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Abstract: Lung cancer causes an extreme threat to human health, and the mortality rate
due to lung cancer has not decreased during the last decade. Prognosis or early diagnosis
could help reduce the mortality rate. If microRNA and tumor-associated antigens (TAAs),
as well as the corresponding autoantibodies, can be detected prior to clinical diagnosis,
such high sensitivity of biosensors makes the early diagnosis and prognosis of cancer
realizable. This review provides an overview of tumor-associated biomarker identifying
methods and the biosensor technology available today. Laboratorial researches utilizing
biosensors for early lung cancer diagnosis will be highlighted.
Keywords: lung cancer; early diagnosis; biomarker; microRNA; tumor-associated
antigen; biosensor

1. Introduction
Lung cancer is the most common cause of cancer-related death worldwide. In 2008, approximately
1.6 million new lung cancer cases and 1.4 million lung cancer deaths have occurred all over the
world [1,2]. The mortality rate has not decreased during the last decade [1,3,4], because the lack of
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clinical symptoms in early-stage lung cancer leads to diagnosis at a late stage [5]. A population-based
experiment showed that lobectomy was the best long-term outcome in fit elderly patients but only with
the early stage non-small cell lung cancer (NSCLC) [6]. NSCLC has an overall 5-year survival of less
than 15%, while the 5-year survival for stage I disease is over 50%. However, 75% of NSCLC is
diagnosed at an advanced stage which is not amenable to surgery [7]. Thus, there is a great need to
detect cancer at an early stage, ideally before invasion. This has led to significant interest in effective
screening methods to detect early-stage cancers, particularly for high-risk groups, such as current or
former smokers [8].
However, the aggressive and heterogeneous nature of lung cancer has thwarted efforts to reduce
mortality through the use of screening [9]. Annual screening with chest radiograph and sputum
cytologic analysis failed to reduce mortality, and so did the meta-analysis [10]. Nowadays, low-dose
computed tomography (LDCT) is widely used for lung cancer screening [11], and reduces lung cancer
mortality by 20% and overall mortality by 7% in the group randomly assigned to an annual spiral CT
scanning compared to chest radiographsm [9]. A large number of studies focus on the amelioration of
CT technology. 18F-Fluorodeoxyglucose positron emission to mography/computed tomography
(18F-FDG PET/CT) is routinely used in oncological imaging [12–15]. However, these currently
available techniques still do not fulfill the requirements for reliable discrimination between early lung
cancer and healthy subjects. What’s worse, the false positive result ratio of the LDCT screening is as
high as 96.4% [9], and there is also variability in the reported accuracy of 18F-FDG PET/CT [13],
which may result in an increased morbidity from unnecessary surgical treatment and also serious
psychological burden to the patients and the families.
Tumor growth is accompanied by gene and protein changes. Such methylation or point mutation of
DNA, RNA and mutated or aberrantly expressed proteins, carbohydrates, cytokines and chemokines,
as well as volatile organic compounds from the peroxidation of the cell membrane species [16–18],
could be detected months or years prior to clinical diagnosis and are able to act as cancer biomarkers.
Zhong et al. have proved that tumor-associated autoantibodies for NSCLC could be detected 5 years
before it could be detected using autoradiography [19]. These biomarkers have attracted considerable
attention. In this paper, we mainly review these lung tumor-associated microRNAs (miRNAs) and
antigens (TAAs), as well as their corresponding autoantibodies and screening methods.
The most frequent method to test serum TAAs is ELISA and solution hybridization detection
method for miRNA currently, which are time consuming and expensive, and are not sufficiently
sensitive for the low marker concentrations at early cancer stages [20]. Over the past decades,
many groups have studied advanced technology to increase the sensitivity and specificity of
biomarker-testing. A biosensor is a bioanalytical device incorporating a molecular recognition entity
associated with a physicochemical transducer, providing advanced platforms for biomarker
analysis [21]. To detect TAAs, monoclonal antibodies and aptamers are usually used as capture agents,
and for miRNA, capture agents are usually corresponding ssDNA. A transducer is a device that
converts recognition signal events into electrical signals. The transducer could be electrochemical
(amperometry, potentiometry, conductimetry/impedimetry), optical (colorimetric, fluorescence,
luminescence, interferometry), calorimetric (thermistor), or mass change (piezoelectric/acoustic wave),
and are required to offer high throughput, high signal-to-noise ratio, relatively low instrumentation
costs, good resolution and reproducible results. Besides the capture agent and transducer, surface
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chemistry for immobilization of capture agents onto solid surfaces should also be considered. Here, an
overview of the potential biomarkers and biosensors for early diagnosis of lung cancer is presented,
with an emphasis on the serum biomarker detection.
2. Lung Cancer Biomarkers
These mutated or aberrantly expressed microRNAs and proteins, as well as other
compounds [21–23] and cancer cells [16,22], could be detected months or years prior to clinical
diagnosis and be able to act as cancer biomarkers. Tumor biomarkers were initially used to support
the diagnosis of cancer, yet now they are trend to predict the disease and also measure the
pharmacodynamic effect of drugs. In view of non-invasive diagnosis of cancer at early stage
sensitively, serum miRNA and tumor-associated antigen or autoantibody prior to the onset of cancer
are the most frequently studied.
2.1. MicroRNA
MicroRNAs, the small non-coding RNAs with a length of 17–25 nt [23–25], regulate diverse
biological processes at a post-transcriptional level. Recent evidence has shown that mutational,
mis-expressed or altered miRNAs are implicated in the initiation and progression of human
cancer [24,26]. miRNAs have been demonstrated to be present in the serum and plasma. Even more
attractively, miRNA biogenesis maintains them in a protected state [26], so the levels of miRNAs in
serum are stable, reproducible, and consistent among individuals of the same species, allowing the
detection of miRNA directly from serum. Also, specific expression patterns of serum miRNAs for
cancer have been identified, providing evidences that serum miRNAs contain fingerprints for
cancers [25]. miRNAs prove useful in the prognosis, diagnosis, and staging of cancers as
non-invasive biomarkers. Profiling has been exploited to identify miRNA as disease fingerprints. In
addition, altered precursor miRNA could affect miRNA processing, expression, and target mRNA
binding [27].
Appling microassay techniques, mostly the Solexa sequencing technique, the miRNA expression is
analyzed. MiRNAs that are statistically different from health samples will be identified. The solution
hybridization detection method and/or real-time quantitative RT-PCR analysis are employed to
validate the results. Finally, the expression patterns of serum miRNAs for different diseases are
obtained [23,25,27,28]. The mechanisms of miRNA release into the bloodstream, the putative
functional significance and the miRNA identification in lung cancer have been reviewed [29]. Another
review overviewed miR-29, a miRNA family consisting of three mature members, miR-29a, miR-29b
and miR-29c. As a cancer suppression, miR-29 is silenced or down-regulated in many different types of
cancer. Furthermore, the miR-29 family can be activated by interferon signaling, especially in response
to viral infections [30]. Lung carcinogen NNK exposure was demonstrated to be capable of changing
the expression of serum miRNAs. Serum miR-206 and miR-133b could be associated with lung
carcinogenesis induced by NNK and might be potential biomarkers for lung carcinogenesis [31]. High
