–cell contact including cell fusion, the each slope of the Df plots
n regions I, II, and III had particular values (region I: �D/�f  = 1/200,
egion II: �D/�f  = 1/30 to 1/50, region III: �D/�f  < 0 meaning neg-
tive slope), as shown in Fig. 5-a. Meanwhile, when the number
f adherent cells was more than 500 cells/mm2, and cell–cell con-
act were included, region III disappeared and the slope in region II
ecame steeper than one in the low cell density plot, as shown in
ig. 6. At the higher cell density, cells interacted with each other and
he average size of the adherent cells was small, while at the lower
ell density, the cells grew individually and the size of each cell was
arge, as shown in Fig. 7. These results indicated that individual cells
t the lower cell density adhered strongly to the gold electrode
nly when material–cell interactions were present. Meanwhile,
t the higher cell density, cell adhesion strength became weaker
ecause the �f  value in region II was small for the number of
dherent cells and the cell–cell interactions were strong. The fact
hat region III disappeared at the higher cell density shows that
CM remodeling had not occurred after 3 h in the cell suspension.
he �D  value shows that the rigidity of the material surface was

ffected by the amount of cells and the species of proteins including
CM and cadherin secreted as a result of the cell–cell interac-
ions. Therefore, the �D  value varies with the cell density because
ell–cell and material–cell interactions are different at various

ig. 7. Photographs of L929 cellular behavior on gold electrode after the experiment. Th
eft  photo showed that at the higher cell density (500 cells/mm2 were adsorbed), the size
ensity (33 cells/mm2), the size of each adsorbed cell was 20–30 �m.

ig. 8. (a) Df plots of L929 cellular behavior on PMSH and gold electrodes (the injected cel
fter  90 min  from cell injection (the white bar represents 100 �m). (a) On the PMSH surfa
y  the slope of the Df plots. (b) Here, the cells did not attach to the PMSH surface.
plot.

concentrations of cells. Fig. 8-a shows the Df plots of the behav-
ior of cells on PMSH. The Df plots of cells on the gold electrode
in Fig. 8-a can be compared to Fig. 5-a. On the PMSH surface,
only region I (which represents initial cell adsorption and desorp-

tion) was shown. This result shows that cells were only adsorbed
by gravity, and did not attach or spread on the PMSH surface.
The phenomenon was  confirmed from simultaneous microscopic

ese cells were fixed by glutaraldehyde and the white bar represents 100 �m.  The
 of each adsorbed cell was  5–15 �m.  The right photo showed that at the lower cell

l number was  13 cells/mm2). (b) The photograph of L929 cellular behavior on PMSH
ce, only region I, which stands for initial cell adsorption and desorption, was shown
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bservations (Fig. 8-b). Df plots indicate the PMSH surface does not
ffect cellular attachment.

. Conclusion

In this study, we monitored the initial cellular behavior at low
ell density to grow cells individually by using a novel analyti-
al system composed of real-time cell monitoring microscopy and
ighly sensitive QCM-D at 35 MHz; the QCM-D system was con-
ected to a microchip that controls the cell density. When the
umber of the adherent cells was less than 33 cells/mm2 to grow
ells individually, the Df plots, which describe material–cell inter-
ctions directly, showed three regions. Region I represents cell
dsorption and desorption, region II shows attachment and spread-
ng, and region III describes ECM remodeling. When the number of
he adherent cells was more than 500 cells/mm2, the slope of region
II in the Df plots disappeared, which indicated a decrease in the cell
dhesion strength. This phenomenon was supported by a micro-
copic observation that showed a decrease in the cell–cell distances.
nly slope I of the Df plots was observed for cells on the PMSH-
odified surfaces, indicating that the cells could not be attached

o the surface. By simultaneously analyzing the Df plots by QCM-D
cell adhesion strength) and by observing the cells by microscopy
morphology analysis) while controlling the cell density, various
ellular behaviors and interactions between the surface materials
nd the cells can be understood precisely. This system allows us to
xamine material–cell interactions and develop new materials for
issue engineering.
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