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Abstract: Lung cancer is primary cancer threatening human life worldwide with ¢/ne$ti

mortality rate. The early detection of lung cancer playstaa&kirole in the early diagnosis
and subsequent treatment. However, the conventional methodologies lirmagpinsations

due to the low sensitivity, being expensive, and invasive procedure. Tuaréem as

biochemical parameters can reflect cancer occurrence andegsmm, which show
sensitivity, convenience, and low cost in developing biosensors, ansl gob@ candidates
for fabricating biosensors of detecting lung cancer. This review descritb@gs/hiosensors
(2013-2019) for detection of lung cancer biomarkers. Firstly, the varepmted tumor

markers of lung cancer are briefly described. Then, the advantenoé designing

biosensors for sensitive, stable, and selective identification ofdanger biomarkers are
systematically provided, with a specific focus on the main @inbdomarkers such as
neuron-specific enolase (NSE), cytokeratin 19 fragment (CYFRA 2Exially, the recent
challenges and further opportunities for developing effective biosefwsagarly diagnosis

of lung cancer are discussed.
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1. Introduction

Nowadays, lung cancer is the most frequently life-threateniagade and still the
prominent cause of cancer-related mortality among human beimiwidce (Torre et al.
2015). Conventionally, small cell lung cancer (SCLC) and non-smallkgeti cancer
(NSCLC) are two major subtypes of lung cancer. The NSCltlva@e histological types:
large cell carcinoma, adenocarcinoma, and squamous cell carcismina énd Ettinger
2004). SCLC accounts for about 20% of malignancy of lung cancer and pesrex
prognosis than NSCLC (Stupp et al. 2004). The genetic and epigeretatiahs make
tumorigenic transformation and malignancy, which cause the comptdXiing cancer as a
multistage disease (Bhatt et al. 2010). Due tqthw diagnosis and prognosis at the early
stage, the mortality rate of lung cancer patients remains at a higltAéirgas et al. 2011).

The elevated levels of tumor markers can reflect cancer oocer@nd progression,
which are significantly associated with certain cancers irdiagnosis and clinical therapy
(Arya and Shekhar 2011; Liu et al. 2017; Yang et al. 2018). Thus, tumor mhake
biochemical parameters provide a useful and dynamic approach to etwngr the
spectrum of cancer with applications in screening, diagnosis, agdqsis (Kumar et al.
2008). Some tumor markers have become the vital monitoring targetdjfmant therapy
of lung cancer such as neuron-specific enolase (NSE) (Shibayaha601), cytokeratin
19 fragment (CYFRA 21-1) (Grenier et al. 1994), carcinoembryonicgemti(CEA)
(Grunnet and Sorensen 2012), squamous cell carcinoma antigen (SCCAr{Bbd1990),

carcinoma antigen 125 (CA125) (Kimura et al. 1990), and tissue polgpepttigen (TPA)
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(Buccheri and Ferrigno 1988). However, the challenges of detectingtedelevels of
tumor markers in plasma are significant due to the low levelumiot markers, high
complexity of the biological system, and insufficiespecificity which may cause
false-positive results (Wu et al. 2007). Consequently, to find the novel danger
biomarkers (Altintas and Tothill 2013; Miura et al. 2006) or to develtgrife biosensors
for biomarkers detection (Hyangah et al. 2009) can achieve eadpnatis and clinical
therapy of lung cancer.

In the last decades, numerous methods for detecting lung cancedeveteped, such
as computed tomography (CT), chest radiograph (CRG), magrestanance imaging
(MRYI), positron emission tomography (PET), as well as a biopsyeder, these methods
were extremely limited in screening lung cancer at eddges due to the low sensitivity,
being expensive, and physical/chemical damage (Wang 2017). Bediasgh
enzyme-linked immunosorbent assay (ELISA) and polymerase aeition (PCR) based
methods have high sensitivity and less invasive procedures, thiérexst the slow
detection procedure and expensive consumption (Rusling et al. 2010). Qgrcinnsd,
various biosensors were designed for detecting lung cancer biogjarkech as
electrochemical biosensors (Chen et al. 2015; Liang and Liu 2015; ktaaty 2016),
optical biosensors (Liu et al. 2016b), microfluidic biosensors (Gaol.eRGl7a),
microarrays biosensors (Gao et al. 201&mnd so on. Compared with the conventional
methods, these novel biosensors exhibit better sensiselggtivity, stability, low cost, and

easy operation in the complex samples (Ravalli et al. 2013). Morewtlr the rapid
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development of nanomaterials and biocompatible polymers, many ulttagebgisensors
have been developed for the detection of lung cancer biomarkersgigdyahekhar 2011).
In this review, the reported lung cancer biomarkers are first suimad. Then, according to
the main clinical lung cancer biomarkers, the advancements ofndesigiosensors for
sensitive, stable, and selective identification of lung cancer bkarsaare systematically
introduced. The fabricating strategies of biosensors are focusddatmoehemical, optical,
and point-of-care biosensors. Finally, the recent challenges atherfopportunities for

developing effective biosensors for early diagnosis of lung cancer are dbcuss

2. Tumor markersof lung cancer

Tumor markers are biochemical parameters measured in the plasmar @ooth@uids
from suspected patients of cancer, which have the nature of imgcenprerequisite for
serologic tumor markers diagnosis (Henry and Hayes 2012). The caticenaf the tumor
markers at any stage is determined by several parantéténe tumor, such as the size,
mass, expression degree, synthesis ability, catabolic andiercarates, as well as tumor
blood supply (Akoun et al. 1985; Huang et al. 2010). Any variation of therfawill cause
complexity and high sensitivity of the tumor markers detection. Tumaxkers play an
irreplaceable role for early detection and diagnosis of lung camtiee current application.
In the last decade, DNA methylation, a kind of highly sensitiveé specific epigenetic
biomarkers, is discovered and highlights pathological changes for lamgerc

(Balgkouranidou et al. 2013). The following section concluded some s@gmiftumor



markers for lung cancer.

2.1 NSE

NSE is composed of two nearly identical polypeptide chaifysof y/y), the molecular
weight for both are 39 kDa. NSE is glycolytic enzyme enolaaeis mainly found in the
central and neuroendocrine tissues, peripheral neurons. In 1980, NSE haspoeienl to
occur in SCLC, patients suffering from SCLC were observed to sheignificantly high
level of NSE (Qi et al. 2014). The release of the NSE mayrdacerythrocyte and blood
platelet, and change of its concentration is independent of agearsk)xsmoking status
(Schneider 2006). The study by Ferrigno et al. (Ferrigno et al. 200@pted NSE was
also a useful marker in NSCLC, as a predictor of survival indepdgde other prognostic
factors. NSE has an obvious sensitivity and specificity for diagaasigreatment of SCLC

and also of clinical value in NSCLC.

