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The review focus on the use of lectin-based biosensors in the oncology field, and ponders the potentialities of
using these devices as analytical tools to monitor the levels of cancer glycobiomarkers in biological fluids,
helping in the diagnosis, prognosis and treatment assessment.

Several examples of lectin-based biosensors directed for cancer biomarkers are described and discussed, and
their potential application in the clinic is considered, taking into account their analytical features, advantages

and performance in sample analysis.

Technical and practical aspects in the construction process, which are specific for lectin biosensors, are de-
bated, as well as the requirements in sample collection and processing, and biosensor validation.

Today's challenges for real implementation of these devices in the clinic are presented, along with the future

trends in the field.

1. Introduction
1.1. Definition and features of a biosensor

Biosensors are chemical sensors in which the recognition system is
based on a biochemical or biological mechanism [1-3]. Recognition is
the process of selective interaction between the biosensing element,
which is immobilized on the sensor surface, and the analyte, present in
the sample. The sensing element may be of biological origin or a syn-
thetic material that biomimetizes a natural component.

The recognition event is characterized by two features: reversibility
and selectivity [4]. The interaction is based on the establishment of
noncovalent chemical bonds, such as ionic bonds, hydrogen bonds or
van der Waals interactions, between the analyte and the sensing agent.
The constant of this equilibrium reflects the affinity of the sensing
element towards the analyte. If the biosensor response depends on the
product concentration, then it will be affected by the analyte con-
centration in the sample [4]. Selectivity of the biosensor is the ability to
respond preferentially to the presence of the analyte, and not to other
sample components. Ideally, a biosensor should be specific (100% se-
lective) for a particular analyte, so that the response would be ex-
clusively correlated to the analyte concentration in the sample.

Different sensing elements may be used in biosensors, namely nu-
cleic acids, enzymes or substrates, cells or biological tissues, and pro-
teins or glycoproteins of diverse families (antibodies, lectins) that show

affinity towards particular molecules (antigens, glycans), forming as-
sociation complexes. In this case, the interaction could be more or less
specific (for example, an antibody-antigen interaction is much more
selective than a lectin-glycan interaction).

As for the transduction methods used in biosensors, they can be
thermometric, optical, mechanical and electrochemical.
Electrochemical-based methods are the most common transduction
mechanisms employed in biosensors.

Since the final objective of a biosensor is to be commercialized and
applied in real life, it should present some attractive features, namely:
a) simple to operate, so it can be easily used; b) portable, to allow in vivo
analysis; ¢) miniaturized, to reduce the amount of sample needed and to
allow integration of several biosensors in arrays, increasing the
throughput; d) free of sample preparation, to simplify the procedure
and reduce assay time; e) disposable, to avoid cross-contamination
between samples, repetitive calibrations and conditioning after each
measurement; f) robust and with reproducible manufacturing, so that it
is reliable and does not require calibration; g) sensitive and with low
limits of detection, since the majority of biological analytes of interest
are in very low concentrations in samples; h) highly selective, to avoid
or minimize interference errors; i) quantitative, so that the biosensor
response may be correlated to the analyte concentration or amount in
the sample; j) compatible with established readout systems, which
should be miniaturized as well, to enable the point-of-care (POC) or in
vivo measurement; k) cheap, so that it can be not reusable without
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increasing the assay cost.

1.2. Advantages of biosensors in point-of-care analysis and precision
medicine

Among the several uses of biosensors in real life context, healthcare
applications are one of the most significant. Biosensors can be applied
for in vitro or in vivo determinations of particular analytes with phy-
siological or pathological relevance [5-15], in particular biomarkers of
physiological or pathological states (in cancer, cardiovascular diseases
and hormone-related health problems) [6,8,11,13,16-19].

The developments in biosensor research allow presenting, at this
moment, assays with short and separation-free procedures, with the
possibility of performing the measurement in situ, which has advantages
with respect to common enzyme-linked immunosorbent assays (ELISA)
[20,21]. Also, the possibility to construct label-free biosensors increases
simplicity in the biosensing process and enables to reduce the assay
time, which is advantageous for POC analysis [22,23].

The possibility of miniaturization of the biosensing devices allows,
on one hand, to decentralize the analysis and, on the other hand, to
work in the micro-scale, reducing the volume of reagents and samples
required to perform the analysis. This makes the operation cheaper
(allowing mass production) and less hazardous, when compared to the
macro and semimicro-scale techniques [24]. Furthermore, the auto-
mation allowed by the use of biosensors enables screening of popula-
tions in a simple and fast way. Also, there is the option to immobilize
more than one biorecognition agent on the biosensor, creating thus a
multi-analyte biosensor that may be employed to simultaneously de-
termine a series of analytes. This may have advantages in the profiling
of samples, since in many pathological situations a profile of markers
provides more accurate information than the monitorization of a single
marker [7,25-30].

The use of biosensors in clinical testing is more practical, faster,
more user-friendly, less expensive and less technically demanding than
microarray or proteomic analysis [7]. The later approaches are not
practical for routine testing due to their complexity and cumbersome
and lengthy protocols, which may affect reproducibility and must be
performed by experienced technicians.

Nowadays, precision medicine centred in the patient can make the
difference in the life quality of patients, by proposing screenings, di-
agnosing entire families for particular mutations before the disease
reveals and offering treatments with more quality (higher efficacy and
less adverse effects) by adjusting doses to the patient metabolism. In all
these actions, analytical tests based in biosensors may be employed,
which selectively detect particular biomarkers that are indicative of the
disease presence and progression, and treatment efficacy [31].

2. Application of biosensors in clinical oncology

Cancer incidence is increasing and will continue to increase in the
next decades, due to the raise in life expectancy of populations and the
difficulty to control some of the stigmas that characterize today's so-
cieties, such as sedentarism and obesity [32,33]. This is, obviously, a
worrying scenario, and the need to intensify prevention is mandatory.
Furthermore, a personalized prevention is becoming a target, which
will allow to improve the individual adhesion and the efficacy of in-
terventions [34].

Both in population screening methods and patient stratification, the
use of biosensors for biomarkers is, theoretically, an useful option
[28,35,36]. Detection of serum cancer biomarkers would permit to
carry out screenings in a fast way, helping on the precise diagnosis in an
early phase, and this could be performed by using biosensors towards
the cancer-associated biomolecules produced and secreted by tumour
cells. Unfortunately, the success of cancer biomarkers in screenings has
been disappointing, mainly due to insufficient sensitivity. Biomarker
amounts secreted by tumour cells are very low and the dilution effect of
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blood decreases even more its concentration. A solution to this may be
to use proximal fluids [36]. In addition, many cancer biomarkers are
elevated in benign diseases [28,37], which require further testing to
confirm malignancy.