hsa-mir-155 and low hsa-let-7a-2 expression were identified correlated with survival of lung
cancer [28]. MiR-449c downregulation in NSCLC was investigated, and the overexpression of
miR-449c could suppress tumor growth in vivo. In addition, c-Myc was identified as a direct target
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gene of miR-449c [32]. Circulating miR-142-3p and miR-29b were identified using qRT-PCR and
confirmed to be increased in sera of early-stage adenocarcinoma patients [33]. The results of some
studies are inconsistent due to different technological platforms and small sample sizes. For further
confirmation, a comprehensive meta-analysis of 20 published miRNAs in lung cancer was performed.
Seven upregulated (miR-21, miR-210, miR-182, miR-31, miR-200b, miR-205 and miR-183) and eight
downregulated (miR-126-3p, miR-30a, miR-30d, miR-486-5p, miR-451a, miR-126-5p, miR-143 and
miR-145) miRNAs were identified [34].
We conclude that serum miRNAs can serve as potential biomarkers for the detection of various
cancers and other diseases. A great number of groups are working on the identification of
tumor-associated miRNAs, many of which are not discussed here. Both silence and overexpression of
miRNAs may be involved in the development of cancer, while the overexpressed miRNAs are more
suitable for early diagnosis or prognosis, which have the potential to revolutionize present
clinical management.
2.2. Tumor-Associated Antigens (TAAs)
Cancer onset and progression are accompanied by mutated or aberrantly expressed proteins which
would evoke immune response, resulting in the production of autoantibodies. These antibodies in
cancer patients, but not in healthy human, could be detected months or years before the clinical
diagnosis of cancer [35,36]. Tumor-associated antigens (TAAs), and their corresponding
autoantibodies could serve as biomarkers for early cancer diagnosis or prognosis [16,35–39]. Luna
Coronell J.A. et al. and Casiano C.A. et al. have reviewed the current status of tumor-associated
antigens, and tumor-associated autoantibodies [39,40]. Two criteria used to establish the usefulness of
biomarkers are sensitivity and specificity [41].
Serum TAAs and anti-TAA autoantibodies testing is supposed to be simple and fast, theoretically
using only a few microliters of serum [39]. However, the use of TAAs for early diagnosis of cancer
with the available clinical information is still insufficient because of their low initial concentration and
heterogeneity in blood of cancer patients [40]. To solve the problem, TAA arrays comprising several
antigens have been proposed, which significantly increase this frequency and hold great promise for
the early detection of cancer [40]. Another developing technique focuses on the detection of immune
response to tumor antigens. Serum antibodies are more stable than the antigens, and may be more
abundant and readily detectable, especially at early cancer stages [42].
2.2.1. Identification of TAAs
To discover new TAAs, the following methods are most frequently employed: SERPA (Serological
Proteomic Analysis, also known as Proteomes or SPEAR, Serological and Proteomic Evaluation of
Antibody Response), phage display libraries, SEREX (Serological Analysis of Recombinant cDNA
Expression Libraries), and protein array-based technology [39,43,44]. There are three main points of
all these methods screening for TAAs: getting the proteins directly from the tumor tissues or serum, or
expressed by a cDNA library, subsequent different separating techniques like two-dimensional (2D)
gel electrophoresis or 2D liquid chromatography, and screening tumor-associated proteins using serum
antibodies from cancer patients.
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2.2.1.1. SERPA
These methods identifying TAAs all start from extracting protein or mRNA from fresh tumor
samples or cancer patients’ serum. Protein extracts can be used for SERPA. SERPA takes advantage of
the classical two-dimensional gel electrophoresis (2-DE), western blotting and mass spectrometry
(MS). Protein extracts are separated by 2-DE, transferred onto membranes by electroblotting and
subsequently probed with sera from healthy individuals or cancer patients, which are compared and
then the tumor-associated antigenic spots are identified by MS, which identifies the nature and
abundance of the total proteins extracted [43].
Through SERPA, a protein gene product 9.5 (PGP 9.5) was detected in sera from patients with lung
adenocarcinoma in two separate studies [45,46]. The sensitivity of PGP 9.5 and annexin I and II in
patients with lung adenocarcinoma was 14%, 30% and 33% respectively. Another study using SERPA
also detected PGP 9.5 from lung cancer cell line with a sensitivity of 55% and a specificity of
95% [47]. Li C. et al. identified nine proteins up-regulated in human lung squamous carcinoma
(hLSC) [48]. They also performed the SERPA of human lung squamous carcinoma cell line HTB-182
and characterized 16 differentially expressed proteins which reacted with lung squamous carcinoma
patients’ sera while not reacting with the control [49].
2.2.1.2. Phage Display
Phage display is based on the construction of cDNA library. cDNAs obtained through reverse
transcription with mRNA purified from fresh tumor samples or cell lines are cloned into prokaryoticor eukaryotic expression systems, and organized into a phage-display library. Therefore, antibody
fragments are expressed as fusions to the phage coat proteins and can be displayed on the
bacteriophage surface, which will be used for identifying and isolating, and such phages carrying
peptides with high affinity and specificity to given target molecules will be purified [39,50].
The selection of antibodies from phage libraries consists of two steps: panning and screening.
Through the expression of cDNAs, peptides from the tumor or cell line are expressed as fusions with
phage proteins and displayed on the phage surface. During panning, library phage preparations are
incubated with the antigen of choice, unbound phage are discarded and remaining phage recovered.
Recovered phage are subsequently amplified by infecting E. coli and further rounds of panning are
applied, yielding a polyclonal mixture of phage antibodies enriched for antigen-specific binders. In the
screening process, the polyclonal mixtures are converted into monoclonal antibodies. Finally,
E. coli cells are infected with the phages, and then plated on selective plates, and single colonies are
picked. Thus, highly specific, monoclonal antibody clones are obtained, from which the antibody
genes can be readily isolated for further analysis.
Zhong L. et al. screened T7-phage NSCLC cDNA libraries, and five most predictive antibody
markers achieved 91.3% sensitivity and 91.3% specificity [19]. A six-phage peptide detector was
validated to be able to discriminate between NSCLC patients and healthy controls with a sensitivity
and specificity of >92%, and had similar validity for indicating NSCLC at early stage. The
seroreactivity of the six phage peptides in the patients with chemotherapy and the COPD was not
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perceptible, indicating that the six-phage peptide detector may not stand out for NSCLC relapse after
chemotherapy [51].
2.2.1.3. SEREX
SEREX was first developed in 1995 [52]. The first step of SEREX is also the construction of cDNA
libraries. Subsequent steps include plating phages, transferring onto a nitrocellulose membrane,
induction of protein expression, screening, and finally identifying and sequencing individual reactive
clones [53]. Almost 3000 of these autoantigens are documented in a public access online database
known as the Cancer Immunome Datebase (CID) http://ludwig-sun5.unil.ch/CancerImmunomeDB/ [54].
Using the lambda-ZAP vector, cDNA expression library was constructed and three antigens
(L-8, L-19, L-51) showed higher positive rates in lung cancer patients than in health donors [55].
Another SEREX found 4 SOX group B genes (SOX1, SOX2, SOX3, and SOX21) and ZIC2 expressed in
sera of SCLC patients. SOX1 and/or SOX2 were the main antigens eliciting anti-SOX responses [56].
2.2.1.4. Protein Microarrays
