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ARTICLE INFO ABSTRACT

Keywords: Carbohydrates and glycoconjugates are involved in numerous natural and pathological metabolic processes, and

Carbohydrates the precise elucidation of their biochemical functions has been supported by smart technologies assembled with

flyf‘jconJUgates lectins, i.e., ubiquitous proteins of nonimmune origin with carbohydrate-specific domains. When lectins are
ectins

anchored on suitable electrochemical transducers, sensitive and innovative bioanalytical tools (lectin-based
biosensors) are produced, with the ability to screen target sugars at molecular levels. In addition to the
remarkable electroanalytical sensitivity, these devices associate specificity, precision, stability, besides the
possibility of miniaturization and portability, which are special features required for real-time and point-of-care
measurements. The mentioned attributes can be improved by combining lectins with biocompatible 0-3D
semiconductors derived from carbon, metal nanoparticles, polymers and their nanoconposites, or enploying
labeled biomolecules. This systematic review aims to substantiate and update information on the progress made
with lectin-based biosensors designed for electroanalysis of clinically relevant carbohydrates and glyco-
conjugates (glycoproteins, pathogens and cancer biomarkers), highlighting their main detection principles and
performance in highly complex biological milieus. Moreover, particular emphasis is given to the main advan-
tages and limitations of the reported devices, as well as the new trends for the cuirent demands. We believe that
this review will support and encourage more cutting-edge research involving lectin-based electrochemical
biosensors.

Electrochemical biosensors

1. Introduction protozoa and fungi, but the physicochemical similarity of the sugar

moieties complicates the identification of their molecular sequences and

Carbohydrates are optically active polyhydroxy aldehydes or ketones
and their derivatives are considered “key-biomarkers” to understand a
wide spectrum of natural biochemical reactions and abnormal metabolic
processes [1]. They are actively present on whole cells and tissues,
attached to lipids, and are expressed by almost all secretory proteins
(hormones, enzymes, neurotransmitters, toxins and antibodies) in body
fluids, after specific post-translational protein modification events —
glycosylation [2,3]. In fact, the proper functioning of our reproductive,
digestive and nervous systems, as well as drug-induced reactions used in
the treatment of heart disorders, cancer and diabetes depend on correct
glycosylation processes [3,4]. Glycoconjugates are also valuable coding
information expressed on the outer surfaces of many viruses, bacteria,
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correlation with a given pathological process [5].

Site-selective carbohydrate binders are useful for pathogen recog-
nition, disease diagnosis, development of therapeutic agents and vac-
cines [1,6,7]. Chronologically, the first findings on proteins with these
characteristics were registered in the late 19th century, being known as
hemagglutinins (or phytoagglutinins, since they were initially discov-
ered in plant extracts) [8]. The hemagglutinating effect was originally
described by Peter Hermann Stilmark [9]. This property was associated
with a highly toxic hemagglutinin isolated from the seeds of castor bean
plant (Ricinus communis), known as ricin [9,10]. It became quite popular
ninety years later, after being used in the murder of the Bulgarian
dissident writer Georgi Ivanov Markov, remembered as the "Umbrella
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Murder Mystery", which was motivated by political issues. Several other
facts have marked the progress of science involving this class of proteins,
including the isolation and purification of Concavalin A (ConA) from
jack bean (Canavalia ensiformis) in its crystalline form, which was first
carried out by James Batcheller Sumner in 1919 [9]. Until the 1950s,
hemagglutinins received little attention because they were believed to
be restricted to the Kingdom Plantae (today considered ubiquitous in
nature), and their impressive abilities to recognize different blood
groups (ABO system) or biomarkers on the cell surface were unknown
[8]. With the discovery of blood type-specific hemagglutinins, the term
"lectin" was proposed by William C. Boyd and Elizabeth Shapleigh in
1954 to define all carbohydrate-specific agglutinins of nonimmune
origin, regardless of the source [11]. Different lectins from plants, mi-
croorganisms and animals were isolated in the following decades,
resulting in important advances in different biotechnological segments,
especially after further studies on their physicochemical properties,
primary and three-dimensional structures, and recognition domains [&,
9,12,13].

Currently, it is well-established that lectins are a relatively hetero-
geneous group of natural oligomeric proteins with similar sequences,
which act as glycocode deciphers. They are able to recognize, distin-
guish and bind reversibly to free and bound carbohydrates, in addition
to enabling the identification of new glycoproteins and their features
[5]. These biomolecules are classified by their specificity for different
monosaccharides (mannose, galactose/N-acetylgalactosamine, N-ace-
tylglucosamine, fucose and N-acetylneuraminic acid), general structure
(merolectins, holoectins, chimerolectins and superlectins) and family
(legume lectins, monocot mannose-binding lectins, type 1I
ribosome-inactivating proteins, among others) [14]. The interaction
lectin-carbohydrate occurs with high affinity and specificity at partic-
ular protein sites through hydrogen bonds, van der Waals and hydro-
phobic interactions [10,15]. Additionally, some divalent metallic
cations (e.g., Ca>*, Mn2* and Zn?") often mediate this process, forming
positive bridges between oxygen atoms contained in carbohydrate
structures and negatively charged protein residues [16]. Shallow bind-
ing sites on lectins tend to have lower selectivity for multiple carbohy-
drates, but this same feature makes it possible to study different target
carbohydrates with a single protein [17,18]. Differences in the affinity of
natural lectins or synthetic mimics of lectins also help define the ar-
chitecture of their combining sites and functional groups that bind to
carbohydrates [19]. The strength of the lectin-carbohydrate interaction
increases as the dissociation equilibrium constant (K;) decreases, so that
the binding affinity is typically weaker if Kz <1.0 pmol L™ [20]. The
biorecognition ability of these proteins arises primarily from the con-
servation of the three-dimensional structure of their binding sites at the
amino acid level, although there are other important physicochemical
parameters to be considered (e.g., pH, pl, temperature, metal ion
cofactor, balance of electrostatic forces and steric repulsion) [10,
21-23]. Strict control of these conditions allows lectins to assume
numerous exciting functions and applications.