In advanced or metastatic disease, current guidelines recommend
the assessment of response to treatment through history, physical-
clinical examination, radiological exam and routine blood tests [38].
Among them, tumour biomarkers are quantified, namely CA15-3 and
CA27-29 for breast cancer, a-fetoprotein for liver cancer, PSA for
prostate cancer, CA125 for ovarian cancer, CA19-9 for pancreatic and
ovarian cancer, CEA for colon, gastric, pancreatic, lung and breast
cancer, HER2 for breast cancer and hCG for testicular and ovarian
cancer [8,37,39]. Although a change in a tumour biomarker alone is not
sufficient for treatment decisions, its level is considered helpful in
monitoring the response and for diagnosis of distant metastasis
[8,37,40]. The use of serum cancer biomarkers in therapy monitoring
may reduce the follow-up expenses by up to 50% as compared to the
use of imaging techniques [41].

3. Lectin-based biosensors as potentially useful tools in clinical
oncology

3.1. Aberrant glycans as cancer biomarkers

Aberrant glycosylation of sphingolipids and proteins is a feature of
essentially all types of experimental and human cancers. According to
the current knowledge, this is a result of the oncogenic transformation
of cells, which induces invasion and metastasis [42,43].

Cancer-associated abnormal glycosylation includes incomplete
synthesis of O-glycans (namely the formation of sialyl-Tn, Tn and T
epitopes), altered glycosylation of mucins (with changes in MUC2 and
MUCSAC for colon cancer, MUC1 in several types of cancer and CA125
in ovarian cancer), alterations in the synthesis of histo-blood group-
related antigens (A and B glycan epitopes, which are reduced or absent,
being replaced by the precursor H epitope, and Lewis antigens, whose
profiles are different from that seen in adjacent normal tissues), in-
creased (B1,6) branching of N-linked glycans, namely in breast and
colon cancers, alterations in sialylation and fucosylation (for the Lewis
family antigens and T and Tn antigens), and synthesis of HPA-binding
glycans [43-46].

These aberrant epitopes have been identified as tumour-associated
antigens and, clinically, their expression is inversely correlated with
survival of patients [43], being more obvious in early stages than in
later stages of human cancer [47], when other factors may be involved.
The antigens may, therefore, be useful as prognostic markers [44,45].

The use of glycan biomarkers instead of protein biomarkers for
cancer has several advantages: (1) glycan biosynthesis is more suscep-
tible to be affected by disease than protein biosynthesis, because gly-
cans are metabolic products. Small changes in proteins cause amplified
variations in glycans; (2) glycans are synthesized only in the Golgi
apparatus or in the endoplasmic reticulum, therefore abnormal glyco-
sylation can potentially impact all glycoproteins produced in the tu-
mour cell; (3) with the current analytical techniques, it is easier to
measure oligosaccharide expression than protein expression [48,49];
(4) one protein can carry many copies of an altered glycan, which may
also be added to other scaffolds, generating an amplification effect; (5)
glycosylation acts to shield the peptide backbone from proteolytic de-
gradation, thus glycan-based biomarkers are, in theory, more stable
than unmodified proteins, in a disease setting [50]. Further, glycans are
secreted by the cells and are abundant in most biological fluids, such as
serum, plasma, saliva and tears. The glycan may be used as a marker by
detecting its amount or, in a more deep analysis, by detecting site-
specific glycosylation [49]. In conclusion, capitalizing on alterations in
cancer-related protein glycoforms enables an increase in diagnostic
sensitivity and specificity [50]. For example, the employment of the
lectin from Maackia amurensis with different affinity for PSA glycoforms
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Glycoprotein cancer biomarkers approved by FDA and currently used in clinical practice.

Tumour marker Cancer type Year of FDA Detection type Clinical application
approval
a-1 acid glycoprotein (AGP) breast 2009 glycoprotein concentration predictive
a-fetoprotein (AFP) germ-cell liver  1992/2008 protein concentration and core fucosylation diagnosis
(for AFP-L3) staging
differential diagnosis of NSGCT
detecting recurrence
monitoring therapy
cancer antigen 125 (CA125)/MUC16 ovarian 1997/2009/2011 protein concentration prognosis
detecting recurrence
monitoring therapy
cancer antigen 15-3 (CA15-3)/MUC1 breast 1997 sialylated O-linked oligosaccharide on MUC1 monitoring therapy
cancer antigen 27-29 (CA27-29) breast 1997/2002 MUC1 protein level monitoring therapy
carbohydrate antigen 19-9 (CA19-9) pancreatic 2002 SLe® on mucin glycoproteins and gangliosides  monitoring disease status
ovarian monitoring therapy
carcinoembryonic antigen (CEA) colon 1985 protein concentration prognosis
gastric detecting recurrence
pancreatic screening for hepatic metastases
lung monitoring therapy
breast
estrogen receptor (ER) and progesterone breast 1999 formalin-fixed paraffin-embedded tissue select patients for endocrine therapy
receptor (PgR) prognosis
response to therapy
human epidermal growth factor receptor 2 breast 1998 protein concentration prognosis
(HER2/neu) select patients for trastuzumab
therapy
human epididymis protein 4 (HE4) ovarian 2008/2011 protein concentration prognosis
detecting recurrence
monitoring therapy
Lewis a antigen (Le®) ovarian 2002 carbohydrate concentration prognosis
monitoring therapy
prostate-specific antigen (PSA) prostate 1986/1994/2012 protein concentration screening (with DRE)
diagnosis (with DRE)
discrimination cancer from benign
disease
thyroglobulin (Tg) thyroid 1997 protein concentration prognosis
monitoring therapy
transferrin all cancers 2009 glycoprotein concentration predictive

blood cancer

component of MHC I molecule (blood cancer)

NSGCT - non-seminomatous germ cell tumours; MUC — mucin; DRE - digital rectal exam.

allows to distinguish between blood samples from individuals with
benign prostatic hypertrophy and prostate cancer patients [51],
whereas standard PSA tests can't [52]. Nonetheless, it is curious to
observe that very few cancer biomarker discovery strategies have been
designed to focus on aberrant glycosylation, which can be due to the
complexity and heterogeneity of carbohydrate structures carried by
glycoproteins, which have made it difficult to understand their func-
tions [50], as well as the lack of tools to synthesize and analyze them
accurately [53].

In spite of the great plethora of cancer biomarkers discovered so far,
very few have been approved by FDA for clinical use. Table 1 depicts
the ones that are glycoproteins [39,54-56]. Although the majority of
cancer biomarkers currently used are glycoproteins, which are struc-
turally altered in their glycan moieties, only a-fetoprotein, CA15-3 and
CA19-9 are clinically monitored for their glycan changes, while the
other cancer biomarkers are monitored for their total protein levels
[57]. Considering the case of a-fetoprotein, the aberrantly fucosylated
glycoform produced by liver was approved by FDA as a biomarker for
hepatocellular carcinoma. The commercial assay is based on a lectin-
antibody sandwich design, using Lens culinaris agglutinin (LCA) to as-
sess the percentage of fucosylated glycoform. This example demon-
strates the clinical utility of cancer glycobiomarkers [53].

