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A B S T R A C T   

The morphological response of HepG2 cells to mitomycin C was analyzed using a multichannel 
quartz crystal microbalance system equipped with a home-built movable microscope that enables 
the simultaneous acquisition of cell images and measurements of eight-channel quartz crystal 
microbalance. After 24 h of cell seeding, mitomycin C was injected into the culture medium. 
During the attachment process, the resonant frequency decreased, and the curves fitted well with 
the first-order lag response. Analysis of the response to mitomycin C revealed that the resonant 
frequency response curves varied with mitomycin C concentration. When the mitomycin C con
centration was <10 μmol L− 1, the delay time was observed before the increase in resonant fre
quency. When the mitomycin C concentration was extremely low, an additional decrease in 
resonant frequency was observed in the middle of the delay time that fitted well with the cu
mulative log-normal distribution curve. The resonant frequency response curves after the delay 
time fitted well with the cumulative log-normal distribution curves. The delay time and mean 
cumulative log-normal distribution time for the increase in resonant frequency correlated with 
the mitomycin C concentration; however, the mean time for the additional decrease in the 
resonant frequency did not show a statistically significant difference as a function of mitomycin C 
concentration. For mitomycin C concentrations of >20 μmol L− 1, the response to the change in 
resonant frequency was rapid, and the response curves fitted well with the first-order lag 
response. The first-order lag response indicates that the response occurred simultaneously for all 
cells. The results showed that the time constant was independent of the tested mitomycin C 
concentration between 20 and 100 μmol L− 1. These results suggested that different cell death 
processes occurred by mitomycin C. The findings of this study suggest that the system can be used 
to investigate cell death in adherent cells.   

1. Introduction 

The quartz crystal microbalance (QCM) is a highly sensitive microbalance for detecting a change in the surface mass with changes 
in resonant frequency [1]. The resonant frequency of a quartz crystal changes with the mass loading of a viscous fluid that is in contact 
with the crystal surface. The resonant resistance is affected by the resistance of the viscous materials [2–4]. Therefore, QCM has been 
used for monitoring a chemical or biological phenomenon based on the resonant frequency change and resonant resistance or dumping 
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factor [3–8]. QCM has also been used to examine the cell attachment process, focusing on the interaction between cultured cells and 
the surface of attached cells [9–31]. The effects of cell density [9–13] and species [14–16] on the change in the resonant frequency of a 
quartz crystal have been studied. Polystyrene (hydrophobic surface), metals (hydrophilic surface), and polypeptides have been used to 
examine the interaction between the cell surface and cultured cells [17–27]. The effects of cell growth factors, inhibitors, and toxins on 
cell attachment and growth processes have been investigated [28–31]. In these studies, the resonant resistance or dumping factor has 
been used to analyze the changes in cell characteristics [12–31]. 

Some studies have shown that the change in the resonant frequency of quartz crystals fits with the cell attachment model curves [9, 
13,15,27]. In these studies, the cell attachment curves fitted well with the first-order lag response curves [13,27]. In this study, 
transparent indium-doped tin oxide (ITO) electrodes served as the electrodes of the quartz crystal, enabling the simultaneous 
acquisition of transparent cell images and resonant frequency measurements. With the injection of an antitumor agent, the cell 
response was also examined using QCM [13]. In this study, we analyzed the response of HepG2 cells to cisplatin and revealed that the 
change in resonant frequency response curves fitted with the cumulative log-normal distribution (CLND) curve. This indicates that the 
cell response follows a statistical distribution. We aimed to determine whether this response is similar to the response to other anti
tumor reagents by analyzing the cell response to mitomycin C (MMC). 

MMC is an antibiotic and anticancer drug that mainly crosslinks deoxyribonucleic acid (DNA), leading to DNA degradation. MMC 
inhibits cell division and is used to regulate the cell cycle. This function is used to prepare a feeder cell layer for induced pluripotent 
stem cells [32–42]. Moreover, MMC induces apoptosis at a certain concentration [39]. These functions depend on the MMC con
centration to treat cells. Although MMC may not be an appropriate first-line treatment due to the recent development of several 
antitumor medications, it has been used in the treatment of liver cancer for several years and is an important antitumor reagent for cell 
biology. In addition, MMC is used to prepare a feeder cell layer for culture stem cells. Several studies have been reported on MMC; 
however, to the best of our knowledge, there are no reports on the monitoring of continuous morphological changes using numerical 
values. 

In this study, we constructed an eight-channel QCM system equipped with a home-built microscope that enables the monitoring of 
cell images in each channel. Additionally, we examined the response of HepG2 cells to a wide concentration range of MMC. 

2. Materials and methods 

2.1. Materials and chemicals 

An AT-cut quartz crystal with a size of 8 × 8 × 0.18 mm3 and basic resonant frequency of 9.0 MHz was used with ITO electrodes. 
ITO electrodes were constructed using a sputtering instrument (CFS-4ES; Shibaura Mechatronics, Kanagawa, Japan) with 0.8 Pa Ar 
containing 5% O2 at a radiofrequency radiation of 350 W. ITO electrodes were subjected to a 2-h heat treatment at 160 ◦C to stabilize 
the optimal oxygen ratio. 

