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Introduction:

Cancer can be defined as the persistent proliferation of purposeless, non-functional cells. It can grow uncontrollably in any part of the human body and because of its persistence; it is one of the leading cause of death according to the World Health Organization. Metastasis is defined as the spread of cancer from one part of the body to another that makes it more aggressive and malignant. Approximately about 1 in 6 deaths were cancer-related and this number is expected to rise. According to the 2020 World Cancer Report published by International Agency for Research on Cancer (IARC) and World Health Organization (WHO), Lung cancer (LCa) is the most common type of cancer for both incidence and mortality with (approximately 2.1 million new cases and 1.8 million deaths in 2018) (IARC, 2020). Prostate cancer (PCa) is the second most common cancer for men (an estimated 1.3 million new cases diagnosed and about 359,000 deaths worldwide) (IARC, 2020).

In cancer diagnosis, conventional methods such as histopathological techniques (IHC, ELISA and tissue biopsies), imaging modalities (X-ray, MRI and CT scanning), and tumor marker analysis are performed for definitive confirmation. For effective screening, tracking, and monitoring of the disease all these standard techniques need to be performed at regular intervals, which takes a toll on patients. For almost every type of tumor diagnosis, tissue biopsies are required which can be extremely invasive and traumatic, specifically for LCa and PCa. These cancers have the penchant to propagate rapidly and regular check-ups to track and monitor disease progression are needed which can be an arduous experience and if performed repeatedly they can have a detrimental effect on patients. This makes tissue biopsies incompatible with real-time monitoring for cancer progression presenting an obstacle to the development of personalized treatment.

A growing interest in cancer diagnosis has been shifted towards the analysis of circulating biomarkers, such as circulating tumor DNA (ctDNA), cell-free DNA (cfDNA) and miRNAs, exosomes, circulating tumor cells (CTCs), and cancer-related soluble proteins, obtained as "liquid biopsy", which most often consists of a blood sample, but also sometimes urine, saliva or semen. Liquid biopsy is readily accessible in comparison to solid tissue biopsy and can be repeated multiple times with minimal invasiveness to the patient, making it a strong candidate for efficient cancer monitoring. CTCs are tumor cells found circulating within the blood circulation, dislodged from the primary tumor site. These cells are good candidates to act as diagnostic biomarkers for an early indicator of metastasis. Their count and biomarker analysis can provide invaluable insights on the patient's tumor detection and profile and metastatic potential. Indeed, higher disease progression and shorter overall survival (OS) have been seen in patients with an elevated number of CTCs. Studies have shown that patients with more than 5 CTCs per 7.5 mL of blood display poor prognosis [START_REF] Young | Circulating Tumor Cells in[END_REF]. More CTCs were observed in LCa, and for instance, in small cell lung cancer (SC-LCa), the baseline number was defined as 50 CTCs per 7.5 mL of blood. Furthermore, CTCs express different biomarkers depending on the stage/degree of cancer progression. Therefore, their analysis can give a broader picture of the disease state and progression, shedding light on new ways for cancer diagnosis and treatment. Recently, a study demonstrated that the combined analysis of four specific biomarkers (carcinoembryonic antigen [CEA], cancer antigen 125 [CA125], cytokeratin-19 Fragments [CYFRA 21-1] and squamous cell carcinoma antigen [SCC]) together with CTC count increased LCa detection rates from 68% (for CTC count alone) to 83%. Thus, the diagnostic sensitivity and specifically for early lung cancer patients (Stage I and II) was improved from approximatively 64% to 79% [START_REF] Li | Clinical significance of circulating tumor cells and tumor markers in the diagnosis of lung cancer[END_REF]. This demonstrates the importance of an approach based on combinatorial analysis of various CTC biomarkers focusing on effective identification and diagnosis of both benign and malignant tumors.

The key scientific hurdle in CTC analysis is their innate rarity and heterogeneity of sub-populations in blood, which is found to be approximately 1 to 100 CTC per 10 7 white blood cells (WBCs) in 1 mL of blood [START_REF] Krebs | Molecular analysis of circulating tumour cells -Biology and biomarkers[END_REF]. It is still technically challenging to isolate and enumerate such cells and in addition to preserve their biological integrity for functional analysis (J. [START_REF] Zhang | Circulating Tumor Cell Isolation and Analysis[END_REF][START_REF] Shao | Diagnostic technologies for circulating tumour cells and exosomes[END_REF]. Currently, the only FDA-approved system for CTC counting is the CELLSEARCH® through the selection of EpCAM positive cells. Major drawbacks of this system are the loss of EpCAM negative cells and the recovery of only dead cells, which impedes subsequent analysis. To overcome these limitations, extensive research is performed to develop new technologies based on microfluidic approaches, for CTC isolation, counting, and analysis [START_REF] Chen | Single-cell analysis of circulating tumor cells identifies cumulative expression patterns of EMT-related genes in metastatic prostate cancer[END_REF][START_REF] Cho | Microfluidic technologies for circulating tumor cell isolation[END_REF][START_REF] Jackson | Materials and microfluidics: Enabling the efficient isolation and analysis of circulating tumour cells[END_REF]Khoo et al., 2018a;[START_REF] Kulasinghe | Capture of circulating tumour cell clusters using straight microfluidic chips[END_REF].

For cancer biomarker analysis, standard laboratory methods include immunofluorescence and immunohistochemistry (IHC), enzyme-linked immunosorbent assay (ELISA), and gene sequencing. IHC is a qualitative approach, primarily used to detect intracellular and cell membrane biomarkers and to analyze proliferative activity of cancer cells from tissue samples or fixed cells [START_REF] Axelrod | Optimization of Immunofluorescent Detection of Bone Marrow Disseminated Tumor Cells[END_REF]. ELISA allows the quantitative detection of soluble or free biomarkers in liquid samples such as blood, serum, urine, or saliva and detection range can vary between 0.1 pg/mL to 500 ng/mL [START_REF] Zhang | Predicting detection limits of enzyme-linked immunosorbent assay (ELISA) and bioanalytical techniques in general[END_REF]. The range and limit of detection (LOD) depends on the biomarker of interest and the kit/protocol used. For molecular analysis of CTC, different techniques are used ranging from DNA sequencing (DNA-seq) and RNA (RNA-seq) to chromatin immunoprecipitation sequencing (ChIP-seq) and RNA in situ hybridization (RNA-ISH) [START_REF] Ortiz | Analyzing Circulating Tumor Cells One at a Time[END_REF]. DNA-seq is used to analyze mutations or copy number variations within the genome of the cancer cells [START_REF] Ortiz | Analyzing Circulating Tumor Cells One at a Time[END_REF] whereas RNA-seq allows for the monitoring of RNA expression and transcriptome variations associated with tumor classification and progression [START_REF] Lv | Three-dimensional cell culture: A powerful tool in tumor research and drug discovery[END_REF]. Protein interactions with DNA are observed through ChIP-seq while profiling of the whole transcriptome is done through RNA-ISH. Although these standard protocols are sensitive and selective, they present some drawbacks. They are extremely time-consuming, slow in response time and often require expensive equipment and experienced operator to perform analysis. In addition, specifically for early stages in cancer, some of these techniques such as IHC and ELISA are not sensitive enough for early detection due to the presence of low biomarker concentration.

Biosensors are increasingly emerging as an attractive alternative to overcome some of the aforementioned limitations, especially because of their selectivity, reproducibility, sensitivity and stability for biological interactions. A biosensor is an analytical device used for the detection of any sort of biological interaction. Different biosensing modalities such as mass-based/piezoelectric, electrochemical and optical approaches (as seen in Fig. 1.) are being used specifically for cancer cell detection and analysis of cancer-associated biomarkers. In addition, biosensors are compatible with the microfluidic format (one of the recent technologies for CTC isolation and sorting) allowing for the implementation of CTC sorting and sensing function on a single chip. They are also versatile enough for the analysis of different parameters on a multiplexed platform and allowing dynamic real-time monitoring of cancer progression [START_REF] Khanmohammadi | Electrochemical biosensors for the detection of lung cancer biomarkers: A review[END_REF]. This review specifically focuses on LCa and PCa because of their high cancer incidence worldwide, metastatic potential and the need for specific detection and analysis of associated biomarkers for early stage detection and monitoring. Firstly, basic information regarding CTCs and their characteristics are presented. Then depending on their characteristic, associated biomarkers are reviewed specifically for both LCa and PCa. After presenting the advantages and disadvantages of conventional techniques used for the isolation and analysis of CTCs, we discuss the current challenges researchers face for efficient analysis of CTC biomarker. Then various biosensing modalities with different transducing elements specific for cancer cells and biomarker analysis are critically analyze along with a technological comparison based on their properties i.e., sensing platform, analyte and bio-recognition element and sensor characteristics (sensitivity, specificity values and LOD). This review being an extension gives updates of the previous work done by Roointan et al., and Khanmohammaddi et al., for LCa and by Grisanti et al., for PCa (Grisanti et al., 2016;[START_REF] Khanmohammadi | Electrochemical biosensors for the detection of lung cancer biomarkers: A review[END_REF][START_REF] Roointan | Early detection of lung cancer biomarkers through biosensor technology: A review[END_REF]. Similar work has been compiled by Mittal et al., for breast cancer (Mittal et al., 2017). As mentioned above, specific analysis of CTCs and their associated biomarkers can provide researchers additional information regarding the stage and metastatic potential of tumors. CTCs are extremely rare and their specific isolation from the blood is difficult because of the number of other blood cells. To differentiate these rare cells from the other blood cells, their biology needs to be understood. CTCs exhibit specific biological characteristics such as higher nuclear to cytoplasmic ratio, irregular nuclei, anisonucleosis (ratio from one nucleus to another > 0.5) and lack CD45 and CD15 receptors allowing to differentiate them from blood cells [START_REF] Pecot | A novel platform for detection of CK + and CK -CTCs[END_REF][START_REF] Sundling | Circulating Tumor Cells: Overview and Opportunities in Cytology[END_REF]. The physiology of CTCs is usually similar depending on the primary tumor site i.e. prostate, lung and breast carcinomas. In the bloodstream, CTCs are detected either as single cells or as CTC-clusters (group of CTCs clumped together) and compared to single CTCs, CTC-cluster are often associated with worse overall survival (Khoo et al., 2018a;[START_REF] Kulasinghe | Capture of circulating tumour cell clusters using straight microfluidic chips[END_REF][START_REF] Li | Clinical significance of circulating tumor cells and tumor markers in the diagnosis of lung cancer[END_REF]. On the cellular and genetic level, little is known about the processes involved in CTC survival and dissemination and how such processes are linked with the progression of metastasis.

