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ABSTRACT

Oral squamous cell carcinoma (OSCC) is one of the most common lip and oral cavity cancer types. It requires early detection via various
medical technologies to improve the survival rate. While most detection techniques for OSCC require testing in a centralized lab to confirm
cancer type, a point of care detection technique is preferred for on-site use and quick result readout. The modular biological sensor utilizing
transistor-based technology has been leveraged for testing CIP2A, and optimal transistor gate voltage and load resistance for sensing setup
was investigated. Sensitivities of 1 × 10−15 g/ml have been obtained for both detections of pure CIP2A protein and HeLa cell lysate using
identical test conditions via serial dilution. The superior time-saving and high accuracy testing provides opportunities for rapid clinical
diagnosis in the medical space.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0002175

I. INTRODUCTION

Oral cancer is the 13th most common cancer globally, with
oral squamous cell carcinoma (OSCC) making up over 90% of oral
cancers. An estimated 300 000 new cases and 145 000 deaths world-
wide were attributed to oral cancer in 2012. Occurring in one of
the most accessible anatomical sites of the body, oral cancer can be
easily and quickly detected and treated. When caught early, oral
cancers that are still localized and measuring 2 cm or less can be
cured with 5-year survival rates exceeding 90%.1 Visual screening,
toluidine blue staining,1 chemiluminescence, autofluorescence,
exfoliative cytology, biopsy/histopathology, and saliva analysis are
all currently available oral cancer screening techniques used for
early detection.1–3 Unfortunately, the nature of these tests is expen-
sive, time-consuming, and labor-intensive while being plagued with
low sensitivity and lack of specificity.1–4 Saliva analysis and brush
biopsies have offered a wealth of opportunities in oral cancer
screening.2 However, still, there is a need for a more accessible
version of a test for immediate response.

Cell proliferation regulating inhibitor of protein phosphatase
2A (p90/CIP2A) has been determined as a biomarker for OSCC.3–5

CIP2A is highly expressed in OSCC cell lines and dysplastic and
malignant human oral epithelial tissues but not in normal
controls.6–8 CIP2A is a protein that binds to and inhibits PP2A, a
tumor suppressor.5,6 The inhibition of PP2A supports cellular
transformation through increased cell proliferation.6,9 While CIP2A
is pronounced in most cancers such as lung10 and gastric cancer, it
is more pronounced in oral cancer.11–15 For saliva analysis of
CIP2A, enzyme-linked immunoassay (ELISA) test kits are widely
available and immunosensors made of carbon nanotubes have
begun to develop.4 ELISA test kits are restricted to laboratory use,
time-consuming, costly, and only have a detection range of 0.156–
10 ng/ml.16 Ding et al. created carbon nanotubes with a detection
limit of 4.69 pg/ml for CIP2A Ag in a buffer. This sensing technol-
ogy is expensive, not straightforward, requires analysis, and is an
electrochemical method not accessible to a dental office. Nanotubes
are also very expensive and, therefore, not cost-effective compared
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to the ELISA test and biopsy. Unfortunately, the nature of these
tests is expensive, time-consuming, and labor-intensive while
having low sensitivity and lack specificity.1–4 Saliva analysis and
brush biopsies have offered a wealth of opportunities in oral cancer
screening.2 An accessible and developed CIP2A biosensor with
high sensitivity and faster sensing time could be of significant value
towards further developing oral cancer screenings in the office.

A low-cost sensor similar to a glucose detection strip has been
created as a modular biosensor system consisting of an Si-MOSFET
digital reader combined with externalized cartridge sensor strips
functionalized for the SARS-CoV-2 virus.17–19 The device utilizes
the easily accessible glucose test strips to create sensor strips with
an Au-plated electrode. This system has also been used to detect
cerebrospinal fluid,20 cardiac troponin I, and Zika virus leading to
the potential for the CIP2A protein.21–23

In this work, the modular biosensor system has been function-
alized to detect CIP2A. The sensitivity has been checked using
CIP2A protein dilutions and tested with HeLa cancer cell lysate.
We hereby report our first cancer detection study using a similar
MOSFET-based sensing system detecting oral cancer biomarker
CIP2A with down to femtograms of superior sensitivity compared
to previous literature. In addition to pure antigen, HeLa cell lysate
is used as a positive control to verify the sensitivity of our system
against other proteins and cellular constituents for the first time.

