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Breast cancer has the highest cancer incidence rate in women. Tumor markers are a kind of active substance that
can indicate the existence and growth of the tumor. The detection of tumor markers can effectively assist the
diagnosis and treatment of breast cancer. The conventional detection methods of tumor markers have some
shortcomings, such as insufficient sensitivity, expensive equipment, and complicated operations. Compared with
these methods, biosensors have the advantages of high sensitivity, simple operation, low equipment cost, and can

guantitatively detect all kinds of tumor markers.

tumor marker breast cancer biosensor

| 1. Introduction

Nowadays, cancer has become one of the main threats to human health and life . Among all types of cancer,
breast cancer has the highest incidence rate in women worldwide, and the incidence rate is still increasing [2.
Previous studies have suggested that early breast cancer detection with suitable treatment could reduce breast
cancer death rates significantly in the long term. At present, the main diagnostic techniques available for the
detection of breast cancer are mammography, breast ultrasound, and breast MRI examination B4, However, these
methods require the corresponding equipment, professional practitioners, and expert analysis, and the detection
cost is high. As a result, these methods are difficult to generalize to the majority of people who need this screening,
especially for those with early-stage breast cancer that has not yet been detected. Compared with the above

methods, the detection of the tumor markers of breast cancer using a biosensor is a more efficient and less costly
[5]

A biosensor is commonly defined as a self-contained small analytical device that combines biological recognition
system and a physiochemical transducer for the detection of target molecules by converting the recognition signal
into a detectable output signal BIIIEIRIIY |t js able to meet the needs of this group of patients. On the one hand,
breast tumor markers play an important role in the early diagnosis of breast cancer, the classification of molecular
subtypes, the choice of treatment methods, and the prognosis evaluation L2213 On the other hand, biosensors
offer significant advantages in terms of specificity, sensitivity, speed, and cost of detection compared to traditional
tumor marker detection methods 413 sych as chemiluminescence immunoassay [8l enzyme-linked

immunosorbent assay 17, proteomics 28], molecular biology methods, liquid biopsy, etc.
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| 2. Tumor Markers

Tumor markers are a class of active substances produced by the interaction between tumor tissue or host and
tumor, which can indicate the existence and growth of the tumor. At any stage, the concentration of tumor markers
is determined by several parameters of the tumor, such as the size, mass, expression degree, catabolic, excretion
rates, tumor bloody supply, and drug resistance. As shown in Figure 1, tumor markers can be divided into nucleic

acid, protein, tumor cell, and others such as the exosome.
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Figure 1. Schematic diagram of the different types of tumor markers.

The most commonly used breast tumor markers are estrogen receptor, progesterone receptor, and human
epidermal growth factor receptor 2 18, In addition, the role and potential of emerging biomarkers in the diagnosis

and treatment of breast cancer are also being studied and discovered.

2.1. Estrogen Receptor

Estrogen receptor (ER) is a protein molecule that specifically binds to estrogen in cells 22, Estrogen receptors can
be located in the cell membrane, cytoplasm, or nucleus. The classical nuclear receptor is located in the nucleus,
and its protein is located in the cytoplasm temporarily after translation, so it can be detected in the cytoplasm 29,
Estrogen diffuses into the nucleus and binds to its nuclear receptor, which triggers gene regulation mechanism and
regulates the transcription of downstream genes. The purpose of estrogen receptor detection is to determine
whether patients are suitable for endocrine therapy, to assist in prognostication, and as a diagnostic aid in
metastatic breast cancer 2921 Estrogen stimulates tumor growth in some breast cancer patients, and estrogen
exerts its effect by binding to estrogen receptors. Therefore, the detection of patients with estrogen receptors is
positive, and can determine whether the patient is suitable for endocrine therapy. Endocrine therapy for ER-positive
patients can effectively inhibit tumor growth. The same treatment for ER-negative patients could not achieve the
same effect 22, There is unequivocal evidence that patients with cancers devoid of ER expression do not benefit
from endocrine treatment (23],

2.2. Progesterone Receptor

Progesterone receptor (PR) is a hormone receptor such as ER. PR is activated by ER, and the activation of PR is
the signal of ER activity [24]. The interaction between PR and chromatin will change the binding position of ER and

chromatin and then lead to the change in cell gene regulation from proliferation to cell cycle arrest, apoptosis, and
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differentiation 2%, PR-positive patients account for about 65-70% of breast cancer patients, and PR-positive
patients rarely appear ER-negative at the same time [24l. Therefore, for those patients that are strongly PR positive
and ER negative, detection of ER again is needed to eliminate the possibility of a false negative 22124 The main

purpose of PR detection is to judge the prognosis of ER-positive patients 29,

2.3. Human Epidermal Growth Factor Receptor 2

The human epidermal growth factor receptor 2 (HER2) gene is one of the most widely studied proto-oncogenes of
breast cancer 28, HER2 drives tumor growth by activating the MAPK and PI3K/AKT signaling pathways, which in
turn enhances cell proliferation, invasion, and metastasis 29, In the absence of systemic therapy, HER2 gene
amplification or protein expression is associated with poor prognosis 28, |t was found that the HER2 level was
negatively correlated with the ER and PR levels 29, HER2-positive patients account for about 15-20% of breast
cancer patients 221, In clinical practice, targeted therapy for HER2 is adopted in HER2-positive patients and HER2
is used as a prognostic indicator 2728 Similar to ER, targeted therapy for HER2 has an obvious effect only on

HER2-positive patients, but not on HER2-negative patients 22,

2.4. The Biomarker of Triple Negative Breast Cancer (TNBC)

Within the spectrum of breast cancer, TNBC is known as a type of breast cancer in which there is a lack of
expression of ER, PR, and HER2 [22, TNBC accounts for approximately 15-20% of breast cancer patients and is a
more aggressive and heterogeneous subtype than other subtypes, with a poorer prognosis and less survival rates
after treatment. Currently, cytotoxic chemotherapy is still the main way for the treatment of TNBC. Therefore,
further classification of TNBC is needed for a more targeted and effective treatment plan 28139 Current research
on TNBC-related biomarkers has identified a number of biomarkers that can be used to further classify patients
with TNBC for molecular therapy BBl |n addition to this, there are also some biomarkers that indicate the

prognosis and treatment status of the TNBC patients.

The signaling of angiogenesis, mediated by vascular endothelial growth factor (VEGF), is crucial in the process of
growth and tumor spreading 2. VEGF is highly expressed in around 30-60% of patients with TNBC %, with
significantly higher levels of VEGF and shorter survival times for patients with primary operable triple-negative
breast cancer. Clinical trials have found that adding targeted anti-VEGF therapy to patients with TNBC improves

treatment outcomes 311,

Androgen receptor (AR) is also a hormone receptor that specifically binds to androgen in cells, which modulates
the transcription factors and controls gene expression [2482 AR can both stimulate proliferation and
dedifferentiation and induce apoptosis and cell death, depending on the simultaneously activated signaling
pathways B9, The expression of AR is related to the biological behaviors of triple-negative breast cancer, and plays

a role in endocrinotherapy and prognostic prediction (231,

2.5. Emerging Tumor Markers
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In addition to the three common clinical breast cancer tumor markers mentioned above, there are many emerging
tumor markers that are receiving increasing attention from researchers. These emerging tumor markers can be

classified as nucleic acids, proteins, tumor cells, and others [34]

2.5.1. Nucleic Acids

Nucleic acid tumor markers include BRCA1, BRCA2, microRNA, circulating tumor DNA (ctDNA), circulating cell-
free DNA (ccfDNA), circulating RNA (circRNA), long noncoding RNAs(IncRNA), etc. 28, BRCA1 and BRCA2 are

the tumor-suppressor genes in breast cancer 38, Research shows that their mutations will increase the risk of
breast cancer [S8137][38],

MicroRNA is a kind of noncoding single-stranded RNA molecule with a length of about 22 nucleotides encoded by
endogenous genes, which plays an important role in controlling gene expression 2. MicroRNAs have emerged as
key regulators of breast cancer pathogenesis, progression, and treatment response 9. Studies have found that
microRNA is related to the clinical and pathological characteristics of patients, and can target different genes and
affect different pathways. The plasma microRNA-21 in breast cancer patients is about four times that of normal
people; also, a significant negative correlation between its basal expression, expression levels after treatment, and

time to progression in HER2-positive patients was found with the progression time 411,

Circulating cell-free DNA is extracellular DNA in plasma or serum and ctDNA is ccfDNA released from tumor cells
into blood 2431, There is a significant correlation between the amount of ccfDNA and the clinical manifestations
and prognosis of metastatic breast cancer patients 2. |t can serve as a tumor marker to assist the treatment of
breast cancer. Primary tumor cells, circulating tumor cells, and occult and dominant metastatic tumor cells release
DNA at a higher rate than normal cells, and ctDNA displays mutations characteristic of the progenitor tumor (241,
Therefore, ctDNA has the potential as a tumor marker for the prediction, diagnosis, and prognosis of breast cancer
(341431 However, the amount of ctDNA is very low; the total amount of ctDNA may represent as low as 0.01% of the

total cfDNA. It needs a more sensitive and specific detection method 341,

Different from common RNA, circRNA is a kind of double-stranded closed RNA, which is not affected by RNA
exonuclease, stable expression, and is difficult to decompose. The results showed that circRNA expression was
related to the proliferation, migration, invasion, and drug resistance of tumor cells; the level of hsa_circ_103110,
hsa_circ_104689, hsa circ_0058514, hsa circ_0001982, hsa circ_104821, hsa_circ_0001785, circKIF4A, and
cirs-7 rose in the tissue of breast cancer patients, and the level of hsa_circ_406697, hsa_circ_100219,
hsa_circ_006054, circTADA2As, circ_Foxo3, and circRNA 000911 declined 4443l | ncRNA is a kind of noncoding
RNA with a length over 200nt, and it is a transcription product of RNA polymerase Il. LncRNA not only can be used
as a marker for prediction, prognosis, and progression but also can stimulate tumor growth and increase drug

resistance 48471 However, further research is needed to apply it to clinical diagnosis and treatment 48],

