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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 dynamically 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
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.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Control of cellular behavior and material–cell interactions has
recently become a very important issue in the ﬁeld of tissue and
cell engineering. For example, the use of hybrid artiﬁcial organs
in regenerative medicine has attracted attention towards the construction of actual organs using the function of differentiated cells
and building the cells into the materials artiﬁcially in a viable
manner [1]. To construct organs made of cells built into materials that are similar to those found in vivo, the materials should be
designed based on the understanding of material–cell interactions.
However, material–cell interactions include many components,
and the removal of excess effects including the serum in medium
and proteins generated by cell–cell interactions is essential in
understanding material–cell interactions. Furthermore, to clarify
the dynamic interactions between materials and cell, we should
develop cell-analytical devices that dynamically monitor and quantitatively index the cells.
Among the various tools, such as microscopic, spectroscopic
and plasmonic measurements that have been developed to clarify
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material–cell interactions [2–4], acoustic measurement as typically 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 mechanism 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 cytoskeletal 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.
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Fig. 1. Schematic illustration of cell-analytical system.

In this study, we investigated material–cell interactions it
means cellular behavior including cell adsorption, adherent and
spreading on the material by QCM-D combined with real-time
microscopy, which can monitor the material–cell interactions
directly, and the morphological changes of the cell simultaneously. To understand the initial cell attachment behavior, a gold
surface for cell attachment and a biocompatible polymer surface
without cell attachment were used as typical materials. We used
poly(2-methacryloyloxyethyl phosphorylcholine) (MPC polymer)
as a biocompatible polymer that is well known for reducing nonspeciﬁc proteins and cell adsorption [13,14].
Furthermore, the cell density was controlled by a microchannel chip, which can separate cells one by one to eliminate cell–cell
contact. Using this system, we could control the number of cells
monitored and clarify the difference between material–cell and
cell–cell interactions.
2. Materials and methods
2.1. Construction of the cell-analytical system
2.1.1. Kinetic cellular behavior observation system
Fig. 1 shows the design of the analytical system used to evaluate the initial attachment behavior of several cells preventing
the cell–cell contact on the QCM-D sensor. In this paper, initial
attachment behavior deﬁnes the behaviors before cell division (cell
adsorption, attachment spreading, secretion of microexudates and
migration). The dynamic morphological changes of the cells were
observed simultaneously by microscopy (Leica MS16FA, Tokyo,
Japan) for 6 h, along with the measurement of f and D from the
QCM-D window chamber (QWiC 301, Q-Sense AB, Sweden), which
was placed in a temperature-controlled box.
The capacity of the window chamber was 400 L and the gold
electrode was a circle with a 14 mm diameter. The QCM-D window chamber was internally maintained at 37 ± 0.1 ◦ C and housed
in a clear temperature-controlled box at 40 ◦ C to maintain the constant temperature of the injection ﬂuid because the temperature
change greatly affected to the frequency of QCM-D, which leads to
noise. In the same manner, heat from the light source inﬂuenced
the frequency; therefore, we used the LED light source to eliminate
extrinsic noise.
2.1.2. Single cell separation by microchip
The conceptual scheme of the microchip for cell separation is shown in Fig. 1. This microchip was made of

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 structure 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 uniformly. Therefore, we developed a new biocompatible polymer
conjugated to the gold electrode surface. The chemical structure of poly(MPC–co–2-(methacryloyloxy)ethylthiol) (PMSH) is
shown in Fig. 2. This polymer has a thiol group on the side
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. 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 (%)

4.2 × 104

76

a

In feed

In polymer

MPC

MET

90

10
−1

MPC

2-(Methacryloyloxy)ethylthiol

97

3

−1

◦

[monomer] = 0.7 mol L , [AIBN] = 0.35 mmol L in methanol, temperature: 60 C, reaction time: 24 h
a
Determined by 1 H-NMR spectrum.
b
Determined by GPC in water/CH3 OH = 3/7, PEO standard.