For the experiments, the HepG2 cell line (Dainippon Sumitomo Pharma, Osaka, Japan) was precultured on collagen I-coated 
culture plates (AGC Techno Glass, Shizuoka, Japan) For cell culture, Dulbecco’s modified eagle’s medium (Sigma-Aldrich) with 10% 

Fig. 1. Schematic diagram of the microscope and quartz crystal microbalance (QCM) system. The system consists of an eight-channel multiplier of 
the QCM and a moving microscope to simultaneously facilitate the measurement of eight samples: Quartz crystals with indium-doped tin oxide 
electrodes were placed in sample wells and positioned over a microscope equipped with a complementary metal oxide semiconductor (CMOS) image 
sensor. The light source unit was located above the quartz crystal to transfer the images. To acquire cell images, the microscope and light-emitting 
diode (LED) illumination unit were moved to each channel at a constant interval. The focus of the microscope was adjusted by rotating the object 
lens tube with a timing belt and stepping motor./Footnote: CMOS: complementary metal oxide semiconductor, LED: light-emitting diode, QCM: 
quartz crystal microbalance. 
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bovine serum (Biowest) and 1% antibiotic antimycotic (Sigma-Aldrich) was used. 
Cells were trypsinized with trypsin–ethylenediaminetetraacetic acid (0.5%, 10 × ) (Gibco). Further, 0.01% poly-L-lysine (PLL) 

(molecular weight, 150,000–300,000) solution (Sigma-Aldrich) was used for preparing the extracellular matrix on the quartz crystal. 
MMC (1 mg mL− 1) and ethylene glycol were obtained from Fujifilm Wako Pure Chemical Industries (Osaka, Japan). Ethanol was 
obtained from Sigma-Aldrich. Lactate dehydrogenase assay kit was obtained from Dojindo Laboratories (Kumamoto, Japan). 

2.2. Experimental instruments 

In our study, we used an eight-channel quartz crystal microbalance (QCM) measuring system comprising a QCM unit (QCM922A) 
and eight-channel multiplexer (QCM922A-900) obtained from Seiko EG&G. QCM 922A measures the admittance of the quartz crystal 
around the resonant frequency via an AC sweep analysis using the four-terminal method. Accordingly, it searches and calculates the 
resonant frequency of the quartz crystal. The multiplier switches the wires to connect the selected channel of the quartz crystal with the 
relay circuits. The QCM unit and multiplier were supplied together from the manufacturer and tested by the manufacturer beforehand. 

We constructed an eight-channel measuring system that can simultaneously measure QCM parameters and obtain photographic 
images in a CO2 incubator. The microscope–QCM system was constructed using the eight-channel QCM multiplier and a home-built 
microscope unit that moves to each QCM channel via a stepping motor mechanism. Fig. 1 depicts a schematic of a microscope paired 
with QCM. Quartz crystals with ITO electrodes were placed in sample wells and positioned over a microscope equipped with a 
complementary metal oxide semiconductor (CMOS) image sensor. The light-emitting diode (LED) illumination unit was located above 
the quartz crystal to transfer the images. To acquire cell images, the microscope and light source unit were moved to each channel at a 
constant interval. The focus of the microscope was adjusted by rotating the object lens tube with a timing belt and stepping motor. The 
working unit was used inside the CO2 incubator (model E− 50, AsOne, Osaka, Japan). 

Fig. S1a shows a photograph of the working unit. The unit is constructed on an aluminum frame with the multiplexer unit, the 
microscope unit and the illumination unit. The microscope unit and the illumination unit were on the rails to move to each channel by 
stepping motors and timing belts. The quartz crystals in the sample wells are connected to the multiplexer unit, and the sample wells 
are attached to a sample stage with fastening components. Fig. S1b shows a photograph of the microscope unit. The microscope unit is 
located beneath the sample stage and comprises the objective lens, the CMOS image sensor, and two stepping motors: one for focus 
control through a timing belt and another for depth positioning. Most of the plastic components in these units were made using a 3D 
printer. 

The video signal from the CMOS image sensor was transmitted to a personal computer (PC) via a Universal Serial Bus (USB) 
interface. The stepping motors were used to move the microscope and light source unit as well as to adjust the focus of the microscope. 
The stepping motors and power lines for the light source were controlled using a driver board (Lamps 1.6) and microcomputer board 
(Arduino MEGA 2560) with a USB connection to a PC. The resonant frequency and resistance of up to eight quartz crystals were 
monitored every 10 s using QCM922A through a multiplier unit. Microscopy images for each channel were automatically stored every 
30 min in the PC. In this study, a four-channel type measuring system was also used as described previously [13]. 

2.3. Experimental Procedure 

To prepare test cells, the quartz crystal was sandwiched with silicone O-rings and attached to a well-type cell made of polyether 
ether ketone (model QA-CL5PK-A, Seiko EG&G, Tokyo, Japan). The quartz crystal was connected to the multiplexer in the CO2 
incubator and fixed to the instrument with fixing parts, then the monitoring of the resonant frequency and resonant resistance was 
started. The ITO electrode on the quartz crystal was treated with PLL solution (0.01%, 50 μL) for 2 h and then rinsed with a culture 
medium. Next, 200 μL of the culture medium was added to each well. After injecting the culture medium, we waited for 2 h so that the 
quartz crystal stabilized. Before seeding, HepG2 cells were the trypsinized and centrifuged. The centrifuged cells were suspended in the 
culture medium, and the cell concentration was measured with a hemocytometer to prepare the cell suspension for each well. Cell 
densities of 300–600 cells mm− 2 were used to obtain an effective quartz crystal surface area (inner diameter of 5.5 mm), which 
corresponded to a seeded cell number of 7000–14000 cells per well. After seeding the cell, a cap with a glass window was placed on the 
top of the well, and microscope monitoring was started promptly. The MMC solution was diluted to 1:10–1:50 if necessary. After 24 h 
of cell seeding, approximately 2–40 μL of the solution was injected to adjust the final MMC concentration to be between 0.1 and 100 
μmol L− 1. Measurements within the range of MMC concentration of 2–20 μmol L− 1 were replicated two or three times because this 
range is critical for cell response. A series of single measurements were conducted to investigate the dose response of MMC for other 
concentration ranges. 