2.5.2. Proteins
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There are a lot of emerging protein tumor markers, such as CD24, CD44, MUC1, etc. CD24 is a
glycosylphosphatidylinositol-binding glycoprotein with a large number of n- and o-type glycochains 1148l At
present, a large number of CD24 expressions have been found in a variety of cancers 2. |t was found that CD24
is an anti-phagocytic signal, which protects cancer cells from macrophage attacks expressing Siglec-10. The
blocking treatment of CD24 can effectively improve the therapeutic effect of CD24-positive tumors 8. The
expression of CD24 is also associated with the grading and staging of breast cancer 4. CD44 is a complex
transmembrane-binding glycoprotein BYBL which can be involved in the regulation of many important signaling
pathways such as tumor proliferation, invasion, metastasis, and treatment resistance, and was related to the
adverse prognosis of patients 42150,

MUC1 (CA15-3) is a transmembrane mucin glycoprotein, which is expressed in most epithelial tissues 2. In 90%
of breast cancer cases, abnormal expression and abnormal glycosylation were found in MUC1 B3], At the same
time, MUC1 is also an important marker for monitoring metastatic breast cancer 4. In addition, the commonly
used serum tumor markers, such as CEA, CA19-9, CA125, CA15-3, and TPS, play an important role in breast
cancer diagnosis and treatment. In metastatic breast cancer, CEA and CA15-3 can be used to differentiate bone
metastases and other metastases. CA15-3 and TPS were significantly increased in patients with liver metastasis.
When the TPS level was normal and other tumor markers were increased, patients may be suspected of lung

metastasis 23],
2.5.3. Tumor Cells

In addition to nucleic acids and proteins, which are biomolecules, tumor cells themselves are also tumor markers.
When breast cancer cells fall off from the tumor and enter into the blood system, it would be called the circulating
tumor cells (CTC). CTC has the ability to form new tumor tissues. By detecting the level of CTC cells, metastatic
breast cancer patients could be staged and graded to carry out targeted treatment 8. CTC cells can also be used
to evaluate the prognosis of breast cancer patients, and to determine whether patients are suitable for

postoperative additional radiation therapy [B4157],

2.5.4. Others

In addition to nucleic acids, proteins, and cellular tumor markers, other tumor markers, such as exosomes, are also
present. Exosomes are 40-180 nm extracellular vesicles containing RNA and protein 8. These proteins and RNA
are involved in the pathogenesis of breast cancer B2, Studies have found that tumor cells release more exosomes
than normal cells, and miRNA-21 and miRNA-1246 in exosomes are upregulated in patients’ plasma &l Therefore,

exosomes have potential and value as a tumor marker for breast cancer.

ER, PR, and HER2 are the most widely used tumor markers in the diagnosis and treatment of breast cancer. The
three markers are used to classify the luminal subtypes of breast cancer in breast cancer patients, to determine the
treatment of patients, and is also an important indicator for prognosis monitoring 13124 There are many new kinds
of tumor markers. They have rich functions in the diagnosis and treatment of breast cancer. These functions

include the early diagnosis of breast cancer, the choice of treatment methods, the targets of targeted therapy to

https://encyclopedia.pub/entry/20310 5/26



Biosensors for Detecting Tumor Markers in Breast Cancer | Encyclopedia.pub

cancer progression, prognosis evaluation, and drug resistance. However, whether they can be used in clinical
diagnosis and treatment still needs to be further studied. At present, the current and emerging markers of breast
cancer are not able to predict breast cancer effectively before the onset of clinical symptoms 8. High specificity

and high sensitivity tumor markers still need further study on breast cancer.

| 3. Biosensor

Biosensors can be divided into electrochemical biosensors, optical biosensors, and other types according to the
detection principle and detection signal BIJEIEIL0 |y recent years, researchers have developed many biosensors

for detecting breast tumor markers.

3.1. Electrochemical Biosensor

An electrochemical biosensor realizes the quantitative detection of the target by detecting the electrochemical
reaction on the surface of the electrode. The signal of the electrochemical reaction is related to the target
concentration [BA6162] The main methods of electrochemical detection are cyclic voltammetry (CV), differential
pulse voltammetry (DPV), square wave voltammetry (SWV), linear sweep voltammetry (LSV), electrochemical

impedance spectroscopy (EIS), field-effect biosensor (FET), and other methods [EIA6E3],

3.1.1. Cyclic Voltammetry

The principle of cyclic voltammetry is to apply a triangle wave voltage in the form of fast linear scanning; complete
a cycle of the reduction process and oxidation process with one triangle wave scanning; and then analyze

according to the current—potential curve 84,

For example, Hong et al. 83 modified ferrocenecarboxylic (Fc-COOH)-doped silica nanoparticles (SNPs) on the
surface of the Au electrode to connect with glutaraldehyde that could bind with the CA15-3 antibody. The CV
method monitored changes in the current signal of the biosensor. The detection linear range was 2.0-240 U mL™1,

and the detection limit was 0.64 U mL™2.

In addition, Vasudev et al. [81 developed a label-free electrochemical biosensor for the detection of epidermal
growth factor receptor (EGFR). The self-assemble monolayer (SAM) of dithiobissuccinimidyl propionate (DTSP)
was modified on the surface of the gold electrode. By binding the NH, group of the DTSP-SAM with the carboxylic
group of the EGFR antibody, the antibody was immobilized on the electrode to achieve specific capture of the
EGFR and the charge transfer onto the modified electrode was enhanced. The changes in the electrical signal
during detection of EGFR were monitored by the CV method. The linear range was 1 pg mL =100 ng mL™L. The

detection limit of the biosensor was 1 pg mL™.

The typical idea of an electrochemical biosensor for detecting DNA is to capture the target by DNA probe, amplify
the signal with the material that can bind with double-stranded DNA. As shown in Figure 2, Hakimian et al. [

modified the thiolated DNA probe to the gold electrode surface by a gold sulfur bond. Then, the detection target
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mMiRNA-155 would specifically bind with the probe to form the double-stranded body. Polyvinylimine silver
nanoparticles (Ag-PEI NP) were added to specifically bind with the double-stranded body to amplify the peak
current of the biosensor. The detection range of the biosensor was 2 x 10720—2 x 10712 M, and the detection limit

was 2 x 10720 M.
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Figure 2. Schematic diagram of detecting miRNA-155 by cyclic voltammetry and signal amplification with Ag-PEI-
NP 2. The nanoparticles could bind to the target captured by the probe to amplify its CV signal.

3.1.2. Differential Pulse Voltammetry

Differential pulse voltammetry (DPV) is a voltametric technique that combines the potential step technique with the
linear potential sweep technique to detect trace target compounds with high sensitivity. The peak height of the DPV

curve is related to the concentration of the analyte 8]

At present, various DPV biosensors have been reported to detect different breast tumor markers. As shown
in Figure 3, Wang et al. [68] reported a low fouling DPV biosensor for the detection of BRCAL. They modified the
DNA probe onto the electrode surface by polypeptide doped poly(3,4-ethylenedioxythiophene) (PEDOT) to capture
the BRCAL. Before the introduction of BRCAL, methylene blue was added to connect with the DNA probe to
enlarge the DPV signal. When BRCAL was captured by the DNA probe, methylene blue (MB) would be released
from the DNA probe, there would be a large change in the DPV signal. The degree of change in the DPV signal
was directly correlated with the concentration of BRCAL. The linear range of the biosensor was 0.01 pM-1 nM. The
detection limit was 0.0034 pM.
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Figure 3. Schematic illustration of the fabrication process of the antifouling BRCAL1 biosensor based on
PEDOT/PEP and signal amplification with MB 8. When the target binds to the probe, the MB would fall off the

probe, resulting in a significant change in the DPV signal of the biosensor.

Han et al. 2 similarly constructed an electrochemical biosensor for the detection of CA15-3 using PEDOT and
peptides. PEDOT doped with peptides was modified on the electrode surface to give the biosensor high sensitivity
and long-term stability. The biosensor was able to detect CA15-3 in serum without suffering from biofouling. The

linear range was 0.01-1000 U mL™1. The detection limit was 3.34 mU mL™L.

Similarly, another DPV biosensor was reported to detect BRCAL. Xia et al. 9 modified 3D reduced graphene
oxide and polyaniline nanocomposites (3D-rGO-PANI) on the surface of a glassy carbon electrode as a sensing
layer to improve the conductivity and electrochemical activity of the biosensor. After the target DNA BRCAL was
captured by the DNA probe that was modified on the surface of the 3D-rGO-PANI, the methylene blue would be
used to further amplify the DPV signal of the biosensor. The linear range of detection was 1.0 x 1071°-1.0 x 107/ M
and the detection limit was 3.01 x 10716 M.