synthesized by a conventional radical polymerization of MET and
MPC using a, a -azobisisobutyronitrile (AIBN) as an initiator. After
the polymerization, the reaction mixture was precipitated using
dialysis (Mw = 3500) for 2 days and treated with base and acid to
terminate the reaction. The structure of the synthesized polymer
was conﬁrmed by 1 H-NMR (JEOL JNM-NR30, Tokyo, Japan). The
ratio of monomer units in the PMSH was measured by thiol extraction. The molecular weight was determined by gel-permeation
chromatography (OHpak SB-804 HQ column, Shodex, Tokyo, Japan)
with poly(ethylene oxide) standards. The characteristics of PMSH
are summarized in Table 1.

in a UVO chamber (UV TipCleaner, BioForce Nanosciences, Inc.).
PMSH modiﬁcation was done in a QCM-D chamber. The gold electrode 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 surface chemical composition was determined by X-ray photoelectron
spectroscopy (XPS; AXIS-His, Shimazu/Kratos, Kyoto, Japan, Fig. 3a and b). The surface morphology was observed using an atomic
force microscope (AFM, Fig. 3-c), which conﬁrmed that phosphorylcholine (PC) existed uniformly on the gold electrode. The PMSH
modiﬁed gold electrode is named as PMSH electrode.

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

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)

Fig. 3. (a) P 2p spectra from gold electrode surface. (b) P 2p spectra from PMSH-coated surface acquired by XPS. (c) Morphology of gold electrode surface coated with PMSH.
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(Gibco, Invitrogen Corporation) and maintained in a humidiﬁed
incubator (5% CO2 /95% air atmosphere at 37 ◦ C). To seed L929 cells
in the QCM-D chambers, the cells were removed from culture ﬂasks
by trypsinization, centrifuged for 3 min at 1000 rpm, and resuspended in serum-free DMEM to eliminate interactions caused by
the serum. Next, the centrifugation and resuspension steps were
repeated, the cell number was determined by directly counting
the cells, and the cell concentration was controlled using serumfree DMEM. Within 15 min after the ﬁnal resuspension, the cell
suspension was injected into the QCM-D chamber.
2.5. QCM-D measurements
Gold and PMSH electrodes were mounted in the chamber and
measurements of f and D were conducted in a gaseous environment. After stabilizing f and D with puriﬁed water on each gold
or PMSH electrode, the puriﬁed water was replaced with serumfree DMEM. We injected approximately 1.3 × 102 cells/mm2 on the
gold or PMSH electrodes. To analyze the adherent cells, serum-free
DMEM was ﬂowed over the cells 30 min after the injection and
the non-adherent cells were removed. The behavior of the cells
on gold and PMSH electrodes after 3 h and 6 h were determined
from the mass and viscosity changes, and the cell geometry was
simultaneously observed using a microscope. Df plots, which determine the ratio between f and D, are used widely to analyze
material–cell interactions [18]. The slopes of the Df plots describe
the material–cell interactions at each phase and they are independent of the number of adherent cells. This study presents Df plots
corresponding to the seventh overtone (35 MHz).
3. Results and discussion
3.1. Monitoring a few cellular behaviors by QCM-D
Using a microchip (Fig. 1), the desired number of L929 cells
was tested at a density of 3.0 × 104 cells/mL and a ﬂow velocity
of 0.10 L/min. In order to exclude cell–cell contact, we controlled
the number of adherent cells on the gold electrode by changing
the number of injected cells. By reducing the number of injected
cells, we could monitor 7 cells/mm2 less than 10 cells/mm2 and we
conﬁrmed that each cell was independently attached. And, using
a high sensitive QCM-D using the resonance frequency of 35 MHz,
the reliable f was obtained by increasing the number of adherent cells as shown in Fig. 4. However the relation between f and
the number of adherent cell does not show linear relationship. This
result indicated that the f was caused by not only the change of

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 gravity. 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 contact 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 rigidity 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