2.4. Statistical analysis 

The relationship between MMC concentration and the obtained parameter in this study was analyzed using the regression analysis. 
The slope of the regression line was obtained using the least-squares method and was tested under the statistical hypothesis that it 
equals zero. The total variance and the variance of the slope factor were compared using the t-distribution curve and the p-value 
obtained for the case to check for statistically significant differences. The p-value of 0.05 was used to check for statistically significant 
differences since a 95% confidence level was used for the statistical decision in this study. 
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3. Results and discussion 

3.1. Response curve for cell attachment and mitomycin C injection 

Fig. 2 shows the typical change in resonant frequency and resistance in this study. To facilitate easier identification of the difference 
and trends, the resonant frequency and resistance were replotted in each group by normalizing the amplitude of cell attachment after 
24 h from the cell seeding (Fig. S2). Fig. S2a shows the resonant frequency responses and Fig. S2b shows the resonant resistance 
responses. 

Fig. 2a shows the typical resonant frequency response for the cell attachment and growth processes without using MMC. The 
resonant frequency rapidly decreased immediately after cell seeding. As the resonant frequency change occurred according to the 
change in the mass of the vibrating quartz crystal, cell spreading and flattening of the quartz crystal surface increased the vibration 
mass and altered the resonant frequency. Fig. S3a presents the simultaneous acquisition of microscopy images at 0.5, 24, 48, and 96 h 
after cell seeding. At 0.5 h, trypsinized cells were round in shape. Cells spread at 24 h, grew at 48 h, and finally achieved confluency at 
96 h after seeding. 

Fig. 2. Typical resonant frequency and resistance response curves for cell attachment and response processes with and without mitomycin C 
(MMC): (a) without MMC and (b) 0.5, (c) 3.3, (d) 16.7, and (e) 30 μmol L− 1 MMC injected at 24 h: (a) The resonant frequency rapidly decreased 
immediately after cell seeding. The cell spreading and flattening of the quartz crystal surface altered the resonant frequency. The cell-cell contact 
increases the resonant frequency by reducing the cell contact area and the strength of interaction with the plate. (b) The resonant frequency 
continued to decrease after MMC injection, and began to decrease even more approximately 8 h after MMC injection. After 24 h of MMC injection, 
the resonant frequency increased. (c) The increase of resonant frequency delayed for 10 h from MMC injection. The delay time was shorter than the 
response for 0.5 μmol L− 1 MMC injection, and no additional decrease in resonant frequency was observed during the delay time. The plural 
experimental data revealed that the delay time was shortened due to increased MMC concentration. (d) The resonant frequency increased gradually 
following the MMC injection and no delay time was observed for the resonant frequency increase after the MMC injection. (e) The resonant fre
quency response following the MMC injection was rapid, and no delay time was observed./Footnote: MMC: mitomycin C. 
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Fig. 3a illustrates the cell attachment and growth processes. As shown in the figure, the sphere cells fall and attach to the quartz 
crystal surface (P1), which increases the mass; cells spread and attach to the surface (P2), which also increases the mass; and cells 
multiply to form clusters (P3), and the cell–cell interaction increases the cell height and decreases the contact area. 

The resonant frequency decreases in the cell attachment and multiplication process. In contrast, the cell–cell contact increases the 
resonant frequency as it induces a decrease in the cell contact area on the plate and the strength of cell contact with the plate [13,15]. 
As the resonant frequency reflects the mass loading of rigid and viscous materials on the quartz crystal, whereas the resonant resistance 
reflects only the vibration energy loss on the quartz crystal surface, the resonant frequency and resistance were plotted in Fig. S4a. The 
resonant resistance–resonant frequency curves were essentially linear; however, the ratio of resonate resistance to resonant frequency 
increased slightly during the first attachment and subsequent processes during the cell–cell contact. This indicates that cell viscosity 
increases during the processes of cell attachment and cell–cell contact. 

Fig. 2b shows the response curves of resonant frequency and resistance for the injection of 0.5 μmol L− 1 MMC 24 h after cell 
seeding. As shown in the figure, the resonant frequency continued to decrease after MMC injection, and the attachment process 
persisted. Furthermore, the resonant frequency began to decrease approximately 8 h after MMC injection. After 24 h of MMC injection, 
the resonant frequency increased. Cell images are shown in Fig. S3b. The cells were round in shape at 0.5 h and attached to the surface 
at 24 h. The cells became flat at 48 h and partly long and rounded narrow in shape at 92 h. It was noted that cell division ceased after 
MMC injection. 