Innovative and bold bioanalytical strategies to monitor carbohy-
drates and glycoconjugates in real time are among the noblest applica-
tions of these proteins. This task is performed masterfully by lectin-
based biosensors, which are extremely sensitive and cutting-edge
analytical tools, engineered with lectins immobilized on suitable opti-
cal or electrical transducers [24]. Devices that operate under electro-
chemical impulse are of current and broad interest, and this review
addresses inherent progresses on these tools, i.e., lectin-based biosensors
designed for electroanalysis of clinically relevant carbohydrates and
glycoconjugates (glycoproteins, pathogens and cancer biomarkers),
emphasizing their architectures, detection principle and performance
achieved in highly complex biological milieus. General aspects of lectin
biosensors were partially explored in previous reviews [5,15,24], but
this proposal fills an important gap by gathering and systematizing the
latest information (2015-2020) on lectin-based biosensors that operate
under electrochemical stimulation. Over time, these platforms have
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been innovated by the interconnection of lectins with various semi-
conductors and biomolecules, leading to improvements in functioning
principles and detection capabilities not seen before, either with or
without labels. The literature search focused on reports published in
peer-reviewed journals indexed in Web of Science, ScienceDirect, Sco-
pus and PubMed databases, and available in English. The following
keywords were used for searching: lectins, electrochemical biosensors,
carbohydrates, glycoconjugates, detection, quantification, and clinical
treatment. A total of forty-two research articles were identified and
reviewed in order to critically address issues on device development,
detection mechanisms, signal enhancement, measurenment accuracy,
miniaturization protocols, and highlighting the trends and challenges
for analysing carbohydrates and glycoconjugates in real samples.

2. Lectin-based electrochemical biosensors

Detection of carbohydrates chains by sophisticated lectin-based
electrochemical biosensors is becoming increasingly prominent due to
their inherent characteristics. Such devices introduced novel concepts
for biorecognition assays based on molecular interactions between the
target analyte and the biosensor surface, which are subsequently
transduced into an appropriate electrochemical signal. The architecture
of electrochemical lectin-based biosensors is diverse and it is being
continuously improved through the combination with micro- and nano-
scale 0-3D semiconductors (carbon allotropes, metallic nanoparticles,
polymers, metallic complexes, (in)organic-(in)organic nanocomposites,
among others), which significantly improve the sensitivity and the
overall performance. These materials feature high surface area, chemi-
cal stability and biocompatibility, and provide a significant improve-
ment in charge transport for biosensing applications [24-26].

The interaction and detection processes of glycans occur by affinity
in the molecular templates contained in the structure of immobilized
lectins that, in turn, recognize the expression of the target molecules
through N- and O-linkages. The device architecture defines the glycan
sensing detection scheme, i.e., based on (1) lectin directly immobilized
on solid supports, (2) lectin anchored on glycoprotein-modified sup-
ports, and (3) sandwich models involving lectin-lectin and lectin-
antibody or DNA aptamer pairs [5,24]. Fig. 1 shows lectin-based bio-
sensors with different configurations, along with the most targeted
sugars moieties. In general, chemisorption techniques, covalent bond
formation, cross-linking reagents and entrapment in a polymer network
are the most commonly used strategies for protein immobilization [24].
For detection, many systems require labeled analytes, but label-free
signal generation is also among the fantastic abilities of these devices,
which simplifies the identification of glycan sequences [5]. Still,
label-free electrochemical tools are prone to suffer from non-specific
adsorption, which has been investigated and often solved by the scien-
tific community in various ways [27-29]. In addition, some prototype
biosensors track the lectin-carbohydrate interaction in a reversible and
continuous way, eliminating more laborious experiments and undesir-
able chemical regeneration steps [4]. These attributes are also useful for
understanding and correlating physiological and pathological processes
triggered when such interactions occur in living organisms. It is known
that there are other synthetic (e.g., metal nanoparticles and complexes,
boron-containing compounds, and polymers) and biological agents (e.g.,
enzymes, peptides, liposomes, dendrimers, antibodies, DNA and RNA
aptamers) used in specific recognition of carbohydrates and glyco-
conjugates, but attention to lectins has increased dramatically with the
evolution of recombinant strategies to tailor or enhance their binding
characteristics [30,31].

Quantitative or semi-quantitative electroanalytical measurements
are often performed by voltammetry (the current is measured as
dependent variable of the applied potential, which changes continu-
ously or stepped over time), chronoamperometry (the current is
measured at a fixed potential over time) and electrochemical impedance
spectroscopy (the charge-transfer resistance is measured during
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Fig. 1. Analog architectures and detection principles of biosensors developed with lectin (a) directly immobilized on solid supports, (b) anchored on glycoprotein-
modified supports, and sandwich models involving (c) lectin-lectin and (d) lectin-antibody pairs. Fishel’s projections for some of the most investigated target sugars

are shown on the right.

perturbations of electrical double-layer formed on the conductive sur-
face, caused by alternating current amplitudes) [4,5,24], which provide
accurate, fast and high-throughput measurements for a given redox re-
action. Moreover, electroanalytical methods for carbohydrates con-
ducted with lectin-based biosensors display excellent sensitivity,
reaching femto-aptomolar levels, thus allowing a better understanding
of highly complex physiological and pathological events involving these
analytes. More information on this subject can also be found in Silva
[32], Kumar and Kalkal [33]. There are other efficient methods based on
mass spectrometry [34], affinity chromatography [35], capillary elec-
trophoresis [36] and immunoenzymatic assays [31,37], but electroan-
alytical procedures can be more advantageous when considering cost,
ease of operation, portability and response time.

2.1. Free carbohydrates

Electrochemical detection of carbohydrates is classically based on
redox reactions involving glycoenzymes, especially glucose oxidase
(GOx) [26,38]. Some challenges regarding the strict control of immo-
bilization conditions in order to maintain and maximize enzyme activity
still persist [26]. There are reports in which the detection of oligo- and
poly-saccharides is unfeasible without their (bio)chemical cleavage into
simpler sugar units and/or previous steps for separation and extraction
of the analytes, increasing the experiment time, changing the nature of
the target molecule, and making impossible direct electroanalysis [26,
39]. Therefore, lectin-based biosensors are being increasingly designed
(Table 1) since they overcome the constraints mentioned [40].

