Showcasing research from Professor Yuji Miyahara’s
laboratory, Institute of Biomaterials and Bioengineering,
Tokyo Medical and Dental University, Tokyo, Japan.

Detection of cell membrane proteins using ion-sensitive
field effect transistors combined with chemical signal
amplification

A breast cancer cell line expressed HER?2 is labeled with an
antibody and an enzyme, and detected using ion-sensitive
field effect transistors due to chemical signal amplification
induced by an enzymatic reaction.
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The capture and detection of cells expressing a breast-cancer
related membrane protein, namely a BT474 cell line expressing
HERZ2, is demonstrated using ion-sensitive field effect transistors
(ISFETs). BT474 cells were exposed to anti-HER2 antibodies and
urease-conjugated secondary antibodies to induce chemical signal
amplification by adding urea.

The number of cancer patients estimated by the International
Agency for Research on Cancer (IARC) was 14.1 million in 2012,
increasing to 18.1 million in 2018. This increase is a global
issue, and improving the cancer screening rate may aid in early
detection. Liquid biopsy is a promising method for early-stage
cancer diagnosis or prognosis because it is a minimally invasive
technique using bodily fluids. There are several biomarkers in a
liquid biopsy for cancer detection such as cell-free DNA
(cfDNA),"* circulating tumor DNA (ctDNA),’ circulating tumor
cells (CTCs),"® and cancer extracellular vesicles (EVs).” In
particular, CTCs and EVs are expected as biomarkers in liquid
biopsies because they can provide information based on the
analysis of proteins and sugar chains expressed on the
membrane and the nucleic acids contained therein. Flow
cytometry, such as fluorescence-activated cell sorting (FACS),
is mainly used to detect CTCs'® and EVs.'' Moreover, the
CELLSEARCH®™ system, which employs an immune-magnetic
technology and fluorescence detection for precise and repro-
ducible analysis, is the latest technology clinically validated for
CTC detection by the U. S. Food and Drug Administration.
Although these fluorescence detections realize robust
detection,"'? the system requires complicated optical systems
and experts for operating and processing. Biosensors that
detect living cells and cell functions without fluorescent label-
ling are also being actively researched'*'® because the systems
are suitable for point-of-care testing or portable use. However,
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there is room for the development of a compact, simple, cost
effective, and easy-to-use diagnosis instrument.

Electrochemical sensors have been extensively researched as
biosensors for detecting various bio-related molecules such as
DNA,"”*® jons,'® sugar chains,? proteins,?" and cells.*” An ion-
sensitive field effect transistor (ISFET) is an electrochemical
sensor that can measure the pH of an analyte. ISFETs are the
first miniaturized silicon-based pH sensors and some are
commercially available.>® An ISFET can be used as a transducer
that detects the enzyme reaction using a pH shift because some
of the enzyme reactions proceed with a change in pH. The
enzymatic reaction theoretically proceeds until the substrate is
consumed such that the ISFET output signal is chemically
amplified until the enzyme reaction is complete. Thus,
chemical signal amplification on such an enzymatic reaction
is an advantage in the detection of small amounts of targets. A
high density ISFET array was also used to develop a proton
ELISA** in which glucose oxidase was used as a label for the
secondary antibody to produce protons by adding glucose.
Antigen was successfully detected by chemical amplification
of the enzymatic reaction with this system. Such electrochemi-
cal pH detection devices offer advantages in high-throughput
reading and highly parallel analysis because of compatibility
with the microfabrication technique.*?

In this study, we performed cell membrane protein detec-
tion with ISFETs combined with chemical signal amplification
based on the urea-urease enzyme reaction. A breast cancer cell
line was used as a model of CTCs, and human epidermal
growth factor receptor (HER2), which is expressed more on
the membrane of breast cancer cells than healthy cells,>®?”
used as a model membrane protein. Anti-HER2 antibody was
bound to HER2 on the cell membrane and secondary antibody
labeled with urease enzyme was introduced for binding to the
anti-HER2 antibody. The HER2 expression on the cell
membrane was detected by introducing urea to the ISFET
sensing area for enzymatic reaction with urease to induce a
local pH increase. Because the amount of urease is proportional
to HER2 expression on a breast cancer cell, the HER2

was
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Fig. 1 Immunofluorescence detection of HER2 on BT474, MCF10A, and

MDA MB231 breast cancer cell lines. (a) Immunofluorescence images
stained with HER2 antibody on BT474 compared with a low HER2
expression cell line (scale bar = 50 um). (b) Averaged intensity values of
50 cells from the three cell lines.

expression level is expected to be quantitatively detected by
measuring the enzymatic reaction rate.