Protein array technology could screen the humoral immune response in cancer against thousands of
recombinant-, fractions- or purified proteins, as well as synthetic peptides and even unknown proteins
in a high throughput [43,57]. Protein microarrays of tumor-derived proteins could profile the antibody
repertoire in the sera of cancer patients and controls. Proteins are separated through 2D liquid
chromatography and then spotted in microarray on coated microscope slides, which are then incubated
individually with serum samples from cancer patients and controls. The amount of immunoglobulin
bound to each fraction could be quantified, and reflect an immune response. Protein microarray
technology should not only aid in improved diagnostics, but has already contributed to the
identification of complex autoantibody signatures that may represent disease subgroups [57,58]. The
reproducibility of natural protein microarrays and their ability to distinguish lung cancer sera have
been assessed and the result was affirmative [59]. Madoz-Gurpide J. et al. combined liquid phase
protein separations with microarray technology [60].
2.2.1.5. Reverse Capture Microarray
The “reverse capture” autoantibody microarray was developed to study such antigen-antibody
reactivity as recombinant proteins or synthetic peptides, because they might fail to accurately detect
autoantibody binding due to the lack of post-translational modifications (PTMs) [61,62]. The reverse
capture microarray is based on the dual-antibody sandwich immunoassay platform of enzyme-linked
immunosorbent assay (ELISA), which allows the antigens to be immobilized in their native
configuration [61]. Then the array is incubated with labeled IgG from cancer or control samples, and
performs a two-slide dye-swap to account for any dye effects [62]. The reverse capture microassay
protocol could facilitate the detection of autoimmunity to native host antigens and also has the
advantage over traditional protein arrays of being able to detect autoimmunity to epitopes found on the
PTMs of native antigens. The process can be completed in 9–10 h [63]. These developments enable the
immediate use of high-density antibody and protein microarrays in biomarker discovery studies. The
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substrate for reverse capture microarray was studied, and the hydrogel substrate yielded a higher
signal-to-noise ratio than the others [64]. However, only known antigens which are commercially
available can be analyzed. Post-translationally modified antigens cannot be differentiated.
2.2.1.6. Multiple Affinity Protein Profiling (MAPPing)
MAPPing is such an approach combining 2-D immunoaffinity chromatography, enzymatic
digestion of the isolated antigens, and nano flow separation of the resulting peptides. By these
approaches, both proteins recognized by autoantibodies independently of a cancer status, and a limited
number of proteins reacting preferentially with cancer sera will be identified [65]. Nonspecific TAAs
in a cancer cell line or tumor tissue lysate bind to IgG obtained from healthy controls in the
immunoaffinity column and are removed from the lysate, and then the other fraction which flows
through the column will be subjected to the 2D immunoaffinity column that contains IgG from the
cancer patients [66], and those that bind to the column are likely to be cancer-specific and will be
eluted and identificated by tandem MS.
2.2.2. TAAs of Lung Cancer
Protein gene product 9.5 (PGP 9.5) was detected in sera from patients with lung
adenocarcinoma [45,46]. The sensitivity of PGP 9.5 and annexin I and II in patients with lung
adenocarcinoma was 14%, 30% and 33% respectively. None of the healthy controls showed
immunoreactivity against annexin I and II. However, autoantibodies against annexin II were found in
patients with other cancers [45]. Immune response manifested by annexins I and II autoantibodies may
occur commonly in lung cancer and is associated with high circulating levels of inflammatory
cytokine [47]. At the same time, a 14-3-3 theta was found to exhibit significant reactivity with sera of
lung adenocarcinoma patients. A panel of three proteins consisting of 14-3-3 theta, annexin I and PGP
9.5 proteins, gave a sensitivity of 55% at 95% specificity in discriminating lung cancer at the
preclinical stage from controls [47]. Further study of the panel of annexin I, PGP9.5, and 14-3-3 theta
antigens found that reactivity against PGP 9.5 was not significant, while annexin I, 14-3-3 theta, and a
novel lung cancer antigen, LAMR1 showed significant reactivity for prediagnostic sera [67].
Eight antibodies, that reacted with lung cancer patients’ sera, but not with sera derived from lung
tuberculosis or healthy controls, were isolated from A549 lung adenocarcinoma cell lysate [68].
Autoantibodies against alpha-enolase were detected in a subset of NSCLC patients’ sera, with the
prevalence of 27.7% in patients with NSCLC [69]. Triosephosphate isomerase and superoxide
dismutase autoantibodies were detected in sera from over 20% patients with LSC but none from the
normal controls [70]. Leave-one-out validation of five antibody markers achieved 91.3% sensitivity
and 91.3% specificity for NSCLC, and it is worthy of mentioning that they could be identified 5 years
before it could be detected using autoradiography [19].
The p53 alteration is the most common alteration found in human cancer, and mutant p53
accumulates in the nucleus of tumor cells. Patients with various types of neoplasias have p53
antibodies in their sera. These antibodies are mostly IgG, corresponding to a secondary immune
response [35], with a specificity of 96% [71]. However, the sensitivity of such detection is only 30%.
Although the clinical value of these antibodies remains subject to debate, the finding of p53 antibodies
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in the sera of individuals with high risk of cancer (such as exposed workers or heavy smokers) [71],
and the decrease of antibodies against p53 correlating with a good response to early therapy in lung
cancer patients [35], indicate that they have promising potential in the early detection of cancer, as
well as monitoring the therapies.
The detection of autoantibodies reactive to TAAs may not only identify cancer at an early stage, but
also distinguish patients with different types of cancers. Cytokeratin18 (CK18) and villin1 were
identified with autoantibodies in sera from two kinds of pulmonary carcinoma patients,
adenocarcinoma (AD) and small cell carcinoma (SCC). CK18 could be observed in almost all lung
cancer cases, while villin1 was detected in 38.6% of AD and 61.8% of large cell neuroendocrine
carcinoma (LCNEC), respectively. Thus, villin1 and CK18 may be useful markers to distinguish
LCNEC/AD from SCLC/SCC [72]. Another research showed that the NY-ESO-I autoantibody might
also be used to distinguish patients with NSCLC from SCLC [73].
There are still limitations of TAAs. Because of the heterogenic nature of cancer, the autoantibody
against a particular TAA could be found in only 10%–30% of patients [35,45–47,74]. Some TAAs
may be nonspecific. Although a single autoantigen would lack adequate sensitivity and specificity, a
panel of TAAs may overcome this problem by being detected simultaneously [43]. The presence of
autoantibodies to a panel of seven TAAs (p53, c-myc, HER2, NY-ESO-1, CAGE, MUC1 and
GBU4-5) was investigated with plasma from normal controls and patients with lung cancer. Normal
individuals could be identified among NSCLC or SCLC with sensitivities ranging from 76% to 92%,
and a specificity of 92% [75]. Some other TAA panels used for diagnosis of lung cancer are
summarized in the Table 1.
Table 1. Tumor-associated antigens (TAA) panels used for lung cancer diagnosis.
SqLCC, Squamous Lung Cell Carcinoma; NSCLC, Non-Small Cell Lung Cancer; SCLC,
Small Cell Lung Carcinoma.
The panel of TAAs
14-2-2 theta, Annexin I, PGP 9.5
Annexin I, 14-3-3 theta, LAMR1
Alpha-enolase, Carcinoembryonic
antigen, Cytokeratin 19 fragment
(CYFRA21-1)
C-myc, p16, p53
TP53 BP, Protein kinase C and
Lymphoid blast crisis oncogene
(LBC)
SOX1, SOX2, SOX3, SOX21, HuC,
HuD, or HeIN1 proteins
Six phage peptides
HER2, p53, c-myc, NY-ESO-1,
CAGE, MUC1 and GBU4-5
Six phage peptides