ConA lectin and its biocomposites associated with carbon-derived
transducers arise among the most investigated strategies [41-45], as
indicated in the first section of Table 1. Yao et al. [41] used ConA and
GOx as building blocks to assemble layer-by-layer films on a poly
(diallyldimethylammonium)-modified pyrolytic graphite for
stimuli-responsive bioelectrocatalysis of the proposed biosensor towards
glucose oxidation. The films showed pH-sensitive on-off properties in
the presence of the electroactive probe ferrocenedicarboxylic acid,
leading to greater reactivity at pH = 4. Operating a device with five
protein bilayers by chronoamperometry, it was possible to quantify

glucose within a linear range (5.0 x 10% - 5.0 x 1072 mol 17 that
proves the efficiency of the biorecognition scheme for the development
of new electrochemical biosensors for carbohydrates. Ortiz et al. [43]
proposed an innovative nanoarchitecture based on the non-covalent
functionalization of multi-walled carbon nanotubes (MWCNT) with
ConA, which presents site-specific supramolecular binding capacity for
glycobiomolecules. After drop-casting a glassy carbon electrode (GCE)
with a MWCNT-ConA dispersion, two glucose biosensors were prepared
with GOx or GOx-horseradish peroxidase (HRP), as outlined in Fig. 2.
The bienzymatic biosensor GCE/MWCNT-ConA/GOx-HRP had remark-
edly superior performance than the monoenzymatic biosensor, i.e., it
operated within a linear range with two orders of magnitude
(2.0 x10 °- 4.1 x10 * mol Lfl), besides achieving a 5.2 times higher
sensitivity and a detection limit almost one order of magnitude lower
(LOD; estimated at 0.31 pmol L %). The bienzymatic biosensing signal
was negatively influenced by the co-existence of uric (76% for 2.5 x107
mol L) and ascorbic acid (23% for 5.0 x10°® mol L) due to the high
working potential, but the competitive analytical characteristics were
significantly improved by using a Nafion® conductive membrane,
decreasing the interferences to 22% and 4.5% for uric and ascorbic acid,
respectively.

Alternative non-enzymatic electrochemical biosensors to determine
free carbohydrates can also be constructed with lectins, as reported by
Danielson et al. [46]. These researchers proposed a highly sensitive
field-effect transistor device based on graphene decorated with gold
nanoparticles (AuNPs) for lactose detection in a liquid-gate measure-
ment configuration. The biorecognition principle was mediated by the
mutant human galectin-3 protein (h-Gal-3 M249C) previously immobi-
lized on AuNPs/graphene, which specifically binds to p-galactoside
residues. Under optimized conditions, h-Gal-3
M249C/AuNPs/graphene-based biosensor achieved an effective
response to lactose from 1.0 x 10%° t0 5.0 x 102 mol L ! (LOD =
2.0 x1071% mol L™Y). Such efficiency was maintained even in the pres-
ence of Lewisy, i.e., a trisaccharide composed of fructose and N-ace-
tyllactosamine, considered one of the most important blood group
antigens with a critical role in cell-to-cell recognition and cancer
metastasis. Qin et al. [45] analyzed the effectiveness of ConA
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Table 1
Configwation and analytical performance of different lectin-based electrochemical biosensors proposed (2015-2020) for detecting carbohydrates and
glycoconjugates.
Analyte Lectin Biosensor configuration Detection Linear range LOD Real sample Ref.
technique
Free carbohydrates
D-glucose ConA pyrolytic graphite/ConA chronoamperometry 5.0 x 10 - - - [41]
and glucose oxidase 5.0 x 10 mol L™ !
composite film
D-mannose, N-acetyl-D- WGA, SBA, gold sensor/polydopamine EQCM - - - [42]
glucosamine, L-fucose, PNA, UEA-L SAM/perfluorophenylazide
D-galactose or ConA conjugated to the target
carbohydrate/specific lectin
D-glucose ConA GCE/MWCNT-ConA/ chronoamperometry 5.0 x 10°°- 1.6 x 10°® mol human serum [43]
Glucose oxidase 1.2x 103 mol L ! L!
GCE/MWCNT-ConA/ 2.0 x10°- 3.1 x 107 mol
horseradish peroxidase 41 %10 mol L ! L!
conjugated with glucose
oxidase
Sialyl-Lewis X E-selectin gold sensor/IgG Fe-binding EQCM ~ 2.0-142.2 pg mL! 1.3 pgmL! - [44]
domain conjugated with E-
selectin
Lactose M249C hGal-  Si-SiO; substrate/ FET 1.0 x 107%° - 2.0 x 10 mel - [46]
3 graphene/gold 5.0 x 10 ¥ mol L ! L?
nanoparticles/ M249C
hGal-3
Mannan ConA GCE/Nafion®/carbon EIS 1.0 x 1077 - 8.0 x10 " mol - [45]
nanospheres/ConA 5.0 x 107 molL ! L!
GCE/Nafion®/graphene/ 3.0 x 10 ! mol
gold nanoparticles/ L!
alkanethiol/ ConA
Glycoproteins
human IgG SNA gold electrode/sulfobeatine EIS 1.0x10Y- 1.0 x 10 *® mol human serum from [50]
/SNA 1.0 x 1072 mol L ! L! healthy and systemic
sclerosis patients
human IgG RCA-I gold electrode (array chip)/ EIS 1.0 x 107 - — human serum from [51]
SAMs of zwitterions/RCA-I 1.0 x 10 P mol L ! healthy,
seronegative, and
seropositive
rheumatoid arthritis
patients
invertase ConA GCE/reduced graphene EIS 1.0 x 107 - - [49]
oxide/ConA 1.0 x 10 ¥ mol L !
human IgA ATA n-type SiOs substrate/ FET 1.0x10°- 1.0 pg mL? human sweat from [52]
aminosilane conjugated 1.0 x 10 uyg mL * healthy individuals
with glutaraldehyde/ATA
Pathogens
Dengue type 2 ConA gold electrode/cysteine/ EIS 3.6 x1072- 3.82 x 1072 human serum from [53]
zinc oxide nanoparticles/ 1.8 x 107 PFU mL! PFU mL ™! healthy and
Zika ConA 421 x 102 arbovirus-infected
PFU mL ™! patients
Chikungunya 6.2 x 10 2 PFU
mL~!
Yellow fever virus 4.37 x 1072
PFU mL ™’
H9N2 Influenza type A PNA gold screen-printed EIS - 1.0x10°%U allantoic fluid from [57]
electrode/nanocomposites mL! chicken embryonated
of graphene and gold eggs
nanoparticles/Fetuin A
treated with
neuraminidase/PNA
Escherichia coli ConA gold electrode/monolayer EIS - 7.5 x 10! cells - [67]
of alkanethiol and mL™?
dithiothreitol/ConA
Escherichia coli ConA GCE/graphene-Nafion® EIS - 4.3 x 10! cells - [66]
/polyaniline SAM/ mL™!
glutaraldehyde/ConA
Escherichia coli ConA Pyrolytic graphite EIS 1.0 x 10%-1.0 x 10° 3.0 x 10° CFU bacterial cultures [68]
electrode/ConA CFU mL ! mL ! from sewage sludge
carbon sereen-printed 1.0 x 10%-1.0 x 10° 1.9 x 10° CFU
electrode/ConA CFU mL! mL !
0157:H7 Escherichia coli WGA gold electrode/amine EIS 1.0 x 10% - 1.0 x 10% CFU - [62]
strain reactive crosslinker SAM/ 1.0 x 10° CFU mL* mL !
streptavidin/Anti-E. coli
biotin-antibodies/WGA
Candida albicans, Candida ConA or gold electrode/cysteine EIS Candida spp. clinical [70]
krusei, Candida WGA SAM/gold nanoparticles isolates

