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S1. Real-time monitoring of interfacial pH based on cellular respiration

Most biological phenomena in vivo are closely related to ionic behaviors such as ion channel activities 

at the cell membrane or behaviors of various ions in the blood. The direct detection of ions enables the 

straightforward analysis of various biomolecular recognition events. The principle of a semiconductor-

based biosensor based on the field effect, i. e., a field-effect transistor (FET)-based biosensor (bio-FET), 

can be utilized to directly detect ionic behavior in a solution.S1,S2 In the last decades, some methods for 

the electrical measurement of cellular functions using bio-FETs have been reported.S3-S10 The principle of 

bio-FETs is based on the potentiometric detection of changes in charge density caused by specific 

biomolecular reactions at a gate insulator/solution interface. Ionic charges induced at the gate insulator 

electrostatically interact with electrons in a silicon substrate across a thin gate insulator, resulting in a 

change in the threshold voltage. In 1970, Bergverd et al. demonstrated a method of the electrical detection 

of pH variation via the change in the concentration of positively charged hydrogen ions using a FET based 

on the semiconductor principle.S1,S2 Such a FET is called an ion-sensitive FET (ISFET), as shown in Fig. 

S1(a). The semiconductor material is separated with a solution across a gate insulator, the thickness of 

which is of 100 nm order. The gate insulator is usually composed of an oxide such as SiO2, Ta2O5, or 

Al2O3 or a nitride such as Si3N4.S11 Hydroxyl groups are formed at the surface of the gate insulator in the 

solution and are very sensitive to hydrogen ions (Fig. S1(b)). These positive charges at the gate surface 

interact electrostatically with electrons in the channel in silicon crystal. The field effect caused by changes 

in the charge density at the gate induces a change in the threshold voltage (VT) at a constant drain-source 

current (ID). This electrical response of an ISFET to hydrogen ions shows a Nernstian response of about 

59.1 mV/pH at room temperature (25 °C) (58 mV/pH in the experimental data in Fig. S1(c)). A platform 

based on a bio-FET device has the advantages of label-free, noninvasive, and real-time measurements, 

ease of downsizing, and integration with conventional semiconductor microfabrication processes.

As one of the technologies used to monitor cellular respiration in a real-time and noninvasive manner, 
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an ISFET with a cell-coupled gate (Fig. S2) can monitor cellular respiration as a change in pH at a 

nanoscale cell/gate electrode interface in real time. Since the gate insulator used as an electrode usually 

consists of an oxide with hydroxyl groups at the surface in a solution, ISFET sensors are sensitive to 

changes in the concentration of positively charged hydrogen ions on the basis of the equilibrium reaction 

-OH2
+  -OH  -O-; consequently, they can be utilized as pH sensors (Fig. S1(b)). Thus, the pH variation ↔ ↔

due to cellular respiration can be monitored at the cell/gate interface through the quantity of released 

compounds.

Figure S3 shows the change in surface potential (Vout) at the gate of the ISFET with the incubation 

time during cell culture. As a model of cancer cells, human cervical carcinoma (HeLa) and human 

hepatocellular carcinoma (HepG2) cells were utilized, while bovine chondrocytes and human umbilical 

vein endothelial cells (HUVECs) were used as a model of normal cells. As shown in Fig. S3(a), Vout for 

every cell-coupled gate ISFET gradually increased after exchanging the culture medium for the purpose 

of adding nutrients such as glucose to the culture medium, although the control sensor without cells 

showed almost no electrical response. The positive shift of Vout indicated an increase in the concentration 

of positive charges at the gate surface, that is, an increase in the H+ concentration at the cell/gate interface. 

In aerobic respiration, the generated carbon dioxide dissolves in a solution, resulting in the generation of 

hydrogen ions, and in anaerobic respiration, lactic acid, which exhibits acidity, is released through 

glycolysis. This is why the pH variation due to cellular respiration was successfully monitored at the 

cell/gate interface. However, Vout depended on the cells used in this study. That is, Vout for cancer cells 

was greater than that for normal cells. In the case of normal cells, it is well known that respiration activity 

is dominantly conducted through the oxidative phosphorylation pathway in an aerobic environment. On 

the other hand, cancer cells cause dysbolism, by which cellular respiration occurs through the glycolysis 

pathway, through which lactic acids are eventually released.S12-S14 In particular, cancer cells are 

vigorously activated by suppressing oxidative phosphorylation in mitochondria so as not to induce 

apoptosis,S15 resulting in proliferation and metastasis. Therefore, the change in pH based on the metabolic 
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disorder of cancer cells should be larger than that for normal cells. As mentioned above, ISFET sensors 

are sensitive to changes in the concentration of positively charged hydrogen ions on the basis of the 

equilibrium reaction -OH2
+  -OH  -O-. The gate insulator of the ISFET used in this study was composed ↔ ↔

of Ta2O5/SiO2 layers, as shown in Fig. S1(b), with thicknesses of 100 and 50 nm, respectively. The oxide 

surface is mostly covered by hydroxyl groups in a solution, which interact with the hydrogen ions through 

the equilibrium reaction. As shown in the left graph of Fig. S1(c), the pH was increased in a stepwise 

manner from 1.68 to 9.18, that is, the measurement solution was exchanged with the next buffer solution 

at each arrow. The observed correlation between the gate voltage and the pH corresponding to the 

electrical response is shown in the right graph. The average gate voltage over the last 1 min of each pH 

response was calculated and is plotted. The gate voltage for pH variation was about 58 mV/pH, near the 