Cancer type
Lung cancer
Lung cancer

Sensitivity (%)
55
-

Specificity (%)
95
-

Ref.
[47]
[67]

-

-

[69]

17.9

-

[76]

SqLCC

-

-

[77]

SCLC

67

95

[78,79]

NSCLC
NSCLC and
SCLC
NSCLC

92

85

[51]

64–92

92–100

[75]

94.8

91.1

[7]

NSCLC
Lung cancer
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3. Biosensors
A biosensor is a bioanalytical device incorporating a molecular recognition entity associated with or
integrated with a physicochemical transducer [20]. Three ingredients should be considered when
constructing a biosensor, as shown in Figure 1. And Table 2 shows some limit of detection (LOD) and
linear range of the lung cancer biomarker detection using biosensors.
Figure 1. The three ingredients of biosensors.

Table 2. The limit of detection (LOD) and linear range of the lung cancer biomarker
detection using biosensors. VEGF, vascular endothelial growth factor; CEA,
carcinoembryo antigen; COX, cyclooxygenase; ALCAM, activated leukocyte cell adhesion
molecule; EGFR, epidermal growth factor receptor; TAGLN2, transgelin-2;
hCG, human chorionic gonadotropin; PNA, peptide nucleic acid.
Biomarker

Serum

Electrochemical

-

VEGF165

Capture
agent
VEGFreceptor-1
Aptamer
Aptamer

Serum

Electrochemical
Fluorescent

15 nM
-

LAG3 protein

Antibody

Plasma

TP53 gene

DNA

SPRi-MALDITOP MS
Optical (SPR) and
QCM
Optical (SPR)

VEGF

COX-2

Polyclona
antibody

Sample

-

Simulated
blood
sample

Transducer

Fluorescence

LOD

1.35 × 10−4
ng/mL
1.02 × 10−4
ng/mL

Linear
range
10–70 pg/mL

Ref.

1.25 pM to
1.25 μM
-

[80]

0.3–2 μM
3.64 × 10−4
–3.64 × 102
ng/mL
7.46 × 10−4
–7.46 × 101
ng/mL

[74]

[81]
[82]
[83]

[84]
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Biomarker
CEA

Capture
agent
Antibody

Serum

Optical (SPR)

-

p53 antibody

p53 antigen

Serum

-

p53

ssDNA

-

p53 (wild and
total)

ds-DNA
and
antibody
Aptamer
Antibody
Antibody
antibody

-

Microcantilever
biosensor
Electrochemilumi
nescence
Optical (SPR)

Serum
10% Serum
10% Serum

Optical
Optical (SPR)
Optical (SPRi)
Optical (SPRi)

Antibody
ssDNA

10% Serum
Serum

Optical (SPRi)
Optical (SPR)

-

Optical (SPR)

EGFR
CA 19-9
ALCAM
ALCAM and
hCG
TAGLN2
DNA
mutations
K-ras point
mutation

PNA

Sample

Transducer

LOD

-

Linear
range
20 ng/mL–
20 μg/mL
-

Ref.
[42]
[85]
[86]

10.6 and
1.06 pM

-

66.7 U/mL
6 ng/mL
45–100
ng/mL
3 ng/mL
50 nM

-

[88]
[89]
[90]

-

[90]

-

[87]

-

[91]

[92]
[93]