For detecting different targets simultaneously, Chang et al. [/1] synthesized two different metal—organic frameworks
(MOFs) to detect two different RNA. MOFs were packed with different electrochemical dyes with different peak
currents. The surface of the MOFs was modified with two different RNA (let-7a and miRNA-21) probes. Specific
targets would stimulate specific MOFs to release organic molecules to produce specific peak currents. The linear
ranges of detection were 0.01-10 pM (let-7a) and 0.02-10 pM (miRNA-21), respectively. The detection limit was
3.6 M (let-7a) and 8.2 fM (miRNA-21), respectively.

3.1.3. Square Wave Voltammetry

The waveform of square wave voltammetry can be regarded as a special case of DPV, which is an asymmetrical

ladder type. The duration of the pre-electrolysis and pulse cycle is equal. At the end of each pulse, the current is
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sampled twice in each cycle [2],

Various sensitive biosensor-based on SWV techniques were reported for detecting breast tumor markers. Different
from the common detection strategy, Wang et al. 8l used competitive recognition to let the target trigger
competitive recognition, which made the previously bound molecules fall off, resulting in a change in the current
detected by the biosensor. The DNA probe that was modified with ferrocene at one end was modified on the
surface of MXene (TizC,) to connect with the MUC1 aptamer that was modified on the surface of the glassy carbon
electrode. After the addition of MUC1, competitive recognition was triggered to change the conformation of the
aptamer. The complementary DNA probe was separated from the aptamer, resulting in the combination of MUC1
and the aptamer. The current change in this process was detected by SWV. The linear range of the biosensor was
1.0 pM-10 pM, and the detection limit was 0.33 pM.

To detect multiple microRNAs at the same time, Xu et al. 4 designed a circular DNA probe that can
simultaneously detect miRNA-21 and miRNA-155. The probe was fixed on the top of the DNA tetrahedron that was
modified on the surface of the electrode to simultaneously recognize miRNA-21 and miRNA-155 through multiple
target recognition domains under the assistance of Helper strands, which could trigger mimetic proximity ligation
assay (mPLA) for capturing the beacons ferrocene (Fc)-Al and methylene blue (MB)-A2 to achieve multiple
mMiRNAs detection. The linear range of the biosensor detection was 0.1 fM—10 nM. The detection limits were 18.9
aM (miRNA-21) and 39.6 aM (miRNA-155), respectively.

3.1.4. Linear Sweep Voltammetry

Linear sweep voltammetry is to apply a linearly varying voltage on the electrode and record the current at different
electrode potentials. When the electrode potential reaches the potential of the redox reaction, a current peak will be

generated. At other potentials, the current changes slowly. This peak is used to quantify the reactant concentration.

For example, Marques et al. 2 developed a biosensor for the detection of the HER2 extracellular domain (ECD) in
human serum based on the gold nanoparticle-modified screen-printed carbon electrode. HER2-ECD antibodies
were modified on the electrode surface to capture the target. After the target had been captured, the antibody
modified with biotin was added to bind with the target to form a sandwich structure. Then, a streptavidin—alkaline
phosphatase conjugate was used to connect with the biotin to label the detection antibody. Finally, the enzyme
substrate and silver ions were added to enhance the signal. The detection of the target was achieved by linear
scanning voltammetry, which detects the electrical signal of the reduction of silver ions to metallic silver during the

enzymatic reaction. The linear range was 15 to 100 ng mL™1. The detection limit was 4.4 ng mL™1.

Due to the direct signal being weak, Freitas et al. 8 designed an LSV biosensor to detect the indirect signal. The
screen-printed electrode was modified with multi-walled carbon nanotubes (MWCN), AuNPs, and HER2 antibodies,
step by step. The alkaline phosphatase was introduced into the electrode surface by a secondary antibody and
biotin-streptavidin. The 3-indoloxyphosphate and Ag* were added as substrates for the enzymatic reaction. The

electrochemical signals of silver produced by enzymatic reaction were recorded by LSV as the signal of the
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biosensor. The signal was directly related to the concentration of HER2. The total assay time was 2 h and 20 min.

The linear calibration plots were obtained between 7.5 and 50 ng mL™1. The detection limit was 0.16 ng mL™1.

In order to improve the detection performance of a sensor, a variety of methods are sometimes used to amplify the
signal. Zhao et al. 2 proposed self-assembled supramolecular nanocomposites assisted by a multiple signal
amplification strategy to recognize the breast cancer stem cell by the CD44 protein on the cell surface. Firstly, thiol-
functionalized peptides were immobilized onto the Au electrode surface to selectively capture the CD44 protein on
the cell surface. Lysis of cells occurred after they had been captured, leaving only the captured peptide. Then,
trypsin was introduced for the decomposition of peptides that did not capture CD44 and the captured CD44. Then
the cucurbit & urils were added to bind with the peptides and subsequent addition of AuNPs. Finally, silver
deposition was carried out to achieve the final signal amplification. It could also be used to detect the CD44 protein.
The detection limit toward CD44 protein was 2.17 pg mL™. The linear range toward CD44 protein was 0.01 ng
mL~1-100 ng mL™L. The linear range toward CD44-positive cells was 10 cells mL™1-10° cells mL™. The detection

limit toward CD44-positive cells was 8 cells mL™.
3.1.5. Electrochemical Impedance Spectroscopy

The principle of electrochemical impedance spectroscopy is to apply a small amplitude alternating current potential
wave with different frequencies to the electrochemical system and measure the ratio of alternating current potential

to the current signal, which is the system impedance.

For the EIS biosensor, the detection was based on the impedance change of the electrode. So, the main idea to
improve the detection limit was increasing the conductivity or impedance. For instance, Gu et al. 8 fabricated
ZrHf-MOFs to amplify the impedance change. The ZrHf-MOFs were coupled with carbon dots to improve the
electrochemical activity. The surface of the electrodes was modified with ZrH-MOFs and aptamers, step by step.
Aptamers were modified on the carbon dots to specifically capture the HER2 and HER2-overexpressed living
cancer cells MCF-7. The linear range of HER2 detection was 0.001-10 ng mL™1. The detection limit was 19 fg
mL~L. The linear range of MCF-7 cell detection was 1 x 10°~1 x 10° cells mL™* and the detection limit was 23 cells

mL™1,

To amplify the signal, Paimard et al. (29 modified the electrode surface with nanofibers, MWCN, and AuNPs.
Nanofibers are inherently large surface area and could increase conductivity and high porosity. MWCN improved
the electron transfer rate and catalytic rate in the electrochemical reaction. AUNPs were used to modify the
aptamer to capture MUC1 and perform signal amplification. The linear range of the biosensor was 5-115 nM. The

detection limit was 2.7 nM.

Shahrokhian et al. [8Y combined redox graphene and a conductive polymer to make a DNA biosensor for the
detection of BRCAL. The surface of the redox graphene covered with a conductive polymer had more reactive sites
for immobilization of the DNA probe, increasing the detection limit of the sensor. The linear range was 10 fM-0.1

MM, and the detection limit was 3 fM.
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3.1.6. Field-Effect Sensor

The principle of the FET biosensor is that the gate of the FET is replaced by an ion-selective membrane, reference
electrode, and electrolyte. When a fixed voltage is applied to the reference electrode, different ion concentrations
and different selective films in the electrolyte result in different interface potentials at the gate insulating layer
(equivalent to applying a gate voltage to the gate), which further leads to the changes in carrier distribution in the

channel and source leakage current, and the change of current is proportional to the amount of target [E1182],

For FET biosensors, choosing different materials as conductive channels will directly affect the construction of
biosensors and the design of detection strategies. At present, many nanomaterials have been selected as
conductive channels for FET due to their excellent conductivity and biocompatibility. As shown in Figure 4, Majd et
al. (83l ysed molybdenum disulfide (MoS,) as the conductive channel of FET. The DNA probe of miRNA-155 was
fixed on the surface of MoS, by physical adsorption. After the probe and DNA combine to form double-stranded
DNA, it would fall off from molybdenum disulfide, resulting in a change in the biosensor signal. The detection limit
of miRNA-155 was 0.03 fM, and the linear range of detection was 0.1 fM—-10 nM. Bao et al. B4 used silicon
nanowires as the conductive channel of FET. APTES with glutamic acid (Glu) is used as the connector to connect
silicon nanowires and CEA antibodies. The current of FET decreased when the CEA antibody captured the CEA.
The decrease part was used to calculate the concentration of CEA. The linear range of detection was 0.1-100 ng

mL~1, and the detection limit was 10 pg mL™L.
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Figure 4. Schematic diagram of detecting miRNA-155 by MoS, FET 83, Hybridization of the target DNA and the

DNA probe causes the DNA probe to be detached from the MoS,, causing a change in the target signal.

The specific detection of the target can be realized through the modification of specific receptors onto the sensing
layer. By this method, the influence of other substances in the sample can be reduced and the sample can be
detected directly without pretreatment, but the lower detection limit of the sensor will be somewhat increased.
Secondary antibodies and nanomaterials can be used to amplify the change in the electrical signal of the

biosensor. When the direct signal is weak, target detection can also be achieved by detecting the indirect signal.