In all FDA-approved cancer glycobiomarkers, the detection metho-
dology is an immunoassay, which means that they are detected through
the use of antibodies. Nonetheless, according to their molecular struc-
ture, they could be also detected by lectins, considering the glycan as
the analyte [50,55].

For the approved glycoprotein biomarkers, the majority cannot be
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employed for diagnosis, since they can only detect late stage disease
and/or cannot distinguish between cancer and benign disease. All of
them show some unspecificity and may give false positives.
Nevertheless, they can be used for staging, detecting recurrence and
monitoring treatment.

3.2. Lectins as biosensing agents in biosensors for glycan biomarkers

Biosensors devoted to detect cancer-associated glycan antigens are,
frequently, based on lectins, which act as the biosensing agent [55,58].
Lectins have been used for cancer biomarker discovery research and
have been employed in diverse applications in cytochemistry, his-
tochemistry and immunohistochemistry for the detection and char-
acterization of glycoconjugates in human and animal cells and tissue
surfaces [59-61], but they have found more applications in the sensor
field [23,62].

Lectins are proteins or glycoproteins that selectively bind to parti-
cular glycan structures, through hydrogen bonds, metal coordination,
van der Waals and hydrophobic interactions, not modifying the car-
bohydrates to which they bind. The carbohydrate-binding site in the
lectin is located within the carbohydrate-recognition domain (CRD).
Lectin binding sites consist of a primary binding site which is capable of
recognizing in a specific way a single monosaccharide residue. Often,
there are additional subsites that can be occupied by sugar residues
connected to the one bound at the primary site. In subsite binding, one
monosaccharide (as a rule the terminal one) binds to the primary
binding site of the lectin and then other monosaccharides in the chain
bind to secondary subsites. This causes a slight increase in affinity in a
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Table 2
Cancer glycobiomarkers with their aberrant glycosylation and the potential lectins that can be used for their biosensing.
Tumour marker Cancer type Type of biomarker Glycan modification Lectin Ref.
AFP liver glycoprotein fucosylation Lens culinaris agglutinin [68]
Phaseolus vulgaris erythroagglutinin  [69]
CA125/MUC16  ovarian glycoprotein (mucin) truncated Tn (O-linked), STn, core fucosylation Glycine max agglutinin [70]
Vicia villosa agglutinin [71]
CA15-3/MUC1 breast glycoprotein (mucin) truncated Tn, STn, 3-sulfated core 1, terminal sialylation galectin 4 [72]
CA27-29 ovarian
lung
pancreatic
prostate
CEA colorectal glycoprotein 1 Le*, LeY, high mannan structures, | core fucosylation, 1 branching, 1 Phaseolus vulgaris agglutinin [73]1
NeuS5Ac wheat germ agglutinin
HER2/neu breast glycoprotein proximal fucosylation concanavalin A [74]
wheat germ agglutinin
HE4 ovarian glycoprotein blood group antigens Griffonia simplicifolia agglutinin [55]
PSA prostate glycoprotein 1 a-2,3 NeuSAc, 1 a-1,2 Fuc, B-GalNAc Maackia amurensis agglutinin [51]
Sambucus nigra agglutinin [75]
Tg thyroid glycoprotein terminal galactosylation, asialylation Lens culinaris agglutinin [76]
Wisteria floribunda agglutinin [771

Le* — Lewis x antigen; Le¥ — Lewis y antigen; Neu5Ac — neuraminic acid; Fuc — fucose; GaINAC - N-acetyl-galactosamine.

factor of 2-50 [63].

The lectin-glycan interaction is generally weak, in the millimolar to
micromolar range, but multiple interactions can be established between
both elements to enhance their binding. Several lectins have the ability
to establish more than one separate connection of the same kind with
other glycans through ligand-receptor interactions, which is known as
multivalency. Multivalency in lectins allows achieving very tight
binding to the glycan (with a higher association constant) [64], and
selectivity towards a particular target is increased by several orders of
magnitude [65,66].

A great diversity of glycan structures can be detected by an equally
varied lectin collection. In addition, many lectins have become com-
mercially available in high purity. These two factors have prompted the
use of lectins in biosensors for glycan biomarkers. Compared to anti-
bodies, lectins are less expensive, easier to be obtained and present
longer shelf life [25].

Table 2 shows a list of cancer glycobiomarkers with their aberrant
glycosylation, and examples of lectins that can be used for their bio-
sensing [23,55]. The table is not exhaustive and for each biomarker
only one or two examples of lectins are indicated. For some of the
biomarkers, other lectins have been used for detection [67].

Different designs can be used to construct a lectin biosensor: the
lectin can be immobilized at the device surface by different binding
strategies, for example through self-assembled monolayers, and allowed
to bind to glycans, free or in glycoconjugates (Fig. 1A), or a sandwich
assay can be designed, where an antibody or a lectin is immobilized on
the sensor surface, then the sample is incubated and the analyte binds
to the sensing element and, after, a lectin or an antibody, which can be
labelled, binds to the analyte so that the binding event can be measured
(Fig. 1B and C). The sandwich assay can also be performed with two
lectins instead of a lectin and an antibody. In the first situation
(Fig. 1A), no labelling is required and the complex formation is detected
impedimetrically [78].

3.2.1. Lectin-based biosensors for cancer biomarkers

Several lectin-based biosensors have been developed for a variety of
cancer biomarkers and biosensors for truncated O-glycans are among
the more recurrent ones. An Arachis hypogaea lectin (PNA) biosensor
was developed for the detection of T antigen [79]. According to the
authors, this was the first description of nanoparticle-based biosensing
of glycan markers of diseases. The protocol relied on the competition
between a nanocrystal (CdS)-tagged sugar and the target sugar for the
binding sites of surface-confined lectin, monitoring the extent of com-
petition through highly sensitive electrochemical detection of the
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captured nanocrystal. This development was expected to allow decen-
tralized detection of carbohydrate moieties and lectin-carbohydrate
interactions. Although the protocol exhibited excellent discrimination
between target and nontarget sugars and the trend in sensitivity was
according to what was expected for PNA, samples were not analyzed, so
the clinical utility could not be demonstrated.

The same group developed other biosensors containing PNA and
Sambucus nigra lectin (SNA) for the detection of glycoconjugates car-
rying the T and STn epitopes, respectively [80]. Electrochemical im-
pedance spectroscopy (EIS) was employed as the transduction method.
The proposed biosensors proved to be effective in the detection of
glycan-lectin interactions in a label-free fashion, with potential appli-
cations in the detection of cancer biomarkers, and the technique was
shown to be fast and sensitive. Several glycoconjugates and glycopro-
teins carrying the T and STn glycans were analyzed and selective re-
sponses were obtained for both lectins, with excellent limits of detec-
tion. Unfortunately, their behaviour in the analysis of real samples was
not evaluated.