(continued on next page)
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Table 1 (continued)
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Analyte Lectin Biosensor configuration Detection Linear range LOD Real sample Ref.
technique
tropicalis, and Candida coated with carboxythiol/ 1.0 x 102 - 1.0 x 102 CFU
parapsilosis ConA or WGA 1.0 x 10° CFU mL? mL! for both
for both lectins lectins
Cancer biomarkers
a-2,6-sialylated glycans SNA GCE/reduced graphene EIS 1.0 x 10'-1.0 x 10°® 3.0 fgmL ! human serum spiked [72]
oxide-aliphatic amines- fg mL! with the analyte
ionic liquid nanocomposite/ 1.0 x 10°-1.0 x 10°
gold-platinum alloy fg mL !
nanoparticles/SNA
a-2,6-Sialylated glycans SNA GCE/gold-platinum- chronoamperometry 1.0 x 10*-8.0 x 10> 3.0 fgmL ! human serum spiked [73]
polypyrrole ngmL ! with the analyte
nanocomposite/SNA/
Glucose oxidase
®-2,3- and a-2,6-sialylated ~ MAL and GCE/MWCNT coated with DPV 1.0 x 101-1.0 x 10° 3.0 fg mL ! for human serum spiked [75]
glycans SNA polyamidoamine fg mL ! and both analytes with the analytes
dendrimer/diisocyanate 1.0 x 10*-5.0 x 10°
crosslinker/MAL or SNA fg mL™! for both
analytes
a-2,3-Sialic acid MAL GCE/MWCNT coated with DPV 1.0 x 101-1.0 x 10° 3.0 fg mL 1 human serum spiked [76]
polyamidoamine fg mL~!, and with the analyte
dendrimer/PDITC cross 1.0 x 10°-1.0 x 10°
linker/MAL fg mL!
a-2,3-Sialylated glycans MAL GCE/ palladium-platinum DPV 1.0 x 10*-1.0 x 10° 3.0 fgmL ! human serum spiked [771
bimetallic alloy fg mL~! with the analyte
nanocrystals/ thiol-
containing boronic acid/
nanocomposite of gold
coated with MAL and poly
(methylene blue)
a-2,6-Sialylated glycans biotinylated GCE/gold nanorods- DPV 5.0-5.0 x 10° 5.0 x 10 ! human serum spiked [78]
SNA streptavitin ngmL * ngmL * with the analyte
nanocomposite,/ chronoamperometry 1.0-1.0 x 10° fg 6.9 x 10! fg
biotinylated SNA/single- mL ! mL !
walled carbon nanohorns/
sulfur-doped platinum
nanocluster and 3-amino-
phenylboronic acid
sialic acid SNA GCE/silver nanoflower EIS 1.35 x 102 4.0 x 10" cells - [791
incorporated with bovine ~1.35 x 107 cells mL !
serum albumin/SNA mL?!
PSA SNA gold electrode/alkanethiols EIS 1.0 x 10%- 1.0 x 107 ag human serum from [74]
SAM/anti-PSA antibody/ 1.0 x 10" ag mL ! mL * healthy and prostate
MAA SNA or MAA - - cancer patients
PSA and PSA glycans MAA or SNA polycrystalline gold EIS - 4.0 amol L ! or human serum from a [80]
electrode/alkanethiols 5.0 amol L ! for healthy donor
SAM/(MAA or SNA) or anti- SNA-based
PSA antibody/SNA biosensor
depending on
the SAM
composition
4.0 amol L! for
SNA immuno-
based biosensor
PSA glycans MAA, LTA or gold electrode/alkanethiol EIS - — - [81]
SNA SAM/Anti-PSA antibody/
lectin (MAA, LTA or SNA)
PSA SNA polycrystalline gold EIS 1.0 x 10 % - 1.0 x 102 - [82]
electrode/alkanethiols 1.0 x 10 ng mL ™! ng mL !
SAM/single-chain anti-PSA
antibody fragment/SNA
PSA SNA gold electrode/zwitterion EIS 1.0 x 10 2- 3.4 x10 human serum spiked [83]
SAM/SNA/gold nanoshells 1.0 pgmL * pgmL 1t with the analyte
with magnetic core coated
with anti-PSA antibody
CEA ConA glass substrate/3D DPV 8.0-1.2 x 10° ~ 9.0 x 10! - [84]
graphene foam/ ngmL * pgmL
polydopamine SAM/anti-
CEA antibody labeled with
ConA and horseradish
peroxidase
CEA ConA screen-printed carbon chronoamperometry 1.0-1.0 x 10! 3.0 x 10 2 human serum from [86]
electrode/cysteamine self- ngmL * ngmL ! healthy and liver
WGA assembled gold 1.0-1.0 x 10! 5.0 x 1072 cancer patients
nanoparticles/ConA, WGA, ng mL : ng mL B
LCA or LCA

