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Breast cancer remains a considerable health challenge, affecting numerous individuals annually. This research introduces an
innovative method for detecting breast cancer utilizing dual-channel test strips capable of simultaneously assessing two key
biomarkers—HER2 and CA 15-3. The test strip utilized in this study is not only cost-effective but also entirely non-invasive. The
reusable device employs a printed circuit board with metal-oxide-semiconductor eld-effect transistor amplication and Arduino-
based control to convert voltage signals from test strips into digital readings efciently. The device utilizes double-pulse
measurement instead of direct current, effectively mitigating the screening effect. The detection limit for both biomarkers is
exceptionally low at 10−15 g ml−1, surpassing commercial enzyme-linked immunoassay kits by four orders of magnitude. The
sensor demonstrates remarkable sensitivity, with 78/dec for HER2 and 56/dec for CA 15-3. Human sample tests were conducted to
validate the efcacy of the dual-channel strip, successfully distinguishing between healthy and cancerous groups. The results reveal
signicant p-values for both HER2 and CA 15-3 tests, underscoring the signicance of this research. Note that this is a rapid testing
process, completed in less than 2 s. These ndings offer a promising avenue for swift and accurate breast cancer detection,
furnishing crucial insights for early diagnosis and subsequent treatment.
© 2024 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/2162-8777/
ad4ac4]
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Breast cancer is the most common form of cancer among women.
Each year, in the United States, roughly 240,000 women and 2,100
men confront the diagnosis of breast cancer, resulting in approxi-
mately 42,000 women and 500 men succumbing to the disease.
Noteworthy is that 24% of these cases involve individuals from Black,
Indigenous, or People of Color communities.1,2 In 2023, an estimated
300,590 new cases and 43,700 deaths were recorded, reecting an
annual increase of 0.5%.3,4 The nancial toll of cancer treatments was
evident in 2018, with patients shelling out a staggering $5.6 billion for
interventions like surgery, chemotherapy, and radiation therapy. By
2015, the burden on the US healthcare system reached an estimated
$183 billion for cancer-related care, a gure expected to soar to $246
billion by 2030.5 When factoring in healthcare expenses and lost
productivity, the annual economic impact balloons to $1.16 trillion.
Notably, late cancer diagnosis amplies the nancial strain by up to
sevenfold compared to early detection, underscoring the critical
importance of timely diagnosis and intervention.6

Several detection methods have been developed, encompassing
biopsy-based, biosensor-based, biomarker-based, image screening-
based, and microwave breast imaging approaches.7,8 Each of the
methods mentioned above has its own advantages and disadvan-
tages. As an illustration, mammography, while widely accessible,
poses the drawback of radiation exposure and may induce discom-
fort in many. In women with dense breast tissue, mammography can
yield unreliable results. In contrast, ultrasound is radiation-free;
however, it has limitations in detecting small tumors and relies
heavily on the operator’s prociency. On the other hand, Magnetic
Resonance Imaging (MRI) is characterized by its heightened
sensitivity, yet it comes with the trade-offs of being more costly
and more time-consuming in comparison to other modalities.9–13

The aforementioned screening methods pose challenges due to their
invasive nature and high costs, presenting barriers to accessibility,

particularly in resource-constrained settings such as developing
countries. Therefore, there is a pressing need to innovate non-
invasive and affordable approaches for breast cancer screening tests.

Human epidermal growth factor receptor-2 (HER2/erbB2) and CA
15-3 (MUC1) are two commonly used biomarkers in breast cancer
detection with enzyme-linked immunoassay (ELISA).14–16 The bio-
markers can be detected not only in serum but also in saliva. Numerous
studies had been done with saliva samples.14,17–22 Belonging to a
family of four transmembrane receptors, the HER2 actively participates
in signal transduction pathways responsible for orchestrating cellular
growth and differentiation. An upregulation or amplication of HER2
emerges as a distinctive feature associated with malignancy, signaling
an unfavorable prognosis in the context of breast cancer.23 It has been
reported that CA 15-3 in saliva carries signicant diagnostic value for
breast cancer.24 Identied as the rst breast cancer-associated antigen in
1984, CA 15-3, a transmembrane glycoprotein, has drawn attention for
its potential diagnostic role.25 Subsequent research revealed that CA 15-
3 in breast secretions not only serves as a differentiator between
malignant breast cancers and benign breast diseases but also proves to
be a more valuable biomarker for diagnosing breast cancer when
compared with mammography.24