CTCs can be epithelial (differentiated) or mesenchymal (undifferentiated) depending on the tumor environment and conditions and can undergo further phenotypic changes. The process of CTC detachment from the primary tumor and entering into the blood circulation is termed as Epithelial to Mesenchymal Transition (EMT) [START_REF] Wu | Classification of circulating tumor cells by epithelial-mesenchymal transition markers[END_REF]. EMT plays an important role in metastasis progression. It is characterized by loss of cell adhesion, shedding epithelial phenotype and undergoing the transition from an epithelial phenotype to a mesenchymal one. The reverse of EMT is defined as Mesenchymal to Epithelial Transition (MET). When conditions become favorable, mesenchymal CTCs undergo MET to attach themselves to the epithelial lining responsible for cancer proliferation at a secondary tumor site. It has been observed that single CTCs exhibiting EMT phenotype express EMT-associated markers but for CTC-clusters, they have the ability to retain their epithelial profile, needed for cell-cell interaction and adhesion while also possessing mesenchymal profile required for cellular mobility and migration [START_REF] Chen | Circulating tumor cells: Moving biological insights into detection[END_REF][START_REF] Joosse | Biology, detection, and clinical implications of circulating tumor cells[END_REF]. Thus, the formation of CTC-cluster makes them more aggressive and prone to proliferation and metastasis.

Common CTC biomarkers:

Different sub-population of CTCs can be identified based on the location and expression of various biomarkers. They can be present within the cell, and termed as internal biomarkers, expressed on the cell membrane as cell receptors, or secreted in the tumor microenvironment and termed as external biomarkers. Table 1 shows a summarized picture of common CTCs biomarkers and describes their role during EMT and MET. [START_REF] Went | Frequent EpCam Protein Expression in Human Carcinomas[END_REF][START_REF] Wu | Classification of circulating tumor cells by epithelial-mesenchymal transition markers[END_REF] E-Cadherin Cell Surface Tumor suppressor biomarker, involved in intercellular junctions by hemophilic interactions and joining actin microfilaments [START_REF] Mani | The Epithelial-Mesenchymal Transition Generates Cells with Properties of Stem Cells[END_REF][START_REF] Thiery | Epithelial-mesenchymal transitions in tumour progression[END_REF][START_REF] Wu | Classification of circulating tumor cells by epithelial-mesenchymal transition markers[END_REF] Various biomarkers such as Epithelial Cell Adhesion Molecule (EpCAM), E-Cadherin (E-Cad) and different cytokeratins (CK) such as CK8, CK18 and CK19 are CTC associated biomarkers that are epithelial in nature and their expression is specifically repressed during EMT [START_REF] Pecot | A novel platform for detection of CK + and CK -CTCs[END_REF][START_REF] Wu | Classification of circulating tumor cells by epithelial-mesenchymal transition markers[END_REF]. Their downregulation initiates the expression and acquisition of various mesenchymal markers i.e., Vimentin, TWIST and N-Cadherin (N-Cad) which increase cell motility and invasive/metastatic potential in turn allowing the tumor cells to circulate within the bloodstream [START_REF] Pecot | A novel platform for detection of CK + and CK -CTCs[END_REF][START_REF] Wu | Classification of circulating tumor cells by epithelial-mesenchymal transition markers[END_REF]. However, when these CTCs attach themselves to a secondary site to form micro-metastases, mesenchymal biomarkers such as Vimentin, TWIST and N-Cad are downregulated while the expression of epithelial biomarkers such as EpCAM and E-Cad are activated.

During EMT, different oncogenic signaling pathways are upregulated by the activity of c-MET, which is involved in the activation of RAS, PI3K, STAT3 and -catenin along with the upregulating metastatic progression through the production of metalloproteases [START_REF] Bottaro | Identification of the hepatocyte growth factor receptor as the c-met proto-oncogene product[END_REF][START_REF] Pennacchietti | Hypoxia promotes invasive growth by transcriptional activation of the met protooncogene[END_REF]. Besides, transcription factors such as TGF- and SNAIL are also activated specifically to repress the activity of E-Cad. Increased expression of SNAIL, TWIST and TGF- transcription factors are observed in cluster CTCs, which could be responsible for the aggressive metastatic progression and bad overall survival [START_REF] Olmeda | SNAI1 Is Required for Tumor Growth and Lymph Node Metastasis of Human Breast Carcinoma MDA-MB-231 Cells[END_REF][START_REF] Sundling | Circulating Tumor Cells: Overview and Opportunities in Cytology[END_REF]. As cells are transitioning from an epithelial to a more mesenchymal phenotype, sequential activation of fibronectin and the linked integrins network may be responsible for cytoskeletal changes within the ECM resulting in the loss of tight and adherent junctions [START_REF] Han | On the structure of a class of graded modules related to symmetric pairs[END_REF][START_REF] Jerhammar | Fibronectin 1 is a potential biomarker for radioresistance in head and neck squamous cell carcinoma[END_REF][START_REF] Pankov | Fibronectin at a glance[END_REF]. A pictorial representation of CTC and the locations of various biomarkers are shown in Fig. 2 In addition to the common biomarkers discussed above, nucleic acids (NA) associated with CTCs can be used for their effective detection and molecular classification. Assessment of DNA methylation patterns in CTCs can provide invaluable insights on epigenetic gene silencing specifically for metastatic progression.

CTC associated miRNAs and their expression could play a key role in therapeutic decisions and disease monitoring as it can give information regarding the regulatory mechanism involved in CTC formation and development [START_REF] Riethdorf | Detection of microRNAs in circulating tumor cells[END_REF]. For example, oncogenic miRNA-21 observed in a single CTC is considered as a promising target for therapeutics but also as a NA based biomarker for the specific classification of cancer [START_REF] Ortega | MiRNA in situ hybridization in circulating tumor cells -MishCTC[END_REF]. The following sections will focus on the expression of specific CTC associated biomarkers in LCa and PCa.

Lung cancer and CTC biomarkers:

Among LCa, Non-Small Cell Lung Cancer (NSC-LCa) accounts for about 80-85% of cases while Small Cell Lung Cancer (SC-LCa) accounts for 15-20% (IARC, 2020). SC-LCa is more aggressive, malignant, and prone to metastasis, and treatment focuses on strong radiotherapeutic and chemotherapeutic regimens depending on the cancer type. Surgical removal of the tumor is an option if the normal functionality of the lungs is not compromised. Specific biomarkers for each cancer type can vary between different sub-classification and can further depend on the disease stage. For diagnosis of LCa, serum level of tumor markers such as carcinoembryonic antigen (CEA), fragments of cytokeratin 19 (CYFRA21-1) and neuron specific enolase (NSE) are measured commonly along with Carbohydrate Antigen 125 also termed as Cancer Antigen 125 (CA125), Squamous Cell Carcinoma Antigen (SCC), Cytokeratin 8 (CK8) and Programmed death ligand 1 (PD-L1) depending on the type of LCa. The clinical significance of these CTC associated biomarkers for different LCa types has been shown in Table 2.

CEA is considered a common tumor biomarker upregulated in a number of different cancers. In the case of LCa, CEA was reported as a prognostic marker as it can provide critical information on metastatic dissemination. However, studies showed that CEA is a more useful tumor marker for NSC-LCa than for SC-LCa [START_REF] Grunnet | Carcinoembryonic antigen (CEA) as tumor marker in lung cancer[END_REF]. Similar to CEA, CYFRA21-1 seems to be a promising marker in predicting tumor prognosis and relapse in NSC-LCa. However, high preoperative CYFRA21-1 values in heavy smoking patients and higher CYFRA21-1 levels reported [START_REF] Matsuoka | Prognostic value of carcinoembryonic antigen and CYFRA21-1 in patients with pathological stage I non-small cell lung cancer[END_REF] in patients with benign lung disorders i.e., pulmonary fibrosis and pneumonia outline the need to clarify its role.