22CYFRA21-1

CYFRA 21-1, a 36 kDa fragment of cytokeratin 19, locates in theskgteton of
epithelial cells (including bronchus epithelium) and is the only orgirtCYFRA 21-1
providing high specificity. CYFRA 21-1 is proved to be exclusively egped in lung
tissues and the most sensitive tumor marker for NSCLC (pkatiz to squamous
carcinoma) at present. Numerous multivariate analyses showedRACYH-1 is an
important marker in evaluating prognosis, treatment effect aocdrnence of NSCLC

(extremely in squamous carcinoma) (Ferrigno et al. 2003).
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2.3CEA

CEA, a molecular weight of about 180 kDa, is a cell membrane-assthaé/coprotein
group (Hammarstrom 1999). The level of CEA is the highest in fusm of the 22nd
week of pregnancy (not in a healthy adult) (Ferrigno et al. 20@8)inical diagnosis, CEA
was regarded as a broad spectrum multi-tumor marker for idetection tumors, gastric,
pancreatic, breast tumors, ovarian carcinoma, as well as lungaraas (Jiang et al. 2011).
The normal range of CEA for a non-smoker and a smoker adult ith&s€.5 ng mL: and
5.0 ng mL', respectively. The rise in CEA concentration shows the rec@renche
progression of lung cancer (Yuan et al. 2009). In exhaled breath condensigtaficantly
higher concentration level of CEA indicates the best predictive actaistic of
early-NSCLC (Zou et al. 2013). The diagnosis of lung malignanciei$es combined CEA

with CYFRA 21-1 (Okamura et al. 2013).
2.4 SCCA

SCCA s a 48-kDa protein belonging to the serine protease inhiaitolyf(Kato 1992).
The SCCA present in squamous cells and is regarded as a strpctaeah reflecting the
differentiation stage of squamous cell cancers. Thus, changesUdA &Qels frequently
show the extent of squamous carcinomas of the lung, cervix uteri, héatkek regions,
and esophagus (Schneider 2006). The changes in SCCA level were found clegaht te
the different stages of lung cancer. For monitoring NSCLC pati&E@E€A determination

was considered in combination with CYFRA21-1 (Kagohashi et al. 2008).



25CA 125

CA 125, a 200-kDa membrane mucin-like glycoprotein, was recognizedigsificant
marker in monitoring the breast cancer, serous ovarian cancemrapddncer (Dai et al.
2014; Ferrigno et al. 2003). Significantly high serum level of CAWa$ mainly found in
adenocarcinoma and large cell lung cancer and can be used ascaveredarker for
evaluating the prognosis, the treatment effect, and the responearlgftreatment in

NSCLC (Molina et al. 2003).

26 TPA

TPA, which belongs to the cytoskeleton protein with a molecular waj20 kDa
(Buccheri and Ferrigno 1988), was released by proliferating ¢efiginated from the
cellular endoplasmic reticulum and cell membrane) (Nemoto #9@R). TPA is a sensitive,
but low specific tumor marker for evaluation of lung cancer, as aglbreast cancer
(Buccheri et al. 1993). Moreover, TPA can show an independent and phapsis of

lung cancer.

2.7 Others

In addition to the above commonly used markers for the detection otéunugr, there
are other biomarkers. These biomarkers, used to detect lung camobre isome of the
interesting lung cancer biomarkers——Carbohydrate antigen 19-9 (Ghakl2ei2; Li et
al. 2016a), tumor MZ2-pyruvate kinase (Tumor M2-PK), progastringglgapeptide

(ProGRP), vascular endothelial growth factor (VEGF), serum hurpahdgmis protein
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4(HE4), cancer-testis antigen (NY-ESO-1); markers in a dinapplication such as
C-reactive protein (CRP), lactate dehydrogenase (LDlHdjrigho et al. 2003; Schneider
2006); as well as newly discovered tumor markers of lung cancer——eabsoantoRNA
(Rabinowits et al. 2009), navitoclax (Gandhi et al. 2011), TFIIB-rélédetor 2 (Mehta et
al. 2014), DR-70 (ArinC et al. 2016), glasgow prognostic score (JiaaQy 2015), serum
microRNA 21 (Sun et al. 2016), serum miR-204 (Guo et al. 2015), serum Ni&r@R0
(Jing et al. 2012), apurinic/apyrimidinic endonuclease 1 (Jing eR(Hl?2), urokinase
plasminogen activator (Almasi et al. 2013), etc. However, apart frmmabove serum
markers, there are also markers of bronchoalveolar lavage($lweth as ubiquitin specific
peptidase 8, chitinase 3-like 1, and glutathione s-transferaggli)g et al. 2017), as well
as breath markers (such as 2,4-dimethylheptane, 2-methyl-1-peatehd-methyloctane)
(Filipiak et al. 2014), which were also considered as potential mafkdetecting lung
cancer. Moreover, genomic and proteomic techniques have been used for anqlexfies
of patients, and numerous protein biomarkers of lung cancer have beeragaty(&t al.

2017).

3. Biosensor s of lung cancer mar kers detection

In the past years, a lot of rapid analysis strategieuufay tancer detection have been
developed,such as electrochemical biosensors, optical biosenaars,so on.In the
following, these biosensors will be systematically discussedh, avispecific focus on the

recent progress in NSE, CYFRA 21-1, CEA, SCCA, CA125, and TPA.



3.1 Biosensor s of NSE detection

NSE shows strong specificity for SCLC (Tolan et al. 2013) and has &ealyzed by
electrochemical biosensors, optidabsensors, and surface-enhanced Raman scattering
(SERS) biosensors. To detecting NSE, the electrochemical ar@logtialytical methods
were most commonly used due to the high-sensitivity, rapidity, amgblisity. For
achieving the higher and more stable sigaalplification, lots of nanomaterials and
polymers are applied to designing biosensors. In this part, sémtégr developing
biosensors for NSE detection were detailedly discussed.