(continued on next page)
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Analyte Lectin Biosensor configuration Detection Linear range LOD Real sample Ref.
technique
50x1071- 1.0 x 1072
7.0 ng mL ! ng mL !
CEA ConA gold electrode/CEA DPV 5.0-4.0 x 10! 3.4 ngmL ! human serum spiked [89]
aptamer/ConA conjugated ngmL * with the analyte
with horseradish peroxidase
A549 lung cancer cells ConA GCE/MWCNT/gold DPV 2.0 x 101-4.0 x 10° 1.0 x 10! cells - [71]
nanoparticles coated with cells mL™* mL!
QGY-7703 liver cancer thiomannosyl/MWCNT 1.0 x 10>-1.0 x 10° 4.0 x 10 cells
cells coated with Horseradish cells mL™* mL™?
LNCaP prostate cancer peroxidase and ConA 4,0 x 10°-1.0 x 10° 1.5 x 10% cells
cells cells mL™! mL!
QGY-7701 liver cancer ConA GCE modified with DPV 5.0 x 10! - 5.0 10 2.0 x 101 cells - [85]
cells thionine-bridged cells mL * mL !
LNCaP prostate cancer multiwalled carbon 1.0 x 10%-1.0 x 107 3.5 x 10! cells
cells nanotube/gold nanoparticle cells mL™* mL™?
composite/ConA labeled
with horseradish peroxidase
NHSF normal human skin-  ConA and TiQ, butterfly-like EIS 1.0 x 101-1.0 x 10° 1.0 x 10% cells - [87]
fibroblast cells, T47D WGA membrane nanostructures/ cells mL ! for both mL ! for WGA-
highly invasive breast gold nanoparticles/ lectins-based based biosensor
cancer cells, and MCF7 cysteine/ConA or WGA biosensors and all and MCF7 cells,
weakly invasive breast cell lines and 1.0 x 10!
cancer cells cells mL ! for all
other devices
and cells
human breast cancer cells ConA gold electrode/WC10 EIS 5.0 x 10%-5.0 x 10° 1.5 x 102 cells cultures of MCE-7 [88]
cysteine-terminated cells mL ! mL ! cancer cells
peptide/gold nanoparticles
coated with ConA/sodium
alginate conjugated with
glucose oxidase
PC-3 prostate cancer cells WGA GCE/graphene oxide/ ECL 7.0 x 10% - 2.6 x 107 cells - [90]
antibody/WGA 3.0 x 10* cells mL™* mL !
PSA 50x 10! 1.0 x 10 1 ng
4.0 x 10% ng mL! mL™!
fetuin Cramoll 1,4 CGE/poly-L-lysine SAM/ SWvV 0.5-2.5 x 10! 1.7 x 10 % g human serum from [92]
carboxylated carbon pg mL~! mL~! prostate cancer and
nanotubes/Cramoll 1,4 benign prostatic
hyperplasia patients
AFP B-LCA GCE/chitosan—graphene SWV 2.5 x10'-1.5 x 10* 1.2 x 10! human serum spiked [93]
oxide/Anti-AFP antibody/ pgmL~! pg mL~t with the analyte
silver nanoparticles coated
with B-LCA
Galactosyltransferase ATA gold electrode/bovine ECL 1.0x10 3- 9.0 x 10 * lysates of HeLa [94]
(indirect detection as serum albumin conjugated 1.0 x 10 ' UmL ! UmL ! human cervical
enzymatic activity) with N-acetylglucosamine/ cancer cells, CCRF-
galactose/ gold nanorods CEM human leukemic
coated with AIA and lymphoblasts cells,
xanthine oxidase SMMC-7721 human
hepatocellular
carcinoma cells, and
HL-7702 human
hepatocyte cells
Tn antigen VVA gold screen-printed EIS 2.5 %10 2- 6.8 x 10 ! human serum from [95]
electrode/alkanethiol/VVA 5.0 ugmL ! pg mL ! healthy and cancer
patients
T antigen PNA screen-printed gold EIS 0 —1.50 x 10? 1.16 x 10! human serum from [971
electrode/akanethiols pg mL~? pg mL! healthy and cancer
SAM/PNA patients

Lectin from Canavalia ensiformis (ConA), wheat germ1 (WGA), soybean (SBA), peanut (PNA), Ulex europaeus - type I (UEA-I), human E-selectin (E-selectin), Sambucus
nigra (SNA), Ricinus communis - type I (RCA-I), Artocarpus heterophyllus (AIA), Maackia amurensis (MAA), Lens culinaris (LCA), biotinylated LCA (B-LCA), Cratylia
mollis - isoforms 1 and 4 (Cramoll 1,4), Maackia amurensis (MAL), Lotus tetragonolobus (LTA), Vicia villosa (VVA), and mutant human galectin 3 (M249C hGal-3).
Other abbreviations: carcinoembryonic antigen (CEA), prostate-specific antigen (PSA), alpha-fetoprotein-L3 (AFP), glassy carbon electrode (GCE), multi-walled
carbon nanotubes (MWCNT), self-assembled monolayer (SAM), electrochemical quartz crystal microbalance (EQCM), field-effect transistor (FET), electrochemical
impedance spectroscopy (EIS), differential pulse voltammetry (DPV), electrochemiluminescence (ECL), square-wave voltammetry (SWV).

immobilized on graphene or carbon nanospheres on the sensitivity of a
label-free electrochemical impedimetric biosensor for mannan. It was
proven that GCE/Nafion®/graphene/AuNPs/alkanethiol /ConA was the
platform that offered the best sensitivity to monitor charge-transfer
resistance (R.) changes as the concentration of mannan increased
(1.0 x102 - 5.0 x 107 mol L™ % LOD = 3.0 x 101! mol L™ 1). How-
ever, long-term storage of this biosensor still needs additional

improvements, since the response to 1.0 x 10 mol L™} mannan

reduced by 9.5% and 12.4% after 10 days and 20 days, respectively.

2.2. Glycoproteins

Glycoproteins are proteins anchored to sugar residues through co-
valent bonds [47]. They are often present on the cell surface,
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Fig. 2. Steps involved in preparing a glucose biosensor using a glassy carbon electrode modified with a MWCNTs-ConA dispersion.

Adapted from Ortiz et al. [43] with permission from Elsevier.

participating in cell-cell interactions, infections caused by bacteria and
viruses, and cell stress mechanisms [48]. The imperfections in glyco-
protein glycosylation deserve special attention, as they are associated
with several types of autoimmune diseases, so they need to be monitored
insightful [47-49]. Therefore, lectin-based electrochemical biosensors
for screening different glycoproteins (i.e., human IgG and IgA, and
invertase) related with stress and autoimmune diseases have been re-
ported (Table 1).