Another impedimetric SNA-I biosensor was developed and used to
detect the STn glycan in the glycoproteins fetuin and asialofetuin [81].
On polycrystalline gold modified by an aminoalkanethiol linker layer,
gold nanoparticles were attached and, then, SNA was covalently im-
mobilized on a mixed self-assembled monolayer (SAM) formed on gold
nanoparticles. Finally, the biosensor surface was blocked by poly (vinyl
alcohol). Lectin microarray assays were performed to validate the re-
sults obtained with the biosensor. Analytes could be detected down to
attomolar levels and the biosensor was able to provide information
about the amount of glycan determinants present on a particular gly-
coprotein. Once again, no real samples were analyzed, in spite of the
improved analytical features of the biosensor.

SNA-I and Vicia villosa lectin (VVA) impedimetric biosensors were
developed for the detection of STn and Tn antigens, respectively, in
serum samples [82,83]. The work demonstrated the feasibility of em-
ploying SNA-I and VVA to selectively recognize the STn and Tn epitopes
in glycoproteins and the constructed biosensors were effective in the
analysis of serum samples with the ability to discriminate in a fast way
between cancer and healthy status. However, in order to confirm the
discriminative power of the develop biosensors, a more extensive va-
lidation procedure must be carried out, through the analysis of a larger
set of samples and data processing, according to official guidelines.

A SPR biosensor using PNA was develop for the detection of T an-
tigen, at concentrations down to 50 nM with no significant interference
of a closely-related disaccharide [84]. In this case, the lectin was not
directly immobilized at the device surface. Instead, an anti-PNA
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sensor surface lectin glycoprotein

antibody was fixed and, after, PNA was allowed to bind to the antibody.
Finally, when the T antigen was incubated, lectin-glycan interactions
could be established. A notorious advantage of this biosensor was its
ability to be fully regenerated by incubation of PBS, pH =1, for
1-2 min, and thorough rinsing.

An ultrasensitive  diagnostic miniature platform called
“NanoMonitor” was developed for glycan biomarker detection, al-
lowing glycoprofiling in a multiplex format [85]. The surface of a si-
licon chip with an array of gold electrodes was modified with a nano-
porous alumina membrane on the top of each electrode. Using SNA and
Maackia amurensis agglutinin (MAA), immobilized on the electrodes
surface, subtle changes in glycosylation of fetuin and human pancreatic
cancer cell line BXPC-3 were identified, being measured by EIS.

Biosensors for cancer biomarkers which are glycoproteins have also
been reported. Yang and co-workers functionalized single-wall nano-
tubes (SWNTs) adsorbed onto an electrode with wheat germ lectin
(WGA), Lens culinaris lectin (LCA), Canavalia ensiformis lectin (Con A),
SNA and Datura stramonium lectin (DSA) to detect a-fetoprotein in
serum samples, through EIS [86]. It was found that the employment of
SWNTs as immobilization platform could reduce the background and
enhance the EIS response. In addition, the employment of the five
lectins allowed to evaluate the N-glycan expression of a-fetoprotein.
Serum samples of patients with liver cancer were analyzed and the
developed biosensors were able to discriminate a-fetoprotein between
healthy individuals and cancer patients. Although the results show
potential utility of the biosensors, an extensive validation through
analysis of larger sets of samples is required.

CEA was detected together with a drug to cure colorectal cancer,
cetuximab, using a well-designed strategy employing square-wave
voltammetry [87]. The approach was based on the displacement of
quantum dot (QD)-labelled glycans by the target glycans using two
lectins, Con A and Euonymus europaeus lectin (EEL), as the recognition
elements. Upon incubation with the sample containing both the drug
and the biomarker, QD conjugates were displaced from the surface and
released Zn®* and Cd?* ions were analyzed by stripping voltammetry.
The reported biosensor, used for the simultaneous detection of the
biomarker and the therapeutic drug, is an innovative approach and is
expected to be developed as a potential technique for quantitative
pharmacology.

A different biosensor was designed for the detection of CEA, using

antibody
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Fig. 1. Configuration of lectin-based biosensors
with direct (A) or sandwich immobilization
protocol (B and C). The sensing element (lectin
or antibody) can be immobilized through dif-
ferent strategies that include covalent and non-
covalent binding. The binding of the glyco-
conjugate in the direct protocol is usually carried
out impedimetrically and no labeling is required.
For the sandwich protocol, the lectin or antibody
is labelled with an enzyme or fluorescent mole-
cule in order to allow the measurement of the
binding event. Note: for the sandwich C-scheme,
another lectin can bind to the glycoprotein, in-
stead of an antibody.

»*

label

the lectins WGA, Con A and LCA [88]. The chronoamperometric bio-
sensor was constructed by covalently coupling the lectins on the surface
of a gold nanoparticle-cysteamine-modified electrode. A lectin-target-
antibody sandwich-type conjugate was formed when the biosensor was
successively reacted with target protein and horseradish peroxidase
labelled anti-CEA antibody probe. The lectin-based biosensor array was
successfully applied to evaluate the N-glycan expression of CEA and
discriminate CEA between serum samples of healthy individuals and
liver cancer patients. The results showed the feasibility of the developed
device to be applied in cancer detection and further pathological study
of carcinogenesis.

A SPR lectin biosensor was proposed for the detection of hy-
perglycosylated human chorionic gonadotropin (hCG) produced by
malignant gestational trophoblastic neoplasias and male germ cell tu-
mours [89]. The sandwich-type immunoassay utilized carbohydrate-
free antibody fragments covalently attached to the chip, followed by
addition of control or hCG-containing samples and then individual
lectins. The biosensor was able to compare the glycosylation patterns of
hCG among urine specimens from individuals with a normal pregnancy,
invasive mole, choriocarcinoma and male germ cell tumours, using the
antibody fragments as capture reagents and a panel of eight lectins, five
recognizing neutral sugars and three recognizing sialic acid. The au-
thors claimed that, by using deglycosylated antibody fragments as
capture reagents, the clinical potential of lectin discrimination of con-
dition-specific glycoproteins can be explored.

