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Abstract: Research in cancer diagnostics has recently established its footing and significance in the
biosensor sphere, emphasizing the idea of a unique probe design used as a sensor and actuator,
to identify the presence of protein, DNA, RNA, or miRNA. The fluorescein isothiocyanate (FITC)
probe and biotinylated probe are designed for a two-pronged approach to the detection of the
urinary miR-21 and miR-141, both of which have demonstrated significance in the development
and progression of colorectal cancer, a leading cause of mortality and morbidity. The remainder
of the apparatus is composed of a modified screen-printed carbon electrode (SPCE), to which the
probes adhere, that transduces signals via the redox reaction between H2O2 and HRP, measured with
chronoamperometry and cyclic voltammetry. The precise nature of our ultra-non-invasive biosensor
makes for a highly sensitive and practical cancer detector, concluded by the significance when
establishing disease presence (miR-21 p-value = 0.0176, miR-141 p-value = 0.0032), disease follow-up
(miR-21 p-value = 0.00154, miR141 p-value < 0.0005), and even disease severity. This article hopes to
emphasize the potential of an additional clinical tool for the management of colorectal cancer.

Keywords: biosensor; miR-21; miR-141; colorectal cancer; nucleic-acid sensor

1. Introduction

According to statistics from the Global Cancer Observatory in 2020, colorectal cancer
(CRC) ranks as the third commonest cancer in the world [1], and second in cancer-related
mortality rate. Today’s CRC screening methods can be divided into two categories: invasive
and non-invasive testing. Non-invasive tests include stool and blood tests and radiological
imaging. At present, the commonly used stool tests are mainly the guaiac-based fecal
occult blood test (gFOBT) [2] and fecal immunochemical test (FIT) [3]. The gFOBT uses the
chemical reaction of peroxidase activity in heme to detect the presence of blood in the stool.
It is a cheap, simple and widely available test. The concept is to extract blood samples and
cell debris related to polyps and cancer [4]. Radiological examinations include capsule en-
doscopy and computed tomographic colonography (CTC) [5]. These are used to observe the
changes in the intestinal mucosa and to suggest the presence of cancer through radiographic
imaging. Invasive examinations include flexible sigmoidoscopy (FS) and colonoscopy [6].
In recent years, many countries have adopted this method as the main screening tool. This
procedure allows for the direct visualization and sampling of pathological sites and is the
main diagnostic procedure for colonic polyps and advanced tumors.
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Compared with other potentially harmful or expensive screening methods, urine
has the advantages of non-invasiveness, low cost and ease of access [7]. At present, the
main examination of residual urinary-tract epithelial cells, urine protein and other urine
metabolites in urine such as tyrosine, citrate, tryptophan, valine, and other organ-malignant
tumor indicators are used as a way to diagnose cancer [8,9]. In cancers related to the urinary-
tract system, such as bladder cancer, kidney cancer and prostate cancer, the tumor DNA
can be extracted from the urine, and using its concentration, mutations and methylation
status, stages of cancer can be assessed. It is currently used in clinical practice for bladder
cancer [10,11]. Urinary protein screening is also standard practice in monitoring and
screening for kidney cancers [12]. In recent years, several teams have studied microRNA
in urine exosomes and have concluded its association with breast cancer [13], ovarian
cancer [14], and pancreatic cancer [15], all showing significant correlations.

Currently, common nucleic-acid-detection methods are fluorescent in situ hybridiza-
tion, microarray, reverse transcription PCR, or next-generation sequencing, amongst other
diagnostic techniques [16,17]. However, most of these techniques require careful pre-
processing of the sample and are therefore generally not suitable for immediate analysis. In
recent years, there has been tremendous interest and development in biosensors focusing
on nucleic-acid detection, such as in cancer research [18], SARS-CoV-2 detection [19], and
even environmental pollution monitoring [20], etc., due to their cost efficiency, convenience,
portability, low complexity, and their use of signal amplification to provide rapid detection
with higher sensitivities. Commonly used nucleic-acid biosensors are composed of nucleic-
acid-recognition elements and signal transduction. The principle is to use single-stranded
DNA (ssDNA) molecules as probes [21]. The nucleic-acid sequence of the probe will hy-
bridize with the complementary target nucleic-acid sequence to form specific hydrogen
bonds. Upon hybridization on the surface of the transduction material, the enhanced
signal will be converted into a current response by electrochemistry [22–24]. Several signal-
amplification methods for nucleic-acid detection have been reported, such as enzymes and
other nanomaterials. The amplified signals were quantified using electrochemical analysis
techniques, such as chronoamperometry (CA), differential pulse voltammetry (DPV), cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) [25].