3.1.1 Electrochemical biosensors

The electrochemical biosensors for NSE detection normally caaldssified into
labeled and label-free biosensors and can apply the nanomaterthlpoymers for
developing a sensitive platform. The labeled electrochemical biosetmmmonly amplify
detection signal based on the modified platform and labeled tag. &¢Halel-free
electrochemical biosensors only requarsnodified platform for signal amplification. For
exampleWei et al. (Wei et al. 2017) fabricated the electrochentimeensors based on Au
nanoparticles and reduced graphene oxide composites (Au NPs-rG@l) aigpiification
for NSE detection. In that work, the Au NPs-rGO provides numerous birsiieg for
modified antibody (Ab), and can remarkably enhance the signal & &&ection. The
biosensor showed a linear relationship from 0.1 to 2000 ng amd the limit of the
detection (LOD) was 0.05 ng riLIn order to achieve higher sensitivity, the 3D graphene

(3D-GO) was used to design platform. As a paradigm, Fang. €Falg et al. 2019)
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developed a novel electrochemical immunosensor using porous 3D graphlehe-sta
architecture (3D-GNS) as a sensing platform and Au NPs caatigted mesoporous
carbon-silica (OMCSi-Au) as a target for NSE detection. TheG® and OMCSi-Au
provided a higher surface area for the capture of target prateihsffective acceleration of
electron transfer, and then the sensor displayed a lower LOD of 0.008 g mL

Due to the more simplified sensing platform, the label-freetedchemical biosensors
are commonly used to detect NSE and exhibit better stabilityekample, Zhang and
co-workers (Zhang et al. 2018) adopted 3D macroporous rGO/polyaniimméidified Au
electrode for NSE detection. The 3DM rGO/PANI composite providegetdaspecific
surface, high electron conductivity and electro-active sites Hfer NSE concentration
detection. To further overcome the challenge of stability of tbetreichemical biosensors,
the molecular imprint (MIP) was served as artificial recepfor specifically recognizing
target molecules. Wang et §lVang et al. 2018b) reported a MIP-based electrochemical
sensor with a 3D structured gold nanoarray as the amplificatiomerte and
1-(3-mercaptopropyl)-3-vinyl-imidazolium tetrafluoroborate as the ocutdely imprinted
film for NSE detection, when the NSE templates were removedhdncase of NSE
detection, the linear responsmges from 0.01 to 1.0 ng miand a LOD of 2.6 pg miL,
with the relative standard deviations (RSD) less than 5.0%. Fectolgf the NSE in serum
samples, Fan et al. (Fan et al. 2017) developed a wireless pomtediesting system using
nanocomposites synthesized by Au NPs, thionine (Thi), and amino fundjiamddene as

microfluidic paper-based analytical devices and smartphonesaga receiver for NSE
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detection. The sensor showed a low LOD and wide detection range in serum Samples
has the promising potential of the clinical application.
3.1.2 Optical biosensors

Compared with electrochemical biosensors, the optical biosensors less
interference with the detection system, which is commonly usdétext biological target
substancesCoupling with the development of optical and electrochemical methods, the
photoelectrochemical (PEC) analyst methods are adapted tda B&Ecmore sensitively.
For example, Li et al. (Li et al. 2017) described a PEC biosensa 88 hyperbranched
TiO, nanorod arrays as signal enhancers and dopamine (DA) as a serisitiNSE
detection, with low LOD of 50 pg mtin clinical serum samples. To effectively achieve
point-of-care detection of NSE, Lin et al. (Lin et al. 2019) developedenzyme-free
multicolor immunosensor for sensitive detection of NSE. The sedspted Ca'-modified
carbon nitride nanosheets @€C;N,) as a catalytic substance and gold nanobipyramid (Au
NBP) as the chromogenic substrate for multicolor display whefiM&®* etches Au NPB
to cause multicolor variations.
3.1.3 Other biosensors

The surface-enhanced Raman scattering (SERS) has beenddportemunosensing
applications, with the modifiable surface for passivation or the catiugof biomolecules.
For example, Gao et alGao et al. 2017c) synthesized Au nanostar@malachite green
isothiocyanate@silica nanoparticles (Au@MGITC@Si) as SERSbest A novel

SERS-based biosensor was fabricated by applying disposable pajketabase flow strip
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(PLFS) as a platform and Au@MGITC@Si as probes for the dmtecf NSE. The
biosensor showed a wide detection range of 1-50000 fgantl LOD of 0.86 ng mt in

diluted blood plasma samples.
3.2 Biosensorsof CYFRA 21-1 detection

CYFRA21-1, as the most effective biomarker of NSCLC, exhibitshtgk sensitivity
and specificity. However, there are only a few relevant reportapply CYFRA21-1
detection, including electrochemical and optical biosenswotbis section, the development
of biosensors for CYFRAZ21-1 detection is discussed in detail.

3.2.1 Electrochemical biosensors

Based on assay approaches, the labeled electrochemical biosensGMFRA21-1
detection are firstly discussed. Zeng et(Zkng et al. 2018a) developed a novel labeled
biosensor based on 3D-GO, chitosan (CS), and glutaraldehyde (GAjlafoam and Ab
modified nanocomposites (synthesized by amino-functionalized carbon nanotube
(MWCNT-NH>), Thi, Au NPs, and horseradish peroxidase-labeled antibodies (HPRx#\b)
a label for CYFRA21-1 detection. Due to the excellent conductivitg aood
biocompatibility of the nanomaterials, the biosensor exhibits ifiveatity range of 0.1-150
ng mL* and LOD of 43 pg mt for detecting CYFRA21-1. As for label-free
electrochemical biosensors for CYFRA21-1 detection, Gao @Bab et al. 2016) reported
an immunosensor using silicon nanowire tunneling field-effect trans{SiOtW-TFET)

where a “bottom-up” technique was adopted, that is, CMOS-compatiidycommercial
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production ability were incorporated into the biosensor for detectingR22E-1 (Fig. 1).
The “bottom-up” approach of tunneling-FET immunoassay can detedfRB8%1-1
concentrations as low as 0.65 fg MmiBesides the conventional nanomaterials (Zeng et al.
2018b), some novel materials (such as rare earth metal hydroriléydrogelhave been
introduced for developing biosensors for CYFRA21-1 detection. Accotditite report by
Tiwari et al.(Tiwari et al. 2017), lanthanum hydroxide nanoparticles (LagOHBs) were
immobilized on an indium-tin-oxide glass substrate as a signplifecation platform, due
to the better bioactive sites, high electron transfer mobility, edactrocatalytic behavior.
The immunosensor exhibits high sensitivity for CYFRA21-1 detectith,a response time
of 5 min. In another experiment, the conductive hydrogel can dratgtimprove the
detection sensitivity of amperometric biosensors, as reported iwdhe of Wang et al.
(Wang and Ma 2017), where an amperometric biosensor utilizing fundiedal
crosslinking phytic acid (containing Au NPs) was fabricated for deteCtWgRA21-1. The
biosensor shows outstanding redox activity and electrons tranpiesityawhich responses
wide linear range of 50 fg nit=100 ng mL* and LOD of 38 fg mL for the CYFRA21-1
detection.
3.2.2 Optical biosensors

The utilization of optical immunoassay dramatically improved tbasisivity of
CYFRA21-1 detection due to the low interference, low background natue high
sensitivity. For example, Yu et glu et al. 2019) described a novel PEC biosensor relying

on biofunctional polydopamine/tungsten oxide nanocomposites (pDA/WCs) as a
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sensing platform for CYFRA21-1 detection. Tiserface plasmon resonance (SPR)
biosensors relied on the light-stimulated oscillation of electrorthea modifiable metal
films, which can be directly used to detect the CYFRA21-1 (Chal.€2018). In addition,
the SPR-based biosensors exhibit excellent stability and hightigéndor CYFRA21-1
detection in plasma samples. As a paradigm, Chiu et al. (Chiu 20E8) designed an
ultrasensitive SPR immunosensor for detecting CYFRA21-1 basedstanrage (Cys) as a
linker on the GO sheet immobilizing on the surface of the chipbidsensor showed good

properties of stability, sensitivity and the revealed kinetic fitted vatulesman plasma.