An additional decrease in resonant frequency was observed after 8 h of MMC injection (Fig. 2b). A decrease in resonant frequency 

Fig. 3. Illustration of the morphological changes in cells during the attachment process and response to mitomycin C (MMC). These illustrations 
represent the cell attachment and growth process without MMC (a), cell attachment and response to very low-concentration MMC (b), and cell 
attachment and response to medium- and high-concentration MMC (c): (a) The following three steps illustrate the process of cell attachment and 
growth: (P1) the sphere cells fall and attach to the quartz crystal surface, which increases the mass; (P2) cells spread and attach to the surface, which 
also increases the mass; and (P3) cells multiply to form clusters, and the cell–cell interaction increases the cell height and decreases the contact area. 
(b) The following four steps illustrate the process for low-concentration MMC: (P1) the sphere cells fall and attach to the quartz crystal surface, 
increasing the mass; (P2) cells spread and attach to the surface, which also increases the mass; (P3) cells are in close contact with the surface as the 
first response to MMC, which increases the mass; and (P4) the cells become rounded in shape as seen in the cell images of Fig. S3b, indicating a 
weakened cellular attachment strength and a consequent decrease in the mass factor. (c) The following four steps illustrate the process for medium- 
and high-concentration MMC: (P1) the sphere cells fall and attach to the quartz crystal surface, increasing the mass; (P2) the cells spread and attach 
to the surface, which also increases the mass; (P3) as the strength of the cell attachment weakens, the cells become round in shape, which decreases 
the mass; and (P4) cell shrinking decreases the mass during the cell death process./Footnote: MMC: mitomycin C. 
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may occur when the interaction between the quartz crystal surface and cells increases. A possible reason is the loss of microvilli from 
the cell surface,37 which facilitates close contact between the cells and quartz crystal surface. After 24 h of MMC injection, the resonant 
frequency increased. The increase in the resonant frequency can be interpreted from the microscopy images as the contacting area of 
the cells decreased when the cells became round in shape. 

Fig. 3b illustrates cell attachment and the response to MMC injection. As shown in the figure, the sphere cells fall and attach to the 
quartz crystal surface, increasing the mass (P1); cells spread and attach to the surface, which also increases the mass (P2); cells are in 
close contact with the surface as the first response to MMC (P3), which increases the mass; and the cells become rounded in shape (P4) 
as seen in the cell images of Fig. S3b, indicating a weakened cellular attachment strength and a consequent decrease in the mass factor. 

A small drift in the resonant frequency was observed, as depicted in Fig. 2b. It is supposed that the drift was induced by varying of 
the frequency scan range of admittance measurement in QCM922A. The calculated results of the QCM resonant frequency includes a 
certain error that may be affected when the scan range is changed. As the scan range is decided automatically related to the resonant 
resistance amplitude in QCM922A, the scan range varies frequently if the condition changed around the border line to change the scan 
range. Consequently, the small drift in the calculated resonant frequency is observed. The crucial point is that the drift is observed only 
in the range of the calculation error, and the resonant frequency is obtained in the range of the error. In the experiments, the resonant 
frequency variation caused by the cell response is much larger than the drift of the resonant frequency. Therefore, the data can be used 
as the response of the cultured cells. 

Fig. 2c shows the responses of resonant frequency and resistance for 3.3 μmol L− 1 MMC injection. The delay time from MMC 
injection until the increase in resonant frequency was 10 h, which was shorter than the response for 0.5 μmol L− 1 MMC injection, and 
no additional decrease in resonant frequency was observed during the delay time. The plural experimental data revealed that the delay 
time was shortened due to increased MMC concentration, as described later. Cell images are shown in Fig. S3c. The cells were round in 
shape at 0.5 h and spread at 24 h. Some cells became small and round at 48 h, and partly shrunken cells were observed at 96 h. This 
result showed that cell division ceased after MMC injection and the cells were partly dead at 96 h. 

Fig. 3c illustrates cell attachment and response to MMC injection. As shown in the figure, the sphere cells fall and attach to the 
quartz crystal surface (P1), increasing the mass; the cells spread and attach to the surface (P2), which also increases the mass; as the 
strength of the cell attachment weakens, the cells become round in shape (P3), which decreases the mass; and cell shrinking (P4) 
decreases the mass during the cell death process. 

The resonant frequency and resistance response for 16.7 μmol L− 1 MMC injection are depicted in Fig. 2d. In this case, no delay time 
was observed, and the resonant frequency increased gradually following the MMC injection. Cell images are displayed in Fig. S3d. The 
cells were round at 0.5 h and spread at 24 h. At 48 h, most cells shrank and formed small particles, and they further shrank at 96 h. 
Although the timing was different, the morphological change was similar to that shown in Fig. 3c. 

Fig. 2e shows the resonant frequency and resistance response for 30 μmol L− 1 MMC injection. Notably, this response was rapid, and 
no delay time was observed. Cell images are shown in Fig. S3e. The cells were round at 0.5 h and spread at 24 h. The cells became round 
and small at 48 h and further shrank at 96 h. The changes in cell morphology after 30 μmol L− 1 MMC injection were slower than those 
after 16.7 μmol L− 1 MMC injection. This result indicated that the high-concentration MMC function was too strong to respond the cells 
as the morphology change. In this case, the morphological change is similar to that shown in Fig. 3c, although the resonant frequency 
response curves appeared vastly different. 