3.2. Optical Biosensor
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The optical biosensor realizes quantitative detection of targets by detecting the optical change on the surface of the
sensing layer. Different optical biosensors detect the different optical signals, such as refractive index, resonance,
wavelength, intensity, etc. 138388 |n recent years, a number of optical biosensors have been reported for the
detection of breast cancer tumor markers, which are classified into fluorescent biosensors, colorimetric biosensors,
surface plasmon resonance biosensors, surface Raman scattering sensors, and electrochemiluminescent
biosensors, based on the detection method L4/[13][8S][86]

3.2.1. Fluorescence Biosensor

The principle of the fluorescent biosensor is based on the fluorescence characteristics of molecules, such as the
inherent fluorescence characteristics of many proteins and other biological molecules (nucleic acids, NADH, flavin
nucleotides, green fluorescent protein). Once the ligands are combined with these proteins, the fluorescence

behavior of the molecules will change, thereby realizing the detection of the target.

In contrast, most analytes are nonfluorescent. Therefore, it is necessary to use different fluorescent labels or
probes to perform fluorescence spectroscopy detection 2. The key to using fluorescence to detect the target lies in
the change in fluorescence behavior before and after capturing the target, such as fluorescence excitation,

guenching, or fluorescence intensity change.

As shown in Figure 5, Wang et al. 7l designed an ultra-sensitive homogeneous aptamer biosensor for CEA
detection based on the fluorescence resonance energy transfer (FRET) between the upconversion nanoparticles
(UCNPs) and graphene oxide (GO). UCNPs modified with a CEA aptamer were immobilized on the GO surface by
11—Tt stacking. Due to the FRET between UCNPs and GO, the 546 nm fluorescence of UCNPs that was excited by
the 980 nm laser was quenched. The binding of CEA to the aptamer blocked the m—7t stacking. The UCNPs
separated from GO. The 546 nm fluorescence recovered. The degree of fluorescence recovery was related to the
concentration of CEA. The linear range of the biosensor was 0.03—6 ng mL™1. The detection limit was 7.9 pg mL™.

The linear range of detection in human serum samples was 0.03—-6 ng mL™1, and the detection limit was 10.7 pg

mL~L.
980nm
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Figure 5. Schematic diagram of detecting the CEA protein using fluorescence biosensor-based UCNPs and FRET
(871, The presence of the target blocked the FRET between the UCNPs and the GO, resulting in the recovery of
fluorescence at 546 nm.
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Not only the fluorescence excitation and quenching, but the intensities of fluorescence could also be used to detect
the target. For instance, Mohammadi et al. [ fabricated carbon dots—chitosan nanocomposite hydrogels which
functionalized with the ssDNA probe to detect microRNA-21 in MCF-7 cancer cells. After miRNA-21 were captured,
the intensity of the excited fluorescence would decrease. There was a proportional relationship between the
change degree in fluorescence intensity and the logarithm of the target concentration. The detection linear range of
the biosensor was 0.1-125 fM, with a detection limit of 0.03 fM.

3.2.2. Colorimetric Biosensor

The colorimetric biosensor is based on the characteristic that there is a functional relationship between the color
and concentration of the colored substance solution. After the target with different concentrations is captured, it will

produce different degrees of color changes. Then the detection of the target concentration is realized.

However, as a result of the small concentration of the target, the direct signal of the colorimetric biosensor is not
obvious enough. There were many ways that had been reported, such as detecting the indirect signal and
amplifying the direct signal. Bai et al. 82 developed a colorimetric biosensor that detected the indirect signal. The
biosensor was divided into two parts: a signal unit and capture unit. The signal unit was responsible for providing
detection signals and the capture unit was used to capture the target DNA BRCAL. The capture probe was
modified on the surface of the gold-plated silicon wafer to form the capture unit. The signal unit was a two-
dimensional nanomaterial Bi,Se; nanosheet with AUNPs modified on the surface. The surface of the AUNPs was
modified with a signal probe to combine with the BRCAL1 that had been captured by the capture probe. The capture
unit, signal unit, and target DNA form a sandwich construction. The signal unit could catalyze the reduction in the
colorimetric substrate 4-nitrophenol (4-NP). The dynamic constant of the reaction had a good linear relationship

with the concentration of BRCA1 between 10712 and 10718 M, and the detection limit was 10718 M.

There were various methods that could be used to amplify the signal of the colorimetric biosensor, such as metal-
enhanced fluorescence. Choi et al. B9 developed a CRISPR-CAS12a-based nucleic acid amplification-free
fluorescent biosensor to detect cfDNA via AuNPs-assisted MEF and colorimetric analysis. A special double-
stranded DNA with a length of 7 nm was prepared to connect AUNPs with a diameter of 20 nm and AuNPs with a
diameter of 60 nm. One end of the double-stranded DNA was directly connected to AUNPs with a diameter of 20
nm. The other end was modified with a single-stranded DNA with a length of 2 nm and fluorescein isothiocyanate
(FITC). The single-stranded DNA was used to connect AUNPs with a diameter of 60 nm. FITC was used for the
fluorescent indicator. Because FITC was too close to AuNPs with a diameter of 60 nm, FITC fluorescence
guenching occurs. In the absence of BRCA1l, CRISPR-CAS12a had no effect on the fluorescence behavior of
FITC. When BRCALl appeared, CRISPR—-CAS12a would combine with BRCAl to form a CRISPR-CAS12a
complex to degrade the single-stranded DNA. The FITC would be far away from the 60 nm AuNPs. Then, the
fluorescence of FITC would recover and the color of the solution changed from purple to red-purple. Without any
DNA amplification, the biosensor could complete the detection within 30 min with a detection limit of 0.34 fM. The

linear range was 1 fM—100 pM.

3.2.3. Surface Plasmon Resonance Imaging
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A surface plasmon resonance imaging (SPRI) biosensor is based on the change in the refractive index near the
metal—dielectric interface caused by the specific reaction of biomolecules at the metal-dielectric interface. The
change in the propagation constant of surface plasmon would lead to the change in the coupling condition between
the light wave and surface plasmon. The final measurement object is the change in the characteristic of the light

wave interacting with the surface plasma 211,

The typical idea of the SPRi biosensor is modifying the surface of the chip with the specific receptor to capture the
target directly, which would bring about the change in the signal, such as the intensities of the light. As shown
in Figure 6, Szymanska et al. 22 developed a SPRi biosensor to detect the CEA. The cysteamine was modified on
the surface of the gold chip as the connector. The EDC/NHS was used to modify the other end of cysteamine with
the antibody to capture the CEA specifically. The linear range of the biosensor was 0.40-20 ng mL™1. The detection

limit was 0.12 ng mL™L. The required sample size was only 3 pL.

<

Anti-CEA antibody

C=0 =0 C=0 « Cysteamine

NH NH MNH /_ Au (50nm)

e 1 (1nm)

L Glass BK7

Figure 6. Schematic diagram of the immune biosensor for CEA detection 2. The specific antibody was modified
onto the gold surface through cysteamine. Capture of the target by the antibody causes a change in the light

signal.

Besides proteins, SPRi can also detect other targets, such as exosomes. Sina et al. 23! used biotin-streptavidin to
modify the HER2 antibody on the chip surface to detect HER2-positive exosomes. The linear range of the
biosensor was 8280 exosomes pL™1-33,100 exosomes pL™1. The detection limit was 8280 exosomes pL™L. In
order to improve the detection sensitivity, it is necessary to use signal amplification technology. Moreover,
secondary amplification is required while the signal is still small after the first amplification. Wang et al. 24l modified
the DNA probe on the surface of the gold electrode to capture exosomes. After the DNA probe captured the

exosome, AuNPs were modified with exosome aptamer and the nucleic acid sequence T3q that could bind with
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nucleic acid sequence Azy. Other AuNPs modified with nucleic acid sequence Ay were used for secondary

amplification. After the secondary amplification, the detection limit of the exosomes reached 5000 exosomes mL™L.
3.2.4. Surface-Enhanced Raman Spectroscopy

Surface-enhanced Raman spectroscopy (SERS) is a kind of surface plasmon resonance effect produced by the
analyte and metal plasma adsorbed on the substrate surface under the irradiation of a specific frequency incident
laser, which leads to the obvious enhancement of the Raman scattering signal. The reaction between the probe
and target would affect the Raman spectra. The change degree of the absorption peak reflects the concentration of

the target.

The SERS biosensor is facing the same problem as other biosensors, such as a low primary signal and detecting
multiple targets. For amplifying the primary signal of the biosensor, Han et al. 25 prepared a Au/Ag hybrid porous
GaN and used it as the substrate of the SERS chip. The DNA probe with one end sulfhydrylated was modified on
the chip surface to capture mir-k12-5-5p. With the amplification of the substrate, the detection limit of the biosensor
got to 884 pM.

In order to detect multiple microRNAs simultaneously, Wang et al. 28 developed a SERS biosensor based on
plasma coupling interference (PCI). PCI depends on the formation of the nano network. The nanoparticles modified
with single-stranded capture DNA and Raman-labeled single-stranded receptor DNA, respectively, could form the
nano network through the interconnection of DNA. After the formation of the nano network, the PCI effect would
cause the Raman label to produce a strong SERS signal in the absence of the target DNA. The target DNA would
affect the formation of the nano network through the competitive binding, resulting in the weakening of the SERS
signal. By adjusting the DNA sequence used to form the nano network, the detection of different targets can be
realized. By using different Raman labels for different detection targets, the biosensor can detect multiple

microRNAs simultaneously.