MicroRNA is a small non-coding regulatory RNA molecule whose main function is
to regulate the post-translational modification of genes. Its function can effectively lead
to the degradation of target messenger ribonucleic acid (mRNA), thereby inhibiting the
performance of target genes [26]. Not only is it involved in the process of regulating
cell proliferation, differentiation and apoptosis, but it may also provide a similar role to
tumor-suppressor genes and oncogenes [27]. The expressional type of miRNA can correlate
to several cancers, stages of cancers, and other clinical variables. The analysis of miRNA
expression also shows the carcinogenic or tumor-suppressor effect of miRNA [28,29].
Since miRNA analysis can be used as a tool for cancer diagnosis and prognosis, the
means to develop a fast and sensitive measurement method is now a major challenge [30].
miRNA is commonly present in tissues and bodily fluids, such as plasma, serum and
urine [28,31]. Urine contains a large amount of nuclease, but it does not affect the expression
of miRNA in urine [32,33]. miRNA is secreted into the circulation through many different
mechanisms [34]. Coupled with this, the degradation of miRNA through endogenous
RNase has proven to be resistant and difficult due to the length of the nucleic acid, its
encapsulation through exosome microvesicles, and its existence in very stable forms in
bodily fluids, including serum and urine [35]; therefore, it is now believed that the study
of miRNA content in bodily fluids can be used as a major biological indicator for various
diseases, and its association to cancer is undeniable [36–38], including colorectal cancer [39],
gastric cancer [40], prostate cancer [41], breast cancer [42] and ovarian cancer [43].

The presence of miRNA in bodily fluids and its association to cancer is undeniable.
In a previous experiment, our laboratory successfully developed a biosensor for miR-141,
which is predominantly expressed in breast cancer [44] and prostate cancer [45], with
comparatively less expression in colorectal cancer in serum [46]. Therefore, prompting this



Biomedicines 2022, 10, 1434 3 of 13

experiment, a nucleic-acid sensor was designed for miR-21, as its involvement in colorectal
cancer has been well established from disease oncogenesis, proliferation and invasion, to
treatment resistance [47,48].

2. Materials and Methods
2.1. Clinical Urine-Sample Collection

In total, 10 colorectal cancer patients and 10 normal people (confirmed without CRC,
then used as control) were involved in the current study. The timing of urine collection
from CRC patients was once before operation, and post-operation urine collections at day 3,
day 7 and one month. All were random specimens that were collected when patients came
to the clinic. This study was carried out with the approval of the Human Subject Research
Ethics Committee/Institutional Review Board (IRB: 20MMHIS201e) of Mackay Memorial
Hospital (Taipei, Taiwan).

2.2. Design of Oligonucleotides as Biomarkers and Probes

With the screen-printed electrode as the established transduction platform, the newly
designed miR-21 and miR-141 sensor is a two-pronged electrochemical nucleic-acid sensor.
Two complementary sequences to miR-21 and miR-141 were designed and identified as a
detector probe (Fluorescein -5′-TCAACATCAGT-3′, and Fluorescein -5′-CCATCTTTAC-3′)
and a capture probe with biotin modifications (CTGATAAGCTA-3′-biotin, and 5′-
CAGACAGTGTTA-3′-biotin); with the capture probe fixed on the electrode surface to
provide current signals once hybridization occurs.