To verify the relationship between resonant frequency and resistance, the resonant frequency and resistance (F–R) diagram was 
plotted (Figs. S4a, S4b, S4c, S4d, and S4e). The F–R diagram reveals the elements that cause the change in the resonant frequency. The 
resonant frequency changes due to both mass and viscosity factors, while the resonant resistance shows only changes based on the 
viscosity factor. Attaching a rigid material to the quartz crystal leads to a decrease in the resonant frequency without an increase in the 
resonant resistance. When the quartz crystal contacts with a viscous material, the resonant frequency decreases and the resonant 
resistance increases. 

The F–R diagram without MMC injection is shown in Fig. S4a. Fig. S4a shows that cell seeding decreased the resonant frequency 
and increased the resonant resistance. The slope of the F–R diagram was slightly steep in the initial step of part A, gentle in the next part 
B and slightly steep again in part C. This suggests that the viscosity was slightly higher in the initial cell attachment step (part A) and 
dense cell step (part C) compared to cell elongation step (part B). In the last step of part D, the resonant frequency increased when the 
cells were over confluent but the resonant resistance remained high. The increase in resonant frequency suggests a decrease in the rigid 
element at the cell-quartz crystal interface. However, the high resonant resistance level suggests that the viscos element was still 
increasing in this step. 

Figs. S4b, S4c, S4d, and S4e represent the diagrams for the four concentrations (0.5, 3.3, 16.7 and 30 μmol L− 1) of MMC injection. 
The F–R curves in these figures are similar to that in Fig. S4a during the cell attachment process. In Figs. S4b, S4c, and S4d, the resonant 
frequency decreased in part E after MMC injection, indicating a reduction in the cell adhesion area in this part. In contrast, the resonant 
resistance in part E was higher than in the cell adhesion step. This implies that the cell viscosity after the MMC injection was higher 
than that during the cell adhesion step. 

In Figs. S4c and S4d, the cells shrank in the last step in part F. Consequently, the resonant resistance quickly decreased in this step, 
and the F–R ratio returned to the initial ratio. This suggests a decrease in cell viscosity during the shrinking step. 

The F–R diagram in Fig. S4e shows a similar pattern to Figs. S4c and S4c, but it is rectilinear and clear. In Fig. S4e, the resonant 
frequency increases in part G after MMC injection, but the decrease in resonant resistance was small in Fig. S4e. This suggests that the 
cells have lost their rigidity in this step, inducing an increase in cell viscosity. During the shrink process of part H, the resonant 
resistance decreased rapidly and the F–R ratio returned to the level of the cell attachment process. This suggests that the viscosity of 
cells has clearly decreased in the shrink process. Therefore, the F–R diagram presented a two-step response that occurred for middle 
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and high-concentration MMC. 

3.2. Response patterns after MMC injection 

Based on Fig. 2, S2 and S3, the response patterns of the resonant frequency change after MMC injection are divided and charac
terized as a delay in response (A), additional decrease in the resonant frequency change (B), gradual increase in the resonant frequency 
(C), and rapid increase in the resonant frequency (D). 

The response for 0.5 μmol L− 1 MMC injection (Fig. 2b) included the delay in response (A), additional decrease during the delay time 
(B), and gradual increase during the delay time (C). The response for 3.3 μmol L− 1 MMC injection (Fig. 2c) included the delay response 
(A) and the gradual increase (C). The response for 16.7 μmol L− 1 MMC injection (Fig. 2d) included the gradual increase (C). The 
response for 30 μmol L− 1 MMC injection (Fig. 2e) included the rapid increase (D) and gradual increase (C). 

The delay in response occurred for the low-concentration MMC experiments. Fig. 4 shows the correlation between the delay time 
and MMC concentration. The delay time decreased with increasing MMC concentration and became zero for approximately 10 μmol 
L− 1 MMC. The regression curve showed that the delay time was expressed as follows: Tdelay time [h] = − 6.3 ln(CMMC) + 21.9, where 
CMMC is the injected MMC concentration (μmol L− 1). The regression analysis on the slope yielded a p-value of 7.9⋅10− 8 (n = 16), which 
is significantly smaller than 0.05, indicating statistical significance. This suggests that the delay time of the response curve is 
dependent on the MMC concentration. 

The results of the lactate dehydrogenase assay 24 h after MMC injection showed that the cell membrane permeability was destroyed 
in most cells injected with 10 μmol L− 1 MMC. This concentration corresponded to the concentration that disappeared during the delay 
time. Therefore, cells treated with 0.5 and 3.3 μmol L− 1 MMC were still developing, and those treated with 16.7 and 30 μmol L− 1 MMC 
were almost dead 24 h after MMC injection. This showed that the response to increasing resonant frequency reflects the cell death 
process. 

3.3. Fitting the modeling curves with the resonant frequency responses 

As described previously, the components of the resonant frequency response for MMC injection were organized. The response 
consisted of the cell attachment process and response to MMC. The components can be expressed using model equations, and the 
dependence of MMC concentration can be analyzed using the parameters of the model equation. 