3.2.5. Electrochemiluminescence Biosensor

The principle of electrochemiluminescence is to use the specific luminescence reaction induced by
electrochemistry on the surface of the electrode. There is a functional relationship between the luminous intensity

and the amount of the target [,

In order to improve the detection limit of the ECL biosensor, a variety of detection strategies and appropriate signal
amplification methods had been reported. Wang et al. 22 developed a super-sensitive biosensor for BRCAL
detection through ZnMOF (Ru) to amplify the ECL signal. The DNA probe with biotin, BRCA1, and ZnMOF (Ru)
formed a sandwich construction. The linear range of biosensor detection was 1.0 fM—-0.1 nM. The detection limit
was 0.71 fM.

Similarly, in the case that the direct signal was too small to detect, the strategy of detecting indirect signals was

also used in the ECL biosensor. Qiao et al. 28 developed an ECL biosensor to detect the EXO by the indirect
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signal. Mercaptopropionic acid-modified Eu3*-doped CdS nanocrystals (MPA-CdS: Eu NCs) and H,O, were used
as the ECL emitters and co-reactant. The surface of the electrode was modified with MPA-CdS: Eu NCs and the
CD63 aptamer to capture the EXO secreted by the MCF-7 cells. The second DNA sequence, which had the CD63
aptamer sequence and could fold into G-tetrahedron/heme deoxyribozyme, would capture the EXO that had been
captured on the surface of the electrode, and the ECL signal hardly changed. With adding the heme and K*, the
second DNA sequence would fold into the G-tetrahedron/heme deoxyribozyme to catalyze the decomposition of
H,0,, resulting in a significant reduction in the ECL signal. The degree of ECL signal reduction was linear to the
logarithm of the exosome concentration. The linear range of the test is 3.4 x 10°-1.7 x 108 exosomes mL™1. The

detection limit was 7.41 x 10* exosomes mL™1.

For improving the detection limit of the ECL biosensor, Cui et al. 22 amplified indirect signals with signal
amplification techniques. This ECL biosensor was based on the double signal amplification of an isotherstranded
display polymerase reaction (ISDPR) and bridge DNA-AUNPs nanocomposites. The detection strategy was to
decompose the target RNA into a large amount of auxiliary DNA by ISDPR reaction and then detect it and amplify
the signal. The electrode surface was modified with the DNA probe to capture the auxiliary DNA. The bridge DNA-
AuNPs nanocomposites were added to bind to the captured auxiliary DNA for primary signal amplification.
Afterward, the streptavidin-modified Ru(dcbpy)s?* complex would bind to biotin-labeled single-stranded DNA on
AuNPs to achieve secondary amplification. The linear range of biosensor detection was 0.01-10,000 fM. The

detection limit was 3.2 aM.

In summary, optical biosensors are also capable of detecting the full class of breast tumor markers. The surface of
the chip is functionalized by the receptor to achieve the specific capture of the target. The signal amplification could
be realized by carbon dots, graphene quantum dots, AuNPs, MOF, enzymatic reaction, MWCN, nanocrystals, etc.

The sensitivity of the optical biosensor is equivalent to the electrochemical biosensor.

3.3. Other Types of Biosensors

In addition to electrochemical and optical biosensors, there are also quartz crystal microbalance (QCM) biosensor
and photoelectrochemical biosensor. QCM is used to detect the mass change of the target. The
photoelectrochemical (PEC) biosensor is used to detect the effect of the targets on the photoelectric characteristics

of materials.

3.3.1. QCM Biosensor

The sensing principle of QCM is based on the effect of the target on the frequencies of the bulk acoustic waves
generated in the piezoelectric quartz crystal. The frequency change of the acoustic wave is related to the mass
change on the chip surface, so as to realize the concentration detection of the target. QCM is able to detect

nanogram-level mass changes on the chip surface 299,

By modifying different receptors on the surface of QCM chip, QCM can detect different kinds of tumor markers. For

instance, Yang et al. 191 modified the polydopamine and polyethyleneimine composite membrane and hyaluronic
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acid on the QCM chip surface to capture the CD44 protein on the surface of breast cancer cells. The detection
limits of MDA-MB-231 (M231) cells and MCF-7 cells were 300 cells mL™! and 1000 cells mL™1, respectively. In
contrast to capturing the target DNA with a DNA probe, as shown in Figure 7, Park et al. (102 chose to capture the
double-stranded body formed by the binding of the target and the probe. Considering the mass of DNA was too
small, the DNA probe was modified on the surface of the AuNPs to increase the weight of the double-stranded
DNA. The detection time was 105 min. The detection limit was 3.6 pM. The detection linear range was 2.5 pM-2.5
UM.

miR-21
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AuNP conjugated capture DNA
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Figure 7. Schematic illustration of the QCM biosensor for miRNA detection 192 The DNA that had formed a
double strand was captured by the DNA embedding agent modified on the surface of the chip, and the AuNPs

modified at the end of the probe were used to amplify the mass change on the chip surface.

The use of the second antibody could also amplify the mass change on the QCM chip surface. Lin et al. [103] ysed
a sandwich detection strategy to realize the detection and signal amplification of CA15-3. First, a two-dimensional
nanomaterial MoS; film was coated on the surface of the QCM chip, and the first antibody of CA15-3 was modified
on the MoS; film by physical adsorption. Then the CA15-3 was added and captured by the first antibody.
Subsequently colloidal gold with the second antibody of CA15-3 modified was added to combine with the captured
CA15-3 for signal amplification. The linear range of the biosensor was 0.5-100 U mL™%, and the detection limit was
05UmL™

In addition, considering the antibody capture efficiency, it is important to increase the quantity of the antibody that
was modified on the surface of the QCM chip. Bakhshpour et al. [104] modified 2-hydroxyethyl methacrylate-
PHEMA nanoparticles on the surface of QCM chip to increase the surface area of the chip to increase the quantity
of the antibody. Then, the Notch-4 receptor antibody was modified on the chip surface by carbodiimide to capture

the MDA MB 231 cancer cells specifically. The detection limit of the biosensor was 12 cells mL™.
3.3.2. Photoelectrochemical Biosensor

The principle of the PEC sensor is that when the light irradiates the photoelectric active material, the electrons in

the material are excited, leading to a photocurrent or photovoltage. The recognition probe on the surface of the
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photoelectric active material captures the target, which would cause the change in the photocurrent or
photovoltage. When the concentration of the target changes, the photoelectric signal changes accordingly. There is
a relationship between the concentration of the target and the photoelectric signal. Various PEC biosensors had

been reported to detect tumor markers.

Guo et al. 193] developed a dual-signal amplification HER2 PEC biosensor. The biosensor was prepared based on
the tungsten sulfide nanowire array on Ti mesh (WS, NW/TM). The HER2 aptamer was wrapped onto the
WS, NW/TM surface for specific capture of the HER2 molecules. The signal amplification was achieved by the
AuNPs that were modified with glucose oxidase (GOx) and HER2-binding peptides. The AuNPs would directly
amplify the photocurrent. The GOx catalyzed the decomposition of glucose into hydrogen peroxide would increase

the photocurrent. The linear range of the biosensor was 0.5-10 ng mL™. The detection limit was 0.36 ng mL™.

In addition, Fu et al. 298] developed a PEC detection platform for vascular endothelial growth factor 165 (VEGF165)
based on the characteristic of the porous Cu,O-CuO flowers that could cause photocurrent polarity conversion of
CdS quantum dots modified ITO electrode. CdS quantum dots were modified on the surface of the ITO electrode to
generate a large anodic current. Then, the hairpin DNAL1 (HP1) was modified to capture the DNA S1. The DNA S1
bound with the VEGF165 aptamer. When VEGF165 was captured, the DNA S1 would be released and captured by
the HP1. Then, biotin-labeled hairpin DNA2 (bio-hp2) was added to catalyze the hairpin assembly process. A large
amount of HP1/bio-hp2 double-stranded DNA would be formed on the electrode surface. The peak value of the
photocurrent was linear with the concentration of VEGF165 in the range of 1-3000 fM. The detection limit was 0.3
fM.

In conclusion, QCM and PEC are also capable of detecting all types of tumor markers. The signal amplification of
the QCM biosensor is mainly to amplify the mass change of chip surface. The signal amplification of the PEC
biosensor is to amplify the change of photocurrent and photovoltage caused by the target. While it is possible to
improve the detection limits of QCM and PEC sensors for detecting a single target through signal amplification

techniques, they have difficulty detecting multiple targets simultaneously.

References

1. World Health Organization. World Cancer Report: Cancer Research for Cancer Development;
IARC: Lyon, France, 2020.

2. Torre, L.A.; Islami, F.; Siegel, R.L.; Ward, E.M.; Jemal, A. Global Cancer in Women: Burden and
Trends. Cancer Epidemiol. Biomarkers Prev. 2017, 26, 444-457.

3. Pace, L.E.; Keating, N.L. A systematic assessment of benefits and risks to guide breast cancer
screening decisions. JAMA 2014, 311, 1327-1335.

https://encyclopedia.pub/entry/20310 18/26



Biosensors for Detecting Tumor Markers in Breast Cancer | Encyclopedia.pub

10.

11.

12.
13.

14.

15.
16.

17.

18.

. Jafari, S.H.; Saadatpour, Z.; Salmaninejad, A.; Momeni, F.; Mokhtari, M.; Nahand, J.S.; Rahmati,

M.; Mirzaei, H.; Kianmehr, M. Breast cancer diagnosis: Imaging techniques and biochemical
markers. J. Cell. Physiol. 2018, 233, 5200-5213.