HER?2 is a membrane protein associated with the growth of
cancer cells, and overexpression of HER2 relates to malignancy
and a poor prognosis in breast cancer. To confirm the HER2
expression level, three types of human breast cancer cell lines,
MDA-MB231, MCF10A, and BT474 were used. HER2 was
labeled with FITC-conjugated antibody, and the fluorescence
was observed with confocal microscopy. As shown in Fig. 1(a),
the florescence intensity of the BT474 cells was greater than
those of MM231 cells and MCF10A cells. To compare the HER2
expression among the three cell lines, the average fluorescence
intensities are shown in Fig. 1(b). The calculated average
intensity values using 50 random cells in BT474, MCF10A,
and MM231 were 208.9, 179.2, and 154.0, respectively. Among
the observed cell types, strong fluorescence was confirmed in
BT474. The HER2 expression is high in BT474, and is lower in
MM231 and MCF10A. Higher expression of HER2 on BT474
cells, which are a Luminal B molecular subtype that generally
grow fast, was consistent with previous results.”® BT474 was
further used as a model cell in subsequent evaluations.

The proposed membrane protein detection scheme is shown
in Fig. 2. When urease-conjugated antibody is bound to HER2
and urea as a substrate is added, ammonia is generated by an
enzymatic reaction and the pH of the system increases. Speci-
fically, the pH increases depending on the expression level of
the membrane protein.

To detect HER2 using the ISFET (Fig. S1 and S2, ESIY), it is
necessary to capture cells on the active area of the ISFET
without decreasing the pH sensitivity. The capture of BT474
cells on the ISFET gate was observed with an optical micro-
scope, while the sensitivity of the device after the cell capturing
process was checked by a pH calibration experiment (Fig. 3).
The surface of the Ta,Os gate was modified with positively
charged polymer (poly-L-lysine) for efficient capture of the cells.
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Fig. 2 Detection concept of HER2 via an enzyme reaction using an ISFET
pH sensor.

o Before cell seeding
4 After cell seeding

-300

-400 =-56.22x - 54.29
1

Y
R2=

-500

Potential (mV)

y=-57.12x - 65.86
2

-600

-700

pH

Fig. 3 Cell capture on the ISFET and pH sensitivity evaluation. (a) Images
of the BT474 cells on ISFET. Left: Before cell seeding (bare surface).
Middle: After cell seeding and incubated overnight. Right: After pH sensi-
tivity evaluation. (b) Potentiometric evaluation of the pH sensitivity before
and after the cell capturing process on the ISFET.

The images of the cells on the ISFET gate are shown in Fig. 3(a).
The film thickness of the polymer coating layer is generally less
than 100 nm,* and no clear change was observed by micro-
scopic observation. After seeding, the cells covered the sensor
surface to near confluency. Even after the pH calibration
experiment, cells were sufficiently maintained on the gate in
a confluent manner. Ideally, the potential responses of the
ISFET follow the Nernst equation shown in eqn (1),

E = E, + (2.303RT/zF)log a (1)

where E, is the standard electrode potential, R is the ideal gas
constant, T is the temperature in Kelvin, z is the number of
moles of electrons, F is the Faraday constant, and a is the ion
activity. At 25 °C, the potential change in response to pH is
expected to be —59.2 mV per decade. To check the pH sensi-
tivity before and after the pH calibration experiment, the ISFET
potential values were analyzed and compared with the Nernst
theory. The pH sensitivities confirmed using a three-point
calibration method at pH 4, 7, and 9 are shown in Fig. 3(b).
The slope of the ISFET after coating with poly-L-lysine and cell
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seeding was —56.2 mV/pH, while that of the bare ISFET before
cell seeding was —57.1 mV/pH. Both slope sensitivities were
approximately the theoretical Nernst slopes. Therefore, the
effects of the poly-L-lysine coating and cell seeding were negli-
gible on pH sensitivity.

To detect HER2 on the BT474 cell membrane via urea-
urease reaction using ISFET, the enzymatic activity of urease
conjugated with secondary anti-rabbit antibody (anti-rabbit IgG
conjugated urease) was investigated (Fig. S3, ESIf). The
enzyme-catalyzed hydrolysis of urea yields ammonia and car-
bon dioxide. Specifically, the enzymatic reaction produces
ammonium ions based on eqn (2).

CH4N,O(Urea) + 2H,0 + Ht 2% oNH,* + HCO;~ (2)

The potential change based on production of the ammo-
nium ions, ie., a proton consumption process>° or generation
process of hydroxide ions as end-metabolic products,** moved
in the positive direction according to the increasing pH in a
sample solution. Thus, the net pH change at the ISFET gate
surface allows for monitoring of the enzymatic reaction rate
with ISFETs that depend on the number of immobilized
enzymes under constant substrate concentration conditions.
Here, the number of immobilized enzymes correlates with the
number of cell membrane proteins; therefore, the pH change
reflects the number of cell membrane proteins.