A comparative study analyzing the relationship between various cancer biomarkers in NSC-LCa patients with clinical (age, sex, symptoms and smoking status), histopathological parameters (stage, tumor size, histology and nodal growth) and the treatment (surgery, radio-and chemotherapy), has indicated that CEA, CA125, SCC and CYFRA 21-1 were able to provide a better diagnostic picture. Specifically, CA125 levels were found to be extremely high in large cell lung cancers (LC-LCa) and adenocarcinomas. For SC-LCa, NSE levels were observed to be upregulated. Furthermore, regardless of cancer sub-type, combinational analysis of CA125 and CYFRA 21-1 was established as the most sensitive for LCa overall [START_REF] Molina | Tumor markers (CEA, CA 125, CYFRA 21-1, SCC and NSE) in patients with non-small cell lung cancer as an aid in histological diagnosis and prognosis: Comparison with the main clinical and pathological prognostic factors[END_REF]. Recently a study was conducted analyzing the relationship between CTC numbers and levels of particular specific LCa tumor markers such as CEA, CA125, CYFRA21-1 and SCC along with the associated clinical and pathological parameters [START_REF] Li | Clinical significance of circulating tumor cells and tumor markers in the diagnosis of lung cancer[END_REF]. They were able to achieve 68.39% sensitivity and 100% specificity values for their approach, indicating the analysis of peripheral blood CTCs having clear potential value for clinical diagnosis of LCa [START_REF] Li | Clinical significance of circulating tumor cells and tumor markers in the diagnosis of lung cancer[END_REF]. Furthermore, large number of CTCs were isolated in SC-LCa compared to NSC-LCa, which can be explained by enhanced activity of MET or by the fact that most conventional CTC isolation techniques such as CellSearch® and ISET kits focus on epithelial biomarkers [START_REF] Potdar | Role of circulating tumor cells in future diagnosis and therapy of cancer[END_REF].

Other tumor markers such as CK8 and PD-L1 have been studied extensively as well. Higher concentration of CK8 was observed in NSC-LCa patients compared to SC-LCa patients [START_REF] Fukunaga | Expression of cytokeratin 8 in lung cancer cell lines and measurement of serum cytokeratin 8 in lung cancer patients[END_REF], and the enhancement of CK8 expression is linked to tumor invasiveness. PD-L1 has been studied as a potential biomarker for LCa. A favorable treatment response has been observed in NSC-LCa patients where PD-L1 was inhibited using anti-PD-L1 antibodies. However, PD-L1 measurements over time could be unreliable due to false negatives [START_REF] Niemeijer | MA 05.07 Whole Body PD-1 and PD-L1 PET in Pts with NSCLC[END_REF] and might not be analyzed through a single biopsy. Thus, other techniques need to be developed for real-time measurements and better critical tracking [START_REF] Janning | Determination of PD-L1 expression in circulating tumor cells of NSCLC patients and correlation with response to PD-1/PD-L1 inhibitors[END_REF][START_REF] Niemeijer | MA 05.07 Whole Body PD-1 and PD-L1 PET in Pts with NSCLC[END_REF].

For NA-associated CTC biomarkers, genetic mutations and copy number variations (CNVs) in CTCs isolated from metastatic lung adenocarcinoma (ADC) patients are highly stable [START_REF] Ni | Reproducible copy number variation patterns among single circulating tumor cells of lung cancer patients[END_REF]. In contrast, drastic variation in CNV profiles was observed between CTC sub-populations isolated from ADC patients and SC-LCa patients. CTC profile in ADC primary tumor switched to SC-LCa in a liver metastasis and treatment with SC-LCa regimen resulted in dramatic response. This study demonstrates the diagnostic value of CTCs in clinical management. However, it also shows significant heterogeneity in genetic variations among CTC subpopulations from a single patient (Ortiz and Yu, n.d.). For LCa, treatment response is a major hurdle and CTCs counts can potentially help in crossing over this hurdle. Furthermore, molecular characterization of CTCs can help in the identification of mutation detection, which can then be monitored for any resistant mutations during treatment. Besides, a higher number of CTCs in LCa are directly linked with large tumor size and specifically bone metastasis [START_REF] Lianidou | Gene expression profiling and DNA methylation analyses of CTCs[END_REF][START_REF] Potdar | Role of circulating tumor cells in future diagnosis and therapy of cancer[END_REF]. It has been discussed that CTCs can potentially be detected in LCa patients before angiogenesis, hence making them and their associated biomarkers ideal for early cancer detection in symptomatic as well as asymptomatic patients [START_REF] Potdar | Role of circulating tumor cells in future diagnosis and therapy of cancer[END_REF].

Prostate Cancer and CTC biomarkers:

Prostate cancer normally grows by the presence of androgens, the male sex hormones such as testosterone. It can be treated by androgen depletion therapy (ADT) either by surgical removal of the testicles or by drugs that stop/block androgen production by the testicles. Around 10-20% of PCa cases are castration-resistant meaning that cancer continues to grow after ADT. Besides, prostate cells are quite predisposed to metastasis and around 80% of such cancer cells spread to different parts of the body specifically to bones i.e., hip, spine, and pelvic bones [START_REF] Budna-Tukan | Analysis of circulating tumor cells in patients with non-metastatic high-risk prostate cancer before and after radiotherapy using three different enumeration assays[END_REF][START_REF] Tombal | Modern detection of prostate cancer's bone metastasis: Is the bone scan era over?[END_REF]. This highlights the fact that once cancer starts to spread and migrate to different parts of the body, treatment becomes more complicated, and the overall survival of the patient becomes compromised.

The most common biomarker used for the detection, disease progression and treatment response for earlier stages of PCa is serum prostate-specific antigen (PSA). PSA (also known as gamma-seminoprotein or kallikrein-3 (KLK3)) is a glycoprotein enzyme, member of the kallikrein-related peptidase family and secreted by the epithelial cells of prostate glands. It is present in blood at very low levels for healthy individuals (<4 ng/mL). The increase in PSA levels is an indicative marker for PCa, however false negatives are often observed [START_REF] Budna-Tukan | Analysis of circulating tumor cells in patients with non-metastatic high-risk prostate cancer before and after radiotherapy using three different enumeration assays[END_REF]. Furthermore, PSA was shown to be unreliable under metastatic setting especially for metastatic castration-resistant prostate cancer (mCR-PCa), and its relationship with CTC numbers in PCa patients [START_REF] Grisanti | Analysis of circulating tumor cells in prostate cancer patients at psa recurrence and review of the literature[END_REF] is still a "grey area" [START_REF] Grisanti | Analysis of circulating tumor cells in prostate cancer patients at psa recurrence and review of the literature[END_REF][START_REF] Miyamoto | Circulating tumour cells -Monitoring treatment response in prostate cancer[END_REF].

Various CTCs biomarkers have been studied for their prognostic, survival, and metastatic detection value in PCa. The activity of androgen receptors (AR) have been investigated in CTCs detected from PCa patients. Indeed, PCa is an androgen dependent disease even under castration-resistant conditions. Prostate Specific Antigen (PSA) and Prostate Specific Membrane Antigen (PSMA) levels were analyzed to estimate the relative activity of AR signaling [START_REF] Miyamoto | Circulating tumour cells -Monitoring treatment response in prostate cancer[END_REF]. PSA+/PSMA-was defined as androgen induced (ARon), PSA-/PSMA+ was defined as androgen suppressed (AR-off) while cells displaying both PSA+/PSMA+ were defined as AR-mixed transitioning between both states. AR state has been analyzed in CTCs from PCa patients using PCR, FISH and other genomic technologies. Amplification of AR gene was observed in CTCs from 38% of mCR-PCa patients. Although such techniques provide a general picture for the state of the AR gene, they have their limitations. Due to the dynamic readout variations in AR signaling under therapy, genomic level changes caused by treatment response typically take longer time to manifest compared to changes at protein signaling or transcriptomic levels. Majority of CTCs isolated from untreated metastatic PCa patients showed AR-on phenotype initially but AR-off state within 1 month of androgen deprivation therapy. CTCs derived from mCR-PCa patients showed only AR-on or AR-off states while AR-mixed cells demonstrating all three activities were observed from other patients. This indicates AR reactivation in mCR-PCa to be modest pointing to androgen resistance through the activity of other signaling pathways [START_REF] Miyamoto | Circulating tumour cells -Monitoring treatment response in prostate cancer[END_REF].

Androgen Receptor Splice Variant 7 (AR-V7) is another biomarker that focuses on AR signaling. Recent research indicates that the increase in AR-V7 levels observed in EpCAM (positive)-CTC could be responsible for mCR-PCa progression. Moreover, AR-V7 expression was observed in different sub-populations of CTCs including traditional CK-positive single CTC, Cluster CTCs and CK-negative CTC [START_REF] Scher | Association of AR-V7 on circulating tumor cells as a treatment-specific biomarker with outcomes and survival in castration-resistant prostate cancer[END_REF]. Ki-67 (Antigen identified by monoclonal antibody Ki-67) is a biomarker for cellular proliferation and is used to demonstrate the clinical progression of cancer. It has been well established for prostate, breast and brain carcinomas. In CTCs derived from PCa patients, a variable increase (1-81%) in Ki-67 levels is observed with an enhancement for patients resistant to castration therapy [START_REF] Miyamoto | Circulating tumour cells -Monitoring treatment response in prostate cancer[END_REF]. The detection of CTCs in PCa patients could also be associated with different biomarkers such as Basic Fibroblast Growth Factor (FGF2) in combination with PSA or in combination with CK5, CK7 and CK8 [START_REF] Chen | Single-cell analysis of circulating tumor cells identifies cumulative expression patterns of EMT-related genes in metastatic prostate cancer[END_REF]. In Table 2, a summarized picture of specific PCa biomarkers and their clinical significance in different PCa sub-types is shown.