3.3 Biosensor s of CEA detection

As a broad-spectrum tumor marker, the evaluation of CEA lesdigoits vital signs
during the diagnosis, prognosis, and monitoring various cancer. Moreover, cdmyidre
other biomarkers, the larger molecular weight of CEA provides fooctional groups for
immobilization and modification. Thus, almost all the analyticalthmés have been
developed for the detection of CEA, including electrochemical bguss, optical
biosensors, SPR-based biosensors, SERS-based biosensors, aptasensoos). dtereson
the following part, the current progress of designing biosensor€E# detection are
briefly discussed.

3.3.1 Electrochemical biosensors
Recently, electrochemical biosensors have shown great applicati@Efodetection

because of their fast response, stability, high sensitivity, pedifeity. Besides, for
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achieving the signal amplification, various nanomaterials, suchnasle metal
nanomaterials, carbon nanomaterials, polymer nanomaterials, andreverpeen applied

to design biosensors. In terms of labeled electrochemical barsefisr example, Lee et al.
(Lee et al. 2017) fabricated sandwich biosensor employing silver nanoparticles mixed
with rGO (AgNPs-rGO) to modify screen-printed carbon eleer¢8PCE) as sensing
matrix andhorseradish peroxidase-labeled Ab (HRP-Ab) as a tag for @#éction. The
sensor showed a calibration range of 0.05-Q§OmL* with a LOD of 35 ng mt.
Compared with enzymes, the nanomaterials commonly exhibit excslignitity, better
sensitivity, and good modification. According to Feng ef{f@ng et al. 2014), the Au NPs
dotted thionine-functionalized carbon nanotubes (Thi-CNTs) and Au NPs dopediliotya
(PAN)-coated CNTs (Au NPs-PAN@CNTSs) were applied for biesensor platform and
signal label, respectively. That biosensor displayed high senstibvitards CEA owing to
the dual signal amplification of CNTs and AuNPs. In another wWdng et al. (Wang et al.
2018c) described a sensitive electrochemical immunoassay methddEfrdetection
relying on silver nanoparticles modified with molybdenum disulfidated FgO,
nanoparticles (Ag/Mof@Fe0,) as a label and an analogous ELISA method. In this work,
the Ab-conjugated Ag/MoB0FeO, was selected through the ELISA and the detection was
executed on magnetic glassy carbon electrode (MGCE) by tisingelected label. The
enzymes-like labeled electrochemical sensor possessed a IBwilL@03 pg mL*, which
was lower than that of the work reported by Lee et al. (Ledd. €2017). Because of the

development of systematic evolution of ligands by exponential enrich{&itEX)
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method, aptamers as short single-stranded oligonucleotides (DNENA) are widely
applied to specifically recognize targets with high affinithhieh display high specificity,
higher stability, easy synthesis, and modificatids.a paradigm, Xue et al. (Xue et al. 2015)
proposed an aptasensor based on “sandwich” tactics for sensiticeatheté CEA. In that
work, CEA aptamer 2 (CEAapt2), dendritic Pt@Au nanowires (Pt@AuUNMWG toluidine
blue (Tb) formed Pt@AuNWs-CEAapt2-Th bioconjugate (as a signal tag) and Awtecor
GCE immobilized with CEAaptl (as sensing surface) was appiespture the CEA to
form sandwich-type construction. The novel sensor displayed good lesgsonse to CEA
in the range of 0.001-80 ng Miwith the LOD of 0.31 pg mt

For the label-free electrochemical biosensors of CEA detection,ltheeebeen various
biosensors developed for CEA detection. For example, Shao et ab €ha. 2017)
introduced a label-free immunoassay based on Prussian blue nanoca#nesl |
molybdenum disulfide nanocomposites (M@®BNCs) as a sensing platform for CEA
detection(Fig. 2). The MogPBNCs possessed the excellent electrocatalytic abilitighw
could be applied to design a label-free biosensor for CEA detdatibnman serunwith
good expectation. Polymer nanomaterials display excellent r&cosxty, easy
modification, good biocompatibility, and stability, and have found applicatiodeveloped
sensors for detecting CEA. According to the work of Ji giLakt al. 2015), Au NPs-doped
polydopamine (pDA) was utilized to modify carbon encapsulategDj~e@anoparticles
embedded in porous graphitic carbon nanocomposite®{BEC@PGC) as a platform for

detection of CEA, which displayed low LOD of 0.33 pg ™uith the RSD of less than 3%
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(Fig. 3; Fig. 4). Based on polymers doping, Li et al. (Li et al. 2008)posited Au-F127
nanospheres as an electrochemical interface for the detectiokAf To amplify the
detection signal, the obtained Au-F127 nanospheres were appliedbficafimg the
label-free biosensor with the large surface, lots of active sites andélbiglon transfer. The
biosensor had a wide calibration range of 0.001-10 g amd LOD of 0.5 pg mt.
3.3.2 Optical biosensors

Optical immunoassay, a classical immunoassay of CEA detettasn been widely
applied for designing biosensors to enhance their stability, séysitand antifouling.
Danesh et al. (Danesh et al. 2018) exploited a fluorescent aptaten§i#fA detection
based on 5,6,7-trimethyl-1,8-naphthyridin-2-amine (ATMND) as a fluerdsdye and
three-way junction pocket as fluorescence quenching probe. Accodithg treport, the
CEAapt of three-way junction pocket was stripped in the preseinC&A. The aptsensor
could effective detect CEA concentration and showed good recovlgman serum. Due
to advantages (such as high sensitivity and simple operation) of upsionveanoparticles
(UCNPs), Wang et al. (Wang et al. 2018a) developed a fluorescesmeanee energy
transfer (FRET) based immunosensor using fluorescein isothioeydREIC) labeled
(primary antibody) Ab and Au NPs labeled (secondary antibody), Ab form Au
NPs-CEA-FITC-Ab complex in the presence of CEA. The sensor ¢sdilmolor and
fluorescence dual-readout due to Au NPs and FITC, which makes thgsisanalore
universal and easier to use. Recently,ltlaek phosphorus (BP), as a new member of the