Systemic sclerosis is a chronic and progressive pathology that affects
connective tissues and can debilitate virtually every organ in the body
[50]. Serum autoantibodies are very useful for the early diagnosis of this
pathology, but the analysis is quite challenging because their concen-
trations vary among patients who, in turn, may also have other

autoimmune diseases. Klukova et al. [50] researched alternative Sam-
bucus nigra lectin (SNA)-based protocols for glycoprofiling serum sam-
ples from healthy and systemic sclerosis patients. They tested and
compared three different bioanalytical procedures using (i)
enzyme-linked lectin assay with enzyme-labeled SNA, (ii) fluorescent
SNA microarrays, and (iii) impedimetric SNA-based biosensor (Fig. 3).
The electrochemical device was developed from the immobilization of
SNA on sulfobetaine-modified gold electrode, which was used for bio-
recognizing the sialic acid expressed during human immunoglobulin
(IgG) glycosylation processes. Within the several tested approaches, it
showed the best analytical performance in terms of dynamic range
(1.0 x 1077-1.0 x 102 mol L ') and sensitivity (LOD < 1.0 x 1077
mol L™Y), while also being simpler due to its label-free detection

°5%e
L 1P
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: Legend :
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: & protein ;
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- label
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Fig. 3. General scheme applied in glycoprofiling of human serum samples with (A) lectin-based electrochemical impedance spectroscopy, (B) microarray with
fluorescently labeled lectin, and (C) enzyme-linked lectin assay with enzyme-labeled lectin.

Adapted from Klukova et al. [50] with permission from Elsevier.
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capacity. In contrast, the impedimetric SNA-based biosensor displayed
lower reproducibility and no multiplexed ability.

Bertok et al. [51] managed to develop an impedimetric lectin-based
eight-gold electrode microarray to confirm the presence of desialylated
and degalactosylated IgGs during rheumatoid arthritis progression. The
biosensing platform was built from a mixed self-assembled monolayer
(SAM) consisting of two thiolated zwitterionic compounds (carbox-
ybetaine and sulfobetaine) to reduce nonspecific interactions and allow
covalent immobilization of Ricinus communis agglutinin I (RCA-T; a lectin
that interacts specifically with galactose and N-acetylgalactosamine
residues). The results suggested that RCA-I maintains its activity and
ability to distinguish between different glycoforms, namely fetuin,
asialofetuin, and IgGs from human serum. The most sensitive response
was observed for asialofetuin (1.0 x107 - 1.0 x107 g mL™). EIS
analysis agreed very well with the DAS28 index (rheumartoid arthritis
disease activity score 28), indicating that this electrochemical procedure
could be used to identify glycosylation changes in human IgGs related to
rheumatoid arthritis.

Depression-related suicide currently affects 3-5% of the world’s
population, and it is believed that this mental illness will be the most
prevalent by 2030 [52]. Knowing that secretory immunoglobulin A
(s-IgA) is a stress marker present in biological fluids such as saliva and
sweat, Hayashi et al. [52] studied a non-invasive detection method to
measure s-IgA in human sweat, using a field effect transistor (FET)
biosensor structured with Artocarpus heterophyllus lectin (AIA) immo-
bilized on silane-modified SiO5 substrate. AIA has four glycan-binding
sites, allowing the as-prepared FET biosensor detect s-IgA at concen-
trations ranging from 0.1 to 100 pg mL™. The main difficulty reported
for direct application of this method was its susceptibility to interference
from agglutinated sweat components, sebum, bacteria, and mucin,
which were non-specifically adsorbed on the electroactive surface.
However, this limitation was eliminated after filtering the samples,
allowing the use of ATA-based FET biosensor to daily monitor stress.

2.3. Pathogens

Glycoconjugates can also be found on the outermost layers of viruses,
bacteria and fungi, so lectin-based biosensors are very useful for screening
them, either qualitatively or quantitatively, as can be seen throughout the
third section of Table 1. For example, lectins like ConA [53,54], CramoLL
(Cratylia molis) [55,56], and BmoLL (Bauhinia monandra) [55] have
already been used as biorecognition elements of arboviruses. Simao et al.
[53] developed a nanostructured impedimetric biosensor to distinguish
infections caused by different arboviruses - Dengue type 2, Zika, Chi-
kungunya, and Yellow fever. The platform was built with ConA immobi-
lized on zinc oxide nanoparticles/cysteine-modified gold electrode, which
interact with mannose-glucose residues of the viral capsid. The bioaffinity
of the biosensor for each virus changed (Zika > Dengue > Chikungunya >
Yellow fever), justifying the differences for the attained LODs (0.0382 -
0.062 pfu mL ™). There are also studies with Influenza A, i.e., a negative
stranded RNA virus from the Orthonmyxoviridae family that contains two
useful surface glycoproteins (hemagglutinin and neuraminidase) used to
classify viral subtypes. Anik et al. [57] investigated the potential of PNA
lectin (Arachis hypogaea) in association with Fetuin-A glycoprotein/g-
raphene-gold hybrid nanocomposite/gold-screen printed electrode as
biosensing platform for Influenza HON2 virus. Fetuin A includes terminal
12-14 sialic acid residues and, in the presence of neuraminidase, said
glycoprotein is cleaved from these terminations [57,58]. The cleavage
exposes galactose moieties that can be electrochemically screened by PNA
with high specificity and sensitivity (LOD = 1.0 x10 ° U mL™ ) in bio-
logical fluids. Additionally, Hushegyi et al. [59] showed that the Maakia
amurensis lectin is also very useful to detect the influenza virus (by affinity
for a-2,3sialylated glycans), assessing neuraminidase enzyme activity.
Very recently, it has been speculated that Lablab purpureus lectin has
anti-influenza (HIN1) and anti-SARS-CoV-2 activity, becoming a prom-
ising macromolecule (not yet explored) for electrochemical biosensors

Colloids and Surfaces B: Biointerfaces 208 (2021) 112148

designed to diagnose the related diseases [60]. The hemagglutinins of
these viruses present a highly glycosylated protein called Env, which
participates in mechanisms of infection and evasion of the host’s immune
system, promoting the fusion of the viral envelope to the plasma mem-
brane of the infected cell. Lectins prevent this connection when they are
previously bound to the aforementioned viral proteins. HIV-inhibiting
activity was also observed with lectins from Longisporum albid, Micro-
cystis aeruginosa, Microcystis viridis, among others, showing potential for
employment in biosensing devices for the identification of the selected
virus [61].