In castration-resistant prostate cancer (CR-PCa) some mutations are more common than in hormone sensitive prostate cancer. These mutations can be used as a checkpoint and help in testing and validating different treatment modalities. Five genes GPX1, cyclin B (cell division), SOD2 (mitochondrial superoxide scavenger and H2O2 regulator), AR (androgen receptor) and bFGF (tumor angiogenesis) all involved in cancer progression were identified as good candidates for the prediction of clinical stage of metastasis [START_REF] Potdar | Role of circulating tumor cells in future diagnosis and therapy of cancer[END_REF]. Analysis of the expression level of SPINK1 and BIRC5, two genes linked with aggressive castration resistant prostate cancer, showed variation in CTCs isolated from different prostate cancer patients (Ortiz and Yu, n.d.). One of the prime molecular reasons for PCa progression is the fusion of ERG (angiogenesis, hematopoiesis and bone development) and TMPRSS2 (signal transduction between cancer cells and extracellular environment) genes in addition to the loss of PTEN gene (cell division [START_REF] Lianidou | Gene expression profiling and DNA methylation analyses of CTCs[END_REF][START_REF] Potdar | Role of circulating tumor cells in future diagnosis and therapy of cancer[END_REF]. Varying levels of CTCs can also give an insight on disease status and cancer progression. Slower disease progression has been seen in patients with low levels of CTCs. Because of the molecular variation in different states of metastasis, CTCs can provide a broader picture of the disease state, disease progression and metastatic potential. Molecular characterization of CTCs from PCa reported genomic amplification of AR and chromosomal instability in such patients. Downregulation of PTEN and high expression of MYC and TMPRSS-ETV genes was observed in CTC sub-populations associated with aggressive tumor prognosis as well. CTC exome sequencing has proven to be clinically reliable as most of mutations were analyzed in CTCs and primary tumor. Additionally, a large percentage of mutations could be predictive for metastatic tumor sites. The cutoff number of 5 CTC in 7.5 mL of blood for PCa has been linked with poor treatment outcome for the disease specifically metastasis. Thus, CTCs cannot only provide beneficial prognostic information but can also provide information for those patients who do not exhibit any CTC sub-populations. 2.5 Current Challenges in CTC biomarkers analysis:

Before analyzing CTC biomarkers, specific and efficient isolation of CTCs should be focused on. As mentioned previously, CTCs are extremely rare and based on their biomarker expression display different heterogeneous sub-populations making this a bit challenging to say the least. One of the challenges is to recover these rare cells alive to analyze their biomarker expression and to study their response against different treatments. This could be touted as a promising avenue for early cancer diagnosis and prognosis and could provide researchers and clinicians with a markup for the development of personalized treatment.

Concerning CTC sorting, they can either be isolated based on their biomarker expression or their physical properties (size, density, deformability). Currently, CELLSEARCH®, the only FDA-approved device, focuses on CTC selection through EpCAM expression for cell enumeration. RosetteSep™ is another technique for the isolation of CTC based on immunodensity procedure. Red blood cells and the majority of white blood cells are immunolinked and separated from the tumor cell population in a density gradient. However, different kits are required for various tumor types and isolating these tumor cells from the plasma and density gradient interface is extremely challenging. This may further compromise their biological integrity.

Based on their size, CTCs can also be isolated through ISET (Isolation by Size of Epithelial Tumor cells) kits but similarly to CELLSEARCH®, this method only focuses on epithelial cells (based on their large size) and other CTC sub-populations are missed. Microfluidic technology has come to the forefront in recent decades to overcome some these drawbacks regarding CTC sorting, enumeration and isolation. Indeed, microfluidic format is on the cell-scale and allows for the implementation of various functions on a single chip. It provides an avenue for the manipulation of cells based on their biological or physical properties. In addition, this approach can also be inexpensive and mass-produced easily [START_REF] Cho | Microfluidic technologies for circulating tumor cell isolation[END_REF][START_REF] Jackson | Materials and microfluidics: Enabling the efficient isolation and analysis of circulating tumour cells[END_REF].

Recently, different groups have developed and patented different fabricated microfluidic devices used for CTC isolation [START_REF] Chen | Single-cell analysis of circulating tumor cells identifies cumulative expression patterns of EMT-related genes in metastatic prostate cancer[END_REF][START_REF] Cho | Microfluidic technologies for circulating tumor cell isolation[END_REF][START_REF] Jackson | Materials and microfluidics: Enabling the efficient isolation and analysis of circulating tumour cells[END_REF]Khoo et al., 2018b;[START_REF] Kulasinghe | Capture of circulating tumour cell clusters using straight microfluidic chips[END_REF].

Commercially, ClearCell® FX1 is a fully automated approach focused on single-use microfluidic biochip. Separation of heterogeneous sub-populations of CTCs is performed through Dean Flow Fractionation (DFF) and isolated cells being viable and intact can be used for downstream analysis applications. Concerning biomarker analysis of CTCs, we have highlighted IHC/Immunofluorescence, ELISA and Gene sequencing as the standard protocols available. To get a comprehensive picture of CTC landscape, one must consider the fact that all these standard techniques must be performed sequentially making CTCs characterization extremely time-consuming, costly and requiring added technical support. In contrast to these conventional techniques, biosensing technology can be implemented for quantitative and qualitative analysis of CTCs PCa, mCR-PCa [START_REF] Scher | Association of AR-V7 on circulating tumor cells as a treatment-specific biomarker with outcomes and survival in castration-resistant prostate cancer[END_REF][START_REF] Sciarra | Androgen receptor variant 7 (AR-V7) in sequencing therapeutic agents for castratrion resistant prostate cancer: A critical review[END_REF] along with providing dynamic real-time and multiplex monitoring. Various biosensing modalities and different transducing elements specific for CTC and biomarker analysis are presented in the next section of the review.

Biosensors for CTC analysis:

Recently, the focus has been shifted to biosensing technologies for the specific analysis of CTCs and their biomarker expression. A biosensor can be defined as an analytical device used for the detection of a biological entity or event (Huertas et al., 2019b). All biosensors are made up of three basic components: a bio-recognition element, a transducing element and a readout modality as seen in Fig. 1 and2. From a biological sample, the analyte of interest is specifically recognized and detected by the bio-recognition element which can range from nucleic acids, proteins (cell surface receptors, antibodies, antigens) to cells and tissues (Soler et al., 2019a). The bio-recognition element is linked with a transducing element, which allows for the conversion of the biological event to a readable and quantifiable signal. As of now, countless biosensors have been developed and patented for analysis of different biological interactions to help, understand and specifically monitor various life threatening diseases, including cancer [START_REF] Jayanthi | Recent advances in biosensor development for the detection of cancer biomarkers[END_REF][START_REF] Roointan | Early detection of lung cancer biomarkers through biosensor technology: A review[END_REF].

Based on the mode of detection, biosensors can be either label-based or label-free. Label-based biosensors utilize fluorescent compounds such as luminescent probes for the detection of biological recognition event [START_REF] Syahir | Label and Label-Free Detection Techniques for Protein Microarrays[END_REF]. Label-based biosensing modalities are well established, allowing ultra-high throughput analysis of molecular interactions and have been the cornerstone of different biological research protocols. Some of their drawbacks include lack of specificity along with the interference and cross-reactivity caused by different biomolecules (not of interest). In addition, labelling efficiency varies for different biomolecules that can in turn generate noise and background signals. Label-free biosensors are an effective solution to overcome such drawbacks and have improved efficiency, sensitivity and specificity while meeting the challenges of multiplexing and high throughput [START_REF] Syahir | Label and Label-Free Detection Techniques for Protein Microarrays[END_REF]. Nanotechnology as well offer an avenue for signal enhancement. Different nanoparticles or nanomaterials can provide excellent prospects to further improve on their capabilities [START_REF] Soper | Point-of-care biosensor systems for cancer diagnostics/prognostics[END_REF].

Label-free biosensors can be classified depending on the type of transducing element employed. In the case of biosensors developed for cancer detection, most of the research has been focused on piezoelectric, electrochemical and optical approaches. We will further discuss these modalities in the following sections. As the review specifically focuses on CTCs and their associated biomarkers, we will compare various biosensors that have been developed for the detection of cancer cell and analysis of cancer biomarkers having high potential for applications in CTCs diagnosis and analysis. Fig. 3 showcases the principle of different transducing element and their examples along with the signal and data representation for each biosensor. 