A biosensor for CA15-3 was designed by using a fluoro-microbead
guiding chip (FMGC) and the lectins SNA and PNA conjugated with
fluoro-microbeads [90]. The detection was performed through an an-
tibody-lectin sandwich assay, as follows: a capture antibody against
CA15-3 that binds to the peptide backbone of CA15-3 was immobilized
on the gold-patterned sensing surface. Then, the immunosensor was
incubated with CA15-3 and finally the lectin-conjugated fluoro-mi-
crobeads were put in contact with the sensor. The fluoro-microbeads
biospecifically bound on the FMGC were detected and recorded using a
fluorescence microscope. The authors concluded that the PNA- and
SNA-based assay system exhibited decreased detection limits com-
paring to the conventional ELISA, while covering the clinically required
determination range of target analyte. Furthermore, it was demon-
strated that employing a lectin-antibody reaction pair could be a pro-
mising alternative to the typical antibody-antibody sandwich assay.
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Nevertheless, the biosensor was not validated through the analysis of
real samples, to definitely conclude about its usefulness in the diagnosis
of breast cancer and its recurrence-metastasis.

A lectin-based immunosensor was developed for the detection of
PSA using three lectins with different carbohydrate specificities: SNA-I,
specific for a-(2,6)-terminal sialic acid, Lotus tetragonolobus agglutinin
(LTA), recognizing a-L-Fuc and MAA-II, recognizing a-(2,3)-terminal
sialic acid [75]. The anti-PSA antibody was covalently immobilized on a
SAM formed on a gold disk electrode and then the biosensor interface
was exposed to PSA. After, the three lectins were used to glycoprofile
PSA glycans to complete a sandwich biosensor configuration. The
analysis of sialic acid by the lectin-based immunosensor was shorter
and simpler than the analysis performed by mass spectrometry (MS),
and showed to have potential to be applied in glycoprofiling of PSA.
The authors pointed the advantages of the developed biosensor, namely
the ability to detect increasing/decreasing amounts of a-(2,6)-Neu5Ac
or a-(2,3)-Neu5Ac on the selected biomarker (even tri- and tetra-an-
tennary glycans, which can be present on PSA), since lectin biosensor
could detect glycans in a quantitative way, high sensitivity with a low
limit of detection and small sample consumption. The main drawback
of the proposed biosensor was the low throughput of analysis, which
could be addressed by working in an array format of analysis.

Although biosensors do not provide detailed and complete struc-
tural information about glycosylation as MS and other analytical
techniques frequently used in glycomics do, they offer quantitative
information, together with the selectivity given by the lectin, which
may be sufficient for high-throughput analysis in diagnostic and/or
screening assays [91].

4. Technical and practical aspects in the construction process
4.1. Lectin immobilization

Immobilization of the biorecognition element in a biosensor is of
upmost importance because the immobilized molecule should conserve
its activity intact as it would be in a free state. Therefore, the im-
mobilization procedure impacts on the biosensor performance.

Biological recognition agents used in biosensors can be immobilized
in a thin layer at the transducer surface by using different processes,
namely entrapment behind a membrane, entrapment within a poly-
meric matrix, entrapment by SAMs or bilayer lipid membranes (BLMs),
covalent binding on membranes or surfaces activated through bifunc-
tional groups or spacers and bulk modification of the electrode material
[1]. Adsorption methods are reversible, simple and fast but the binding
is weaker, the orientation of the biomolecule may be unfavourable and
its functionality and stability may be impaired [92]. Also, adsorbed
biomaterials are more prone to changes in the surrounding environ-
ment (changes in pH, temperature and ionic strength) [23]. Covalent
immobilization procedures are more complex than entrapment modes,
but are especially adequate when the sensor is very small so that the
membrane must be fabricated directly on the transducer surface. In this
method, the biorecognition element shows more stable and re-
producible activity [1].

The most frequent surfaces used for biosensor construction are
metals (gold, silver, platinum), natural hydroxylic polymers, diverse
carbonaceous materials (graphene, glassy carbon), glass and silica [93].
Recently, the application of screen-printed electrodes has attracted an
increasing interest due to their suitable characteristics, such as simple
and low-cost fabrication, mass production, and conveniently practical
application [94-97]. Also, engineered materials such as nanoparticles,
nanotubes and QDs have been applied in conjunction with lectins to
design novel biosensors with improved analytical characteristics (see
section 3.2.1. for examples).

For the particular case of lectin-based biosensors, one of the more
frequent immobilization methods used is entrapment by SAMs made of
alkanethiols with different terminal groups (—SH, —NH, or —COOH)
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[23]. SAMs are organic assemblies spontaneously formed by strong
adsorption on a solid surface such as gold, silver or platinum [98]. The
attachment of the alkanethiol to the lectin is performed by amine
coupling, at the free carboxylic terminal of the alkanethiol. The cova-
lent binding is carried out via activation agents such as 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride or N,N’-dicyclohex-
ylcarbodiimide and N-hydroxysulfosuccinimide [92]. More details on
immobilization techniques can be found elsewhere [23].

4.2. Detection methods

Lectin-based biosensors employ different transduction methods,
mainly electrochemical (impedimetric, voltammetric and chron-
oamperometric) and optical (SPR and fluorescence). For direct assays,
impedimetric detection is the most common. Impedimetric detection
has the advantages of easy miniaturization and label-free operation
(attractive for POC analysis), that is, unlabeled targets may be detected
by monitoring changes in surface impedance when the target molecule
binds to the immobilized recognition probe. Furthermore, EIS applies
small voltages which do not damage the biomolecule probe layer, in
opposition to voltammetry or amperometry, where more extreme vol-
tages are applied [22]. Impedance lectin biosensors are versatile be-
cause they can detect a variety of different glycan molecules, by simply
changing the biorecognition lectin. Label-free operation means a sim-
pler measurement procedure because the labelling step is omitted and
allows detection of the analyte in real time, which is usually not pos-
sible with labelled systems [99]. In addition, it has been observed that
the labelling process may affect the bioaffinity between the probe and
its target, which can lead to false positives or negatives [78,81].

For sandwich assays, the second biorecognition element must be
labelled for measurement (Fig. 1), by fluorescence or other optical
method. Labelled designs result in enhanced selectivity and sensitivity,
since a second biorecognition element is used and the label greatly
changes the impedance [22]. In sandwich assays, the affinity and cross-
reactivity of the antibody must be considered, since they influence the
biosensor selectivity. Monoclonal antibodies are highly specific to one
epitope on an antigen but are more expensive to produce, compared to
polyclonal antibodies.

EIS detection is gaining popularity in lectin-carbohydrate studies
[23,78] and some disadvantages that have been pointed out, namely
the higher cost compared to other electrochemical techniques and a
complex data analysis, are not problematic at the present time.
Anyway, the choice of the biosensor design must be driven by the
particular application.

4.3. Particularities on the use of lectins

Lectins are obtained from a great diversity of living organisms, so an
extraction procedure must be carried out, followed by a purification
step, before they can be used. Nowadays, a wide diversity of commer-
cial lectins is available in high purity, which avoids the extraction and
purification work. If the choice is using a commercial lectin, the pro-
vider must be chosen carefully, by evaluating the analytical perfor-
mance of the same lectin provided by different suppliers. Some lectins
have isoforms with different affinity patterns, so the most adequate
isoform must be selected cautiously, and we must ensure that it is
provided in a pure form and not in a mixture of isoforms, which can
affect the biosensor performance [80]. Also, the binding behaviour for
the same lectin may change according to the supplier [53,80,100]. All
the work should be carried out using the lectin from a unique supplier
to avoid variability which can affect the biosensor reproducibility.