2D layered materials family, exhibits attractive advantagethickness-dependent direct
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bandgap, high charge carrier mobility, unique current fénrfatios, and excellent
angle-dependent transport anisotropy (Hanlon et al. 2015), which hasi®esaped for
CEA detection. Peng et dPeng et al. 2017) synthesized Au NPs-doped few-layer black
phosphorus (BP-Au) as a versatile platform for sensitive labelefveorimetric detection of
CEA due to the excellent catalytic activity and low actwatenergy of BP-Au. Later, the
SERS, as spectroscopic tools for detecting CEA, integratee smimantages of high
sensitivity, unique spectroscopic fingerprint, and nondestructive data idoquig-or
example, Lin et al. (Lin et al. 2016) developed a simple methatbtect CEA in human
serum relying on antibody-adsorbed Au arge,Os;@Au NPs as a probe, which exhibited a
wide linear range of 1-50 ng riflwith LOD of 0.1 ng mL. In addition, coupling with the
development of electrochemical and optical techniques, some novel methesidlage
been developed for CEA detection. Photoelectrochemical (PEC) biocsemguch can
convert photoirradiation to an electrical signal, have been deemedezeffective assay for
CEA analysis because of high sensitivity, low cost, and simple devicex&op&, Wu and
co-workers (Wu et al. 2018) adopted (48dyoS-hybridized g-@N, decorated
indium-tin-oxide (ITO) slices as a photoactive matrix for aceuttection of CEA. The
sensors showed high-intensity response and similar ultralow LODadtlee synergistic
effect of the g-@N, and nanocomposites. Besides, the electrochemiluminescence (ECL)
biosensors show high sensitivity and wide dynamic signal respange.rAs a paradigm,
Pang et al. (Pang et al. 2015) designed a label-free EClorseslying on graphene

oxide/carboxylated multiwall carbon nanotubes/gold/cerium oxide naeart
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(GO/MWCNTs-COOH/Au@Ceg) as a sensing matrix for CEA detection due to the
excellent electron transfer, good stability, and high specifidaserr area of the
nanocomposites (Fig. 5).
3.3.3 Other biosensors

Besides, other immunoassays are also developed for CEA deteatioa,faw papers
have been reported. For example, Chu e{Gthu et al. 2017) introduced a rapid and
movable sensor based on FET for CEA detection. In that work, Ab-coated AGENigh
electron mobility transistors (HEMTS) acted as a detection matiixshowed good stability
and excellent selectivity in human serum. In another work, Liu andockens (Liu et al.
2016a) reported an ultrasensitive lateral-flow immunoassay (LB9pting magnetic
nanoparticles (MNPs) as a probe for determination of CEA. For -pbicare CEA
detection in human serum, Jiang et(dlang et al. 2018) reported a novel rapid biosensor
adopting glucose oxidase (GOx)-entrapped gold hollow microsphewddM8) as a signal
label for CEA detection, which used a portable pH meter to quiavgitadetermine the pH
change effectivelywith the GOx-AuHM labeling strategy, the biosensing device disgdlaye
an excellent analytical performance for CEA detection wigadod linear range and a low

LOD of 0.062 ng mL~.

3.4 Biosensors of SCCA detection

The elevated level of SCCA was found in lung cancer, cervigahraous cell

carcinoma, and hepatocellular carcinoma, which was used to mdmitqraogression of
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clinical therapy. Therefore, it is vital to develop availabémsstive, and rapid assays for the
determination of SCCA. In the subsections below, the electrocheraiwl optical
biosensors for SCCA detection were presented in detail, with a fatuke employed
nanomaterials.
3.4.1 Electrochemical biosensors

The enzyme-mimetic nanomaterials were most commonly devel@pedesigning
electrochemical biosensors for SCCA detection, which were eexblag labels of the
antibody for achieving a reduction of hydrogen peroxidgOgHafter the immuno-reaction.
For example, Wang et gWang et al. 2014b) composited the Au@Ag@Au nanopatrticles as
enzyme-mimetic tags, with the nature of better stabilitycatdlytic performance of 1D..
After the immune response, the biosensor showed a LOD of 0.18 fgaml a wide
calibration curve from 0.5 pg miLto 40 ng m[* for SCCA. To obtain better stability and
sensitivity, Liu et al. (Liu et al. 2016c) synthesized differaanocomposites utilizing
graphene to fabricate an ultrasensitive biosensor for detecti@A.SE&ccording to the
authors’ resultsg-cyclodextrin-loaded graphene sheet (CD-GS) as sensing platiognto
the high supramolecular recognition of CD with GS (prevent staakigS and improve
the biocompatibility of GS), and the ternary hollow Pt/PdCu nanoculfed®a) anchored
3D graphene framework (Pt/PdCu-3DGF) as a sensitive label apgieed. Besides, the
controlled release system-based labeled biosensor was alsatiadbio detect SCCA. For
example, Ma et al. (Li et al. 2016b) designed a sample sandwgehtgsensor comprising

of f-cyclodextrin functionalized gold decorated SI(CD-Au@SiQ) as a tag and Ab
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immobilized gold electrode (AUE) as a sensing platform for ultisee detection of
SCCA (Fig. 6). In that work, 1-methyl-1H-benzimidazole functiareadi mesoporous S;O
(MBI-MS) was applied to encapsulate methylene blue (MB) wi-AL@SIO, as a
gatekeeper and entrapped the adamantly modified(ADA-Ab,). The MB was released
from MBI-MS in the acidic environment when the SCCA and functional #thieve an
immune reaction. The novel biosensor displayed good linear range from ©.0BQ t
ng-mL* with a low LOD of 0.25 pg- mL.

For label-free electrochemical biosensors of SCCA detectioat &i.(Li et al. 2016b)
introduced a label-free biosensor for rapid detection of SCCA uswmgphedral gold
nanocrystals as carriers which were integrated to the Au dd&srated GCE by
1,3-di-(3-mercaptopropyl)-imidazolium bromide (DMIB). This novel biosenasing
electrochemical analysis displayed a good response with the dfOr2.6 pg mL* for
SCCA. In another example, Gao et &Gao et al. 2015) reported a label-free
electrochemical sensor using ;Bg as a nanocontainer and aminated polystyrene
microspheres (APSM) as a molecular gate to achieve encapswhtmnidine blue (TB).
The biosensor offered an amplified signal via square wave vokamsWV) analysis for
the released TB correlated with the amount of SCCA.