Piezoelectric Biosensors for CTC analysis:

Piezoelectricity is the phenomenon of generating electrical signals by the application of mechanical stress to a piezoelectric material such as quartz and synthetic polycrystalline ferroelectric ceramics, i.e. lead titanate zirconate (PbZrTi) [START_REF] Zeng | Biosensors and Biodetection[END_REF]. Piezoelectric biosensors use these piezoelectric materials as transducers. The electrons of the material oscillate at a characteristic frequency when an electrical field is applied as seen in Fig. 1 (a). The bio-recognition element is usually immobilized on the crystal and, when the target or analyte of interest interacts with it, the change in mass leads to the modification of the oscillating frequency of the crystal generating a measurable signal Fig. 3 (a). The sensitivity of piezoelectric transducers depends on their physical properties such as area, thickness and oscillating frequency. The choice of the piezoelectric material is based on technical possibilities for miniaturization, cost, surface characterization and fabrication capabilities along with flexibility in higher resonant frequencies. Quartz crystals are the most commonly used piezoelectric material for biosensing because of their high sensitivity [START_REF] Pohanka | Overview of piezoelectric biosensors, immunosensors and DNA sensors and their applications[END_REF][START_REF] Vigneshvar | Recent advances in biosensor technology for potential applications -an overview[END_REF]. They are normally termed as quartz crystal microbalances (QCM) [START_REF] Pohanka | Overview of piezoelectric biosensors, immunosensors and DNA sensors and their applications[END_REF][START_REF] Zeng | Biosensors and Biodetection[END_REF]. Various QCM biosensors have been developed for the detection and analysis of cancer cells, cancer-related proteins and nucleic acids. Shan et al. fabricated an aptamer based QCM biosensor for selective detection of leukemia cells, i.e. CCRF-CEM cells, T-lymphoblastoid cell line. For signal enhancement, the group prepared amino-phenyl boronic acid modified gold nanoparticles (APBA-AuNPs) which were used for labelling the cells while silver enhancement was used for signal amplification. AuNPs were used as nucleation sites and in the presence of a reducing agent, i.e. hydroquinone, they automatically catalyze the reduction of silver ion onto the silver metal. QCM was then used to detect the amount of silver metal being deposited as it was sensitive to mass change on the electrode surface. The QCM biosensor was used to detect these leukemia cells, showing a linear relationship between the frequency change and the cell concentration measured in the range of 2x10 3 -1x10 5 cells/mL with a limit of detection (LOD) of 1160 cells/mL [START_REF] Shan | An aptamer-based quartz crystal microbalance biosensor for sensitive and selective detection of leukemia cells using silver-enhanced gold nanoparticle label[END_REF]. The specificity of the biosensor was demonstrated by testing a different cell line, as well as with QCM sensors modified with a random DNA sequence and further validated via fluorescence microscopy experiments. Another way to enhance the detection signal of cancer cells is to increase the sensor surface area to increment the number of bio-receptors to promote more interaction of the analyte with the biosensor and, therefore, an increment in the overall mass change. Bakhshpour et al. functionalized QCM-chip with Poly 2-hydroxyethyl methacrylate nanoparticles (PHEMA-NPs) to increase the sensor surface area as seen in Fig. 3. (a) for the detection of highly metastatic breast cancer cell line MDA MB 231 cells. In this cell line, the Notch-4 receptor pathway (involved in cancer progression, inhibits apoptosis, and promotes cancer cell survival) is overexpressed. PHEMA-NPs allow immobilizing a high number of Notch-4 receptor antibodies resulting in increasing number of interactions with Notch-4 receptors on MDA MB 231 cells. The limit of detection was improved to 12 cells/mL (detection numbers between 50-300 cells/mL) as shown in Fig. 3 (a) [START_REF] Bakhshpour | Quartz crystal microbalance biosensor for labelfree MDA MB 231 cancer cell detection via notch-4 receptor[END_REF]. Different materials, such as PbZrTi ceramic resonators, have also been explored to increase the sensitivity of piezoelectric biosensors for the analysis of soluble cancer-related proteins while reducing their size and costs. Su et al. used such resonators for the label free detection of PSA, the biomarker associated with Prostate Cancer [START_REF] Su | Detection of cancer biomarkers by piezoelectric biosensor using PZT ceramic resonator as the transducer[END_REF]. A dual sensing system was used where two 40 MHz ceramic resonators (one as a sensing platform and one as a control unit) were connected to an impedance analyzer in parallel to reduce environment influences such as temperature fluctuation caused by the increased sensitivity. The ceramic wafers had gold plated electrodes on both sides, and they were chemically functionalized with either Protein A or Nafion linker solution for coupling with anti-PSA antibody. Spiked human PSA-serums samples at different concentrations (2.5, 10 and 50 ng/mL) were used for detection. Recovery rates for PSA at 2.5, 10 and 50 ng/mL were 95.2%, 97.5% and 108.7% respectively. A detection range from 0.025 to 2.5x10 2 ng/mL and LOD of 0.25 ng/mL for PSA was achieved [START_REF] Su | Detection of cancer biomarkers by piezoelectric biosensor using PZT ceramic resonator as the transducer[END_REF]. This PbZrTi sensor is labelfree, low cost and capable of performing direct cancer biomarker detection. It shows high sensitivity and fast detection (within 30 min) for PSA from a sample compatible with clinical measurements (1 mL). In addition, it allows to combine different chemical functionalization and could be miniaturized making it suitable for sensor array fabrication for multiplex detection. QCM sensors can be also used for the detection of cancer-related nucleic acids, which could be harnessed for further characterization of circulating CTCs. However, since QCM biosensors rely in mass changes on their surfaces, they are more suitable for targets with high molecular weight. These sensors would not be as efficient for short and low abundant nucleic acid sequences, such as miRNAs. For that, different amplification strategies can be considered. A QCM biosensor was employed for the detection of microRNA-203 spiked in cell lysates from the breast cancer cell line LMCF-7 [START_REF] Guo | MicroRNA-mediated signal amplification coupled with GNP/dendrimers on a mass-sensitive biosensor and its applications in intracellular microRNA quantification[END_REF]. To enhance the limit of detection of this biosensor, they designed a double signal enhancement approach. On one hand, they employed an enzymatic amplification strategy based on duplex-specific nuclease (DSN). This enzyme is able to hydrolyze DNA strands forming hetero-duplexes with RNA complementary strands. Magnetic beads were functionalized with a DNA strand complementary to microRNA-203. When the microRNA is present in a given sample, it binds to the DNA strand, and the enzyme cleaves the DNA sequence, liberating the linker DNA. This cycle is performed several times, amplifying the number of linker sequences even with a small amount of miRNA present in the sample. The generated linker DNA sequence will bind to a complementary probe at the QCM surface. In order to maximize the QCM frequency response, the linker is also hybridized with a DNA probe functionalized in a nanocluster formed by gold nanoparticles coupled to a dendrimer. This configuration produced a signal enhancement effect of up to 12 folds compared with a normal capture, reaching a LOD of 1 pM [START_REF] Guo | MicroRNA-mediated signal amplification coupled with GNP/dendrimers on a mass-sensitive biosensor and its applications in intracellular microRNA quantification[END_REF]. This sensor could detect the presence of solid tumors without the need for any other specific equipment and be used in a clinical setting for point-of-care diagnostics.

In summary, the piezoelectric biosensing modality has been demonstrated for the detection of cancer cells and cancer-related biomarkers. Most of the examples we have highlighted here focus on the use of cancer cell lines rather than patient samples. Moreover the use of fluorescence for detection and validation, makes multiplexing (parallel detection of multiple analytes) and real-time analysis more challenging. Additional amplification steps need to be performed to further improve overall sensitivity. For fabrication of piezoelectric sensors, thinner and smaller piezoelectric materials need to be developed with high characteristic resonant frequency. Furthermore, for their fabrication, complex processes and high-end instrumentation are required greatly affecting their overall cost. Hence, further research is required to make them suitable for such biosensors to be used in real clinical conditions.

Electrochemical Biosensors for CTC analysis:

Electrochemical biosensors focus on analyzing the variations in an electrical field generated by an occurrence of a biological interaction. Normally, the bio-recognition elements are linked on the electrode surface and when a specific target comes in close contact with the modified electrode, a binding event takes place and an electric flux is generated. As seen in Fig. 1 (b), electrochemical biosensors normally comprise an electrical source and a domain, while the variations in the sensor response are measured. This variation can be in the form of electrical potential, current, impedance and/or conductance giving rise to potentiometric, amperometric, impedimetric and/or conductimetric biosensing modalities [START_REF] Khanmohammadi | Electrochemical biosensors for the detection of lung cancer biomarkers: A review[END_REF][START_REF] Vigneshvar | Recent advances in biosensor technology for potential applications -an overview[END_REF].

For analysis of cancer biomarkers, electrochemical immuno-sensors are of high interest taking advantage of their specificity and sensitivity regarding antigen-antibody interaction. Jayanthi et al., in their review, compiled different examples of electrochemical biosensors using electrochemical impedance spectroscopy (EIS) and differential pulse voltammetry (DPV) methodologies coupled with nanotechnology for the detection of cancer biomarkers [START_REF] Jayanthi | Recent advances in biosensor development for the detection of cancer biomarkers[END_REF]. For our review, we have focused on electrochemical biosensors for the detection and analysis of CTCs and their associated biomarkers.