The response curve of the resonant frequency in the attachment process was primarily expressed using the first-order lag response 
for a cell mass loading (Eq. (1)) and cell multiplication response (Eq. (2)). The total resonant frequency response (Eq. (3)) was 
expressed by a multiplate of the cell mass loading, cell density, and additional effect expressed by the function g(t). The function g(t) 
included the effect of cell–cell interaction for the high-density condition. The cell density function was previously reported [13], where 
cell–cell contact leads to clustering of cells, weakening of the cell cluster, and decrease in the viscous mass loading around the cells. 
This effect was demonstrated by the cell density and probability of cell–cell contact. Furthermore, the first cell attachment to the quartz 
crystal surface, typically 20% of the mass load, occurred in the model. This attachment process occurred with a log-normal distribution 
in a few hours: 

Fig. 4. Correlation between delay time and mitomycin C (MMC) concentration (●), and correlation between the mean time of the additional 
decrease and MMC concentration (■) in the resonant frequency responses: The delay time decreased with increasing MMC concentration and 
became zero for approximately 10 μmol L− 1 MMC. The regression curve showed that the delay time was expressed as follows: Tdelay time [h] = − 6.3 
ln(CMMC) + 21.9, where CMMC is the injected MMC concentration (μmol L− 1). The regression analysis on the slope yielded a p-value of 7.9⋅10− 8 (n =
16), which is significantly smaller than 0.05, indicating statistical significance. This indicates that the delay time of the response curve is dependent 
on the MMC concentration. Meanwhile, the actual mean time of the additional decrease appeared to be slightly dependent on MMC concentration 
and reached a plateau at approximately 5 μmol L− 1 MMC in the delay time correlation curve. This indicated that the additional cell attachment was 
engulfed by decrease the contact area of cells when the MMC concentration was >5 μmol L− 1. The regression analysis for the slope resulted in a p- 
value of 0.188 (n = 7), indicating no statistical significance as it is greater than 0.05. This suggests that the effect of MMC concentration is uncertain 
in relation to the additional decrease mean time of the response curve./Footnote: MMC: mitomycin C. 
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Δm(t)=Δm(∞)
(

1 − e−
t

T1

)
(1)  

n(t)= n(0) · 2
t

T2 (2)  

ΔF(t) = − K · n(t) ·Δm(t) · g(t) (3)  

where T1 is the lag time constant, n(0) is the initial cell density, t is time, T2 is the cell doubling time, K is a factor for converting the 
mass loading to resonant frequency, and g(t) is the response function. 

The resonant frequency response curve for 0.5 μmol L− 1 MMC injection (Fig. 2b) was constructed using the components of the delay 
response (A), additional attachment (B), and morphological changes to decrease the contact area (C) based on the cell attachment 
curve. We found that CLND can express components (B) and (C). Fig. 5a depicts the modeling curve and component curves (dashed 

Fig. 5. Modeling curves and each component curve (dashed lines) for the resonant frequency responses. Curves in Fig. 2b–e indicate (a) 0.5, (b) 3.3, 
(c) 16.7, and (d) 30 μmol L− 1 mitomycin C (MMC) injection: The response curve of the resonant frequency in the attachment process was primarily 

expressed using the first-order lag response for a cell mass loading Δm(t) = Δm(∞)
(

1 − e−
t

T1

)
and cell multiplication response n(t) = n(0) · 2

t
T2 . The 

total resonant frequency response ΔF(t) = − K · n(t) ·Δm(t) · g(t) was expressed by a multiplate of the cell mass loading, cell density, and additional 
effect expressed by the function g(t). In these equations, T1 is the lag time constant, n(0) is the initial cell density, t is time, T2 is the cell doubling 
time, K is a factor for converting the mass loading to resonant frequency. The function g(t) included the effect of cell–cell interaction for the high- 
density condition where cell–cell contact leads to clustering of cells, weakening of the cell cluster, and decrease in the viscous mass loading around 
the cells. Furthermore, the first cell attachment to the quartz crystal surface, typically 20% of the mass load, occurred in the model. This attachment 
process occurred with a log-normal distribution in a few hours. (a) For the response to 0.5 μmol L− 1 MMC injection, the modeling curve was 
constructed using the components of the delay response (A), additional attachment (B), and morphological changes to decrease the contact area (C) 
based on the cell attachment curve. We found that the cumulative log-normal distribution (CLND) curve can express components (B) and (C). The 
base curve represents the cell attachment process, where cell division ceased after a 24-h delay because of MMC injection. The actual mean time of 
the CNLD curve could be calculated using the following formula tm = eln μ+(ln σ)2/2 where, ln μ and ln σ indicate the mean and standard deviation of 
the CLND curve. For 0.5 μmol L− 1 MMC injection, the delay time was 24 h. The actual mean time of the additional attachment was 10 h, calculated 
from the mean time of ln(10) h and the standard deviation of ln(1.25) h. The actual mean time of the component C was 34 h, calculated from the 
mean time of ln(25) h and standard deviation of ln(2.2) h. (b)For the response to 3.3 μmol L− 1 MMC injection, no additional decrease in the resonant 
frequency was observed; however, a delay response and gradual increase in the resonant frequency were observed. A part of the resonant frequency 
increase could fit with the CLND curve. The mean CLND time was ln(19) h, and the standard deviation was ln(1.8) h. The actual mean time was 26 h. 
(c) For the response to 16.7 μmol L− 1 MMC injection, no delay time was observed before the increase in the resonant frequency in the response 
curve. The rising portion of the resonant frequency curve could fit with the CLND curve. The mean CLND time was ln(15) h, and the standard 
deviation was ln(2.1) h. The actual mean time was 20 h. (d) For the response to 30 μmol L− 1 MMC injection, the response was rapid, and this part of 
the response curve can fit with the first-order lag response. This indicated that the response occurs simultaneously for most cells. The response 
continued to increase gradually, which was fitted with the CLND curves. The time constant of the first-order lag response was 2.0 h, whereas the 
mean time of the CLND response was ln(23) h, with a standard deviation of ln(2.2) h./Footnote: CLND: cumulative log-normal distribution, MMC: 
mitomycin C. 
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lines). In Fig. 5a, the base curve represents the cell attachment process, where cell division ceased after a 24-h delay. Component B was 
the CLND curve with the mean time of ln(10) h and standard deviation of ln(1.25) h. Component C was the CLND curve with the mean 
time of ln(25) h and standard deviation of ln(2.2) h. The actual mean time of the CNLD curve could be calculated using the following 
formula: 