II. EXPERIMENT

The biofunctionalized sensors were made using commercially
available glucose test strips. This method for functionalizing these
strips follows the method previously used for SARS-CoV-2 virus
biosensor strips by Xian et al.18,19 A general photograph of the
sensor circuit and strip as well as schematic diagram for the sensor
system is shown in Fig. 1. The test strip’s carbon electrodes, located
within the microfluidic channel, were gold plated using a 24 K gold
plating solution (Gold Plating Services). The Au-plated electrodes
were treated with 10 mM thioglycolic acid (TGA) in ethanol for 4h.
Next, the TGA functionalized electrodes were immersed in 0.1 mM
N,N’-dicyclohexylcarbodi-imide in acetonitrile for 1 h. Then, the
electrodes were submerged in 0.1 mM N-hydroxysuccinimide in
acetonitrile for 1 h to complete the two-step chemical reaction for
enhancing antibody binding. The excess reactant was removed by
rinsing with acetone and DI water. Monoclonal CIP2A antibody
2G10-3B5 (Santa Cruz Biotechnology) was used to functionalize
the test strips. The antibody was diluted to 20 μg/ml in PBS,
inserted into the microfluidic channel of the test strips, and then
incubated for 18 h at 4 °C. Finally, the test strips were rinsed with
phosphate-buffered solution (PBS) and stored at 4 °C in PBS. For
testing, HeLa Cell Lysate (Santa Cruz Biotech) and CIP2A Protein
(MyBioSource) were serially diluted in PBS and stored at 4 °C. The
use of a CIP2A protein with a known concentration allowed us to
determine the limit of detection of our sensor for this cancer bio-
marker. Validation of antibody functionalization using identical
methods was demonstrated in current-voltage and capacitance
measurements in previous work.18,20

Asynchronous voltage pulse signal was sent to both the gate
and drain electrodes of the MOSFET using a printed circuit board
designed to use the double-pulse method previously

developed.18,24–26 Using the same settings as Xian et al.,17,19,20 the
drain pulse duration was around 1.1 ms at a constant voltage. The
gate pulse started at 40 μs after the start of the drain pulse signal
and stopped at 40 μs before the end. A 15 kΩ resistor connects to
the drain as a load resistor. The circuit board generates pulse
signals and converts the analog drain output of the MOSFET into a
four-digit digital output after each pulse signal using a voltage-
controlled oscillator (VCO) (SN74S124N) and a built-in Arduino
microcontroller. A built-in LCD screen displays the result on the
board. Ten pulse signals are collected and averaged for each mea-
surement for the analog signal and digital readout. An Agilent
InfiniiVision DSO7054B oscilloscope collects the analog drain
waveform (VD), and a voltage reading at 750 μs value of the analog
waveform was taken for the analog reading.18

III. RESULTS AND DISCUSSION

The sensing system was fine-tuned to obtain the desired
analog waveform before sensing the desired antigen. A proper
analog drain voltage, which is the voltage between the MOSFET
drain side and the load resistor, is required to meet the minimum
input voltage of the VCO, consequently resulting in a sensible
digital output. In this sensing setup, the analog output was mainly

FIG. 1. Photograph of the circuit board (a) and schematic of the sensor circuit (b).

ARTICLE avs.scitation.org/journal/jvb

J. Vac. Sci. Technol. B 41(1) Jan/Feb 2023; doi: 10.1116/6.0002175 41, 013201-2

Published under an exclusive license by the AVS



affected by two parameters, MOSFET gate voltage and load resistor.
The gate voltage and load resistances have been investigated to
determine ideal conditions. Figure 2(a) shows time-dependent
MOSFET drain waveforms for varying gate voltages (VG) at a fixed
concentration of HeLa cells 1 × 10−5 g/ml at dilution. To mimic
sensor performance when testing cells, diluted HeLa cell lysate is

used in this test instead of pure CIP2A. Above a VG of 1.6 V, the
drain voltage was subsequently reduced due to reduced channel
conductance. Analog drain voltage with VG of below 1.6 V was
below the required minimum input voltage for the VCO, and no
digital sensitivity could be attained. 1.5 V is chosen for optical VG

for sensing since the higher VD with this gate voltage can produce
a reasonable digital output (between the circuit board minimum of
around 1700 to a maximum of 3400). Time-dependent MOSFET
VD waveforms were also taken at the same fixed concentration for
varying load resistances (Rload) at 1.5 V VG [Fig. 2(b)]. The result-
ing dynamic sensing waveform continues to flatten and subside
with increasing load resistance, typically resulting in reduced or
complete loss of sensitivity. The dynamic shape of the analog wave-
form is caused by the input capacitance of the MOSFET and, there-
fore, is also strongly dependent on the antigen-antibody interaction
of the sensor strip.20 The self-assembled antibody layer interacts
with antigen present in solution resulting in spatial and temporal
motion in protein structure.22,27,28 Furthermore, previous work has
shown that different levels of antigen present can directly cause
variation in small-signal capacitance of the sensor strip of a similar
setup, which is directly connected to the gate of MOSFET.20

Figure 2 shows that the ideal load resistance (Rload) is around
15 kΩ, which would result in a significant change in analog and
digital output while maintaining proper sensitivity. Note that
tuning the VG and Rload is needed for the sensor strips functional-
ized for different antibodies due to various antibody sizes and
charges.