2.3. Screen-Printed Carbon Electrode Modification with ssDNA Probe

The water used in this experiment was treated with DEPC (use concentration was 0.1%
v/v) to remove RNA-degrading enzymes in the water. The surface of the carbon electrode
was modified by adding DEPC, autoclaved and shaken overnight, then instilled with 30 µL
of 50 mg/mL carboxymethyldextran sodium salt (CMD) on the surface and left to react
for 16 h. CMD forms COOH functional groups on the surface of the carbon electrode and
activates the surface of the electrode, which facilitates subsequent chemical modifications.
The residual CMD solution was removed with PBS washes, repeated 3 times. A preparation
of EDC-NHS solution was configured with 8 mg/mL of EDC and 22 mg/mL of NHS mixed
with 0.1 M pH 4.7 MES buffer. Next, 30 µL of this solution was instilled on the surface of
the carbon electrode and reacted at room temperature for 15 min. EDC-NHS will react with
the COOH functional groups on the surface of the carbon electrode to produce a stable
chemical structure of acyl groups on the surface. Residual EDC-NHS solution was removed
with PBS wash as above. Next, 30 µL of 10 µL/mL Neutravidin solution was instilled on the
surface of the carbon electrode and left to react at room temperature for 1 h. Neutravidin
will replace the surface base, which will facilitate subsequent biotinylated ssDNA probe
binding. The electrode was washed 3 times with PBS to remove residual Neutravidin,
and 20 µL of 5 µM biotinylated ssDNA probe was instilled on the surface of the carbon
electrode and left to react at room temperature for 1 h. The biotinylated ssDNA probe will
react with the Neutravidin binding site to ensure firm attachment to the electrode surface.
The unbound biotinylated ssDNA probe was removed with 3 washes with PBS. Next, 20 µL
of 1 M Ethanolamine solution was dropped onto the surface of the carbon electrode, for
a reaction time of 10 min at room temperature. Ethanolamine acts to block non-specific
junction areas. The electrode was once more washed with PBS 3 times to remove unbound
Ethanolamine, and was then able to be used as a miRNA-detection platform.

2.4. Completely Modified Screen-Printed Electrodes to Capture Target miRNA

The 1 µM FITC probe and specimen were hybridized in STE buffer (0.1 M NaCl,
10 mM Tris, 1 mM EDTA, pH 8.0), heated at 55 ◦C for 3 min, and left to react at 4 ◦C in the
dark for 15 min. Next, 20 µL of the sample was injected into the working electrode and left
for 15 min. One round of PBS wash was required to remove the unbound specimen, and
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then 20 µL of 1 µg/mL anti-fluorescein HRP solution was applied to the electrode and kept
in the dark for 15 min, followed by a final PBS wash prior to electrochemical detection.

2.5. miRNA RT-qPCR

According to TaqMan® microRNA Reverse Transcription Kit (Thermo Scientific™
4366596, Waltham, MA, USA), the recommended amount of total RNA is 10 ng/15 µL.
There are two sets of TaqMan™ MicroRNA Assays, hsa-miR-21 (Thermo Scientific™ 000397,
Waltham, MA, USA) and hsa-miR-141 (Thermo Scientific™ 000463, Waltham, MA, USA). In
our experiment, we took 2 µL of urine sample and placed it in a U-shaped bottom 96-well
dish, added 48 µL of nuclease-free water, and placed it in an ultra-micro spectrophotometer
to measure out the RNA concentration at 260 nm. To obtain the total RNA concentration of
the stock solution, we subtracted the background value by the OD260 absorbance value
and multiplied the conversion factor (40 µg/mL for single-stranded DNA to RNA) and the
dilution ratio. Next, 10 ng of RNA was mixed with nuclease-free water to make 5 µL. In
order to improve the binding rates of the RT primer and miRNA, we first added 3 µL of
5 RT primer to bind with RNA, and left it to react at 85 ◦C for 5 min, 60 ◦C for 5 min, and
finally it was reduced to 4 ◦C. The miRNA reverse transcription reagents were configured
as such: TaqMan™ Fast Advanced Master Mix, 10 µL per well; nuclease-free water, 7 µL
per well; TaqMan Small RNA assay, 20 × 1 µL per well; RT-Product, 2 µL per well. Then,
7 µL of reverse-transcription reagents were added to each tube. Next, it was placed into
the PCR machine (Applied Biosystems Veriti Thermal Cycler) at 16 ◦C for 30 min, 42 ◦C for
30 min, 85 ◦C for 5 min, and finally reduced to 4 ◦C. After transcription, the cDNA can be
stored in the refrigerator at −20 ◦C.