A technique with a reusable printed circuit board (PCB) containing
a MOSFET and disposable single-channel test strips were employed
in our previous work.26 The method delivers results in under 2 s,
making it an expedited testing process. The similar method has also
been used to detect cerebrospinal uid (CSF), cardiac troponin I,
COVID-19 and Zika virus.27–32 Sensitivity refers to the reduction in
digital readings corresponding to a one-order increase in protein
concentration. Logarithmic scales offer practical utility by condensing
a broad spectrum of values into a more easily comprehensible scale.
The sensitivity of the HER2 strip was 70/dec while the CA15-3 strip
was 30/dec in the previous work. The limit of detection is down to
10−15 g/ml for both kinds of strips, which is four-orders lower than
the commercial ELISA kits.33,34 The contribution of this work
signicantly impacts the eld of breast cancer detection.

Enhancing the efcacy of the detection approach involves the
introduction of a novel strip design known as the double-channelzE-mail: fren@che.u.edu
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strip. This innovative design incorporates two distinct biomarkers,
HER2 and CA 15-3, functionalized within the dual channels of the
strip. This dual-biomarker approach enables simultaneous testing,
thereby amplifying the precision of the rapid breast cancer test for
improved accuracy.

The global breast cancer diagnostics market, valued in the
billions of dollars, is continuously growing due to the increasing
incidences of breast cancer worldwide.35,36 The introduction of the
double-channel strip for breast cancer detection addresses critical
gaps in both market and research domains. It meets the market
demand for rapid, accurate, and accessible diagnostic solutions,
particularly in regions with limited healthcare infrastructure.
Simultaneously, it caters to the research demand for more sensitive
and specic approaches by integrating dual biomarkers, HER2 and
CA 15-3, thereby enhancing detection accuracy. This innovative
technology holds the promise of transforming cancer diagnostics,
ultimately leading to improved patient outcomes and alleviating the
burden on global healthcare systems.37

Experimental

The disposable dual-channel test strips are manufactured by
TaiDoc Technology Corporation in Taiwan, as illustrated in Fig. 1.
To create these strips, a process involving gold sputtering is initiated,
followed by the selective removal of a portion of the gold to form
distinct electrodes. Each channel comprises two gold electrodes, one
designed for signal input and the other for signal output. Both of
these electrodes within the channel are functionalized for the
detection of specic biomarkers. The functionalization step is shown
in Fig. 2. This functionalization enables the strips to discern
variations between samples. The details of the functionalization
method have been previously elucidated.26,38–40 A solution of
10 mM thioglycolic acid (TGA) was employed to establish a robust
Au-S bond, with N, N’-Dicyclohexylcarbodiimide (DCC) and N-
Hydroxysuccinimide (NHS) aiding in the formation of an amide
bond. This amide bond is crucial for interaction with accessible
amino groups on an antibody. For the dual-channel strip, the anti-
HER2/ERBB2 monoclonal antibody (Sino Biological Inc.,
Chesterbrook, PA) is injected into one channel, while the CA 15-3
monoclonal antibody (Sino Biological Inc., Chesterbrook, PA) is
introduced into the other. Subsequently, the strips are sealed and
stored in a disk at 4 °C for 18 h. Lastly, ethanolamine is employed to
deactivate the un-functionalized groups, thus preventing potential
interference. We conducted experiments using sensor strips that had
been functionalized with HER2 antibodies to detect various CA 15-3
proteins and vice versa, employing strips functionalized with CA 15-
3 antibodies to identify HER2. Notably, in both cases, there was no
discernible response, and the output readings closely resembled
those obtained from blank saliva samples.