3.1. Capture Agents
The selection and production of the capture agents are critical in biosensor technology. ssDNA with
high specificity and stability is applied as capture agents of miRNA. As for TAAs, antibodies and their
fragments, antigens, fused proteins, aptamers, and molecularly imprinted polymers (MIPs), have been
vigorously studied. With high affinity and specificity to target molecules, monoclonal or polyclonal
antibodies are the most frequently used, followed by aptamers.
Antibodies were discovered at the end of the 19th century. They have been considered useful
analytical tools since the monoclonal antibodies could be produced. Two methods are currently in use
for the production of monoclonal antibodies. One is the immortalization of the antibody producer cells,
which is achieved by Epstein-Barr virus transformation of a lymphocyte and/or by hybridoma
generation. The other adapts molecular biology techniques as powerful and promising tools for the
preparation, modification and improvement of monoclonal antibodies from either murine or human
origin. Selected clones producing a monoclonal antibody can be cultured continuously theoretically.
Thus, Monoclonal antibodies would be produced in sufficient quantities. Yet such antibodies are very
expensive, as well as difficult to preserve. Also, the antibody-producing cells may die unexpectedly.
The Antibody generation is difficult with molecules that are not well tolerated by animals for the
process within an animal. The performance of the same antibody may vary from batch to batch.
Various approaches are developed to circumvent these limitations, including displaying peptide
libraries on phages or ribosomes, in vitro immunization, and taking aptamers substituting antibodies.
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The development of the systematic evolution of ligands by exponential enrichment (SELEX)
process isolates the oligonucleotide sequences and gives us the capacity to recognize virtually any
class of target molecules with high affinity and specificity possible. These synthetic oligonucleotide
(DNA or RNA) molecules with the length of 10 to 100 building blocks are named aptamers, derived
from the latin aptus. Aptamers can be easily synthesized and amplified. The technique could involve
screening very large combinatorial libraries of oligonucleotides by an iterative process of in vitro
selection and amplification. A random oligonucleotide sequence library is obtained from combinatorial
chemical synthesis. The library is incubated with a target of interest, and the target would tend to
interact with several individual sequences, which would be isolated and amplified to obtain an
enriched library. The selection/amplification process would take place for several times, and the ultima
library is cloned and sequenced. Individual sequences are further characterized by their ability to bind
to the target, and then truncated to the minimal target-binding domain, which is usually less than 40
nucleotides. A typical SELEX process may take approximately 2–3 months. Also, certain
modifications at the 2' position of the ribose ring would be made to keep RNA from nuclease.
Cho H.S. et al. has reported a detection method using an aptamer sensor, targeting vascular endothelial
growth factor-165 (VEGF165), a predominant biomarker for cancer angiogenesis [81]. The aptasensor
provides felicitous sensitivity and specificity, with a linear rang from 25 pg/mL to 25 μg/mL, and
good agreement within the limit of the ELISA kit in serum and saliva. McCauley T.G.
et al. also developed an aptamer based biosensor for detection and quantification of multiplex
cancer-associated protein analytes from human serum and cellular extracts [94], and the solid phase
aptamer-protein interactions recapitulated binding interactions in solution. An aptamer has also been
used for recognition and detection of cancer cells [95].
3.2. Surface Chemistry for Immobilization of Capture Agents onto Solid Surfaces
These proteins or oligonucleotides should be immobilized onto a slide coated with various surfaces
in a planar or 3D platform, giving a stable layer of biomolecules without bio-activity being reduced
significantly. Planar surface coating chemistries are categorized into four main groups based on the
binding principle: nonspecific-noncovalent, nonspecifi-covalent, site specific-noncovalent and site
specific-covalent [21]. Nonspecific immobilization approaches do not require any modifications of
capture agents, and thereby facilitate capture-agent production. The substrates for noncovalent
immobilization includes soft membranes such as poly(vinylidene difluoride) (PVDF) and glass slides
modified with nitrocellulose [96] or poly(L-lysine), while the covalent protocol employs solid surfaces
modified with aldehyde, epoxide or succinimidyl ester/isothiocyanate functionalities. The site
specific-noncovalent immobilization techniques use certain affinity interaction molecules like
streptavidin-biotin and His-tag-nickel-chelates. Moreover, self-assembly monolayers (SAMs) on gold
coated surfaces are widely employed for site specific-covalent surface modification. All these coating
chemistries should offer low background. Three dimensional (3D) platforms based on agarose
hydrogel, polyacrylamide hydrogel, and sol-gel-encapsulated biomolecules patterned within multiwell
PDMS films, as well as nanoparticles and beads have been developed, aiming to overcome the
difficulty of limited spot density, increase signal to noise ratio, and avoid non-specific binging
and cross-reactivity.
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3.3. Transducers of Biosensors
A transducer is a device that converts recognition signal events into electrical signals, which could
be electrochemical (amperometry, potentiometry, conductimetry/impedimetry), optical (colorimetric,
fluorescence, luminescence, interferometry), and mass change (piezoelectric/acoustic wave), and so
on. The transducer is required to offer high throughput, high signal-to-noise ratio, relatively low
instrumentation costs, good resolution and reproducible results. The sensitivity and discrimination
ability of a differential sensor are critically dependent on the number of sensing elements.
3.3.1. Electrochemical Transducer
Liu J.H. and Ju H.X. [97], and Wang J. [98] have reviewed the electrochemical immunosensors,
which have been miniaturized to small pocket size devices. For example, the glucose biosensor is
applicable for home use, realizing rapid point-of-care measurement. Amperometric and potentiometric
transducers are the most commonly used among all the electrochemical transducers. Amperometric
biosensors could monitor the current associated with the reduction or oxidation of electroactivity. The
potentiometric devices convert the biorecognition process into a potential signal in connection to the
use of ion-selective electrodes (ISE). In recent years, more attention has been devoted to impedance
transducers with the capacity of label-free detection.
Bioaffinity based electrochemical biosensors are usually applied to detect gene mutations. A single
stranded DNA sequence is immobilized on the electrode surface and when DNA hybridisation takes
place, detection is conducted. A platform combined enzyme reaction with electrochemiluminescence
(ECL) for sensitive detection of a single point mutation was developed. The electrode surface was
coated by a composite of multiwalled carbon nanotubes and Ruthenium (II) tris-(bipyridine), and then
covered by polypyrrole to immobilize ssDNA, which could recognize the gold nanoparticle (AuNP)
labeled p53 gene, and produce AuNP dsDNA electrode. Glucose dehydrogenase molecules were then
absorbed for producing ECL signal. The system could recognize wild type p53 sequences as low as
0.1 pM and the discrimination between wild type p53 and mutation p53 sequences was up to
56.3% [86]. Electrochemical sensors are also useful for detecting small damage to DNA. The
electrochemical response of DNA is strongly dependent on the DNA structure [98]. Esterase
2-oligodeoxynucleotide conjugates were used for the electrochemical detection of mature microRNAs.
The enzyme would be brought into the vicinity of the electrode and produces an electrochemical
signal, when complementary binding of microRNA to the gap built of capture and detector
oligodeoxynucleotide takes place. Without the target microRNA, the gap between capture and detector
oligodeoxynucleotide was not filled, and missing base stacking energy destabilized the hybridization
complex. Thus no signal was detected from the dissociative enzyme. The whole process took only
60 min and no reverse transcription PCR amplification was needed. A detection limit of 2 pM of
miR-16 within a mixture of other miRNAs was obtained [99].
Electrochemical detection of proteins is also widely used. There are two main detection principles.
The antibody-antigen interaction could cause changes in the electrochemical properties (conductivity
or capacitance) of the sensor surface. In the ELISA based assays, the reporter antibody or antigen is