For specific detection of CTCs through an electrochemical setup, Chen et al., developed two dimensional MoS2/Folic acid (FA) modified gold electrode (2D-MoS2/FA/AuE) as seen in Fig. 3 (b). First, the modified electrode was evaluated for the detection of HeLa cells spiked win healthy and a linear range of 50 -105 cell/mL and LOD of 52.24 cells/mL reached [START_REF] Chen | Ultrasensitive label-free detection of circulating tumor cells using conductivity matching of two-dimensional semiconductor with cancer cell[END_REF]. For biosensor feasibility, the group performed impedance measurements on clinical samples (4 liver cancers, 4 cervical cancers and 8 healthy controls). CTCs were detected through conventional flow cytometry and this novel EIS strategy. For all liver and cervical cancer patients, between 5-100 CTCs/mL were detected (47.2 ± 1.8 liver CTCs/mL ; 37.3 ± 2.4 cervical CTCs/mL) but almost no CTCs (mean=1 ± 0.2 CTCs/mL) were observed in hyperplastic prostate donors and healthy controls [START_REF] Chen | Ultrasensitive label-free detection of circulating tumor cells using conductivity matching of two-dimensional semiconductor with cancer cell[END_REF]. The sensor was able to differentiate tumor samples from normal controls, but for now, the group focused on detecting CTCs and hypothesized that the number of CTCs was a marker of metastatic potential. However, they have not focused on the specific analysis of biomarkers associated with CTC progression and dissemination.

There are some examples of electrochemical biosensors used for the analysis of CTC-associated biomarkers. One way to detect epithelial ovarian cancer antigen-125 (CA125), a protein biomarker associated with CTC-lung cancer, used thin films of template CA125 protein imprinted on three-dimensional gold nano-electrode ensemble (3D-GNEE). To analyze the binding event and the concentration of CA125, cyclic voltammetry (CV), differential pulse voltammetry (DPV) and electrochemical impedance spectroscopy (EIS) measurements were performed. Spiked human blood serum and unknown real samples were used to validate this electrochemical biosensor and results showed sensitivity values of 0.5-400 U/mL and the lowest LOD of 0.5 U/mL [START_REF] Viswanathan | Molecular imprinted nanoelectrodes for ultra sensitive detection of ovarian cancer marker[END_REF]. Compared with conventional ELISA, this biosensor was able to achieve similar sensitivity ranges for CA125 (between 0.5-400 U/mL).

Another detection method consists of the change in current produced by the enzymatic generation of ions due to the selective interaction of biomarkers with the electrochemical biosensor. As example, for the quantification of Human Epidermal Growth Factor Receptor 2 (HER2) extracellular domain (ECD) in serum, monoclonal anti-HER2 antibodies were immobilized on a modified gold nanoparticle screen printed onto the carbon electrode, working as the transducing element. Detection of HER2 ECD in samples was performed through the interaction with biotinylated monoclonal anti-human HER2 antibodies and streptavidin-alkaline phosphatase conjugate. Silver ions were used with the enzymatic substrate (3-indoxyl phosphate, 3-IP) for the specific detection of antibody-antigen interaction. Specifically, silver ions underwent reduction to metallic silver, which can be detected by anodic stripping using linear sweep voltammetry. In this study, human serum samples with a known concentration range of 15 to 150 ng/mL HER2 ECD were analyzed and the lowest LOD of 4.4 ng/mL was achieved [START_REF] Marques | Electrochemical immunosensor for the analysis of the breast cancer biomarker HER2 ECD[END_REF]. Additional studies need to be performed on blood samples of healthy controls and cancer patients to evaluate and validate sensor's performance in clinical environment.

Electrochemical biosensors can also be used for cancer-related nucleic acid detection [START_REF] Ferapontova | Basic concepts and recent advances in electrochemical analysis of nucleic acids[END_REF] or for direct DNA methylation profiling [START_REF] Ban | Direct DNA Methylation Profiling with an Electric Biosensor[END_REF] using DNA tweezer probe functionalized on a graphene field-effect transistor. The working principle of the DNA-tweezer relies on the different binding kinetics of methylated vs. non-methylated sequences. The steric hindrance of the methylated sequences influences the structure and the accessibility of the DNA sequence, slowing down the strand-displacement process, which is translated into a delay in the sensor response. Besides, this phenomenon is also affected depending on the number of methyl groups and their position, which could be used to differentiate different methylation patterns. This biosensor was employed for the methylation profiling of the methylguanine-DNA methyltransferase, which is known to promote the lethal brain tumor glioblastoma multiform, achieving a limit of detection in the picomolar (pM) range, which may not be enough for the physiological concentration of this nucleic acid-based biomarkers. Indeed, there are some challenges of DNA electrochemical biosensors related to their sensitivity, selectivity, stability and costs that has leveraged the use of optical detection schemes for these types of biomarkers [START_REF] Ferapontova | Basic concepts and recent advances in electrochemical analysis of nucleic acids[END_REF].

Different electrochemical biosensors are employed for the detection and analysis of cancer cells and associated biomarkers. They can achieve lower LOD and sensitivity values compared to the conventional ELISA. However, they require electroactive intermediaries i.e., buffers and detection molecules, making their characterization complex. In addition, cells and proteins behaviours might be affected by changes in electric field.

Label-free Optical Biosensors for CTC biomarker analysis:

Optical biosensors rely on the analysis of the variations in optical/Light properties such as refractive index, wavelength, resonance, or intensity, to detect biomolecules and biological interactions (Soler et al., 2019b).

Based on the type of detection modality, optical biosensing can either be label based or label-free.

Label-based optical biosensors detect variations in color and/or the activity of optical labels i.e., different fluorescent probes, dyes or intercalators at a characteristic wavelength [START_REF] Jayanthi | Recent advances in biosensor development for the detection of cancer biomarkers[END_REF][START_REF] Roointan | Early detection of lung cancer biomarkers through biosensor technology: A review[END_REF][START_REF] Soper | Point-of-care biosensor systems for cancer diagnostics/prognostics[END_REF]. Various optical modalities ranging from fluorescence spectroscopy, fluorescence resonance energy transfer (FRET), chemo-luminescence (CL) and chemo-luminescence resonance energy transfer (CRET) have been employed for the development of label-based optical biosensors. Availability of labels coupled with different functional groups covering a large spectral range, reduction of operational complexity and the ability to achieve single molecule detection has made fluorescence the standard modality in optical biosensing [START_REF] Jayanthi | Recent advances in biosensor development for the detection of cancer biomarkers[END_REF][START_REF] Roointan | Early detection of lung cancer biomarkers through biosensor technology: A review[END_REF][START_REF] Soper | Point-of-care biosensor systems for cancer diagnostics/prognostics[END_REF]. However, these biosensors are prone to bleaching, non-specific labeling and false results along with sensitivity to external conditions, which in turn reduces their overall efficiency specifically keeping in mind application in clinical settings down the line (Huertas et al., 2019b;Soler et al., 2019b).

To overcome, these disadvantages, optical technologies are evolving as well towards label-free approaches.

Different optical properties such as light scattering or generation of evanescent wave have been employed for label-free biosensor development to detect and analyze specific biological interactions. For the fabrication of label-free optical biosensors, interferometers (MZI, Young interferometer and BiMW) and resonators (MRR), surface plasmon resonance (SPR, LSPR), spectroscopy of guided modes of optical waveguides (resonant mirror, grating coupler) and surface enhanced Ramen spectroscopy (SERS) have been used and researched upon extensively [START_REF] Jayanthi | Recent advances in biosensor development for the detection of cancer biomarkers[END_REF][START_REF] Roointan | Early detection of lung cancer biomarkers through biosensor technology: A review[END_REF][START_REF] Soper | Point-of-care biosensor systems for cancer diagnostics/prognostics[END_REF].

Label-free optical modalities allow direct measurement, are often simpler and comparatively faster, and are capable of analyzing the real-time activity of the binding reaction, thus providing information on the kinetic and thermodynamic parameters of the bio-recognition event [START_REF] Peltomaa | Optical Biosensors for Label-Free Detection of Small Molecules[END_REF]. The capability of detecting such biological interactions real-time without employing any labels or fluorescent probes makes label-free optical biosensors more favorable sensing modality for cancer biomarkers detection and analysis [START_REF] Soper | Point-of-care biosensor systems for cancer diagnostics/prognostics[END_REF].

A great number of photonic transducers conform this group of biosensors, that can be classified in plasmonics and silicon photonics (Huertas et al., 2019b). Plasmonic biosensors are by far the most widely employed, pioneered by the surface plasmon resonance (SPR) biosensor. SPR biosensors can detect the interaction of cells and biomolecules thanks to the light-induced excitation of surface plasmon waves at the interface of a metal (usually gold) and a dielectric medium. This excitation can be achieved by different approaches, using prism, waveguides, diffraction gratings or optical fibers (Soler et al., 2019a). These surface plasmon waves produce an evanescent field over the sensor surface, which is sensitive to refractive index changes of the external medium, conferring them with label-free biosensing capabilities and limits of detection in the picomolar to nanomolar (pM-nM) range. The success of SPR biosensors and the advent of nanotechnology has inspired researchers to follow suit, generating more compact, multiplexed and easier to integrate biosensors using gold nanostructures, including arrays of nanodisks, nanoholes, nanoslits, etc. These gold nanostructures facilitate the generation of multiplexed surfaces using simpler light coupling approaches. Gold nanostructures can also be harnessed to generate surface enhance Raman scattering (SERS) biosensors, that instead of relying on the evanescent field effect, employ nanostructures to enhance Raman scattering phenomena [START_REF] Li | Fundamentals and applications of surfaceenhanced Raman spectroscopy-based biosensors[END_REF]. On the other hand, there has been a parallel development of label-free optical biosensors based on optical waveguides using silicon photonics technology. Among silicon photonic-based biosensors can be found interferometers, such as Mach-Zehnder interferometers (MZI) [START_REF] Knoerzer | Optical frequency comb based system for photonic refractive index sensor interrogation[END_REF] and bimodal waveguide interferometers (BiMW) [START_REF] Huertas | Analysis of alternative splicing events for cancer diagnosis using a multiplexing nanophotonic biosensor[END_REF], as well as micro-ring resonators (MRR) [START_REF] Graybill | Multiplexed microRNA expression profiling by combined asymmetric PCR and label-free detection using silicon photonic sensor arrays[END_REF]. These silicon structures can also generate an evanescent field by the propagation of light in optical waveguides that transduce the biological interactions into interference signals or change in the resonant peak, respectively. The study of optics has expanded the capabilities of these type of biosensors, fairly enhancing their robustness and limit of detection through innovative signal processing approaches [START_REF] Knoerzer | Optical frequency comb based system for photonic refractive index sensor interrogation[END_REF]. These highly compact structures provide extremely sensitive biosensors, registering limits of detection in the atto-(aM), femto-and picomolar range. In addition, they have the capability to be arranged in a multiplexed format in the same chip (Huertas et al., 2016b). Here, we have compiled some examples of label-free optical biosensors for cancer cell detection and analysis of cancer-associated biomarkers relevant to CTC analyses.