2.6. Analysis Device and Software

This study used Metrohm Autolab PGSTAT204 for electrochemical detection. The
software for operation and analysis was NOVA1.11 (Utrecht, The Netherlands). The
electrochemical experimental methods used were cyclic voltammetry (CV), linear sweep
voltammetry (LSV) and chronoamperometry (CA). The data-sorting software was Ori-
gin9.0. The electrochemical detection was carried out in the electric box, which reduces
the environmental factors. This experiment was analyzed by the three-electrode method.
The working electrode was a screen electrode, the auxiliary electrode was a platinum wire,
and the reference electrode was a calomel electrode. This experiment used two types of
electrolytes: 5 mM Ferricyanide dissolved in 0.1 M KCl, and TMB/H2O2 solution.

2.7. Statistical Methods

In regard to electrochemical measurements from the sensor used, the cyclic voltamme-
try method selects the current-density value under the 4th loop reduction potential, the
linear sweep method uses the highest peak value, and the chronoamperometry method
uses the 200 s terminal current value. A triple repeat of the experiment was used to cal-
culate the standard deviation. RT-qPCR sets the number of replication cycles (ct value)
measured by healthy subjects to 1, subtracts the number of replication cycles measured by
other subjects and calculates the exponential subtraction loop of 2 to push back the relative
gene expression. GraphPad Prism 9.0 software (San Diego, CA, USA) was used to make
interquartile range and scatter plots, and the p-value was calculated by using the t-test and
ANOVA single factor.

3. Results
3.1. Triple Repeat Experiment for Mean and Standard Deviation

The screen-printed electrode with a modified biotin probe binds to the target miR-21
that has been bound to the fluorescein probe and reacts in an electrolyte mixture with
0.4 mM horseradish peroxide and 0.4 mM hydrogen peroxide. After applying a voltage of
−0.3 V and a reaction of 200 s, using chronoamperometry, the miR-21 biosensor was able to
output a response of 400 nA after target capturing, with approximately 350 nA terminal
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current stability, compared to the control with only surface functional modification and no
target annealing, which outputted 200 nA and a 250 nA terminal current stability (Figure 1).
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Figure 1. A stability triple repeat test of the miR-21 biosensor against 10 nM of miR-21, recorded with
chronoamperometry.

The fully modified miR-21 sensor was used on colorectal cancer patients’ and healthy
subjects’ urine samples for chronoamperometric measurement. It was found that colorectal
cancer urine samples can obtain approximately 350 nA terminal stability after each test,
while the healthy urine samples only measured 250 nA terminal stability (Figure 2). It is
clear that the newly developed sensor can reliably capture miR-21 in urine, whilst also
displaying characteristics of high expression of miR-21 in colorectal cancer patients’ urine.
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Figure 2. Stability triple testing of the miR-21 biosensor using a single colorectal cancer patient and
normal urine sample, recorded with chronoamperometry.

3.2. Selectivity

The modified electrode was tested against a 10 nM miR-21 sample, 10 nM of miR-141,
and a control electrode with no miRNA; the results were analyzed by chronoamperometry.
From the stable current values, as expected, there was a higher current value from the
miR-21 electrode than from the latter two electrodes, approximately 300 nA and 200 nA,
respectively, with no overlapping current values between the subject miRNA and com-
parison subjects in repeat testing (Figure 3). This confirms a highly selective biological
sensing device.
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Figure 3. miR-21 nucleic-acid sensor selectivity comparison in 10 mM of miR-21, 10 mM of miR-141,
and bare electrode using chronoamperometry.