Human HER2/ ErbB2/ CD340(676–1255) protein (Sino Biological
Inc., Chesterbrook, PA) and human Mucin-1/ MUC-1 (CA 15-3)
protein (Sino Biological Inc., Chesterbrook, PA) were diluted into a
series of protein standard solution in articial saliva (Pickering
Laboratories Inc., Mountain View, CA) to obtain the calibration
curve. A total of 16 human saliva samples were sourced from both
breast cancer patients and healthy volunteers, facilitated by the
University of Florida Clinical and Translational Science Institute
(UF CTSI) Biorepository. The specimens were collected from
individuals within the UF Health System and have been meticulously
preserved in a deep-freeze storage unit at −78 °C. All of these
samples were de-identied and accompanied by corresponding
diagnoses, which were rigorously validated through biopsy procedures
conducted as part of the patients’ routine medical care (UF
IRB202101643). After thawing the saliva samples, the samples
were directly introduced into the microuidic channel without the
need for any dilution, ltration, or centrifugation steps. Categorizing
the human samples based on their histologic type, we distinguished
them into three distinct groups: (1) healthy control, (2) in situ breast
cancer, and (3) invasive breast cancer. Among the invasive breast

cancer samples, one was identied as HER2 positive, while the
remaining samples were HER2 negative, as conrmed by immuno-
histochemistry (IHC) results from biopsy analyses. We conducted
tests on all the samples using the two channels on the strip,
functionalized with HER2 and CA 15-3 antibodies respectively. The
p-values of the testing results were analyzed by Kruskal-Wallis tests
(continuous outcomes) and Fisher’s exact tests. The Kruskal-Wallis
test stands as a robust non-parametric technique utilized to ascertain
signicant differences among two or more groups, showcasing
resilience even with limited sample sizes.41,42 Complementing this,
Fisher’s exact test emerges as a crucial asset in cancer data
examination, adept at analyzing contingency tables, especially when
dealing with small sample sizes and categorical variables.43 Its
application spans across numerous medical studies, evaluating the
relationship between various factors and cancer outcomes.44

In Fig. 3, a printed circuit board (PCB) was meticulously
designed to facilitate the conversion of voltage signals obtained
from the test strips into digital readings. To amplify the detected
signal from the test strip, a metal-oxide-semiconductor eld-effect
transistor (MOSFET) (STMicroelectronics STP200N3LL) was em-
ployed. The PCB comprises components like the pattern generator,
reading display, strip connector, and more, and the device operates
by connecting a strip to the Arduino-activated system. The Arduino
system, an open-source hardware and software platform, facilitates
seamless prototyping and development of interactive electronic
projects. Comprising a microcontroller board equipped with versatile
input/output pins and a user-friendly development environment,
Arduino enables coding and uploading directly onto the board.45,46

The Arduino triggers the pattern generator to create a test pattern,
generating output signals through the strip. The readout block,
equipped with a MOSFET, amplies the signal, which is then
converted to a frequency signal by a voltage-controlled oscillator
(VCO). A counter measures the VCO output, providing a digital
representation of the readout voltage displayed on the device. The
device employs multiple test patterns for each measurement,
averting charge accumulation effects on the strip. Adjustable
parameters, including test pattern length and frequency, are con-
trolled by the Arduino and a potentiometer, ensuring adaptability to
various strip types. The MOSFET’s active socket allows easy
replacement for optimization, emphasizing the device’s exibility
and precision in concentration measurements.

Results and Discussion

To validate the reliability of the dual-channel sensor and its
capability to distinguish between two distinct biomarkers, a series of
tests were conducted. Each channel was individually assessed to
demonstrate the functionality of both channels. These strips were

Figure 1. Schematic of the test strip.
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tested with varying concentrations of diluted pure HER2 protein (Sino
Biological Inc., Chesterbrook, PA) and CA 15-3 (Sino Biological Inc.,
Chesterbrook, PA). The dilutions were prepared using pure articial
saliva (Pickering Laboratories Inc., Mountain View, CA), and the
proteins were diluted from 1 × 10−15 g ml−1 to 1 × 10−5 g ml−1.
Once the solution is applied to the channel, the antigen-antibody
complexes respond to a pulsed gate electric eld by stretching and
contracting, resembling double springs. This motion, synchronized
with the pulse voltage on the test strip, prompts a change in the
protein’s conformation. As a result, a time-dependent electric eld is
applied to the MOSFET gate, leading to a spring-like pattern in the
drain voltage waveform, facilitated by the connection between the
sensor strip and the MOSFET’s gate electrode.47,48 Figure 4 illustrates
the schematic of how the sensor operates. As the protein concentration
rises, a concurrent increase in the gate current is observed, resulting in
a proportional decrease in the output drain current. Simply put,
elevated protein concentration in the sample corresponds to lower
output readings. Figure 5 demonstrates that the double channel strip
can detect the HER2 in articial saliva samples, with a limit of
detection as low as 1 × 10−15 g ml−1. The HER2 side exhibits a
sensitivity of 78/dec. The data presented in this paper are the average