For example, Mousavi's group used an SPR-based biosensor for CTC counting. The biosensor consisted of a gold nanoslit substrate that, when illuminated with light, allowed extraordinary optical transmission. The biosensor was integrated into a microfluidic device using functionalized magnetic nanoparticles (MNPs) coupled with antibodies for specific isolation and capture of CTCs. To demonstrate their methodology, they used whole blood samples spiked with the lung cancer cell line CL1-5. They achieved a LOD of 13 cells/mL after enriching their samples by pre-concentration and separation of CTCs through magnetic nanoparticles [START_REF] Mousavi | Label-free detection of rare cell in human blood using gold nano slit surface plasmon resonance[END_REF]. This study demonstrated the advantages to combine highly specific capture of CTC within the microfluidic format and sensitive detection through optical modality. In addition, SPR was utilized for real-time monitoring of capturing process.

Label-free optical biosensors can also be employed for the analysis of proteins secreted by cells. Li et al. developed a label-free opto-fluidic nanoplasmonic biosensor which, was used for real-time analysis of a single cell. For their device, they used modified gold surfaces with nanohole arrays (NHA) and functionalized this surface with PEGylated thiol self-assembled monolayers (SAMs) having -COOH terminal groups as seen in Fig. 3 (c). The functional groups were activated to covalently bind a mixture of poly-L-lysine and streptavidin. Poly-L-lysine was used for the specific capture of cells on the sensor surface and streptavidin was used to analyze the cytokines through firm attachment of biotinylated antibodies. A multifunctional microfluidic system was incorporated within the design of the biosensor facilitating the reliable monitoring of cytokine secretion from individual cells while preserving sample evaporation by including a regulation channel. Interleukin-2 (IL-2) secretions were specifically analyzed through this integrated setup and different concentrations ranging 50 pg/mL to 1 ng/mL were observed along with 39 pg/mL LOD as shown in Fig. 3 (c) (Li et al., 2018b). The group showcased a novel optofluidic nanoplasmonic biosensor for single-cell cytokine secretion analysis. Ultrasensitive gold nanohole arrays were integrated with a sophisticated, easy to fabricate microfluidic system for real-time monitoring of protein secretion. This sensor provide detection data over several hours without interruption.

The real-time analysis of cancer biomarkers was also explored through a photonic crystal surface mode (PC-SM) system by recording of the total internal reflection angle and excitation angle from the PC surface wave. This system was used for the simultaneous detection of an ovarian and lung cancer biomarker CA125 and two breast cancer biomarkers HER2 and cancer antigen 15-3 (CA15-3). Rather than using serum samples, spiked samples with known concentrations of biomarkers were tested. A detection limit of 620 fg/mL for HER2 and minimal detectable values for CA125 and CA15-3 of 0.55 U/mL and 1.84 U/mL respectively were obtained [START_REF] Petrova | Label-Free Flow Multiplex Biosensing via Photonic Crystal Surface Mode Detection[END_REF]. This label-free photonic crystal surface wave detection biosensor was able to detect the three tumor biomarkers (CA125, CA15-3 and HER2) in a single experiment. Compared to conventional HER2 detection methods, high sensitivity with low LOD were obtained yielding promising results but further analysis needs to be performed on patient samples in terms of clinical applications.

However, the diagnostic utility of these type of biosensors is not restricted to protein biomarkers and has been extensively used to detect the presence of specific nucleic acid sequences from cancer cells, such as DNA mutations [START_REF] Rapisarda | Kinetic discrimination of DNA single-base mutations by localized surface plasmon resonance[END_REF] and methylation marks [START_REF] Huertas | Labelfree DNA-methylation detection by direct ds-DNA fragment screening using poly-purine hairpins[END_REF], non-coding RNAs [START_REF] Aviñó | Sensitive and label-free detection of miRNA-145 by triplex formation[END_REF] and RNA transcripts (Huertas et al., 2016a). For instance, two mRNA splice variants of the cancer-related Fas gene have been analyzed from HeLa cells, allowing to discern between different expression patterns that can relate to cancerous behavior (Huertas et al., 2019a). The methodology employed a pre-processing step to cleave the long mRNA sequences in specific sites in order to generate readily accessible fragments of appropriate length containing the specific sequence that will interact with specific DNA probes at an SPR biosensor surface. This SPR biosensor achieved detection levels in the pM-nM range without the need for PCR amplification processes with a 100% selectivity. On the other hand, a 1000 times signal enhancement was demonstrated for the same methodology using a multiplexed BiMW interferometer, showing similar performance in terms of selectivity [START_REF] Huertas | Analysis of alternative splicing events for cancer diagnosis using a multiplexing nanophotonic biosensor[END_REF]. The BiMW biosensor consisted of sixteen independent interferometers, showing great potential for the integration of multiple CTC biomarkers in the same chip, with a limit of detection as low as 20 attomolar in a direct and label-free analysis (Huertas et al., 2016b). In addition, the versatility shown can be extremely useful for the generation of multiplexed biosensor chips that can detect different CTC-related biomarkers simultaneously (S. [START_REF] Huertas | One-step immobilization of antibodies and DNA on gold sensor surfaces via poly-Adenine oligonucleotide approach[END_REF].

For optical biosensing, modalities there are still some challenges that need to be overcome such as complex design and bulky instrumentation affecting the overall cost and limiting their application. In addition, longterm stability and performance in terms of reproducibility and stability needs to be addressed as well if these biosensors are ultimately to be used in the clinical setting.

A comprehensive comparative analysis has been performed for all the transducing modalities (piezoelectric, electrochemical and label-free optical) for cancer cell and cancer biomarker detection and have compiled in Table 3... In addition to the sensor characteristics such as LOD and range, sensing platform or design along with analyte and bio-recognition element is shown as well to provide an easier picture for each transducing modality. 

Conclusions and Perspectives:

Cancer is a pathological condition in which non-functional or purposeless cells proliferate uncontrollably. They can divide in any part of the body and have the potential to spread from one part to another arising the condition termed as metastasis. As a result, the cancer is more aggressive and results in shorter overall survival and weaker treatment responses. Thus, among the numerous biological parameters involved in metastatic potential, it is very important to identify, which ones are relevant to follow for early diagnostic and treatment purposes.

Conventional techniques for cancer detection and follow-up range from imaging techniques to histopathological analysis. Depending on the cancer type, the norm is to perform multiple imaging protocol and then confirm the type and staging of cancer through tissue biopsies. This procedure is time consuming and extremely invasive for the patient. To overcome these drawbacks focus has been turned towards liquid biopsies which mostly consist on blood sampling and could provide tons of valuable information. Liquid biopsy contains numerous biomarkers such as CTCs, ctDNAs and exosomes allowing the follow-up of cancer progression. Moreover, multiple liquid biopsies can be easily sampling at regular intervals for the real-time mapping of cancer and metastatic progression.

The analysis of biomarkers in liquid biopsies first required their isolation before to be characterized through analytical techniques i.e., ELISA, IHC and gene sequencing. However, these techniques are time consuming, expensive, required qualified manpower and do not allow real-time analysis. To overcome these drawbacks, biosensors have come to the forefront. For cancer/CTC analysis, the basic principle and specifications along with specific examples for different transducing elements (piezoelectric, electrochemical and optical). Biosensing technology is a rapidly evolving field and in the near future, biosensors have the potential to be essential analytical tools as they provide high analytical performance such as specificity, sensitivity, stability, reproducibility, low cost, real-time and multiplex analysis.

For piezoelectric biosensors, more and more research has been focused on fabrication of piezoelectric materials and integrating them with different technologies such as nanomaterials to further to improve the sensitivity while keeping these transducing modalities cost-effective and highly efficient for analysing biological interaction. For electrochemical transducing modalities, utilization of nanomaterials i.e., oxide nanoparticles, metallic and magnetic nanoparticles, carbon materials, metallophthalocyanines and quantum dots have all been used for improving and amplifying the signals for analysis of bio-catalytic events on electrode-electrolyte surface interface. There have been recent advancements in the field of metalbased nanoparticles and plasmonics for efficient detection of nucleic acid sequences and other circulating biomarkers for different diseases by exploiting their opto-electronic properties.