Nernstian response at 25 °C, which was the ideal response of the interfacial potential at the solution/gate 

interface. Considering the pH responsivity (58 mV/pH) of the ISFET used in this study, the values of 

Vout shown in Fig. S3(a) were converted to the changes in pH for each cell-coupled gate ISFET, as 

shown in Fig. S3(b). In addition, the nanogap interface is regarded as a closed space between the cell and 

the gate (the right illustration in Fig. S2), where released ions and biomolecules are concentrated, resulting 

in an increase in the H+ concentration in the case of cellular respiration. In fact, the pH behavior at the 

cell/substrate nanogap has been observed by laser scanning confocal microscopy using the phospholipid 

fluorescein inserted at the cell membrane, as shown in this manuscript. The results show that the pH at 

the cell/substrate interface gradually decreases (becomes more acidic) and is lower than that at the 

cell/medium interface. Above all, a prerequisite for the respiratory monitoring of living cells is that the 

ISFET sensor shows high sensitivity to the pH variation induced at the cell/gate nanogap interface. 

Therefore, we believe that cellular respiration can be monitored as the change in interfacial pH at the 

nanogap using the ISFET. This is because in aerobic respiration carbon dioxide dissolves in a solution, 

resulting in the generation of hydrogen ions, and in anaerobic respiration, lactic acid is released through 

glycolysis. 

Experimental in Section S1
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Cell culture

For respiratory monitoring, human cervical carcinoma (HeLa) and human hepatocellular carcinoma 

(HepG2) cells were used as a model of cancer cells, while bovine chondrocytes and human umbilical vein 

endothelial cells (HUVECs) were utilized as a model of normal cells.

HeLa and HepG2 cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM, Gibco) with 

10% fetal bovine serum (FBS) including 50 U/mL penicillin and 50 μg/mL streptomycin on a 

conventional cell culture dish (Falcon® Cell Culture Dishes) in an incubator (37 °C, 5% CO2) for 3 days 

as the pre-culture, and then transferred to the gate insulator of the ISFET for electrical monitoring, where 

the same culture medium as that in the pre-culture was added and kept at 37 °C with 5% CO2 for 24 h. 

The number of cells seeded on the dish was controlled to 1×105 cells/mL for both types of cell.

HUVECs were cultured in endothelial cell growth medium (EGM-2; CC-3162) containing 2% FBS 

and vascular endothelial growth factor (VEGF, Lonza) on a collagen-coated dish (Falcon® Cell Culture 

Dishes) in an incubator (37 °C, 5% CO2), and harvested using trypsin after pre-culture for 1 week. Then, 

they were transferred to the gate insulator of the ISFET, which was coated with 0.1% gelatin in advance. 

The number of HUVECs seeded on the dish was controlled to 1×105 cells/mL. The preparation of bovine 

chondrocytes is discussed in the main manuscript and Section S2 in ESI.

Electrical measurement using ISFET device

We used a silicon-based n-channel depletion-mode FET with a Ta2O5/SiO2 (100 nm/50 nm) layer as 

a gate insulator with a width (W) and length (L) of 340 and 10 m, respectively. The Ta2O5 thin film was 

used as a passivation layer to prevent leakage current as well as a pH-responsive layer in the buffer 

solution. The gate voltage (VG) – drain current (ID) electrical characteristics were measured using a 

semiconductor parameter analyzer (B1500A, Agilent). The change in VG in the VG-ID electrical 

characteristics was estimated as the threshold voltage (VT) shift, which was evaluated at a constant ID of 

1 mA and a constant of drain voltage (VD) of 2 V. A Ag/AgCl reference electrode with KCl solution was 

connected to the measurement solution through a salt bridge (Fig. S2). The gate was sufficiently large to 

detect signals from cells with a diameter of about 10 m. In particular, W/L at the channel was designed 
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to ensure sufficient sensitivity of ID to changes in VG. Additionally, the gate insulating layers were 

sufficiently thick to prevent leakage current through the insulating layer caused by the application of bias 

and the infiltration of ions in the solutions.