of ten measurements, demonstrating reproducibility. Figure 6 shows
the result of the human sample test. Sixteen human samples were
tested with the strips to validate the technique. The digital reading
shows a decline as one moves from the healthy group to the invasive
breast cancer group, signifying an elevation in HER2 concentration. In
situ breast cancer is an early stage where abnormal cells are conned
to the milk ducts or lobules and haven’t spread.49 Invasive breast
cancer is a more advanced stage where cancer cells have invaded
surrounding breast tissue, posing a greater risk of spreading to other
parts of the body. Signicantly, the majority of invasive breast cancer
samples exhibit HER2-negativity, a determination established through
Immunohistochemistry (IHC). The sensor developed in this study
boasts a low limit of detection, enabling the differentiation of negative
samples. This detection method proved highly effective in distin-
guishing between diverse sample groups, presenting substantial
advantages for early detection and subsequent treatment.

Figure 2. Functionalization step of test strips.

Figure 3. Printed circuit board to generate digital reading.

Figure 4. The schematic illustrating the operation of the biosensor.

Figure 5. Calibration curve of HER2 protein. The sensitivity is 78/dec while
the limit of detection is 10−15 g ml−1.
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In Fig. 7, the calibration curve for the CA 15-3 side of the dual-
channel strip is depicted. The sensitivity is approximately 56/dec,
while the limit of detection reaches as low as 10−15 g ml−1. To
underscore the relevance of the sensor, human sample testing was
conducted, and the results are illustrated in Fig. 8. The calibration
curve, coupled with the human sample test readings, provides
individuals with valuable insights into their health status. A decrease
in readings may warrant caution, signaling an increase in breast
cancer-related biomarkers. Simultaneous testing of both biomarkers
enhances the accuracy of the rapid breast cancer test, offering a
comprehensive understanding of one’s health.

Table I shows the analytical result of HER2 and CA 15-3 human
sample test. The p-values for HER2 and CA 15-3 were 0.003 and
0.011, respectively. In simpler terms, these values indicate the
likelihood that the observed differences in the levels of HER2 and
CA 15-3 between healthy individuals and cancer patients are not due

to random chance. Lower p-values, such as 0.003, suggest a higher
level of statistical signicance, implying that the observed differ-
ences are more likely to be real and not just random variations.
While caution is warranted due to the study’s small sample size and
demographic imbalances, these p-values provide a foundation for
further investigation into the relevance of HER2 and CA 15-3 as
potential biomarkers for distinguishing between health and cancer
within the studied population.

Conclusions

The introduction of the dual-channel strip represents a signicant
advancement in breast cancer detection methodology. The innova-
tive design, capable of simultaneously assessing HER2 and CA 15-3
biomarkers, enhances the precision of rapid breast cancer testing.
The functionalization process, involving specic antibodies and
thorough validation, ensures reliability and specicity in detecting
targeted proteins. The sensitivity and low limit of detection demon-
strated by the dual-channel strip, coupled with successful human
sample testing, underscore its potential as a valuable diagnostic tool.
The ability to differentiate between healthy and breast cancer
samples offers a comprehensive understanding of one’s health
status, potentially revolutionizing early detection strategies.
Completing the entire test in under two seconds, this technique is
poised to greatly assist medical professionals in conducting breast
cancer screening tests, whether in a hospital setting or public areas.
The sensor’s disposable design promotes sustainability by reducing
environmental impact, conserving resources in manufacturing,
simplifying waste management, and ensuring hygiene standards in
healthcare. Furthermore, as this technology gains traction, it opens
doors for broader applications in cancer diagnostics and beyond. Its
adaptability and efciency could pave the way for similar advance-
ments in detecting other types of cancer and even non-cancerous
conditions, thereby transforming the landscape of medical diagnosis.
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