Moreover, with the possibility of biosensors being compatible with the microfluidic format, this can open up promising prospects for integrated lab-on-a-chip systems. We can envisage a future where such systems can be used with cancer patient samples enabling processing for specific separation and concentration of CTCs and their culture growth while detecting associated biomarkers all in a single micro-system. Personalized healthcare systems (based on integrated biosensors and different technologies) seem to be achievable in the near future. For cancer diagnostics, lab-on-a-chip systems offer an avenue steadily gaining momentum for point-of-care systems. These integrated systems can track and monitor cancer in real-time providing information that could alleviate therapeutic success rates. In addition, these devices can provide comprehensive picture for staging, detailed molecular profiling and monitoring disease remission and possible recurrence.

The biosensing field is vast and their applications can range from disease diagnostics and tracking via either (lab-on-a-chip, wearable/patch sensors) to pharmaceuticals and environments. However, as mentioned earlier for all transducing elements, there are still some limitations to overcome for efficient detection of cancer cell and cancer-related biomarkers and nucleic acids. For piezoelectric biosensors, fabrication of efficient piezo-transducers is a hurdle along with exploiting the possibilities of using such sensors for multiplex analysis. The drawbacks that electrochemical biosensors need to focus on are the long-term stability and reproducibility where such sensors can be used for a longer periods. For label-free optical biosensors, the main hurdle to overcome is their efficient minimization of required equipments and bulky instrumentation for detection while further improving their sensitivity and specificity characteristics.

For all the limitations of such biosensors, the main challenge is their cost-effectiveness and suitability for real-life applications. These challenges need to overcome for efficient commercialization and overall deployability. From Global Biosensors Market Report 2021-2026, in 2021, the biosensors market is valued at 25.5 billion USD and expected to reach 36.7 billion USD by 2026 growing at a CAGR rate of 7.5% during this time. The growth of point-of-care (POC) global market has been adversely affected by cost that could be attributed to insufficient budgets and reimbursement losses. Worldwide, expenditure on medical devices including POC and sensors is at risk, because of the decrease on healthcare products list eligible for reimbursements. This in turn creates pressure on the industry and as a result, manufacturers find it difficult to be cost-effective and preclude margin erosion having to deal with rising competition. Hence, cost management seems to pose a key challenge for the growth of the market in the years to come. For cancer diagnostics and disease monitoring, biosensors can play an important role with efficient testing and research, appropriate progress and commercialization and focusing specifically on being cost-efficient. In addition, to focusing on multidisciplinary approach, biosensors coupled with different platforms and technologies can be able to be fully employed in the cancer diagnostic field in parallel with already established protocols used in clinical setting.
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Fig. 1 .

 1 Fig.1. Transducing principle with bio-recognition element (antibodies) for different biosensors: (a) piezoelectric focusing change in mechanical energy (change in mass, pressure), (b) electrochemical focusing on analyzing variations within the electrical field after biological interaction and (c) label-free optical modalities with regards to change in optical properties for detection and analysis 2. CTC biomarkers in Cancer Diagnosis: 2.1 CTC characteristics:

  (a) while examples of different bio-recognition elements are shown in Fig.2. (b).

Fig. 2 .

 2 Fig.2. (a) Analytes and (b) Bio-recognition elements for specific detection and analysis of CTCs and associated biomarkers. RNA: Ribonucleic acid; DNA: Deoxyribonucleic acid; MIP: Molecularly Imprinted Polymers

Fig. 3 .

 3 Fig.3. Examples of different transducing elements for cell or biomarker analyses along with the signal processing and data representation for (a) Piezoelectric biosensor for the detection of MDA MB 231 cells with LOD of 12 cells/mL and LOQ of 42 cells/mL (reprinted/adapted from (Bakhshpour et al., 2019) Copyright 2021), (b) Electrochemical biosensor for the detection of CTCs (between 5-100 CTCs/mL) (reprinted/adapted from (Chen et al., 2019) Copyright 2021) and (c) Label-free optical biosensor for real-time analysis of single-cell cytokine secretion(reprinted/adapted from (Li et al., 2018a) Copyright 2021)

Table 1 :

 1 EMT and MET common biomarkers and description of their function

	CTC	EMT/MET	Biomarkers	Biomarker	Function				Ref.
	Subpopulations			type				
	Mesenchymal	EMT	Vimentin	Internal	Predominantly	expressed	in	(Alix-Panabières et
	CTCs	Biomarkers			mesenchymal	cells,	marker	al., 2012; Mani et al.,
					associated with increased tumor	2008; Wu et al.,
					growth and invasive potential,	2015)
					activity directly dependent with N-
					cadherin			
			TWIST	Internal	Involved in cell differentiation,	(Alix-Panabières et
					upregulation of N-cadherin and	al., 2012; Mani et al.,
					downregulation of E-cadherin		2008; Wu et al.,
									2015)
			SNAIL	Internal	Regulates EMT during embryonic	(Sundling and Lowe,
					development and tumor progression	2019)
			c-MET	Cell Surface Involved in Tyrosine kinase activity,	(Alix-Panabierès and
					activation of various oncogenic	Pantel, 2013)
					signaling pathways and upregulate
					angiogenesis promoting tumor
					growth			
			Integrins	Cell Surface Involved in cell-extracellular matrix	(Mani et al., 2008)
					(ECM) adhesion, activation of
					various cell signaling pathways and
					cell cycle regulation		
			N-Cadherin	Cell Surface Hallmark of mesenchymal cells or	(Alix-Panabières et
					tissues, mediating cell-cell adhesion,	al., 2012; Wu et al.,
					activity dependent on the expression	2015)
					of E-cadherin			
			Fibronectin	Secreted	Involved in binding with integrins,	(Mani et al., 2008)
					and other extracellular matrix
					components, major role in cell
					adhesion, growth, migration and
					differentiation			
			TGF-β	Secreted	Multifunctional cytokine from the	(Sundling and Lowe,
					TGF-β superfamily, involved in	2019)

Table 2 :

 2 LCa and PCa biomarkers specific for CTCs regardless of their sub-populations. The markers mentioned here have been researched specifically in the context of CTC and SC-LCa, NSC-LCa and mCR-PCa. * 32.5% of NSC-LCa patients expressed PD-L1 but in different studies higher expression ranging from 50% to 72.7% has been observed.

	**Integrated Intensity units = IU = 100 ug/Lane for Western blotting *** Serum-FGF2 **** Plasma-FGF2 *****
	BPH=Benign Prostatic Hyperplasia

Table 3 :

 3 Comparative analysis of different transducing systems for detection of cancer cells and analyzing cancer biomarker

	Biosensor	Sensing platform	Analyte/Bio-recognition	Sensor characteristics	Ref.
			element		
	Piezoelectric biosensors for detecting cancer cells		
	Aptamer-QCM	APBA-AuNPs + Ag	CCRF-CEM T-	Range: 2x10^3 -1x10^5	(Shan et al.,
		enhancement with Hydroquinone as	lymphoblastoid cell line	cells/mL LOD: 1160 cells/mL	2014)
		reducing agent			
	QCM	PHEMA-NPs + Anti-	MDA MB 231 cells	Range: 50 -300 cells/mL	(Bakhshpour
		Notch-4 antibodies		LOD: 12 cells/mL	et al., 2019)
	Piezoelectric biosensors for analyzing cancer biomarkers		
	PbZrTi	Protein A/Nafion + Anti-	Human serum samples	Range: 0.025 -2.5x10^2	(Su et al.,
		PSA antibodies	spiked with known PSA	ng/mL	2013)
			concentrations (2.5, 10	LOD: 0.25 ng/mL	
			and 50 ng/mL)		
	QCM	Duplex Specific Nuclease	LMCF-7 for microRNA-203	LOD: 1 pM	(Guo et al.,
		(DSN) + Magnetic beads	spiked in cell lysates		2016)
	Electrochemical biosensors for detecting cancer cells		
	Gold	2D MoS2/FA	HeLa cells	Range: 50 -105 cell/mL	(Chen et al.,
	nanostructured	functionalized AuE		LOD: 52.24 cells/mL	2019)
	electrode (AuE)		Cervical cancer CTCs	Range: 5 -100 CTCs/mL	
				LOD: 37.3 ± 2.4 CTCs/mL	
			Liver cancer CTCs	Range: 5 -100 CTCs/mL	
				LOD: 47.2 ± 1.8 CTCs/mL	
	Electrochemical biosensors for analyzing cancer biomarkers		
	Gold	CA125 imprinted	Spiked CA125 and	Range: 0.5 -400 U/mL	(Viswanathan
	nanoelectrode	polymer	unknown human serum	LOD: 0.5 U/mL	et al., 2012)
	ensemble		blood samples		
	Gold	Monoclonal Anti-HER2	Spiked HER2 human	Range: 15 -150 ng/mL	(Marques et
	nanoparticle-	antibodies	serum samples	LOD: 4.4 ng/mL	al., 2014)
	modified screen	Streptavidin Alkaline			
	printed carbon	phosphatase for labelling			
	electrode				
	Optical biosensors for detecting cancer cells		
	Gold nanoslit	Magnetic NPs coupled	CL1-5 lung cancer cell	LOD: 13 cells/mL	(Mousavi et
		with a microfluidic	lines		al., 2015)
		system