Escherichia coli (E. coli) is an enterohemorrhagic toxin-producing
pathogen, being the predominant serotype associated with human
health E. coli 0157:H7. It causes infection via consumption of under-
cooked meat, unpasteurized milk, contaminated vegetables, and waters,
among others. There are already reliable analytical methods for quality
control of this pathogen in food, but they are usually time-consuming
and require complex operational steps [62]. Alternatively, lectin-based
electrochemical biosensors have been proposed to screen E. coli, espe-
cially configured with ConA lectin [63-68]. Yang et al. [67] used ConA
immobilized on 11-mercapto-1-undecanoic acid self-assembled gold
electrode to develop a label-free impedimetric biosensor for rapid
detection of the non-pathogenic strain of E. coli DH5a, following the
steps depicted in Fig. 4. The detection principle is based on the lipo-
polysaccharide existing on the surface of this gram-negative bacteria,
achieving a LOD = 75 cell mL L. Li et al. [62] demonstrated that the
wheat germ lectin (WGA) is also sensitive to E. coli 0157:H7 (LOD = 102
CFU mL 1) when this protein is immobilized on 3-dithiobis-(sulfosucci-
nimidyl-propionate) self-assembled screen-printed interdigitated gold
electrodes. Other previously tested lectins for the same purpose were
CramoLL [69], RCA [63], PNA, MAA, and those from Triticum vulgaris
and Ulex europaeus [64] (not included in Table 1 since these studies were
published > 6 years ago).

Fungi are also among the pathogens with bioaffinity for lectins.
Special attention is given to those belonging to the Candida genus
(C. albicans, C. krusei, C. parapsilosis, C. tropicalis, C. glabrata, among
others opportunistic microorganisms), which cause candidiasis and
candidemia in nearly 300 million people worldwide [70]. Therefore,
their early detection helps in the proper prognosis and antifungal
treatment, besides reducing costs, clinical care time and other hospital
demands. Since Candida cell wall is composed of about 90% carbohy-
drates, lectins can be used for electrochemical biosensing. Sa et al. [70]
proposed impedimetric biosensors for Candida spp. (C. albicans, C. kru-
sei, C. tropicalis, and C. parapsilosis), using ConA and WGA as recognition
agents of the yeast cells. Lectins were adsorbed on 4-mercaptobenzoic
acid and gold nanoparticles-based composite/cysteine/gold electrode,
allowing to differentiate species within the range of 10% to 10® CFU
mL~1. Speed and reproducibility of the measurements were the main
advantages of these biosensors when compared with the traditional
methods.

2.4. Cancer biomarkers

The discovery of drugs that prevent the uncontrolled multiplication
of cancer cells from their initial stages remains a major challenge, so
there is a great need for effective devices and methods for early diag-
nosis. Cancer cells have well-developed carbohydrate moieties on their
surface, which are responsible for defense, recognition and cell-cell
interaction mechanisms. The glycocalyx can also participate in metas-
tasis processes [71]. In other words, glycan expressions transfer infor-
mation about the physiological stage of various carcinomas, which are
crucial for early diagnosis and treatment of the disease. In Table 1
(fourth section), it is possible to identify several lectins used for elec-
trochemical biosensing of these biomarkers.

Some studies have associated overexpression of sialic acid derivatives
with the development and progression of breast, prostate, colorectal and
hepatocellular cancers. SNA and Maackia amaurensis (MAL) lectins can



V.E. Abrantes-Coutinho et al.

OH

HO

S

Gold electrode

s
- e ——————)  EE———

Colloids and Surfaces B: Biointerfaces 208 (2021) 112148

f?O H

MUA+DTT

EDC/NHS
ConA

&

re

Fig. 4. Stages of the constiuction of a ConA-based impedimetric biosensor used for determination of E. coli DH5a.

Adapted from Yang et al. [67] with permission from Elsevier.

recognize a-2,6-sialylated and «a-2,3-sialylated glycans, respectively,
justifying their uses in electrochemical biosensors for the carbohydrates
mentioned [72-79]. Niu et al. [76] developed a highly-sensitive electro-
chemical device to detect a-2,3-sialylated glycans (LOD = 3.0 fe mL 1) in
human serum by EIS, using a GCE modified with carboxylated
multi-walled carbon nanotubes (COOH-MWCNT) and polyamidoamine
dendrimers (PAMAM). The authors used p-phenylene diisothiocyanate for
immobilizing MAL on PAMAM@COOH-MWCNT/GCE, and the resulting
biosensor was used to quantify the target carbohydrate with high accu-
racy. Another proposal in the same context was reported by Li et al. [78],
which produced a sandwich biosensor for detecting «-2,6-sialylated gly-
cans in human serum, using a GCE modified with streptavidin-associated
gold nanorods and biotinylated SNA. The combination of these materials
allowed a biocompatible microenvironment, improved lectin adhesion
and immunoreaction efficiency. This label-free biosensor achieved a LOD
= 0.50 ng mL ! by using DPV, but the authors realized that the sensitivity
could be even better (LOD = 0.69 fg mL 1) when a carboxylated
single-walled carbon nanohorns/sulfur-doped platinum nanocluster was
adopted as signal label, producing a sandwich-type biosensor that
exhibited excellent recovery and stability through chronoamperometric
analysis.