To confirm the validity of the sensor and sensitivity to CIP2A
protein, the biofunctionalized strips were tested using pure CIP2A
protein serially diluted into various concentrations beginning from
pure PBS and working down to 1 × 10−15 g/ml dilution in PBS.
Figure 3 shows the sensor drain waveform as a result of increasing

FIG. 2. Analog waveform for sensor output (read between MOSFET drain and
load resistor) as a function of the gate voltage applied on MOSFET (a) and load
resistance of pull-up resistor (b). FIG. 3. Sensor waveform for pure CIP2A diluted in PBS from 10−9 to 10−15 g/ml.
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CIP2A concentration. The VD decrease with higher concentration
due to sensor strip capacitance variation was explained previ-
ously.20 Figure 4(a) shows the analog voltage obtained by extracting
the voltage data at 750 μs value of the sensor waveform, VD reading
decrease linearly for CIP2A protein concentration range from pure
PBS up to 1 × 10−5 g/ml on a logarithmic scale. The ultimate sensi-
tivity obtained is 1 × 10−15 g/ml with a sensitivity of 87 mV/dec;
these results show that such a system is at six orders of magnitude
more sensitive than ELISA kits.16 The digital readings, a four-digit
number, were obtained directly from the built-in LCD, and the
number is translated directly from the VD waveform via the
built-in VCO and counter. Figure 4(b) shows that across the whole

concentration range tested down to 1 × 10−15 g/ml, the output
maintains a linear relationship with respect to concentration on a
logarithmic scale from around 3100 to 2450, with a sensitivity of
69/dec. The sensor has not reached saturation at the 1 × 10−5 dilu-
tion, but a higher concentration that saturates the system would not
be clinically relevant.

Compared to ELISA test methods, which require lengthy pro-
cessing times and lower sensitivity, a new test method using brush
biopsies of potentially cancerous or suspicious lesions could offer a
unique advantage to dental offices in a quick and easy sample col-
lection process for cancer screening. Given the sensor’s high sensi-
tivity for the protein in CIP2A protein, a proven positive control
from human cancer cells for CIP2A antibody can be used for
testing in this case. HeLa whole-cell lysate was acquired and tested
with the same setup and parameter to examine sensor functionality
in the human cancer cell. It is a positive control in the western blot
method for this particular antibody. Figure 5 shows the same
monotonically decreasing trend when testing with sensor strips
with the same functionalization steps and identical sensing parame-
ters without further adjustment. Figure 6(a) shows that the linear
analog voltage change can be directly obtained after averaging the
ten sensing pulses. A net 111 mV/dec sensitivity was calculated
from the analog voltage extracted from the 750 μs value of the
analog waveform. The direct digital output Fig. 6(b) shows a linear
reduction of digital reading from about 3400 to 2350 for the con-
centration range from pure PBS to 1 × 10−15 g/ml, with a digital
sensitivity of 91/dec. The exact concentration of CIP2A expressed
in HeLa cell lysate is unknown. However, given that a positive
detection result was obtained from a proven positive control cell
lysate containing protein to be detected, this result has shown a
potential detection limit beyond 1 × 10−15 g/ml. It demonstrates the
exceptional sensitivity achievable by this approach.

FIG. 4. Analog reading at 750 μs value of sensor waveform (a) and digital
sensor board output (b) from an average of ten measurements for serial dilution
of CIP2A protein in PBS in the range of 10−9–10−15 g/ml.

FIG. 5. Sensor waveform for human HeLa cell lysates diluted in PBS from 10−5

to 10−15 g/ml.
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IV. CONCLUSIONS

Transistor-based biosensor system was used and optimized for
biomarker detection of the biomarker for OSCC in this work.
Compared to conventional assays such as ELISA, the result using
pure CIP2A protein with the optimal sensor setup shows six orders
of magnitude higher sensitivity than the commercially available
ELISA test kit. While subsequent testing using a cancel cell sample,
human whole HeLa cell lysate showed comparable sensitivity using
an identical setup. This offers an opportunity and versatility to
develop a similar system for rapid, low-cost, and portable immuno-
assay in the medical and diagnostic sector. The next step in this
continuum will be to test clinical saliva samples in oral cancer
patients and determine the presence of CIP2A in saliva.
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