3.4.2 optical biosensors

Recently, composite nanoparticles have become a hot topic for plotiicele

immunosensors (such as ECL and PEC) due to their unique optical @m®pert

electromagnetic feature, chemical stability, and mechanisactain. Wu et al. (Wu et al.
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2016a) fabricated magnetic graphene oxide;@k@GO) as a sensing matrix and Au
NPs/g-GN4 as a signal tag to form an “in-electrode’-type ECL biosemfgordetecting
SCCA. Here, FO,@GO can effectively capture Alo significantly amplify the detection
signal, Au NPs/g-egN4 not only enhance the loading capacity ot Alat also provide a high
conductivity to improve ECL intensity. Hence, the immunosensor displayedearange
from 0.001 ng mL* to 10 ng mC* with a LOD of 0.4 pg mL'. Based on label-free PEC
method, Ye et alYe et al. 2018) used MogS@anosheets with photocurrent intensity and
hollow gold nanospheres (HGNSs) as a sensing platform for detectlatenot SCCA. This
novel sensor exhibited a low LOD of 0.21 pg thior SCCA because the HGNs-MaSe
nanocomposite strengthened photocurrent intensity and improved binding site. For
obtaining point-of-care detection of SCCA, Lin et @in et al. 2018) designed a naked
eyes-based colorimetric immunoassay for detection of SCCA Asinganobipyramid@Ag
nanorods (Au NBP@Ag) as carriers which were applied to modify &l amplify
detection signal. This fabricated sensor adopting colorimetrigsasahowed a good linear
response (2.5-105 ng ) with the low LOD (2.5 ng mI* for naked eyes and 0.85 ng

mL™* for spectrometer) for SCCA detection.
3.5 Biosensors of CA 125 detection

Change of concentration CA 125 provides an index for identifying tdge f lung
cancer, which attracts the interest of researchers totdbh&e€A125 with limit level less

than 35 U mL[*. More details about the development of the biosensors for CA125 detecti
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are provided in the following sections.
3.5.1 Electrochemical biosensors

In electrochemical immunoassays, numerous biosensors are &thficathe detection
of the CA125 due to the rapid, simple, easy-to-operate, and highlyisemsiture of the
electrochemical methods. For example, Torati et(BRirati et al. 2016) introduced an
innovative one-step electrochemical immunosensor for detection AI2%C using
hierarchical gold nanostructures (GNs) as a platform whichaypled to binding sites for
CA125 and high electron transfer to amplify detection signal. Thisoseadopting
differential pulse voltammetry (DPV) analysis displayed acelent linear response with
the LOD of 5.5 U mL* for CA125. The incorporation of the polymer-metal complex such
as PANI in conjugation with Au NPs and catalytic nanomaterials can enthensensitivity
of amperometric biosensors, as introduced in the work by Zheng(hahg et al. 2017),
where an amperometric immunosensor using AuNP-PB-PtNP-PANLcoammsites were
fabricated for the detection of CA125. The immunosensor showed itgiealaresponse
for CA125 in the dynamic detection range of 0.01-5000 U'mihd LOD of 4.4 mU mt..
In addition, the micro-flow assay was also applied to develop the barsefzs CA125
detection. Ravalli et a[Ravalli et al. 2016) reported a micro-flow biosensor for CA125
detection using thin-film modified gold array microelectrodes @RAThe authors
electropolymerized anthranilic acid (AA) to IDAs as a simgaesing platform, which was
applied to support and evaluate immunoreaction relying on electrazdeimpedance

spectroscopy (EIS). Although the EIS analysis simplified the cexnfshnsformation of
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detection, the method presented challenges of analysis of principle.
3.5.2 Optical biosensors

In another immunoassay of CA125 determination, the optical methods shonumd va
advantages such as high sensitivity, wide detection range, low disturlzanteimple
instrument. For example, Al-Ogaidi et @A\l-Ogaidi et al. 2014) fabricated a CL resonance
energy transfer biosensor based on graphene quantum dots as agi@letiorm and
HRP-Ab, as a probe for detection of CA125. The immunosensor obtained an energy
transfer between reactive oxygen species (the production of HiRBafalyzed HO,) and
luminol when the CA125 formed an immunocomplex with immobilized &id HRP-Ab.
Hence, the biosensor exhibited a wide detection range from 0.1 1ter00 U mL* and a
LOD of 0.05 U mL* for CA125. In fluorescence immunoassay, graphene quantum dots
(GQDs) and carbon dots (CDs) are widely used in numerous immuniitagsincreasing
detection sensitivity of CA125 due to the excellent nature of thexcgumodification,
biocompatibility, and stability against photobleaching. Tsai and refsera@r (Tsai et al. 2017)
fabricated magnetic GQDs labeled with ;Adls a platform and fluorescent nanoparticles
combined with Ab as immumoprobe for CA125 detection. Moreover, according to Hosu
and researchers (Hosu et al. 2017), a colorimetric smartphone-basedoassay relying
on detecting the grayscale value of sandwich-type immunocomplex (formeloh b AL25,
and Ab-Au) stained by silver was designed for simplified detection of CA125.
3.5.3 Other biosensors

For lab-on-the-chip and point-of-care detection of CA125, Nunna et al. (Natrela
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2019) fabricated a novel biosensor for CA125 detection under microfiloerccondition,
conducting to understand the capacitive sensitivity of microfluidiceebasosensing
mechanisms. Furthermore, other methods were also applied for théodetdcCA125,
such as FET and wavelength-dependent enhanced dark-field microscdpy wi
dual-detection mode (EDFM-DM). Mansouri et @tansouri and Salimi 2018) introduced

a flexible FET-type aptasensor adopting MWCNTs/rGO as angepkatform for detecting
CA125. Ju et al. (Ju et al. 2017) reported an EDFM-DM sensor usreg 1sanoparticles
(Ag NPs) as a fluorescence-free probe for CA125 detection. Bothideensors showed a
good linear range and low LOD for detecting CA125 in clinicahglas and biological

fluids.
3.6 Biosensor s of TPA detection

As a single-chain polypeptide, TPA shows abnormal activity wheapal increase
presents in malignant tumors due to the production of TPA during tihed p&r mitosis.
Therefore, TPA as an auxiliary diagnosis is consideredufay tancer detection, which has
been applied in developed sensors devoted to electrochemical ass&®A fdet&ction. For
example, Wang et alWang et al. 2014a) reported a sandwich-type biosensor relying on GS
as a signal transfer platform, and Pd-Pt bimetallic nanotsystieled Ab as a probe to
catalyze HO, was applied, the sensitivity for the detection of TPA reagpchL? level.
According to the report, the Pd-Pt showed more excellent datgigdgperties compared