If the choice is to extract and purify the lectin from a natural source,
the same procedures must be systematically followed, starting from the
cultivation of the natural source (if possible), to assure reproducibility
in the final product. Using the same reagents to prepare the biosensors
is essential to allow comparison of results and to guaranty
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reproducibility in the biosensor fabrication and performance. For lectin
purification, affinity chromatography and high performance liquid
chromatography (HPLC) are the techniques commonly used. Isolation
and purification methods used for lectin purification have been re-
viewed [101].

Another important aspect is the lectin stability. Usually, lectins are
stored at low temperatures (—20°C) before use, to maintain their
binding capacity. After the biosensor is constructed, stability assays
must be performed at different temperatures, to assess the best storage
conditions of the device, keeping in mind the selective binding ability of
the lectin. In several papers, storage conditions of the biosensors consist
of low temperatures (4 °C) at particular pH (usually employing buffer
solutions as the solvent). Frequently, the lectin optimum pH matches
the optimum pH for samples, which simplifies the analytical process.

Many lectins require divalent cations to bind to carbohydrates. The
divalent ions Ca®**, Mn®**, Mg®* and Zn®* are involved in carbohy-
drate recognition either indirectly, by shaping the combining site, or
through direct binding of the carbohydrate to Ca®*. In some lectin
groups, Ca®* helps to stabilize the lectin domain, organizes the site for
ligand binding and participates in subunit oligomerization. This diva-
lent cation also plays a structural role and helps neutralizing repulsive
forces between anionic charges in ligand and lectin [102]. Some lectins
require one, two or three of these ions and others function without the
presence of any. Hence, before starting the work, the requirements of a
particular lectin in terms of divalent cations should be revised. If
needed, they can be included in the buffer solution used throughout the
work.

Lectins are not as specific as antibodies and one lectin may bind to
more than one glycan structure. This results in some unspecific binding
and a not so sharp response of a lectin-based biosensor. This problem is
aggravated when the biosensor is meant to be used in the analysis of
complex samples, where a huge diversity of glycan structures may be
present. This type of unspecific interaction cannot be eliminated since it
depends on the selectivity of each lectin, so a certain degree of un-
specificity towards non-target glycans is always expected in lectin-
based biosensors. A possible way to circumvert this limitation could be
the integration of an aptamer or antibody binding agent in the lectin
biosensor, which could improve the biosensor selectivity [58]. During
the development of a new biosensor, selectivity and cross-reactivity
assays must be performed, by analyzing different glycans or glycopro-
teins containing the glycan epitope of interest and others, to fully
characterize the biosensor selective behaviour. In some cases, samples
need to be partially purified or somehow its complexity must be re-
duced, without losing the analyte, to minimize unspecific interactions
with the lectin.

Regeneration of biosensors is an important issue, because if re-
generation is possible, the costs with the analysis could be significantly
reduced, since the same biosensor could be reused a number of times
without the need for constant recalibration. In practice, it is very dif-
ficult to regenerate biosensors because the interaction between the
biorecognition element and the analyte is strong or very strong, as is the
case of the interaction antigen-antibody. As the affinity constant is
generally very large, such systems are irreversible (single-use bio-
sensors) or regenerated by dissociation of complexes by chaotropic
agents like glycine-HCI buffer at acidic pH, Tris-NaCl at pH 8.5 followed
by sodium acetate-NaCl at pH 4.5 or Tris-NaCl at pH 3.0, for different
lectins [103,104]. The process used for regeneration must assure that
there is no significant loss of activity of the biorecognition agent or loss
of reproducibility of measurements. Whereas in some cases up to 20
incubation-regeneration cycles could be performed without significant
loss of binding capacity of lectins [104], in other applications the use of
glycine buffer at pH 2.5 caused a decrease in an immunosensor stability
around 40%, indicating degradation of the recognition layer [103].
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5. Sample analysis

5.1. Sample type

Both tissue-based and blood-based cancer glycobiomarkers have the
potential to reveal important information on the disease state.
Nevertheless, gathering blood samples is easier in terms of technical
procedures, besides being less invasive than collecting tissue samples
and allows to obtain larger sample amounts. In addition, blood glyco-
proteome is the most complete and representative, containing other
tissue glycoproteomes as subsets, namely the aberrant glycoproteins
secreted by tumour cells into the blood stream, which can be detected
almost immediately after secretion, within a time scale of minutes to
hours depending on the site of origin [105,106].

However, the analysis of blood samples for cancer glycobiomarkers
has its own difficulties as well. Albumin corresponds to 55% of all the
blood proteins and the 20 most abundant proteins correspond to 99% of
all protein mass [105]. The dynamic range comprises 10 orders of
magnitude [105]. Thus, the detection of low-abundant cancer glyco-
biomarkers, immersed in a very complex biological glycoproteome, is
nearly impossible without the aid of biochemical techniques that re-
duce sample complexity.

The detection of cancer glycobiomarkers using biosensors is mainly
performed through the analysis of blood serum since its composition is
less complex than that of plasma [107]. Serum is the solution obtained
after whole blood or plasma is allowed to clot, and has a different
biochemical composition because fibrinogen is removed, as well as
other proteins [108]. The protein concentration of serum is lower than
that of plasma, which is largely due to the removal of fibrinogen [109].

5.2. Collection and storage aspects

To reduce variability in results attributable to biological variation
and not related to the disease, some conditions must be considered
when collecting blood samples. First, the health status of the subjects
must be known (both for cancer patients and for control healthy in-
dividuals). Second, pre-defined exclusion criteria must be applied (for
example, patients with concomitant chronic diseases that may affect the
serum concentration of glycobiomarkers), introducing variability that
may be erroneously attributed to cancer, should not be used, unless the
study includes the analysis of patients with those characteristics. Third,
physiological features (namely age, gender, lifestyle and geographical
region) must be, as much as possible, similar for the control set and for
the cancer cases set, to avoid bias in the results. Fourth, pre-analytical
phase must be standardized including subject preparation (fasting, ex-
ercise, and posture), sample collection and storage until the analytical
phase is carried out. Many blood biomolecules including proteins in-
crease their concentration on venous stasis. Clotting conditions, trans-
port time and temperature and centrifugation temperature, as well as
the number of freeze/thaw/freeze cycles affect serum composition and
stability, therefore influencing the results [107]. In many proteomic
studies it has been demonstrated that all the mentioned factors may
cause variation in the blood concentration of biomarkers [110,111].
The only way to annul that is to follow rigorously the same procedures
to collect, transport and store all samples. Fifth, analytical variability
during the testing process should be minimized and the data obtained
must be statistically evaluated and dissected into analytical, within-
subject and between-subject components, by using adequate statistical
methods [112]. Processing and analysis of all samples from control and
case sets must be carried out with the same procedures. Controls and
cases should be collected in the same population, region or institution,
to avoid bias due to one of these factors and not accountable to the
disease. Other sources of bias can be operator-dependant, instrument-
dependant and/or reagent lot-dependant. Sixth, frequently the analysis
is to be performed some time after collection. Therefore, storage con-
ditions must ensure glycobiomarkers stability. One of the difficulties in
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sample analysis is the lack of adequately preserved biological speci-
mens. The establishment of biobanks by research and clinical institu-
tions is essential to gather sample collections, with statistically sig-
nificant sizes to be used in the validation of biosensors.