. Panesar, S.; Neethirajan, S. Microfluidics: Rapid Diagnosis for Breast Cancer. Nanomicro Lett.

2016, 8, 204-220.

. Roointan, A.; Ahmad Mir, T.; Ibrahim Wani, S.; Mati Ur, R.; Hussain, K.K.; Ahmed, B.; Abrahim, S.;

Savardashtaki, A.; Gandomani, G.; Gandomani, M.; et al. Early detection of lung cancer
biomarkers through biosensor technology: A review. J. Pharm. Biomed. Anal. 2019, 164, 93-103.

. Ranjan, P.; Parihar, A.; Jain, S.; Kumar, N.; Dhand, C.; Murali, S.; Mishra, D.; Sanghi, S.K.;

Chaurasia, J.P.; Srivastava, A.K.; et al. Biosensor-based diagnostic approaches for various
cellular biomarkers of breast cancer: A comprehensive review. Anal. Biochem. 2020, 610, 113996.

. Kal-Koshvandi, A.T. Recent advances in optical biosensors for the detection of cancer biomarker

a-fetoprotein (AFP). Trends Anal. Chem. 2020, 128, 115920.

. Piroozmand, F.; Mohammadipanah, F.; Faridbod, F. Emerging biosensors in detection of natural

products. Synth. Syst. Biotechnol. 2020, 5, 293-303.

Mehrotra, P. Biosensors and their applications—A review. J. Oral. Biol. Craniofacial Res. 2016, 6,
153-159.

Misek, D.E.; Kim, E.H. Protein biomarkers for the early detection of breast cancer. Int. J. Proteom.
2011, 2011, 343582.

Harbeck, N.; Gnant, M. Breast cancer. Lancet 2017, 389, 1134-1150.

Li, G.; Hu, J.; Hu, G. Biomarker Studies in Early Detection and Prognosis of Breast Cancer. Adv.
Exp. Med. Biol. 2017, 1026, 27-39.

Jayanthi, V.; Das, A.B.; Saxena, U. Recent advances in biosensor development for the detection
of cancer biomarkers. Biosens. Bioelectron. 2017, 91, 15-23.

Tothill, I.E. Biosensors for cancer markers diagnosis. Semin. Cell Dev. Biol. 2009, 20, 55-62.

Chang, Y.; Xu, J.; Zhang, Q. Microplate magnetic chemiluminescence immunoassay for detecting
urinary survivin in bladder cancer. Oncol. Lett. 2017, 14, 4043—-4052.

Lakshmipriya, T.; Gopinath, S.C.B.; Hashim, U.; Murugaiyah, V. Multi-analyte validation in
heterogeneous solution by ELISA. Int. J. Biol. Macromol. 2017, 105, 796-800.

Duffy, M.J.; Harbeck, N.; Nap, M.; Molina, R.; Nicolini, A.; Senkus, E.; Cardoso, F. Clinical use of
biomarkers in breast cancer: Updated guidelines from the European Group on Tumor Markers
(EGTM). Eur. J. Cancer 2017, 75, 284—298.

https://encyclopedia.pub/entry/20310 19/26



Biosensors for Detecting Tumor Markers in Breast Cancer | Encyclopedia.pub

19.

20.

21.

22.

23.

24.

25.
26.
27.

28.

29.

30.

31.

Nzegwu, M.; Uzoigwe, J.; Omotowo, B.; Ugochukwu, A.; Ozumba, B.; Sule, E.; Ezeome, E.;
Olusina, D.; Okafor, O.; Nzegwu, V.; et al. Predictive and prognostic relevance of
immunohistochemical testing of estrogen and progesterone receptors in breast cancer in South
East Nigeria: A review of 417 cases. Rare Tumors 2021, 13, 20363613211006338.

Nicolini, A.; Ferrari, P.; Duffy, M.J. Prognostic and predictive biomarkers in breast cancer: Past,
present and future. Semin. Cancer Biol. 2018, 52, 56-73.

Allison, K.H.; Hammond, M.E.H.; Dowsett, M.; McKernin, S.E.; Carey, L.A.; Fitzgibbons, P.L.;
Hayes, D.F.; Lakhani, S.R.; Chavez-MacGregor, M.; Perlmutter, J.; et al. Estrogen and
Progesterone Receptor Testing in Breast Cancer: ASCO/CAP Guideline Update. J. Clin. Oncol.
2020, 38, 1346—-1366.

Weigel, M.T.; Dowsett, M. Current and emerging biomarkers in breast cancer: Prognosis and
prediction. Endocr. Relat. Cancer 2010, 17, R245-R262.

Davies, C.; Godwin, J.; Gray, R.; Clarke, M.; Darby, S.; McGale, P.; Wang, Y.C.; Peto, R.; Pan,
H.C.; Cutter, D.; et al. Relevance of breast cancer hormone receptors and other factors to the
efficacy of adjuvant tamoxifen: Patient-level meta-analysis of randomised trials. Lancet 2011, 378,
771-784.

Dai, X.; Xiang, L.; Li, T.; Bai, Z. Cancer Hallmarks, Biomarkers and Breast Cancer Molecular
Subtypes. J. Cancer 2016, 7, 1281-1294.

Loibl, S.; Gianni, L. HER2-positive breast cancer. Lancet 2017, 389, 2415-2429.
Waks, A.G.; Winer, E.P. Breast Cancer Treatment: A Review. JAMA 2019, 321, 288-300.

Harbeck, N. Advances in targeting HER2-positive breast cancer. Curr. Opin. Obstet. Gynecol.
2018, 30, 55-59.

Wolff, A.C.; Hammond, M.E.; Hicks, D.G.; Dowsett, M.; McShane, L.M.; Allison, K.H.; Allred, D.C,;
Bartlett, J.M.; Bilous, M.; Fitzgibbons, P.; et al. Recommendations for human epidermal growth
factor receptor 2 testing in breast cancer: American Society of Clinical Oncology/College of
American Pathologists clinical practice guideline update. Arch. Pathol. Lab. Med. 2014, 138, 241—
256.

Yadav, B.S.; Chanana, P.; Jhamb, S. Biomarkers in triple negative breast cancer: A review. World
J. Clin. Oncol. 2015, 6, 252—-263.

da Silva, J.L.; Cardoso Nunes, N.C.; Izetti, P.; de Mesquita, G.G.; de Melo, A.C. Triple negative
breast cancer: A thorough review of biomarkers. Crit. Rev. Oncol. Hematol. 2020, 145, 102855.

Crown, J.; O’'Shaughnessy, J.; Gullo, G. Emerging targeted therapies in triple-negative breast
cancer. Ann. Oncol. 2012, 23 (Suppl. 6), vi56-Vvi65.

https://encyclopedia.pub/entry/20310 20/26



Biosensors for Detecting Tumor Markers in Breast Cancer | Encyclopedia.pub

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Giovannelli, P.; Di Donato, M.; Galasso, G.; Di Zazzo, E.; Bilancio, A.; Migliaccio, A. The Androgen
Receptor in Breast Cancer. Front. Endocrinol. 2018, 9, 492.

Luo, X.; Shi, Y.X; Li, Z.M.; Jiang, W.Q. Expression and clinical significance of androgen receptor
in triple negative breast cancer. Chin. J. Cancer 2010, 29, 585-590.

Tellez-Gabriel, M.; Knutsen, E.; Perander, M. Current Status of Circulating Tumor Cells,
Circulating Tumor DNA, and Exosomes in Breast Cancer Liquid Biopsies. Int. J. Mol. Sci 2020,
21, 9457.

Zhang, T.; Hu, H.; Yan, G.; Wu, T.; Liu, S.; Chen, W.; Ning, Y.; Lu, Z. Long Non-Coding RNA and
Breast Cancer. Technol Cancer Res Treat 2019, 18, 1533033819843889.

Donepudi, M.S.; Kondapalli, K.; Amos, S.J.; Venkanteshan, P. Breast cancer statistics and
markers. J. Cancer Res. Ther 2014, 10, 506-511.

Tutt, A.; Tovey, H.; Cheang, M.C.U.; Kernaghan, S.; Kilburn, L.; Gazinska, P.; Owen, J.; Abraham,
J.; Barrett, S.; Barrett-Lee, P.; et al. Carboplatin in BRCA1/2-mutated and triple-negative breast
cancer BRCAness subgroups: The TNT Trial. Nat. Med. 2018, 24, 628—-637.

Sheikh, A.; Hussain, S.A.; Ghori, Q.; Naeem, N.; Fazil, A.; Giri, S.; Sathian, B.; Mainali, P.; Al
Tamimi, D.M. The spectrum of genetic mutations in breast cancer. Asian Pac. J. Cancer Prev.
2015, 16, 2177-2185.

Gupta, I.; Rizeq, B.; Vranic, S.; Moustafa, A.A.; Al Farsi, H. Circulating miRNAs in HER2-Positive
and Triple Negative Breast Cancers: Potential Biomarkers and Therapeutic Targets. Int. J. Mol.
Sci. 2020, 21, 6750.

Wang, H.; Peng, R.; Wang, J.; Qin, Z.; Xue, L. Circulating microRNAs as potential cancer
biomarkers: The advantage and disadvantage. Clin. Epigenet. 2018, 10, 59.