Fig. 5. (a) Df plots of L929 cellular behavior on gold electrode surface (the injected cell number was 13 cells/mm2 ). Initial cell interactions for several cells on the gold
electrode were classiﬁed into the three regions standing for I: cell adsorption and desorption, II: attachment and spreading, and III: secretion of microexudates by the slope
of Df plots. (b) The photograph of L929 cellular behavior on gold in region II, (c) in region III (the white bar stands for 100 m).
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the slope in region III is gradual. To test the reproducibility of these
results, we conducted these measurements 3–4 times under the
same conditions. Furthermore, we found that the slope value of
the Df plots and the cell size depended on the number of adherent
cells. When the number of adherent cells was 7–33 cells/mm2 and
the distance between each cell was great enough to eliminate direct
cell–cell contact including cell fusion, the each slope of the Df plots
in regions I, II, and III had particular values (region I: D/f = 1/200,
region II: D/f = 1/30 to 1/50, region III: D/f < 0 meaning negative slope), as shown in Fig. 5-a. Meanwhile, when the number
of adherent cells was more than 500 cells/mm2 , and cell–cell contact were included, region III disappeared and the slope in region II
became steeper than one in the low cell density plot, as shown in
Fig. 6. At the higher cell density, cells interacted with each other and
the average size of the adherent cells was small, while at the lower
cell density, the cells grew individually and the size of each cell was
large, as shown in Fig. 7. These results indicated that individual cells
at the lower cell density adhered strongly to the gold electrode
only when material–cell interactions were present. Meanwhile,
at the higher cell density, cell adhesion strength became weaker
because the f value in region II was small for the number of
adherent cells and the cell–cell interactions were strong. The fact
that region III disappeared at the higher cell density shows that
ECM remodeling had not occurred after 3 h in the cell suspension.
The D value shows that the rigidity of the material surface was
affected by the amount of cells and the species of proteins including
ECM and cadherin secreted as a result of the cell–cell interactions. Therefore, the D value varies with the cell density because
cell–cell and material–cell interactions are different at various
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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 desorption 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
plot.

concentrations of cells. Fig. 8-a shows the Df plots of the behavior 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 desorption) 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

Fig. 7. Photographs of L929 cellular behavior on gold electrode after the experiment. These cells were ﬁxed by glutaraldehyde and the white bar represents 100 m. The
left photo showed that at the higher cell density (500 cells/mm2 were adsorbed), the size of each adsorbed cell was 5–15 m. The right photo showed that at the lower cell
density (33 cells/mm2 ), the size of each adsorbed cell was 20–30 m.

Fig. 8. (a) Df plots of L929 cellular behavior on PMSH and gold electrodes (the injected cell number was 13 cells/mm2 ). (b) The photograph of L929 cellular behavior on PMSH
after 90 min from cell injection (the white bar represents 100 m). (a) On the PMSH surface, only region I, which stands for initial cell adsorption and desorption, was shown
by the slope of the Df plots. (b) Here, the cells did not attach to the PMSH surface.
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observations (Fig. 8-b). Df plots indicate the PMSH surface does not
affect cellular attachment.
4. Conclusion
In this study, we monitored the initial cellular behavior at low
cell density to grow cells individually by using a novel analytical system composed of real-time cell monitoring microscopy and
highly sensitive QCM-D at 35 MHz; the QCM-D system was connected to a microchip that controls the cell density. When the
number of the adherent cells was less than 33 cells/mm2 to grow
cells individually, the Df plots, which describe material–cell interactions directly, showed three regions. Region I represents cell
adsorption and desorption, region II shows attachment and spreading, and region III describes ECM remodeling. When the number of
the adherent cells was more than 500 cells/mm2 , the slope of region
III in the Df plots disappeared, which indicated a decrease in the cell
adhesion strength. This phenomenon was supported by a microscopic observation that showed a decrease in the cell–cell distances.
Only slope I of the Df plots was observed for cells on the PMSHmodiﬁed surfaces, indicating that the cells could not be attached
to 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
cellular behaviors and interactions between the surface materials
and the cells can be understood precisely. This system allows us to
examine material–cell interactions and develop new materials for
tissue engineering.
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