S6

Figure S1 Concept of ion-sensitive field-effect transistor (ISFET) biosensr. (a) Schematic illustration 

of ISFET biosensor. The gate insulator was composed of Ta2O5 and SiO2 as shown in (b), each 

thickness of which was 100 and 50 nm, respectively. (b) Solution/gate insulator interface. Oxide 

surface is mostly covered by hydroxyl groups in solutions, which interact with hydrogen ions as 

equilibrium reaction. (c) pH response of FET biosensor. pH was exchanged from 1.68 to 9.18 in turn 

respectively, as shown in the left graph. Measurement solution was exchanged to next buffer solution 

at the point of arrow. Correlation between gate voltage and pH corresponding to pH response is shown 

in the right graph. The averaged gate voltages were calculated and plotted for the last 1 minutes in 

each pH response. The gate voltage for pH variation showed about 58 mV/pH near Nernsian response 

at 25 °C.
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(a) (b)

Figure S3 Direct monitoring of interfacial pH with cell-coupled gate ISFET. (a) Change in surface 

potential at the gate. (b) Real-time monitoring of interfacial pH at cell/gate nanogap. The pH variation 

was converted from the change in the surface potential shown in (a). In this case, the pH responsivity 

of the ISFETs used in this study was approximately 58 mV/pH, which was confirmed using the 

standard buffer solutions with different pH.
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Figure S2 Schematic illustration of cell-coupled gate ISFET. 



S2. Preparation of bovine chondrocytes

Chondrocytes were used as one of the cell model in this study, because they have been studied for the 

development of articular cartilage in the field of regenerative medicine, which has a limited capacity for 

self-recovery owing to its avascular and anural nature.S16,S17 In particular, a regenerative medical 

technique to transplant cultured autologous chondrocytes have been developed and many studies have 

been conducted to optimize the condition of culture scaffoldsS18-S20 and the effects of biochemicalS21-S27 

and physical stimulationsS28-S31 to improve the quality of cultured cartilage. Our group demonstrated the 

use of an ISFET with a chondrocyte-coupled gate for monitoring the interfacial pH between the cultured 

chondrocytes and the gate in real time following the addition of growth factors.S32

Isolation of chondrocytes
A bovine hind limb (from a three-month-old calf) was obtained from a local slaughterhouse. The 

articular cartilage was harvested from the surface (1 mm thickness from the top surface) of the femur and 

patella bone using a surgical knife. The cartilage was cut into small pieces of about 1 mm3 and washed 

three times with Dulbecco’s phosphate-buffered saline (DPBS, Gibco) including 50 U/mL penicillin and 

50 μg/mL streptomycin and digested with a solution of 0.15% type II collagenase (Worthington) in 

Dulbecco’s modified eagle medium (DMEM, Gibco) including 50 U/mL penicillin and 50 μg/mL 

streptomycin with gentle shaking for 18 h at 37 °C. The solution was filtrated by a cell strainer (mesh size 

= 40 μm) and the filtrate was centrifuged with DMEM including 50 U/mL penicillin and 50 μg/mL 

streptomycin at 1500 rpm for 5 min. After removing the supernatant, chondrocytes were centrifuged twice 

with DPBS at 1500 rpm for 5 min. Chondrocytes were seeded on a cultivation dish (φ = 10 cm) at a 

density of 1 x 106 cells/dish with DMEM including 10% fetal bovine serum (FBS), 50 U/mL penicillin, 

and 50 μg/mL streptomycin and cultivated in an incubator (37 °C, 5% CO2). After the cultivation for two 

weeks, chondrocytes were collected by trypsin treatment and stored in a freezer (-80 °C) with a cell banker 

(TaKaRa Bio Inc.) at a density of 1 x 106 cells/mL. These cells that underwent one passage were used in 

experiments.

Pre-culture of chondrocytes
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Preserved chondrocytes were seeded on a cultivation dish (φ=10 cm) at a density of 2.5 x 105 cells/dish 

and cultivated in DMEM including 10% FBS, 50 U/mL penicillin, and 50 μg/mL streptomycin in an 

incubator (37 °C, 5% CO2). The cells were cultured for one week and the culture medium was replaced 

with a fresh one every three days. Then, these cells were transferred to the glass-bottomed dish for 

fluorescence imaging using laser scanning confocal microscopy.
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S3. Change in 488 nm/458 nm peak intensity ratio around the boundary between 

chondrocytes and the glass substrate

Figure S4 shows the change in the 488 nm/458 nm peak intensity ratio around the boundary between 

chondrocytes and the glass substrate. The ratiometric analysis of fluorescence intensity was carried out 

using the ratio of the emission intensity at 488 nm to that at 458 nm. The peak of the fluorescence intensity 

was found at a constant pH by moving an optical slice around the substrate surface (under the 

cell/substrate interface) to the top of spread cells, where the cell/substrate interface with a nanogap was 

found, as shown in Fig. 2(b). The change in the interfacial pH (Fig. 3) was calculated from the change in 

the 488 nm/458 nm peak intensity ratio (Fig. S4) on the basis of the calibration curve (Fig. 2(c)).
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Figure S4 Change in the 488 nm/458 nm peak intensity ratio around the boundary between 

chondrocytes and the glass substrate



S4. Calibration curve of fluorescence peak intensity for interfacial pH measured by 

ratiometric analysis (488 nm/458 nm)