Badr, M.; Said, H.; Louka, M.L.; Elghazaly, H.A.; Gaballah, A.; Atef Abd El Mageed, M. MicroRNA-
21 as a predictor and prognostic factor for trastuzumab therapy in human epidermal growth factor
receptor 2-positive metastatic breast cancer. J. Cell. Biochem. 2019, 120, 3459-3466.

Ye, Z.; Wang, C.; Wan, S.; Mu, Z.; Zhang, Z.; Abu-Khalaf, M.M.; Fellin, FE.M.; Silver, D.P;;
Neupane, M.; Jaslow, R.J.; et al. Association of clinical outcomes in metastatic breast cancer
patients with circulating tumour cell and circulating cell-free DNA. Eur. J. Cancer 2019, 106, 133-
143.

Openshaw, M.R.; Page, K.; Fernandez-Garcia, D.; Guttery, D.; Shaw, J.A. The role of ctDNA
detection and the potential of the liquid biopsy for breast cancer monitoring. Expert. Rev. Mol.
Diagn. 2016, 16, 751-755.

Jahani, S.; Nazeri, E.; Majidzadeh, A.K.; Jahani, M.; Esmaeili, R. Circular RNA; a new biomarker
for breast cancer: A systematic review. J. Cell. Physiol. 2020, 235, 5501-5510.

https://encyclopedia.pub/entry/20310 21/26



Biosensors for Detecting Tumor Markers in Breast Cancer | Encyclopedia.pub

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Zhao, Q.; Yang, Y.; Ren, G.; Ge, E.; Fan, C. Integrating Bipartite Network Projection and KATZ
Measure to ldentify Novel CircRNA-Disease Associations. IEEE Trans. Nanobiosci. 2019, 18,
578-584.

Lin, C.; Yang, L. Long Noncoding RNA in Cancer: Wiring Signaling Circuitry. Trends Cell Biol.
2018, 28, 287-301.

Yousefi, H.; Maheronnaghsh, M.; Molaeli, F.; Mashouri, L.; Aref, A.R.; Momeny, M.; Alahari, S.K.
Long noncoding RNAs and exosomal IncRNAs: Classification, and mechanisms in breast cancer
metastasis and drug resistance. Oncogene 2020, 39, 953-974.

Barkal, A.A.; Brewer, R.E.; Markovic, M.; Kowarsky, M.; Barkal, S.A.; Zaro, B.W.; Krishnan, V.;
Hatakeyama, J.; Dorigo, O.; Barkal, L.J.; et al. CD24 signalling through macrophage Siglec-10 is
a target for cancer immunotherapy. Nature 2019, 572, 392-396.

Wang, Z.; Wang, Q.; Wang, Q.; Wang, Y.; Chen, J. Prognostic significance of CD24 and CD44 in
breast cancer: A meta-analysis. Int. J. Biol. Markers 2017, 32, e75-e82.

Xu, H.; Niu, M.; Yuan, X.; Wu, K.; Liu, A. CD44 as a tumor biomarker and therapeutic target. Exp.
Hematol. Oncol. 2020, 9, 36.

Senbanjo, L.T.; Chellaiah, M.A. CD44: A Multifunctional Cell Surface Adhesion Receptor Is a
Regulator of Progression and Metastasis of Cancer Cells. Front. Cell Dev. Biol. 2017, 5, 18.

Gao, T.; Cen, Q.; Lei, H. Areview on development of MUC1-based cancer vaccine. Biomed.
Pharmacother. 2020, 132, 110888.

Zhou, R.; Yazdanifar, M.; Roy, L.D.; Whilding, L.M.; Gavrill, A.; Maher, J.; Mukherjee, P. CAR T
Cells Targeting the Tumor MUC1 Glycoprotein Reduce Triple-Negative Breast Cancer Growth.
Front. Immunol. 2019, 10, 1149.

Diaconu, I.; Cristea, C.; Harceaga, V.; Marrazza, G.; Berindan-Neagoe, |.; Sandulescu, R.
Electrochemical immunosensors in breast and ovarian cancer. Clin. Chim. Acta 2013, 425, 128—
138.

Wang, W.; Xu, X.; Tian, B.; Wang, Y.; Du, L.; Sun, T.; Shi, Y.; Zhao, X.; Jing, J. The diagnostic
value of serum tumor markers CEA, CA19-9, CA125, CA15-3, and TPS in metastatic breast
cancer. Clin. Chim. Acta 2017, 470, 51-55.

Cristofanilli, M.; Pierga, J.Y.; Reuben, J.; Rademaker, A.; Davis, A.A.; Peeters, D.J.; Fehm, T;
Nole, F.; Gisbert-Criado, R.; Mavroudis, D.; et al. The clinical use of circulating tumor cells (CTCs)
enumeration for staging of metastatic breast cancer (MBC): International expert consensus paper.
Crit. Rev. Oncol. Hematol. 2019, 134, 39-45.

Thery, L.; Meddis, A.; Cabel, L.; Proudhon, C.; Latouche, A.; Pierga, J.Y.; Bidard, F.C. Circulating
Tumor Cells in Early Breast Cancer. JINCI Cancer Spectr. 2019, 3, pkz026.

https://encyclopedia.pub/entry/20310 22/26



Biosensors for Detecting Tumor Markers in Breast Cancer | Encyclopedia.pub

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

Logozzi, M.; Mizzoni, D.; Di Raimo, R.; Fais, S. Exosomes: A Source for New and Old Biomarkers
in Cancer. Cancers 2020, 12, 2566.

Huang, T.; Deng, C.X. Current Progresses of Exosomes as Cancer Diagnostic and Prognostic
Biomarkers. Int. J. Biol. Sci. 2019, 15, 1-11.

Sadighbayan, D.; Sadighbayan, K.; Khosroushahi, A.Y.; Hasanzadeh, M. Recent advances on the
DNA-based electrochemical biosensing of cancer biomarkers: Analytical approach. Trends Anal.
Chem. 2019, 119, 115609.

Sharifi, M.; Avadi, M.R.; Attar, F.; Dashtestani, F.; Ghorchian, H.; Rezayat, S.M.; Saboury, A.A.;
Falahati, M. Cancer diagnosis using nanomaterials based electrochemical nanobiosensors.
Biosens. Bioelectron. 2019, 126, 773—-784.

Bhardwaj, T. Review on biosensor technologies. Int. J. Adv. Res. Eng. Technol. 2015, 6, 36-62.

Yang, G.; Xiao, Z.; Tang, C.; Deng, Y.; Huang, H.; He, Z. Recent advances in biosensor for
detection of lung cancer biomarkers. Biosens. Bioelectron. 2019, 141, 111416.

Moura, S.L.; Martin, C.G.; Matrti, M.; Pividori, M.l. Electrochemical immunosensing of
nanovesicles as biomarkers for breast cancer. Biosens. Bioelectron. 2020, 150, 111882.

Hong, C.; Yuan, R.; Chali, Y.; Zhuo, Y. Ferrocenyl-doped silica nanoparticles as an immobilized
affinity support for electrochemical immunoassay of cancer antigen 15-3. Anal. Chim. Acta 2009,
633, 244-249.

Vasudev, A.; Kaushik, A.; Bhansali, S. Electrochemical immunosensor for label free epidermal
growth factor receptor (EGFR) detection. Biosens. Bioelectron. 2013, 39, 300-305.

Hakimian, F.; Ghourchian, H. Ultrasensitive electrochemical biosensor for detection of microRNA-
155 as a breast cancer risk factor. Anal. Chim. Acta 2020, 1136, 1-8.

Wang, J.; Wang, D.; Hui, N. A low fouling electrochemical biosensor based on the zwitterionic
polypeptide doped conducting polymer PEDOT for breast cancer marker BRCA1 detection.
Bioelectrochemistry 2020, 136, 107595.

Han, R.; Wang, G.; Xu, Z.; Zhang, L.; Li, Q.; Han, Y.; Luo, X. Designed antifouling peptides
planted in conducting polymers through controlled partial doping for electrochemical detection of
biomarkers in human serum. Biosens. Bioelectron. 2020, 164, 112317.

Xia, Y.M.; Li, M.Y.; Chen, C.L.; Xia, M.; Zhang, W.; Gao, W.W. Employing Label-free
Electrochemical Biosensor Based on 3D-Reduced Graphene Oxide and Polyaniline Nanofibers
for Ultrasensitive Detection of Breast Cancer BRCAL Biomarker. Electroanalysis 2020, 32, 2045~
2055.

Chang, J.; Wang, X.; Wang, J.; Li, H.; Li, F. Nucleic Acid-Functionalized Metal-Organic
Framework-Based Homogeneous Electrochemical Biosensor for Simultaneous Detection of

https://encyclopedia.pub/entry/20310 23/26



Biosensors for Detecting Tumor Markers in Breast Cancer | Encyclopedia.pub

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Multiple Tumor Biomarkers. Anal. Chem. 2019, 91, 3604-3610.

Chen, A.; Shah, B. Electrochemical sensing and biosensing based on square wave voltammetry.
Anal. Methods 2013, 5, 2158-2173.

Wang, H.; Sun, J.; Lu, L.; Yang, X.; Xia, J.; Zhang, F.; Wang, Z. Competitive electrochemical
aptasensor based on a cDNA-ferrocene/MXene probe for detection of breast cancer marker
Mucinl. Anal. Chim. Acta 2020, 1094, 18-25.

Xu, S.; Chang, Y.; Wu, Z.; Li, Y.; Yuan, R.; Chai, Y. One DNA circle capture probe with multiple
target recognition domains for simultaneous electrochemical detection of miRNA-21 and miRNA-
155. Biosens. Bioelectron. 2020, 149, 111848.