3.3. Sensitivity

A range of concentrations of miR-21 were tested using the modified screen-printed
electrode to determine sensitivity and the lowest reliably detectable concentration; the
current response was analyzed by chronoamperometry. It was observed that in a high
concentration range of 10 µM to 10 nM, miR-21 can measure nearly 400 nA, with overlap-
ping results between repeat tests. A ten-fold incremental reduction in concentration was
assessed to the lowest 1 pM. It was found that there was a concurrent downward trend in
the low concentration range of 10 nM to 1 pM. However, at the lowest 1 pM concentration,
it still produced a 300 nA current, which was higher than our bare electrode and higher
than the previously mentioned 250 nA stable current observed in our selectivity experiment
(Figure 4). Therefore, the concentration detection limit proposed through this experiment
has a lower limit of 1 pM and an upper limit of 10 nM to reach saturation.
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3.4. SPCE Versus the Gold Standard RT-qPCR in miRNA Detection

Ten samples each of preoperative colorectal cancer patients’ and healthy subjects’
urine were collected for preliminary comparison using both the biosensor and RT-qPCR.
In the detection of miR-21 there were significant differences, as seen in Figure 5 (SPCE
p-value = 0.0176, RT-qPCR p-value = 0.003), as well as in the detection of miR-141, as seen
in Figure 6 (SPCE p-value = 0.0032, RT-qPCR p-value = 0.0180). The result confirms that
our nucleic-acid sensor can reliably distinguish the difference between cancer patients and
healthy subjects.
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3.5. miRNA Sensor in the Follow-Up of Colorectal Patients

This experimental study uses nucleic-acid sensors to perform pre- and postoperative
short-term analysis of urinary miR-21 and miR-141 between 10 groups of colorectal cancer
patients and healthy subjects. RT-qPCR was used for comparison, and healthy subjects
were set as the reference value of 1. In both the miR-21 and miR-141 experiments, it was
found that the terminal stability current of the 10 groups of patients had a higher trend
before their operation compared to the postoperative phases. This is concurrent with
the qPCR results. Within the one-week postoperative phase, it seems that there was no
significant reduction in target nucleic acids on day seven (miR-21 p-value = 0.102, miR-141
p-value = 0.267); however, there were significantly steady low levels after one month into
the postoperative phase, especially when looking at miR-141 (miR-21 p-value = 0.00154,
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miR-141 p-value = 0.00001); the levels were almost comparable to those of the healthy
subjects (Figures 7 and 8). From this experiment, it is evident that our biosensor is able to
detect an increase in target nucleic acids, which establishes its usefulness in the pre- and
postoperative evaluation of colorectal cancer patients.
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3.6. miRNA Levels Compared to Cancer Stages

Cancer stages and their associations with levels of mRNA were also investigated in
this experiment. The urine samples of the ten patients with colorectal cancer collected
in this study included four patients at stage 0, two patients at stage 2, three patients at
stage 3, and one patient at stage 4. Compared to cancer-free urine samples, we observed
significant levels of expression using both our nucleic-acid sensor and RT-qPCR. Through
our biosensor, patients in stages 3 and 4 measured higher current values with significance,
as seen in Figure 9 (stage 3 p = 0.0052, stage 4 p = 0.0176), and from RT-qPCR, there were
also significantly higher levels of expression of miR-21 in stages 0, 2, and 3 (stage 0 p = 0.05,
stage 2 p = 0.001, stage 3 p = 0.0014). Similarly, in the miR-141 results (Figure 10), through
the biosensor we found higher current values detected in the zero, third and fourth stages
of colorectal cancer (stage 0 p = 0.0152, stage 3 p = 0.0026, stage 4 p = 0.0016), and RT-qPCR
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also showed higher expression of miR-141 in the zero and second stages (stage 0 p = 0.0331,
stage 2 p = 0.0244).
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The mean and standard deviation of each cohort was calculated to assess result
variability in relation to cancer stages. The data were calculated using fold change, with
the mean of normal samples as the denominator. Unfortunately, there was only one data
point for stage 4, therefore we omitted the data from this study. From the miR-21 results,
we observed a low mean and standard deviation on our biosensor (stage 0 (1.22 ± 0.288),
stage 2 (1.10 ± 0.096), stage 3 (1.63 ± 0.432)) compared to the RT-qPCR results (stage 0
(25.7 ± 22.3), stage 2 (22.9 ± 11.5), stage 3 (33.7 ± 20.8)). This outcome was similarly seen
in the miR-141 result, with our biosensor producing lower means and standard deviations
(stage 0 (1.42 ± 0.229), stage 2 (1.05 ± 0.086), stage 3 (1.66 ± 0.255)) compared to RT-qPCR
(stage 0 (32.7 ± 21.4), stage 2 (36.2 ± 15.3), stage 3 (16.4 ± 13.0)) (Figures 9 and 10).
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4. Discussion