To detect HER2 using ISFETS, all of the processes, including
the surface coating with poly-i-lysine, cell capturing on the
sensor surface, labeling HER2 with anti-HER2 antibody, bind-
ing of the secondary antibody labelled urease, and monitoring
the urea-urease reaction response with ISFET, were conducted
(Fig. 2). The pH changes of the cell-based FETs were monitored
at the introduction of urea with and without an antigen. Non-
specific adsorption of each antibody was suppressed with a
blocking solution. Fig. 4(a) shows the time course of the cell-
based FETs in response to the urea solution. In the control
(without BT474 cells), the output signal of the ISFET slightly
changed to basic and immediately reached a steady state. The
pH change resulting from the addition of urea was 0.23, which
is consistent with the result of the solution phase without
labeled urease, as shown in Fig. S3 (ESIt), because this pH
shift was caused by the difference in pH between the solutions,
not the enzyme reaction. Alternatively, the pH of the cell-based
FETs in the time course gradually shifted in the basic direction
as a response to urea. The gradual pH changes reached the
steady state approximately 10 minutes after the introduction of
urea. This pH change was generated by the enzymatic reaction
of urease that was bound to HER2 expressed on the surface of
the cell membrane. The total pH change was 0.49 in the cell-
based FET, and the average maximum reaction velocity (Vinax)
calculated from the time derivative was 0.018 pH/sec. The
average pH change of the cell-based FETs was significantly
different from that of the bare ISFET, as shown in Fig. 4(b).
Because the amount of urease bound to the cell surface reflects
the expression level of HER2, the obtained pH change corre-
sponds to the expression level of HER2 on the cell surface. The
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Fig. 4 Detection of HER2 expressed on BT474 based on pH change.
(a) Time course data of pH changes included by adding urea in the bare
ISFET and ISFET with BT474 bound urease conjugated secondary antibody.
(b) pH change by the urea—urease reaction in the bare ISFET (no enzymatic
reaction) and ISFET with BT474 bound urease conjugated secondary
antibody. The experiment was repeated three times.

results of cell-based FETs indicated that the protons consumed
by the enzymatic reaction on the cell membrane diffused to the
active area of the ISFET gate. Ion Torrent, a semiconductor-type
next-generation DNA sequencer, also uses this proton diffusion
to measure the DNA extension reaction on the surface of beads
with a diameter of 2-3 pm trapped on ISFETs.>* The size of the
BT474 cancer cells is approximately 10-15 pm, as shown in
Fig. 1. Although the diffusion length of the proton was longer in
the cell-based FETs than that of the DNA sequencing ISFET, the
pH response induced by the enzymatic reaction was confirmed
in this study. This result indicated that the proposed strategy
could be applied to detect the surface markers of circulating
tumor cells (CTCs) and extracellular vesicles (EVs), such as
exosomes or micro vesicles, which are novel biomarkers in
liquid biopsy, because the EV is approximately 100 times
smaller than the cell. Therefore, the designed strategy model
for HER2 detection ensures that the diffusion lengths are not
inhibiting the detection of biomarkers on the cancer EVs,
which is the future plan for establishing a medical instrument
in terms of early-stage cancer diagnosis or prognosis monitor-
ing. Although further investigations are necessary to demon-
strate quantitative detection of HER2 expression using cells
with low HER2 expression, the detection principle of cell
membrane proteins using ISFETs combined with chemical
signal amplification was demonstrated.

The strategy for detecting HER2 via a chemical enzyme
reaction using an ISFET was successfully demonstrated using
the BT474 breast cancer cell line. Urease-modified antibody was
bound to HER2, which is a breast cancer-specific membrane
protein, and urea was added as a substrate. The pH of the
system increased with the enzymatic reaction. The results of
the cell-based FETs showed that the pH change was induced by
urease conjugated with antibody bound to the cancer cell

This journal is © The Royal Society of Chemistry 2022
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membrane protein HER2. The pH change depending on the
expression level of HER2 was confirmed by the cell-based FETs.
Since ISFETs do not require fluorescent labelling and compli-
cated optics, a compact detection system with simple and easy
measurements can be realized based on the cell-based FETs.
This detection mechanism can be applied to CTC and EV
detection, and the sensor may be a useful device for interpret-
ing biological significance that has not yet been clarified, such
as elucidation of its biological development mechanism.
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