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labeled with enzymes such as horseradish peroxidase (HRP), or alkaline phosphatase (AP), which will
catalyze substrates to produce an electroactive species.
Magnetic particles were used in the elctrochemical biosensors for signal enhancement [100]. A gold
interdigitated capacitor transducer was modified with magnetic beads (MB), and multiple detection of
the protein biomarkers of lung cancer including carcinoembryonic antigen (CEA), epidermal growth
factor receptor (hEGFR) and cancer antigen 15-3 (CA15-3) was investigated. CEA and hEGFR could
be detected in the concentration range of 5 pg/mL to 1 ng/mL while CA15-3 was detected in the range
of 1–200 U/mL with a high specificity [100]. Another sensor using magnetic nanoparticles Fe3O4@Au
was constructed on one screen-printed carbon electrode (SPCE) for the rapid determination of highly
sensitive C reactiveprotein (hs-CRP), and showed an excellent electrocatalytic activity for hs-CRP in
PBS buffer, while a linear decrease of the catalytic efficiency of the HRP took place. The detection
limit was 0.5 ng/mL and linear range was from 1.2 to 200 ng/mL in real serum samples. The accuracy
and precision of the assay were 91.5%–104.4% and 15.8%–24.4% respectively [101]. The
immunosensor is reusable once constructed and can be regenerated by adding new nanoprobes on the
surface of basal electrode through magnet on its bottom. It can greatly reduce the detection cost which
is valuable for screening of tumors.
3.3.2. Mass Sensitive Transducer
Many physical and chemical processes are associated with mass changes. The piezoelectric quartz
crystal resonator makes the microbalance possible. The application of an external electrical potential to
a piezoelectric material produces internal methanical stress. The QCM is a piezoelectric sensor
comprises a thin quartz crystal disk coated with gold electrode. An oscillating electric field is applied
across the device, inducing an acoustic wave that propagates through the crystal and meets minimum
pimpedance when the thickness of the device is a multiple of the half wavelength of the acoustic wave,
so the QCM device is accurately a thickness shear mode resonator. The mass of a thin layer attached to
the surface of a crystal can be calculated from a measured change in the resonant frequency of the
device. The resonance frequency has been proved to decrease linearly with increasing mass on the
QCM electrode at a nanogram level. QCM is a very sensitive mass-measuring device, and has been
employed to observe real time biological events.
Using antibodies as the crystal coating, the QCM-based immunosensors could be used for protein
marker detection. However, the QCM is associated with a lack of reproducibility in solution. To solve
the problem, a “dip and dry” method was developed. Before the addition of samples, the resonance
frequency of the crystal is determined in air. After the sample is dried, the change in resonant
frequency due to biospecific binding could be calculated. QCM was used for the detection of one-point
mutation of TP53 gene. Amine coupling was employed for the immobilization of NeutrAvidin on the
thiolderivatized surface. A 0.03–2 μM concentration range was detected, and there was no different
between the SPR and QCM biosensors on the detection efficiency [102]. Chen Y. et al. applied the
QCM immunosensor to detection early lung cancer rapidly. Murine Lewis lung carcinoma LL/2 cells
were immobilized onto the surface of quartz crystals, and then the serum sample of LL/2 cell
immunized rabbits was dripped onto the quartz crystal surface center. The additional mass of the
crystal caused by specifically adsorbing antibodies resulted in a change in resonant frequency. The
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antibody content could be detected rapidly at the nanogram level with a high detection precision and a
positive detection rate of above 80% [103]. With similar process, other cancer cells or antigens were
detected using QCM immunosensor [104,105]. Sadhasivam S. et al. [105] reused up to nine cycles
with a slight loss in binding affinity.
3.3.3. Optical Transducers
3.3.3.1. SPR
Optical transducers used in biosensors include fluorescence, interferometry and spectroscopy of
optical waveguides, and surface plasmons resonance (SPR). SPR is one of the most common label-free
optical techniques used for biomolecular interaction detection [106,107]. SPR biosensor is based on
wavelength modulation and the Kretschmann geometry of the attenuated total reflection method.
Briefly, a collimated polychromatic light beam from a halogen lamp passes through an optical prism
and contacts a thin gold layer at a defined angle of incidence. Upon the incidence of the thin gold film,
each light beam excited a surface plasmon at a certain wavelength. The reflected light is collected by
an instrument with measured channels. Acquired spectra were analyzed in real time. The refractive
index creates a characteristic dip in the detected light spectrum at a specific wavelength. Changes in
refractive index cause this characteristic dip to shift. During the experiments a constant temperature is
maintained to eliminate effects from temperature changes, so the changes are associated with the
binding events occurring on the surface only, which could be quantified by tracking these changes in
dip position [42].
For the early cancer biomarker detection, a glass chip is coated with a chromium or titanium film
(thickness, 2 nm) and a gold film (thickness, 45–60 nm). The capture molecules are immobilized on
the gold surface and unlabeled analyte is added. The refractive index changes at the interface of the
gold sensor chip when biomolecules interact with immobilized capture agents, and is detected via
angle changes of a reflected laser beam, which is directly related to the amount of sensor
surface-bound biomolecules. The SPR sensor is a really versatile tool, but enables analysis of only a
few channels in a single experiment. This method requires a large number of samples to be placed on
the gold surfaces for microarray formats. Choi S. and Chae J. reported a novel SPR sensor using
competitive protein adsorption to detect thyroglobulin instead of capture agents [108]. Two surfaces
were covered by two known proteins with different affinities. Utilizing the competitive protein
adsorption (IgG < Tg < fibrinogen), Tg displaced IgG, while Fibrinogen was not displaced, and Tg
was selectively detected based on the exchange reaction.
SPR biosensors are sensitive to any refractive index change of the solution injected on the sensor
surface. Refractive index mismatch of the buffer, the sample, as well as the running buffer can become
a problem. Using a control serum solution that does not contain elevated levels of the antigen as
running buffer is theoretically possible, but not feasible due to cost and health issues, while performing
a sandwich assay instead of a direct assay will help in eliminating this problem. Cancer marker
CA 19-9 was detected using SPR biosensor with or without a sandwich complex. The detection limit
of CA19-9 was calculated to be 410.9 U/mL, while detection limit was improved to 66.7 U/mL with
the antibodies against CA 19-9 additionally injected after each sample injection for the formation of
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sandwich complex [89]. A lot of studies have compared the SPR and ELISA methods.
Vaisocherova H. et al. found that SPR detected CD166/activated cell leukocyte adhesion molecule
(ALCAM), with a similar sensitivity to ELISA. Yet the SPR method took much less time [109]. The
comparison was also put forward between SPR and QCM [110].
The main difficulty of testing real serum is the high nonspecific interaction between the sensor
surface and serum proteins. Several strategies have been adopted to reduce the nonspecific binding,
such as the use of mixed self-assembled monolayer coating which contain ethylene glycol units [111]
and carboxymethyl dextran surface [112], additives in the assay buffer [113], blocking agents after
antibody immobilization, and diluting the serum [111]. Nonspecific binding from 1% human serum
influenced the standard curve profile, but did not influence the detection limit. This suggested that
some of the antibody binding sites were covered with ligands bound from serum and were no longer
accessible. When the serum concentration was increased to 10%, nonspecific binding was significantly
increased and the detection limit was changed from 1 to 10 ng/mL [109]. To ultrasensitively detect the
extremely small changes in refractive index, several experimental and theoretical approaches have
been developed. For the detection of enzymes, surface modification of mixed self-assembled
monolayers (SAMs) enhanced the SPR signal as a result of the reduction in steric hindrance [114]. The
use of noble metal nanoparticles allowed strong optical coupling of incident light to resonances and
localized surface plasmons (LSPs), which were collective electron oscillations localized in the metallic