Samples should be randomized and blinded before analysis to avoid
bias.

5.3. Why processing?

Due to the wide dynamic range of protein and glycoprotein con-
centrations in serum (10% or larger [113]), the detection of cancer
glycobiomarkers can be done only if serum is previously fractionated,
to remove or, at least, substantially reduce the most abundant elements.
The use of separation and fractionation techniques to look deeper into
the serum glycoproteome parallels the development of the separations
themselves. Currently, two-dimensional gel electrophoresis and liquid
chromatography are separation techniques that allow to separate gly-
coproteins according to their isoelectric point, molecular mass and
polarity [114,115].

Nonetheless, the huge complexity of the glycoproteome is not
completely resolved using these techniques (their dynamic ranges are
typically 102-10* [105]), so other fractionation methodologies must be
employed, namely immunoaffinity subtraction, that can be performed
using antibodies (immunoprecipitation) [116], lectins (lectin affinity
chromatography) [61] or other ligands that selectively bind to the di-
verse glycoproteins in serum. Depletion strategies may present, how-
ever, some complications. First, co-depletion of low-abundant proteins
and glycoproteins may occur, along with the high-abundant ones [117].
Second, albumin itself carries other proteins and glycoproteins in
serum, so by removing albumin, these bound proteins may also be
depleted [118].

Major protein depletion strategies include organic solvent pre-
cipitation with methanol, acetonitrile, isopropanol or acetone/tri-
chloroacetic acid [119-121] and affinity dye-based depletion (Cibacron
Blue). These methods substantially remove the most abundant protein
in serum (albumin) but they act in a nonspecific manner and may co-
deplete low-abundant glycoproteins that are bound to albumin [115].
They also suffer from a lack in reproducibility in the amount of proteins
depleted [106,118]. Nonetheless, they have high loading capacity and
low cost. Removal of immunoglobulins can be performed through af-
finity chromatography using protein A, protein G, protein L or the lectin
concanavalin A. The binding is selective according to the im-
munoglobulin class [106]. Antibody-based methods are highly specific,
especially when monoclonal antibodies are used, but are expensive and
have low sample capacity [115,118]. More recently, combinatorial
peptide ligand libraries have been successfully used to remove high-
abundant proteins without losing the low-abundant components, al-
lowing to equalize the amounts between high- and low-abundant pro-
teins and glycoproteins. This reduces the dynamic range of concentra-
tions in serum, facilitating the detection of low-abundant molecules
[122,123].

Several immunoaffinity-based techniques are commercially avail-
able in the form of kits where the selective molecule is immobilized
onto different supports and, through a chromatography-like procedure,
incubation with the sample leads to a selective capture of the proteins/
glycoproteins of interest. Examples include ProteomeLab IgY (Beckman
Coulter), Seppro IgY and SuperMix (Sigma-Aldrich), and Multiple
Affinity Removal System (MARS, Agilent Technologies). These com-
mercial kits present the advantages of high reproducibility and partial
automation, but a frequent limitation is the loading capacity (usually
1 ml of serum or plasma or less) that restrains the available processed
sample to be analyzed or obligates to use several columns to process
higher volumes of sample, significantly increasing the cost of the
sample processing step. Their depleting performance has been com-
pared [124].

To enrich the glycoproteins or glycans of interest, one of the most
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employed techniques is lectin affinity chromatography, where parti-
cular glycan structures are captured by the lectin with affinity for the
referred structure [125-130]. The great variety of lectins enables to
design procedures to enrich practically all possible glycan structures,
which confers high flexibility to the methodology. Lectins can be pur-
chased already bound to solid supports and lab-made systems can be
implemented to perform lectin-affinity chromatography in a relatively
automated way [131].

5.4. Biosensor selectivity

Biosensor selectivity is especially important when complex samples
are to be analyzed, such as biological ones. Nonspecific interactions can
occur, due to unspecific adsorption of matrix components (proteins, for
example) on hydrophobic surfaces and components of the biosensor
other than the lectin. To avoid these interactions, the biosensor may be
incubated with polymers or surfactants like polyethylene glycol, poly-
vinyl alcohol, bovine serum albumin, gelatine, Tween 20 and SDS that
form a layer covering the hydrophobic surface still accessible, im-
pairing protein adsorption [75,78,132-136]. The use of mixed SAMs
also enables the reduction of protein adsorption at electrode surfaces
[137]. Ethanolamine is frequently used to block terminal active car-
boxylic sites in alkanethiols that were not occupied by the lectin
[80,82,83].

In spite of all the blocking agents that can be used to optimize the
lectin biosensor performance, we must keep in mind that analysis of
serum samples always presents some difficulties because, even for a
processed sample, the wide variety of existing glycoproteins together
with the non-full specificity of each lectin impairs a 100% specific be-
haviour of the lectin biosensor.

6. Biosensor validation

Biosensor validation is a very long and complex process which aims
to demonstrate that the biomarker test is safe and effective for the
specific intended use or claim (such as diagnosis, prediction, prognosis
or treatment monitoring) [138,139]. Through the validation process,
both analytical and clinical performance must be extensively char-
acterized and the clinical utility undoubtedly demonstrated, for the
established target population. It has to be clearly established its clinical
intended use, by assessing the validity, portability and reproducibility
of the biomarker assay in diverse samples from various laboratories and
clinics. Sensitivity and specificity of the biomarker assay must be de-
termined with and without the presence of other diseases, to assess
possible interferences [56]. Excellent and detailed descriptions of the
validation process, its issues and challenges for official approval can be
consulted in other papers [54,139-141].

Establishing the analytical and clinical validity of biomarker assays
can take years and the majority of the discovered biomarkers fail in the
validation tests. To illustrate the bottleneck that the validation process
is, in 2011 there were 7720 publications on biomarkers usage, but only
407 of those were patented [142]. From those patented biomarkers,
none had FDA approval [56]. In another study, from a list of 1261
proteins that have been cited in literature as being differentially ex-
pressed in human cancers, only 22% were reported to be present in the
blood and could be detectable using a sensitive assay, and only 5% of
those candidates were investigated as biomarkers, with around 3%
being used in some clinical application [143].