For living chondrocytes, the calibration curve of the ratio of fluorescence intensities (488 nm/458 nm) 

for the interfacial pH on the basis of the peak fluorescence intensity is shown in Fig. 2(c). Similarly, the 

calibration curves for fixed chondrocytes and HeLa cells are shown in Figs. S5(a) and (b), respectively.
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Figure S5 Calibration curve of the ratio of fluorescence intensities (488 nm/458 nm) for the interfacial 

pH on the basis of the peak fluorescence intensity. (a) Fixed chondrocytes. (b) HeLa cells.



S5. Fluorescence intensity ratio at the plasma membrane of a chondrocyte for the z-axis (z 

= 0-2.28 μm)

Figure S6 shows the fluorescence intensity ratio at the plasma membrane of a chondrocyte for the z-

axis (z = 0-2.28 μm), which indicates the normal direction of the cell/substrate interface, at 1.5 h, 

following the preculture for 24 h. At slice number 1 (z = 0-0.38 μm), the interface between the cell and 

the glass substrate was found showing the peak of the fluorescence intensity, as shown in Fig. 2(b). On 

the other hand, the fluorescence intensity ratios at slice number 3-6 (z = 0.76-2.28 μm) were used to 

calculate the interfacial pH between the cell and the bulk solution.
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Figure S6 Fluorescence intensity ratio at the plasma membrane of a chondrocyte for the z-axis (z = 

0-2.28 μm).



S6. Effect of cell culture medium on pH sensitivity of ISFET

Figure S7 shows Vout for pH using the ISFET immersed into a cell culture medium. The ISFET 

devices were immersed into a cell culture medium for (a) 0 h, (b) 24 h, and (c) 1 w at 25 °C to investigate 

the effect of nonspecific adsorption of ions and biomolecules such as proteins contained in the medium 

on the pH sensitivity. DMEM with 10% FBS was utilized as the cell culture medium. As the pH 

measurement solution, phosphate buffer solutions were prepared by pH values from 5.8 to 8.0 by 

controlling the mixing ratio of Na2HPO4 to KH2PO4. The standard buffer solutions with pH values of 

4.01, 6.86, 7.41, 9.18 and 10.01 (Wako Pure Chemical Industries, Ltd.) were also prepared. The 

measurement was carried out in accordance with our previous works.S1-S10 At 0 h, the ISFET device, 

which was not immersed in the cell culture medium, showed 59.4 mV/pH near Nernstian response at 25 

°C. Moreover, the pH sensitivities were almost maintained around 58 mV/pH, even when the ISFET 

devices were immersed into the cell culture medium for 24 h and 1 w. Therefore, the effect of nonspecific 

adsorption of proteins contained in the medium on the pH sensitivity can be almost neglected. In general, 

the FET biosensors have the limitation of detections depending on the Debye length expressed by

, (1)
𝜆=

𝜀0𝜀𝑟𝑘𝐵𝑇

2𝑁𝐴𝑒
2𝐼

where I is the ionic strength of the electrolyte, ε0 is the permittivity of free space, εr is the dielectric 

constant, kB is the Boltzmann constant, T is the absolute temperature, NA is the Avogadro number and e is 

the elementary charge.S33

In this case, the changes in charges based on biomolecular recognition events can be detected within 

the Debye length, which depends on ionic strengths in a solution; therefore, the electrical charges based 

on macromolecules such as proteins can be easily shielded by counter ions in a cell culture medium with 

high ionic strengths. This means that the cell-based ISFET sensors are insensitive to adsorbed proteins on 

the gate in a cell culture medium because there are also nonspecific adsorptions of proteins on the gate 

during pre-culture. However, the ISFET sensor, which has the oxide membrane as the gate insulator, is 

sensitive to pH even when it is used in a cell culture medium, because the size of hydrogen ion is the 
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smallest among ions and its equilibrium reaction with hydroxyl group at the oxide is expected without the 

influence of adsorbed proteins. Thus, the cell-based ISFET sensors can specifically monitor the cellular 

respiration activity as the change in the interfacial pH at the cell/oxidized gate nanogap in real time, 

preventing nonspecific signals derived from proteins because the Debye length is smaller at a higher ionic 

strength.

S14

Figure S7 Change in the surface potential for pH using the ion-sensitive field-effect transistor (ISFET) 

immersed into a cell culture medium.
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