nanostructure [115]. Au nanoparticles are employed to enhance and amplify the sensor signal. A
research investigated the effect of three gold nanoparticles with different size, on the conventional SPR
signal, and found that the SPR signal was varied with the shapes and sizes of gold nanoparticles in
suspension at a fixed concentration due to their different plasmon absorbance bands. Larger AuNPs not
only occupy a larger space on the sensor surface that changes the refractive index, but also increase its
participation to surface plasmon resonance as the volume of the Au, and hence enhance sensitivity
further. The use of 20 nm Au nanoparticles reduced the detection limit 8 times, while the use of 40 nm
Au nanoparticles lowed the detection limit 65 times. The signal enhancement correlates very well with
the difference in their volume [110]. The composite material system of AuNPs and a SiO2 layer also
successfully enhanced detection sensitivity by establishing the dielectric constants of the different
component layers [116]. The detection limit of PSA by a SPR with the SiO2 layer and the AuNPs on
the gold surface was 0.1 ng/mL, which was about 100 fold more sensitive than ELISA. SPR sensors
were very stable and provided good reproducible responses after regeneration, up to 32 times [117].
3.3.3.2. SPR Imaging (SPRi)
Recently, the SPR imaging (SPRi) technique has been at the forefront of optical label-free and
real-time detection. SPRi systems are generally based on intensity modulation, measuring the
reflectivity of monochromatic incident p-polarized light at a fixed angle. S-polarized light could also
be measured, but is only used as reference signal to improve the image contrast and to eliminate
artefacts. The sensing surface of the prism is coated with a thin gold or silver layer. The resonance
conditions depend on the characteristics of the prism, metal and dielectric medium. The device can be
used as a multichannel sensor when the sensor surface is divided into multiple sensing spots. SPRi
could monitore hundreds of biological interactions continuously and simultaneously, and controlling
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the quality of the spotted array by selecting the measurement regions according to shape, size and
quality [118]. A number of commercial SPRi instruments have recently been launched on the market.
Three model biomarkers, α-fetoprotein, carcinoembryonic antigen, and hepatitis B surface antigen
were simultaneously detected in human serum samples by a SPRi chip, showing detection limits of 50,
20, and 100 ng/mL, respectively [119]. SPRi and MALDI-TOF mass spectrometry were coupled in a
hyphenated technique which enabled multiplexed quantification of binding by SPRi and molecular
characterization of interacting partners by subsequent MS analysis [82].
3.3.3.3. Fluorescence Biosensor
3.3.3.3.1. Chromophore
Fluorescence techniques are very well suited to realizing the sensitive, reliable and reproducible
detection of early cancer biomarkers, while fluorescence methods encompass several unique
experimental parameters, for instance, excitation and emission wavelength, intensity, fluorescence
lifetime and emission anisotropy, which are determined by the chromophore [120]. A variety of
chromophores could be used, such as organic dyes, metal-ligand complexes, lanthanide chelates, and
nanocrystals. Organic dyes are widely used for in vitro fluorescence quantification applications, for
example, ELISA and real-time quantitative RT-PCR. The conjugation of organic dyes to biomolecules
can be easily performed without significantly altering the biological functions. However, the spectral
overlap problems of organic dyes need to be overcome for multiplexed approaches. Also, the
fluorescence lifetime of organic dyes is too short for efficient discrimination [121]. Semiconductor
quantum dots (QDs) show distinct advantages over organic dyes due to their spectroscopic properties:
size-tunable absorption and emission, broad absorption, narrow and symmetric photoluminescence
spectra, strong luminescence, robust photostability, and large surface-to-volume ratio [122–128].
Fluorescence quantum yields of QDs in the visible-NIR wavelength and the NIR wavelength are as
high as those in the visible light range [129–134]. Resch-Genger U. et al. have compared the
differences between organic dyes and QDs, and evaluated the advantages and limitations of both
classes of chromophores [120].
3.3.3.3.2. QDs as Chromophore
Luminescent semiconductor nanocrystals were utilized as fluorescent biological labels for the first
time in 1998. Semiconductor quantum dots that covalently coupled to biomolecules, could recognize
specific antibodies or antigens as fluorescent probes in biological staining and diagnostics [127,135].
The QDs that are synthesized in the organic phase possess better quality, but require additional
post-treatment to gain water dispersibility [136,137]. In contrast, QDs prepared in the aqueous phase
possess excellent aqueous dispersibility, while fluorescence quantum yields are lower than these
synthesized in the organic phase. Highly luminescent QDs have been readily achieved in the aqueous
phase through several strategies [137–140]. Our group presented the program process of microwave
irradiation (PPMI), to synthesize high-quality CdTe nanocrystals with narrow size distribution and
fewer surface defects in aqueous solution [141]. The method was consummated ulteriorly; CdTe
nanocrystals with a PLQY of 82% were synthesized. Moreover, the PLQY increased to a remarkable
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98% after further amelioration through the illumination method [142]. For the biological applications,
CdTe/CdS/ZnS core/shell/shell (CSS) QDs with outstanding aqueous dispersibility, good spectral
properties, excellent photostability, and favorable biocompatibility were synthesized [143]. Based on
this work, a one-pot polymer encapsulation method was developed for group II-VI QDs in aqueous
solution. The micelles of amphiphilic polymers captured and encapsulated the QDs, enhancing the
photoluminescence quantum yield by about 50%, and so did the photostability [144]. Then we
explored proline dithiocarbamic acid disodium salt (ProDTC) as a novel ligand for the first time, and
made the synthesis of CdTe QDs progress at low temperature (30–50 °C). After replacing the
surface-binding ProDTC molecules with mercaptopropionic acid, the photoluminescence quantum
yield was about 50% [145]. All our work provides good conditions for studying nano-material
fluorescence biosensors.
Besides the chemical nature and size and fluorophore properties of the QDs, the interplay between
QDs and biomolecules would also affect the detection limit, the dynamic range, the reliability, and the
suitability for multiplexing detection. Labeling of proteins or oliginucleotides with QDs requires
suitable functional groups for covalent binding or noncovalent attachment. Aqueous QDs could bind to
biomoleculars through electrostatical adsorption, coordinated compound, biotin-avidin interactions,
covalent cross-linking (amine and carboxylic groups, amine and sulfhydryl groups, or aldehyde and
hydrazide functions), or polyhistidine tags [146–151]. Our group developed a DNA-bridged strategy to
facilely conjugate streptavidin (STV) to QDs, leading to a convenient and stable QD-DNA-biotin-STV
conjugate, which served as fluorescent nanoprobes for ultrasensitive detection of cancer
biomarkers [147]. These QD-based bioconjugates have been applied into ELISA, western blot, and
microarray, and so on [152–154].
3.3.3.3.3. Microfluidic Chip
In static solid/liquid interface reaction systems, QDs are less active than organic dyes because the
QDs are prone to deposit on the solid surfaces. To overcome the problem, microfluidic chips based on
the manipulation of a continuous liquid flow through microfabricated channels are applied, and we
found that QDs were compatible with microfluidic chips [155]. The ambulatory fluid accelerates the
reaction of QD probes and targets, and prevents QDs from nonspecific deposition [148]. These chips
are highly sensitive for use in cancer biomarker assays. Our group developed a microfluidic protein
chip with QDs as fluorescent signal amplifiers for ultrasensitive and multiplexed assay of cancer
biomarkers, and it was selective enough to be used in sera directly. The microfluidic chip combines the
high-throughput capabilities of a microfluidic network with the high sensitivity and multicolor imaging
ability of QDs [148]. The QD-DNA-biotin-STV conjugates mentioned previously were also applied
for ultrasensitive detection of cancer biomarkers within a microfluidic protein chip [147].
3.3.3.3.4. Fluorescence Resonance Energy Transfer (FRET)
FRET, which has been reviewed previously [156–158], is a distance dependent energy transfer
between a donor and an acceptor separated by a distance of 1–20 nm. As many biomolecular
interactions occur in this distance range, FRET is frequently used for the parallel detection of several
molecular interactions. The acceptor absorbs energy at the emission wavelength of the donor, but does