The rate of successful clinical translation of biomarkers is estimated
to be 0.1% [144]. These low numbers are a reflection of the lengthy
process of assay development and validation, lack of reproducible data
supporting clinical application and limited support by industry for these
efforts, especially in the performance of prospective clinical trials
[145,146].
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7. Today's challenges for real implementation of lectin-based
biosensors

Although the methodology for the construction of lectin biosensors
has been well-established, some practical aspects still need to be im-
proved, namely:

(a) Increase the robustness of the devices so that they can be prepared
and stored to be used later, allowing mass production, transporta-
tion and storage. At the present moment, the proposed lectin-based
biosensors reported in literature still suffer from some lack of ro-
bustness. Biosensors must be used in sample analysis in the same
day or in the following days after their construction, and storage
must be carried out in buffer solutions at 4 °C to preserve lectin
activity. This disables long-distance transportation and mass pro-
duction, impairing commercialization.

(b) Increase the reproducibility of measurements (this must be also
considered for the fabrication of the employed supports, such as
screen-printed electrodes). On one hand, screen-printed electrodes
frequently used as platforms to construct lectin-biosensors show
some irreproducibility in their electrochemical behaviour, even
within the same fabrication lot, which will affect the final re-
producibility of the lectin biosensor. On the other hand, if the de-
vices are meant to be of single-use, the construction process must
demonstrate that the same sample analyzed by different biosensors,
produced in different days, originates the same result.

(c) Develop strategies for biosensor regeneration or decrease the con-
struction costs, to allow massive implementation, including for
groups and individuals with constrained resources. If the aim of
lectin-based biosensors is to be used routinely in the clinic, costs in
their massive production must be reduced so that they can be af-
fordable to the health systems. Currently, the lectin biosensors
proposed in literature are of single-use, which has the advantage of
avoiding cross-contamination between samples but, on the other
hand, increases the number of biosensors needed (one per mea-
surement). In single-use mode, regeneration does not make sense.
Nevertheless, if regeneration procedures are developed and de-
monstrate to be efficient in surface cleaning and keeping intact the
lectin binding capacity, this would reduce enormously the costs
associated with the production.

(d) Develop equipments that allow portability of the measurements (in
a similar way to the glucose and cholesterol meters). Presently, the
proposed lectin-based biosensors are small devices but, to perform
measurements, they need to be connected to potentiostats or other
instruments which are not portable equipments. If the aim is to use
these biosensors in POC places (the doctor's office or the hospital
ward), portable devices that include the biosensor and the mea-
suring equipment are required. A possible solution could imitate the
glucose meters and could also include fluidic-based platforms that
manipulate very small body fluids with precision, especially those
built from low-cost materials.

(e) Fulfil the sensitivity and specificity requirements. The lack of 100%
specificity between a lectin and a glycan, in opposition to the un-
ique and exclusive relation between an antigen and the corre-
sponding antibody, is still problematic for practical applications
and this limitation can impair the use of a lectin biosensor in sample
analysis, where the matrices are extremely complex. Future direc-
tions may focus on identifying new and more specific carbohydrate
biomarkers that appear only in target cancer cells or body fluids of
cancer patients, or developing multi-lectin biosensors in which a
glycoprofile and not a single glycobiomarker is monitored. This
strategy could improve the biosensor performance, reducing false
positives and negatives. Another approach could be the develop-
ment of biosensors incorporating lectins and antibodies, which
could enable the same outcome.

(f) Extensive biosensor validation, through the analysis of a higher
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number of samples, in retrospective and prospective assays, to as-
sess the utility and evaluate the performance of the developed
biosensors in real life [36]. A major validation process must be
carried out for the devices that look promising at the laboratory/
prototype level.

Only when these points are accomplished, we can consider the
possibility of employing commercial lectin biosensors in real clinic
scenarios, enabling a POC analysis, near the patient and near the
doctor, helping in disease diagnostic and prognostic, and in therapy
monitoring.

8. Future trends

Research in the biosensor field makes sense only if the intention is to
apply the developed biosensors in the real world. So far, numerous
papers have been published describing new biosensors for a great di-
versity of biomarkers and applications, but all the research has resulted
in very few products. The little real progress noted by some editorial
views has to do with the poor precision and accuracy, the insufficient
detection limits, the problems with calibration in use and high cost per
measurement. In addition, many developed biosensors are not needed,
since other methodologies with more attractive features are available,
such as chromatography, MS and immunoassays. The need should be
the driving force to develop a new biosensor [147].

It is well-known that an ideal marker, with 100% sensitivity and
specificity, does not exist. Intra- and inter-individual biological varia-
tion and analytical imprecision affect reference values for serum tu-
mour markers. Furthermore, the use of cancer biomarkers in the diag-
nosis, disease progression assessment, prognosis and treatment
monitoring must be performed criteriously by clinicians, avoiding the
obsessed search for genetic susceptibility markers and the intensive use
of early diagnostic methods in particular groups of population, which
result to be inadequate for their age and non-effective in the cost-
benefit relation.

As cancer is a very complex and heterogeneous group of diseases,
with high inter- and intra-variability, biosensors for a profile of bio-
markers (a cancer biomarker signature) have more potential to be
useful in the clinic since, in that case, higher selectivity and sensitivity
may be achieved, compared to single-biomarker biosensors. Several
lectins can be used to construct those biosensors, allowing to obtain a
glycoprofile [148].

Integration of genomic and proteomic research with glycomics may
facilitate the distinction between different cancer subtypes and cancer
stages. Gathering information from these areas will improve the search
for better cancer biomarkers and to establish cancer signatures that
include genes, proteins and glycans associated with cancer.

The availability of high quality specimens, adequately collected and
preserved, along with the solving of technical shortcomings and lack of
experience of the technicians, will also help in the glycobiomarkers
discovery and validation phases. The inclusion of sample pre-treatment
steps together with the biosensor device in integrated analytical plat-
forms, for example, based in flow systems, will decrease errors in
sample handling and increase robustness and reproducibility in the
analysis [8].

Collaborations among researchers in diverse fields related to bio-
sensor production are essential to produce accurate and robust devices
and partnerships between researchers and industry will be necessary for
mass production and commercialization [149].

Lectin-based biosensors, in particular, have their place as new de-
vices for the selective detection and quantification of cancer cells or
aberrant glycoproteins through the interaction established between
cancer-specific glycans and the lectin. The general advantages of bio-
sensors favour their implementation in real clinic environments.
Nonetheless, the present lectin biosensors have shown to be successful
only from a proof-of-concept perspective. The next step, which is the
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thorough ample validation with different sample sets, is mandatory to
finally have a clinical application.
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