tm = eln μ+(ln σ)2/2  

where, ln μ and ln σ indicate the mean and standard deviation of the CLND curve. For Fig. 2b, the mean times of components B and C 
were 10 and 34 h, respectively. 

The additional decrease in the resonant frequency response occurs when the MMC concentration is extremely low. The actual mean 
time of the additional decrease (component B) was plotted for the observed cases (Fig. 4). The mean time appeared to be slightly 
dependent on MMC concentration and reached a plateau at approximately 5 μmol L− 1 MMC in the delay time correlation curve. This 
indicated that component B was engulfed by component C when the MMC concentration was >5 μmol L− 1. The regression analysis of 
the slope resulted in a p-value of 0.188 (n = 7), indicating no statistical significance as it is greater than 0.05. This suggests uncertain 
effects of MMC concentration in relation to the mean time of the additional decrease. 

In the response curve for 3.3 μmol L− 1 MMC injection (Fig. 2c), no additional decrease in the resonant frequency was observed; 
however, a delay response and gradual increase in the resonant frequency were observed. A part of the resonant frequency increase 
could fit with the CLND curve. Fig. 5b presents the fitting curve. The mean CLND time was ln(19) h, and the standard deviation was ln 
(1.8) h. The actual mean time was 26 h. 

No delay time was observed before the increase in the resonant frequency in the response curve for 16.7 μmol L− 1 MMC injection 
(Fig. 2d). The rising portion of the resonant frequency curve could fit with the CLND curve. Fig. 5c depicts the fitting curve, where the 
mean CLND time was ln(15) h, with a standard deviation of ln(2.1) h. The actual mean time was 20 h. 

Fig. 6a shows the correlation between the actual mean time of the CLND curves and applied MMC concentration based on 16 
measurements. The regression curve of the mean time was expressed as follows: Tmean [h] = − 5.6 ln(CMMC) + 31.0. The slope 
regression analysis yielded a p-value of 2.3⋅10− 6 (n = 16), which is significantly smaller than 0.05, indicating statistical significance. 

Fig. 6. (a) Correlation between the actual mean time of the cumulative log-normal distribution (CLND) curves and the concentration of mitomycin 
C (MMC) (●), and correlation between the sum of the delay time and the mean time of the CLND curves and applied MMC concentration (■): The 
regression curve of the mean time was expressed as follows: Tmean [h] = − 5.6 ln(CMMC) + 31.0. The slope regression analysis yielded a p-value of 
2.3⋅10− 6 (n = 16), which is significantly smaller than 0.05, indicating statistical significance. This suggests that the actual mean time in response 
curve is dependent on the concentration of MMC. The sum of the delay time and the mean time of the CLND curves is the total mean response time 
for MMC injection. The regression curve of the total mean response time was expressed as follows: Ttotal response [h] = − 11. 9 ln(CMMC) + 52.9. The 
slope regression analysis yielded a p-value was 2.3⋅10− 9 (n = 16), which is significantly smaller than 0.05, indicating statistical significance. This 
suggests that the total mean response time of the response curve is dependent on the MMC concentration. (b) Correlation between the time constant 
of the first-order lag response and the MMC concentration: For measurements with 20–100 μmol L− 1 MMC, the response curve can fit with the first- 
order lag response. The time constant of the first-order lag response was 0.8–2 h, which does not depend on the MMC concentration since the p-value 
of the regression analysis for the slope was 0.894 (n = 13), which indicates there is no statistical significance as it is greater than 0.05./Footnote: 
CLND: cumulative log-normal distribution, MMC: mitomycin C. 
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This suggests that the actual mean time in the response curve relies on the concentration of MMC. 
Fig. 6a also shows the correlation between the sum of the delay time and mean time of the CLND curves and applied MMC con

centration. This is the total mean response time for MMC injection. According to the regression curve, the total mean response time was 
expressed as follows: Ttotal response [h] = − 11. 9 ln(CMMC) + 52.9. The slope regression analysis yielded a p-value was 2.3⋅10− 9 (n = 16), 
which is significantly smaller than 0.05, indicating statistical significance. This suggests that the total mean response time of the 
response curve is dependent on the MMC concentration. It was evident that higher MMC concentrations led to a shorter delay time, and 
the mean time correlated with the logarithmic MMC concentration. 