The primary objective of this study was to establish the novelty of this urinary miR-21
nucleic-acid biosensor, and its potential for clinical application. We can definitely see
significant results for miR-21 detection through this study. Our laboratory decided to
probe further, and we attempted to establish cancer staging and its relation to the presence
of mRNA. The significance of mRNA presence in colorectal cancer from a pathological,
staging and post-tumor-resection perspective was previously documented by a research
team who conducted RT-qPCR analysis on serum samples of colorectal cancer patients,
showing high correlations and significant down-regulation of seven mRNAs including
our subject, miR-21 [49]. Understanding the properties of miR-21 and discerning its
concentration in urine through our biosensor to compare with RT-qPCR, as seen in Figure 5,
showed significant differences between normal specimens and CRC specimens (SPCE
p-value = 0.0176, RT-qPCR p-value = 0.003), as did the detection of miR-141, as seen in
Figure 6 (SPCE p-value = 0.0032, RT-qPCR p-value = 0.0180); in addition, Figures 9 and 10
reinforce the significance that this research and development has on the future of colorectal
cancer staging using the urinary detection of miR-21 and miR-141 (miR-21 stage 3 p = 0.0052,
stage 4 p = 0.0176, and miR-141 stage 0 p = 0.0152, stage 3 p = 0.0026, stage 4 p = 0.0016).
Interestingly, when comparing results from our biosensor to RT-qPCR, the data variability,
defined as mean and standard deviation, was wider in the RT-qPCR results in both the miR-
21 and miR-141 cohort when compared to our nucleic-acid biosensors (Figures 9 and 10).
Knowing that miR-21 levels are highly expressed in advanced diseases in many forms of
cancers including colorectal cancer, and its concentration correlates to tumor progression
and regression [50], we propose that the developed biosensor has potential to be a more
accurate predictor of colorectal cancer staging than that of the traditional PCR. To clarify its
significance, further studies with larger sample sizes are necessary to establish finer margins
of current thresholds from urinary samples in order to accurately correspond to cancer
stages; furthermore, it is proposed from this research that a combined miRNA biosensor
of miR-21 and miR-141 on a singular modified SPCE might accentuate the margins and
provide more accurate results to identify cancer in its stages.

The range of clinical applications for the new biosensor have proven to be an imposing
competitor to our current methods of first-line screening of colorectal cancer: the fecal
immunochemical test (FIT) and the fecal occult blood test (FOBT). It is evident that there
are high levels of false negatives from these tests, especially in cancers that do not bleed
or in patients that have other risk factors, i.e., smoking, hyperglycemia, and hypertension,
etc. [51,52]. It is our hope that with further high-quality, high-volume studies, hopefully in
conjunction with the current methods for screening, the proposed biosensor will have a
place in the future of colorectal cancer screening, diagnosis, and follow-up. At the moment,
although promising, we can only confidently establish the presence of colorectal cancer in
the binary sense.

5. Conclusions

This work provides a fundamental for the future development of nucleic-acid-based
biosensors for the primary purposes of cancer screening, diagnosis, staging and follow-
up. The newly developed two-pronged biosensor by our laboratory enables a rapid,
sensitive, precise detection of CRC by the selective detection of miR-21 and miR-141, two
important cancer markers and nano-molecules for cancer progression. Additionally, the
non-invasiveness and low cost of the current sensor will benefit its wide application to
clinical patients’ follow-ups or population screenings. Indeed, in our study, the small
sample size limited higher-stage observation and analysis (only one case). Recognizing
the importance and the minor pitfalls of this study, it is our opinion to emphasize that a
large population study is necessary before this sensor can be applied in clinical diagnosis.
Moreover, further studies and improvements to parameters are required in order to provide
this technology to the frontlines against cancer.
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