with any single nanocrystal and displayed higher stability thamyme-tagged Ab In
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another work, Wang and co-workers (Wang et al. 2016) synthesized umctitshal
graphene nanocomposites (Au@MGN) based on Au NPs-absorbed s@y@BO with
the outstanding electrochemical property and biocompatibility. Thempval sensitive
sandwich-type electrochemical immunosensor was designed by applyiNPs modified
GCE as a platform and Au@MGN as a probe for detecting TRA.sEnsor showed a wide
calibration range (10 fg mt=100 ng mr*) and LOD (7.5 fg mL) for TPA. Later, Wang et
al. (Wang et al. 2016) designed a general immunoassay adopting threesidina¢ ordered
macroporous gold films (3D-MGM) as a matrix and bifunctional, raspih&e
nano-raspberries (BiR-NRs) as labels for sensitive sensingPAf It was verified that
BiR-NRs exhibited higher reduction peak current (compared with Asidtid Pt NPs) due
to properties of excellent electron transfer and strong catalytictadtar H,O.
3.7 Biosensor s of the others marker s detections

Besides the conventional clinical detection of the biomarkers ofdanger, the others
for lung cancer detection have been discussed also. Base on thigrithues biosensors for
other biomarkers detection are integrated by different analysisgstiste
3.7.1 Electrochemical biosensors

According to the recent development of other biomarkers detectidunigpicancer, the
electrochemical assays were widely applied to design spéeaisensors. For example, Yan
et al.(Yan et al. 2019b) developed a labeled electrochemical biosensor 4odéd&ction in
human serum samples. In that work, the graphene modified gold nanorods (Au

NRs/NH-GS) as a platform and Au@Pd urchin-shaped nanostructures afoareajizing

27



the quantitative detection of HE4. Due to the high specific surfaeseamd good stability of
the tag, the biosensor exhibits good linear range with low LORrL#n et al. (Yan et al.
2019a) designed a label-free electrochemical biosensor based onPdAuU@
holothurian-shaped nanoparticles (Au@Pd HSs) loaded om A@Doclusters modified
nitrogen-doped rGO (TIONGO) as a multi-amplification signal platform for HE4
detection, in which the lower LOD was obtained in real sample analysis.
3.7.2 Optical biosensors

Lots of optical biosensors have also been applied for other biomarkect@®bf lung
cancer. Qader et gQader et al. 2014) introduced a MIP based biosensor relying ddeept
imprinted receptors for ProGRP detection. In that work, it has bedireddhat the peptide
imprinted polymers were suitable for fabricating sensor platfimmguantitative detection
of ProGRP. Then, Piao and co-workers (Xu et al. 2017) developed ameifiiee
colorimetric biosensor based on complementary oligonucleotides of Mé&r¢RIRNA)
loaded SiQ microparticles (Si@ MPs) as the platform and a metal chelator decorated
oligonucleotides as a probe for miRNA detection. The biosensor coulditgtiaely
control the generation of Au NPs when the functionalized probe wasbitired on the
platform. Besides, the ECL method, a phenomenon based on electrolentresctions,
is another commonly applied method for &gurinic/apyrimidinic endonuclease 1 (APE-1)
detection. For instance, Zhao et al. (Xu et al. 2017) reported & Rogepy)?*/bi-arginine
system to dramatically enhance the ECL efficiency of Ru@hyand then the ECL based

biosensor was developed for APE-1 detection with an estimated LOD of 0.3%g mL
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3.7.2 Other biosensors

For achieving point-of-care detection, a large number of methodsbieavedeveloped
for other biomarkers of lung cancer. Xu et al. (Xu et al. 2017) des@reosensor based
on pH meter/indicator for VEGF detection. In that work, the platfof immobilized Ab
was applied to capturdEGF, and then the aptamer of VEGF was recognized. Next, the
glucose oxidase (GOx)-functionalized ssDNAs hybridized with gtanaer to catalyze the
oxidization of glucose for achieving VEGF detection.
3.8 Biosensor s of the multiple detections

Commonly, the diagnosis of lung cancer should detect multiple tumor raatke to
the complexity of pathogeny. Thus, it has been devoted to fabrichtosgnsors for
effective, point-of-care, and rapid detection of lung cancer markersmkltilabel mode
biosensors, the analytes should be effectively recognized by thdicspetivity of the
labeled tags (such as nanomaterials or fluorescent dyes)ngtance, Kalyoncu et al.
(Kalyoncu et al. 2017) synthesizgBe,O; coated Au NPs-Pt NPs(AuPh&e03) and Au
NPs-Cu NPs (AuCu@-e0s3), and successfully employed the probes for simultaneous
detection of CEA and VEGF. The proposed result revealed that goodtyirfeamn 0.2 ng
mL™ to 12.5 ng mI* and 25 ng mt to 600 ng mL* for VEGF and CEA was obtained,
respectively. To better achieve multiple detections, Shan et al. (Shan and Ma 2@ji®dlesi
an electrochemical biosensor based on nanomaterials and polymessmidtaneous
detection of five markers of lung cancer. The biosensor adopting Swdlysis showed

good detection range and low LOD for CEA, NSE, CA125, CYFRA21-1, andASC
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respectively. Besides, Wu et al. (Wu et al. 2016b) reported a $lcemee assay adopting
multicolor QDs as signal tags and micro-magnetic beads asnewarriers for detection of
three lung cancer markers because of differentiable emissiamima of three
cross-talk-free QD conjugated labels. The biosensor exhibited |dvdf@38 pg mL*, 364

pg mL?, 370 pg mL* for CEA, CYRFA 21-1, and NSE, respectively.