Int. J. Mol. Sci. 2013, 14

15496

not necessarily remit the energy fluorescently itself. The distance between the donor and acceptor
molecules would affect the rate of energy transfer violently, making FRET very appealing for
bioanalysis because of its intrinsic sensitivity to D/A distance [156]. Organic dyes and quenchers,
polymers, metal chelates, QDs, and fluorescent proteins and amino acids, etc. can all function as either
donors or acceptors. As mentioned previously, the unique photophysical properties of QDs make them
attractive biolabels: high quantum yields, size-tunable photoluminescent emission, broad absorption
spectra, large stokes shifts, multiphoton absorption, and high resistance to photobleaching and
chemical degradation. QDs used as donors of FRET for identification of autoantibodies, tumor-specific
T cells, and circulating cancer cells have been reviewed [159]. In this review, new materials used in
FRET are highlighted. Our group used FRET from PFCOOH-BT(5) to diamines and biogenic
polyamines to achieve a LOD as low as 2 μM, indicating that PFCOOH-BT(5) can serve as a general
and effective chemosensor to detect trace diamines and biogenic polyamines [160].
Quenching acceptors become popular in FRET systems, because they could offer elimination of
background fluorescence originating from direct acceptor excitation or re-emission. Recently,
graphene oxide [161–169] and single-layer MoS2 [170] are used to quench fluorescence of organic
dyes or QDs as quenching acceptors. GO and single-layer MoS2 could absorb chromophore-labeled
ssDNA probe via the van der Waals force and then quench the fluorescence of chromophore. While the
ssDNA is hybridized with its target DNA, RNA, ions, or proteins, the interaction becomes weak, and
the chromophore would be away from the GO or MoS2 far enough to resume the fluorescence. A
“turn-on” fluorescent biosensor is constructed. Zhu C.F. et al. used single-layer MoS2 to detect
DNA [170]. Based on the interaction of the ssDNA aptamers and proteins, GO-based biosensor was
developed for the tumor marker detection [167]. Tu Y.Q. et al. coupled the fluorescence quenching of
GO with site-specific cleavage of RsaI endonuclease. The biosensor could detected miR-126 down to
~3.0 fM, and discriminated the target sequence from single-base mismatched sequence, and also
estimated the miR-126 expressions in cells [171]. Pei H. et al. reported a new concept of adaptive
“ensemble aptamers” that exploited the collective recognition abilities of a set of aptamers to identify
target discriminatively. GO could provide low background and highly reproducible fluorescent assay
system [172]. Multiplexed detection of five diagnositic biomarkers at very low concentrations was
realized through an optically multiplexed six-color FRET biosensor. With a sophisticated spectral
crosstalk correction, the biosensor offered a nanogram level LOD for all five markers, providing an
effective early screening tool for lung cancer. The technology opened a new door to multiple
biomarker diagnostics [173]. Gold behaves like a dielectric with a large extinction index under blue or
violet light. Presence of a transparent surface layer on gold produces a large decrease in the reflectivity
of the gold surface due to multiple reflections in the surface layer, which is called anomalous reflection
(AR) of the gold surface. The application of AR to real-time measurements of the adsorption process
of octadecanethiol (ODT) on gold and the affinity of streptavidin to a biotin-labeled monomolecular
layer on gold were denomstrated [174].
More sensitive and rapid technology platforms are needed to fulfill the diagnosis requirements in
cancer detection, helping in providing better health care and reducing the stress on the patients.
However, the readout of fluorescence biosensors is expensive and different for “point of care”, while
label-free biosensors are capable of actualizing real-time, multi-analyte and continuous measurements.
On the other hand, there are two disadvantages of these label-free biosensors, including limited
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sensitivity and the requirement of assay optimization and correct use of controls to differentiate
nonspecific binding from specific especially using complex matrixes.
4. Conclusions
Early detection could help reduce the mortality rate of lung cancer. However, early detection is
possible only through widespread screening, because of the asymptomatic onset of the disease.
Associated with serum biomarkers, the development of biosensors provides an inexpensive, easy to
use, portable, non-invasive tool with high sensitivity and specificity, showing great potential for
routine diagnostics. The available biomarkers still lack sufficient specificity and sensitivity for use in
early cancer diagnosis [43]. Hence, identification of such biomarkers as occur at an early stage during
tumorigenesis will further improve. On the other hand, there is a lack of standard of biomarkers for
cancer diagnosis. Firstly, the specificity of biomarkers corresponding to certain cancer is not
affirmatory [175]. Secondly, the inhomogeneity of cancer results in the inhomogeneity of biomarkers,
which makes the diagnosis intricate. Fortunately, the combination of biomarkers used for early cancer
detection was proposed. The threshold concentration of biomarkers signifying cancer also needs to be
set [176]. Biosensors have the potential to detect cancer biomarkers sensitively, specifically and
simply. However, biosensor devices need further developmnt to face the multiplex analysis, small
sample consumption, reduced assay time, low manufacturing cost, and high throughput, along with
improved diagnostic accuracy as well as repeatability. The concept of using nanomaterials and
microfluidics will make biosensors more sensitive and more applicable for high-throughput assay.
So-called “point of care” biosensors will help reduce the mortality rate of lung cancer by early
diagnosis and prognosis.
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