Marques, R.C.; Viswanathan, S.; Nouws, H.P.; Delerue-Matos, C.; Gonzalez-Garcia, M.B.
Electrochemical immunosensor for the analysis of the breast cancer biomarker HER2 ECD.
Talanta 2014, 129, 594-599.

Freitas, M.; Nouws, H.P.A.; Delerue-Matos, C. Electrochemical Sensing Platforms for HER2-ECD
Breast Cancer Biomarker Detection. Electroanalysis 2019, 31, 121-128.

Zhao, J.; Tang, Y.; Cao, Y.; Chen, T.; Chen, X.; Mao, X.; Yin, Y.; Chen, G. Amplified
electrochemical detection of surface biomarker in breast cancer stem cell using self-assembled
supramolecular nanocomposites. Electrochim. Acta 2018, 283, 1072-1078.

Gu, C.; Guo, C.; Li, Z.; Wang, M.; Zhou, N.; He, L.; Zhang, Z.; Du, M. Bimetallic ZrHf-based metal-
organic framework embedded with carbon dots: Ultra-sensitive platform for early diagnosis of
HER2 and HER2-overexpressed living cancer cells. Biosens. Bioelectron. 2019, 134, 8-15.

Paimard, G.; Shahlaei, M.; Moradipour, P.; Karamali, V.; Arkan, E. Impedimetric aptamer based
determination of the tumor marker MUC1 by using electrospun core-shell nanofibers. Mikrochim.
Acta 2019, 187, 5.

Shahrokhian, S.; Salimian, R. Ultrasensitive detection of cancer biomarkers using conducting
polymer/electrochemically reduced graphene oxide-based biosensor: Application toward BRCA1
sensing. Sens. Actuators B Chem. 2018, 266, 160-169.

Wadhera, T.; Kakkar, D.; Wadhwa, G.; Raj, B. Recent Advances and Progress in Development of
the Field Effect Transistor Biosensor: A Review. J. Electron. Mater. 2019, 48, 7635-7646.

Novodchuk, I.; Bajcsy, M.; Yavuz, M. Graphene-based field effect transistor biosensors for breast
cancer detection: A review on biosensing strategies. Carbon 2021, 172, 431-453.

Majd, S.M.; Salimi, A.; Ghasemi, F. An ultrasensitive detection of miRNA-155 in breast cancer via
direct hybridization assay using two-dimensional molybdenum disulfide field-effect transistor
biosensor. Biosens. Bioelectron. 2018, 105, 6-13.

https://encyclopedia.pub/entry/20310 24/26



Biosensors for Detecting Tumor Markers in Breast Cancer | Encyclopedia.pub

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Bao, Z.; Sun, J.; Zhao, X.; Li, Z.; Cui, S.; Meng, Q.; Zhang, Y.; Wang, T.; Jiang, Y. Top-down
nanofabrication of silicon nanoribbon field effect transistor (Si-NR FET) for carcinoembryonic
antigen detection. Int. J. Nanomed. 2017, 12, 4623-4631.

Chen, C.; Wang, J. Optical biosensors: An exhaustive and comprehensive review. Analyst 2020,
145, 1605-1628.

Ding, J.; Qin, W. Recent advances in potentiometric biosensors. Trends Anal. Chem. 2020, 124,
115803.

Wang, Y.; Weli, Z.; Luo, X.; Wan, Q.; Qiu, R.; Wang, S. An ultrasensitive homogeneous aptasensor
for carcinoembryonic antigen based on upconversion fluorescence resonance energy transfer.
Talanta 2019, 195, 33-39.

Mohammadi, S.; Mohammadi, S.; Salimi, A. A 3D hydrogel based on chitosan and carbon dots for
sensitive fluorescence detection of microRNA-21 in breast cancer cells. Talanta 2021, 224,
121895.

Bai, Y.; Li, H.; Xu, J.; Huang, Y.; Zhang, X.; Weng, J.; Li, Z.; Sun, L. Ultrasensitive colorimetric
biosensor for BRCA1 mutation based on multiple signal amplification strategy. Biosens.
Bioelectron. 2020, 166, 112424.

Choi, J.H.; Lim, J.; Shin, M.; Paek, S.H.; Choi, J.W. CRISPR-Casl12a-Based Nucleic Acid
Amplification-Free DNA Biosensor via Au Nanoparticle-Assisted Metal-Enhanced Fluorescence
and Colorimetric Analysis. Nano Lett. 2021, 21, 693—-699.

Wang, D.; Loo, J.F.C.; Chen, J.; Yam, Y.; Chen, S.C.; He, H.; Kong, S.K.; Ho, H.P. Recent
Advances in Surface Plasmon Resonance Imaging Sensors. Sensors 2019, 19, 1266.

Szymanska, B.; Lukaszewski, Z.; Hermanowicz-Szamatowicz, K.; Gorodkiewicz, E. An
immunosensor for the determination of carcinoembryonic antigen by Surface Plasmon
Resonance imaging. Anal. Biochem. 2020, 609, 113964.

Sina, A.A.; Vaidyanathan, R.; Wuethrich, A.; Carrascosa, L.G.; Trau, M. Label-free detection of
exosomes using a surface plasmon resonance biosensor. Anal. Bioanal. Chem. 2019, 411, 1311—
1318.

Wang, Q.; Zou, L.; Yang, X.; Liu, X.; Nie, W.; Zheng, Y.; Cheng, Q.; Wang, K. Direct quantification
of cancerous exosomes via surface plasmon resonance with dual gold nanoparticle-assisted
signal amplification. Biosens. Bioelectron. 2019, 135, 129-136.

Han, Y.; Qiang, L.; Gao, Y.; Gao, J.; He, Q.; Liu, H.; Han, L.; Zhang, Y. Large-area surface-
enhanced Raman spectroscopy substrate by hybrid porous GaN with Au/Ag for breast cancer
mMiRNA detection. Appl. Surf. Sci. 2021, 541, 148456.

https://encyclopedia.pub/entry/20310 25/26



Biosensors for Detecting Tumor Markers in Breast Cancer | Encyclopedia.pub

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Wang, H.N.; Crawford, B.M.; Norton, S.J.; Vo-Dinh, T. Direct and Label-Free Detection of
MicroRNA Cancer Biomarkers using SERS-Based Plasmonic Coupling Interference (PCI)
Nanoprobes. J. Phys. Chem. B 2019, 123, 10245-10251.

Wang, H.-M.; Wang, A.-J.; Yuan, P.-X.; Feng, J.-J. Flower-like metal-organic framework
microsphere as a novel enhanced ECL luminophore to construct the coreactant-free biosensor for
ultrasensitive detection of breast cancer 1 gene. Sens. Actuators B Chem. 2020, 320, 128395.

Qiao, B.; Guo, Q.; Jiang, J.; Qi, Y.; Zhang, H.; He, B.; Cai, C.; Shen, J. An
electrochemiluminescent aptasensor for amplified detection of exosomes from breast tumor cells
(MCF-7 cells) based on G-quadruplex/hemin DNAzymes. Analyst 2019, 144, 3668—-3675.

Cui, A.; Zhang, J.; Bai, W.; Sun, H.; Bao, L.; Ma, F.; Li, Y. Signal-on electrogenerated
chemiluminescence biosensor for ultrasensitive detection of microRNA-21 based on isothermal
strand-displacement polymerase reaction and bridge DNA-gold nanoparticles. Biosens.
Bioelectron. 2019, 144, 111664.

Hartz, J.S.R.; Emanetoglu, N.W.; Howell, C.; Vetelino, J.F. Lateral field excited quartz crystal
microbalances for biosensing applications. Biointerphases 2020, 15, 030801.

Yang, X.; Zhou, R.; Hao, Y.; Yang, P. A CD44-biosensor for evaluating metastatic potential of
breast cancer cells based on quartz crystal microbalance. Sci. Bull. 2017, 62, 923-930.

Park, H.J.; Lee, S.S. QCM sensing of miR-21 by formation of microRNA-DNA hybrid duplexes
and intercalation on surface-functionalized pyrene. Analyst 2019, 144, 6936—-6943.

Lin, S. Biosensitivity of Molybdenum Disulfide for Monitoring Breast Cancer Marker CA15-3 Using
Quartz Crystal Microbalance. Int. J. Electrochem. Sci. 2021, 16, 150712.

Bakhshpour, M.; Piskin, A.K.; Yavuz, H.; Denizli, A. Quartz crystal microbalance biosensor for
label-free MDA MB 231 cancer cell detection via notch-4 receptor. Talanta 2019, 204, 840—-845.

Guo, X.; Liu, S.; Yang, M.; Du, H.; Qu, F. Dual signal amplification photoelectrochemical biosensor
for highly sensitive human epidermal growth factor receptor-2 detection. Biosens. Bioelectron.
2019, 139, 111312.

Fu, Y.; Zou, K.; Liu, M.; Zhang, X.; Du, C.; Chen, J. Highly Selective and Sensitive
Photoelectrochemical Sensing Platform for VEGF165 Assay Based on the Switching of
Photocurrent Polarity of CdS QDs by Porous Cu20-CuO Flower. Anal. Chem. 2020, 92, 1189—
1196.

Retrieved from https://encyclopedia.pub/entry/history/show/48690

https://encyclopedia.pub/entry/20310 26/26