4. Conclusions and future per spectives

Various advanced techniques are integrated for fabricating bioseiosaditse early
diagnosis of lung cancer, which is critical for clinical diagaaaid the early treatment of
the patients. In recent years, great advancements have been $esineid bf the biosensor.
In this brief review, the various reported tumor markers of lungeranmere first described
briefly. Later, the development of designing biosensors for ideatiific of the main
clinical lung cancer biomarkers is systematically provided. pbdormance of these
biosensors is shown in Table 1. Various sensitivity-enhancementidqaes for these
biosensors have been developed, and sensors showed a wide detection raadecaad
the detection limit for biomarkers detection in lung cancer eldgnosisin particular, the
designing strategies of biosensors based on nanomaterials @wéae psignal amplified
with several orders of magnitude for the determination of lamger biomarkers due to the
accelerated signal transduction through a synergic effect ancatagytic activity,
conductivity, and biocompatibility. At the same time, the stmatky the simultaneous

detection of multiple lung cancer markers (Gao et al. 2017b; Zhab. 2018) has been
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developed. However, for exact diagnosis of lung cancer, therstdlrmany challenges
needing to be overcome. Firstly, due to the high degree complexitpgicancer cell, the
reported biomarkers exhibit limitation for detecting early lwagcer. High sensitive and
specific biomarkers are still pending discoverg genomic and proteomic profiling and
further developing high sensitive detection methods such as bioseosdund cancer
detection. Secondly, due to the low concentration levels of lung cancearkens) the
sensitivity, specificity, and stability of biosensors areiaitin the early diagnosis of lung
cancer. The biosensors are fabricated using sensitivity-emmhantéechniques by means of
multifunctional nanomaterials. At the same time, the establishm&nsimultaneous
detection of multiple biomarkers or dual-mode response detection methodreatly
improve the diagnosis of lung cancer that needs multiplexed andhysadly, for clinical
use, the biosensor development should devote to the capacity of resistimgattice in
whole blood. However, the bottlenecks for the detection of lung cancerienman whole
blood are better stability, selectivity, portability, and low-poa@nsumption. Therefore, for
the biosensors, how to obtain better anti-disturbance property ismpoytant, which can
provide a novel chance for designing biosensors for accurate diaghbsig cancer in the

clinic.
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Table 1 A summary of developments of biosensorsfor lung cancer biomarkers.

Target M ethod type Linear range Detection limit RSD Reference
NSE electrochemical 20 fg =35 ng mi* 8 fg mL?! 2.3% Fang et al. 2019
NSE electrochemical 0.5 pg Mk10.0 ng mt* 0.1 pg mc* 3.7% Zhang et al. 2018
NSE electrochemical 1 pg rit100 ng mct 0.65 pg mr* 8.0% Wang et al. 2018b
NSE optical 0.1-1000 ng riL 50 pg mL* <9.5% Lietal 2017
NSE SERS 1-50000 ng ML 0.86 ng mc* <7.0%  Gao etal. 2017¢c
CYFRA21-1  electrochemical 0.1-150 ng thiL 43 pg me? 6.4% Zeng et al. 2018a
CYFRA21-1  electrochemical 0.25-869 mL* 100 pg mc* 1.35% Tiwari et al. 2017
CYFRA21-1  optical 10 pg m*-100 ng mC* 2.5 pg mL? 1.5% Yu et al. 2019
CEA electrochemical 20 pg mt=80 ng mL* 8 pg mL* <8.8% Feng et al. 2014
CEA electrochemical 1 pg mt-80 ng mr* 0.31 pg mr* 5.6% Xue et al. 2015
CEA electrochemical 10 pg k=80 ng mL* 0.24 pg mr* 2.3% Li et al. 2015
CEA optical 1-50 ng mit 0.1 ng mc* <16.6% Lin et al. 2016
CEA optical 5 pg m*~20 ng mC* 1.4 pg mc* <3.2%  Wuetal 2018
CEA optical 50 pg m*-100 ng mt* 20 pg mL* 1.85% Pang et al. 2015
CEA pH meter 0.1-100 ng L 62 pg mL* <11.6% Liu etal. 2016a
SCCA electrochemical 0.5 pg mMt40 ng mL* 0.18 pg mr* 2.09%  Wang et al. 2014b
SCCA electrochemical 1 pg =4 ng mL* 0.33 pg m* <5% Gao et al. 2015a
SCCA optical 1 pg m*-10 ng mL* 0.4 pg mc* 8.3% Wu et al. 2016a
SCCA optical 1.0 pg mt-50 ng me* 0.21 pg mr* 4.0% Ye et al. 2018
CA 125 electrochemical 1,mU mL*-5000 U mL* 4.4 mU mit <3.5% Zheng et al. 2017
CA 125 electrochemical 0 U =100 U mL* 7UmLt 10% Ravalli et al. 2016
CA 125 optical 30 U mE-1000 U mL* 30 UmL? <5% Hosu et al. 2017
CA125 FET 1 nU mt-1 U mL? 0.1 nU mL* 3.0% Mansourt and
Salimi 2018

TPA electrochemical 5 pg mi15ng mL* 1.2 pg mc* 3.4% Wang et al. 2014a
TPA electrochemical 10 fg mk=100 ng mc* 7.5 fg mt 1.68%  Wang et al. 2015
TPA electrochemical 1 pg mt=15ng mL* 0.7 pg mc* 4.8% Wang et al. 2016
VEGF pH meter 0.8-480 pg niL 0.5 pg mc* - Xu et al. 2017

CEA: 25-600 ng/mL; CEA: 4.31 ng/mL; Kalyoncu et al.
CEA; VEGF electrochemical 3.33%

VEGF: 0.2-12.5 ng/mL VEGF: 14 pg/mL 2017

NSE: 1-150 ngnL* NSE: 0.9 ngmnL*
NSE; CYFRA21-1: 1-150 CYFRA21-1:0.4
CYFRA21-1; . ngmL* ngmL* Shan and Ma
CEA; SCCA; electrochemical CEA: 1-150 ngmL™* CEA: 0.2 ngmL™* 5% 2016
CA125 SCCA: 1-150 tmL™* SCCA: 0.9 UmL™

CA 125: 0.1-100 ngnL*

CA 125: 30 pgmL*
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Fig. 1. Schematic illustration of the working principle of SINW-TFEGr fdetection of
electrical charged biomolecules. The SINW-TFET device was fmati with specific
receptors and passivated with ethanolamine for biosensing. Thes dataibe found in the
Experimental Section. (a) In the off-state, the tunneling dralretween the channel and
n+/p+— doped source/drain regions is so large that tunneling is suppressed. (b) ¥¢hén V
V, BTBT takes place at the channel/n+ source tunneling junction. The bonding of nggativel
charged biomolecules further decreases the BTBT barrier (red Tihés increases the
tunneling current of SINW-TFET. (c) Wherg\#» 0 V, the tunneling junction is between the
channel and the p+ drain region. This results in ambipolar conductionné&dagively
charged biomolecule increases the BTBT barrier (red line) and reducasnieértg current
of the p-channel TFETReproduced with permission from (Gao et al. 2016a) Copyright

2016, Macmillan Publishers Limited).
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Highlights

* The function of primary biomarkers of lung cancer are introduced in detail.

* The developments of biosensors (2013-2019) for the detection of important lung
cancer markers are reviewed.

* The challenges of lung cancer in early diagnosis and the two corresponding
protocols are enlightened.
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