The response for 30 μmol L− 1 MMC injection was rapid, and this part of the response curve can fit with the first-order lag response. 
This indicated that the response occurs simultaneously for most cells. These results showed that the response for MMC injection 
changes the CLND curves to the first-order lag response at a concentration of 10–20 μmol L− 1. The response continued to increase 
gradually, which was fitted with the CLND curves. The fitting curve is shown in Fig. 5d. Additionally, the time constant of the first- 
order lag response was 2.0 h, whereas the mean time of the CLND response was ln(23) h, with a standard deviation of ln(2.2) h. As 
the response pattern of the resonant frequency changed at a concentration of approximately 20 μmol L− 1 MMC, conditions of >20 
μmol L− 1 MMC were tested up to 100 μmol L− 1 MMC. For measurements with 20–100 μmol L− 1 MMC, the time constant of the first- 
order lag response of MMC was 0.8–2 h. These time constant values are plotted in Fig. 6b. The plot is not affected by MMC concen
tration because the p-value of regression analysis for the slope was 0.894 (n = 13), which indicates there is no statistical significance as 
it is greater than 0.05. It was evident that low-concentration MMC induces the CLND response, which is a probability-dependent 
phenomenon, but high-concentration MMC induces the first-order delay response, as a simultaneous response of all cells. 

In case of 16.7 μmol L− 1 MMC injection, the resonant frequency gradually changed (Fig. 2d), but the shrinkage process was rapid, as 
shown in the 48-h image (Fig. S3d). This change indicates that the cell death process is apoptosis, as MMC is known to induce 
apoptosis.39 In case of 30 μmol L− 1 MMC injection, the resonant frequency changed rapidly (Fig. 2e), but the 48-h cell image showed no 
rapid change (Fig. S3e). As shown in the 96-h image (Fig. S3e), the cells started to shrink, suggesting that the cell death process is 
apoptosis. Thus, the experimental results suggested that high-concentration MMC induced simultaneous cell response but delayed 
apoptosis due to significant damage. 

The fitting parameters for Fig. 5 are listed in Table S1. The decision factors were better than 0.999. 
For quartz crystal measurement, the appropriate cell density range is approximately 300–1000 cells mm− 2. When the cell density is 

extremely low, the resonant frequency change will be small, making it difficult to analyze the response; however, when the cell density 
is extremely high, cells form clusters that weaken the cell attachment and affect the appropriate cell response measurement. Further, 
the application of this method is limited to adherent cells. 

The effect of different types of plates for preculturing requires further confirmation. We previously tested collagen and poly-L-lysin 
on the quartz crystal surface [27]. The attachment of cells to the collagen surface was slower than that to the poly-L-lysin surface. In 
addition, although the cell response to MMC using collagen has not been tested, it may show a difference in response time. 

The MMC stock solution (1 mg mL− 1) comprised 90 v/v% ethylene glycol and 10 v/v% ethanol. The diluted 100 μmol L− 1 MMC 
contained 3.4 wt% ethylene glycol and 0.27 wt% ethanol. In case of 30 μmol L− 1 MMC, the concentration of ethylene glycol was 1.0 wt 
%. As ethylene glycol is used to freeze cell stock and has weak toxicity, it is unlikely that changes in the ethylene glycol concentration 
lead to drastic changes in the cell response. In case of 30 μmol L− 1 MMC, the ethanol concentration was 0.08 wt%. It is also unlikely 
that changes in ethanol concentration in this range lead to drastic changes in the cell response. To confirm this, a culture test was 
performed by adding 3.4 wt% ethylene glycol and 0.27 wt% ethanol 24 h after cell seeding. Fig. 5Sa shows microscope images of 
HepG2 cells with ethylene glycol and ethanol, while Fig. 5Sb shows images without the presence of ethylene glycol and ethanol. 
Noticeable changes were not observed in HepG2 cells after the addition of ethylene glycol and ethanol, unlike in the case of MMC. 
While the addition of ethylene glycol and ethanol showed a possibility of inducing slow cell proliferation, this effect should be 
negligible because the response to high concentration MMC was very quick. 

The continuous cell density and death rate data are useful for analyzing the response. Although our experiments provided the 
limited cell death rate, complete cell death rate can be achieved by using dead cell staining, fluorescence imaging, and image pro
cessing to improve our system. This will be an important step in future studies. 

4. Conclusion 

The response to the change in resonant frequency for HepG2 cells varied according to the MMC concentration. For a low MMC 
concentration (<10 μmol L− 1), a delay in the response was observed; moreover, an additional decrease in the resonant frequency was 
noted for an extremely low MMC concentration (<1 μmol L− 1). The main morphological response to MMC was the increase in resonant 
frequency. The modeling curves fitted well with CLND curve for low MMC concentrations. However, a rapid response was noted for 
high MMC concentrations (>20 μmol L− 1), and the curve fitted well with the first-order lag response. The first-order lag response 
indicates that the response occurred simultaneously for all cells. Cell response patterns for a wide range of MMC concentrations were 
analyzed using the modeling curves via the QCM system with a microscope. Thus, it appears that the combined QCM and microscope 
system is useful for numerically analyzing the cell response of adherent cells. The different response patterns suggested that different 
cell death processes occurred by mitomycin C. This suggests that the QCM system could be utilized to study cell death in adherent cells. 
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CLND cumulative log-normal distribution 
CMOS complementary metal oxide semiconductor 
F–R resonant frequency and resistance 
ITO indium-doped tin oxide 
LED light-emitting diode 
MMC mitomycin C 
PC personal computer 
PLL: poly-L-lysine 
QCM quartz crystal microbalance 
USB: universal serial bus 
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