SNA and MAL are also widely used to identify prostate-specific antigen
(PSA), i.e., a biomarker for prostate cancer (PCa) diagnosis and screening
[80-83]. Pihikova et al. [80] developed label-free EIS methods for
detecting and glycoprofiling PSA (LOD < 4 amol L'Y). Direct detection was
performed with a biosensor based on mixed SAM (11-mercaptoundecanoic
acid and 6-mercapto-1-hexanol)/gold electrode to anchor SNA and MAL

lectins. Regarding glycoprofiling, a sandwich immunosensor was struc-
tured with a monoclonal IgG antibody (anti-PSA) covalently attached on
the SAM-modified gold electrode, which was subsequently incubated with
SNA lectin to screen the disease-specific glycoprotein. Bertok et al. [83]
conducted a proof-of-concept study to assess possible improvements for
diagnosing PCa in the future, exploiting gold nanoshells with a magnetic
core (Mn-Zn ferrite@silica@Au) to adsorb anti-PSA antibody (Fig. 5). This
nanocomposite associates surface plasmons and magnetic attraction of
core and shell layers, respectively, for spontaneous immobilization of
zwitterionic molecules via diazonium salt grafting. After appropriate in-
cubation time, anti-PSA antibody/Mn-Zn ferrite@silica@AuNPs structures
were biorecognized by a SNA/carboxybetaine-bearing SAM-modified gold
electrode in fortified human serum (LOD = 1.2 fmol L), using EIS as
electroanalytical technique. The developed methods are highly useful for
clinical diagnostics considering that physiological PSA levels in human
blood are below 130 pmol L1 [80].

Several ConA-based cytosensors have been used for mannose bio-
recognition, since this carbohydrate is commonly present on animal cell
surfaces [71,84-89]. Liu et al. [84] showed that ConA is useful for
anchoring antibodies in a three-dimensional electrochemical immuno-
sensor engineered for the detection of carcinoembryonic antigen (CEA),
i.e., a biomarker overexpressed in pancreatic, lung, colon, breast,
ovarian, and cervical tumors. Monolithic and macroporous graphene
foam served as scaffold for the lectin immobilization, after its func-
tionalization with polydopamine. The ConA-sugar-protein interaction
was evaluated through immunoassays performed with horseradish
peroxidase (HRP)-labeled antibody (anti-CEA), which demonstrated an
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Fig. 5. Construction of SNA-I/carboxybetaine-bearing SAM/gold electrode and anti-PSA antibody-modified magnetic core-shell used in the biosensing detection

scheme.
Adapted from Bertok et al. [83] with permission from Elsevier.

efficient biorecognition with LOD ~ 90 pg mL *, using DPV. Zhang
et al. [88] innovated the cytosensing of the human breast cancer cell
MCF-7, using a ConA/cysteine-terminated peptide self-assembled gold
electrode and EIS (Fig. 6). Glycans over-expressed on the cell mem-
branes were monitored for bioaffinity against alginate-loaded glucose
oxidase, used as redox probe to improve the signal magnitude and
detection capacity. The proposed electrochemical biosensor reached a
LOD = 150 cells mL™?, becoming a promising analytical tool to monitor
the biomarker and diagnose the pathology early. Knowing that HRP and
CEA bind to ConA through sugar-lectin interactions, Wang et al. [89]
studied a label- and antibody-free electrochemical sandwich CEA
biosensor, intercalating the mentioned antigen between lectin and DNA
aptamer (5'-SH-(CH5)s-ATACCAGCTTATTCAATT-3') layers. ConA also
served as HRP anchor link that, in turn, was used for production and
amplification of the electroanalytical signal (LOD = 3.4ngmL ')
recorded by DPV to quantify CEA in human serum.

Cancer cell biorecognition has been also performed with lectin such
as WGA [86,87,90,91], Cratylia mollis (CramoLL) [92], Lens culinaris
(LCA) [86,93], AIA [94], Vicia villosa (VVA) [95], Lotus tetragonolobusa
(LTL) [96], Phaseolus vulgaris (PHA-E) [96] and Arachis hypogaea (PNA)
[97]. Yang et al. [90] produced an electrogenerated chemiluminescence
(ECL) biosensor for prostate PC-3 cancer cells, using anti-PSA as capture
probe and ruthenium complex-labelled WGA as signal probe. This lectin
has specific binding capacity to N-acetylglucosamine (GlcNAc) of
N-glycans on the cell surface, and when it is labeled with the ruthenium
complex, a high and regenerable ECL signal is observed, allowing to
quantify very low levels of PC-3 (LOD = 2.6 x10? cells mL™ ). The
authors also showed that the proposed ECL biosensor had an improved
selectivity, when compared to the unlabeled WGA-based biosensor, to
detect PC-3 in the presence of other cancer cells (Ramos and K562 cells).
In addition, Zhao et al. [86] developed an electrochemical lectin-based
biosensor array for sensitive detection and discrimination of CEA,

Glucose + O,

Cell AuNP Con A
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H,0, + Gluconic acid

—_—
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GOx
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Fig. 6. Configuration of the electrochemiluminescent ConA-based biosensor and detection principle adopted for specific recognition of cancer cell MCF-7.

Adapted from Zhang et al. [88] with permission from Elsevier.
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employing ConA, WGA, or LCA as molecular recognition elements. The
selected lectins were immobilized on cysteamine self-assembled gold
nanoparticle-modified screen-printed carbon electrodes, and lec-
tin—target-antibody sandwich-type conjugates were formed when the
biosensor interacted with a HRP-labeled anti-CEA antibody probe. The
three designed biosensors reached low LOD values (0.01-0.05 ng mL™)
and showed suitable performance to discriminate CEA N-glycan be-
tween healthy and cancer-stricken serum samples.

The enzyme (-1,4-galactosyltransferase plays an important role in
the cellular processes and progression of lung cancer, and its electro-
analysis intermediated by xanthine oxidase and AIA multi-labeled gold
nanorod nanoprobes has been documented (Fig. 7) [94]. The resulting
ECL biosensor operated in the presence of luminol, hypoxanthine and
oxygen, and allowed to monitor AIA-galactose interactions as low as
9x10~% UmLL enzyme [94]. Subtypes of wa-fetoprotein (AFP),
including LCA nonreactive, LCA-weakly reactive and LCA-reactive AFP
(AFP-L3), are important for hepatocellular carcinoma (HCC) diagnosis,
but the detection process remains unsatisfactory because the methods
have low analytical sensitivity and require complex operational steps. Li
et al. [93] proposed a simple and sensitive alternative to detect AFP-L3,
using biotinylated LCA-integrated silver nanoparticles as recognition
probe. In this proposal, electrochemical biosensing was performed with
an AFP-L3/chitosan/graphene oxide/GCE platform, obtaining a LOD
=12 pg mL™ %, besides good stability and reproducibility for HGC clin-
ical diagnostics. The presence of PCa and other tumor-associated anti-
gens (Tn and T, for example) in biological samples were also studied
with lectin-based biosensors built with VVA [95], PNA [97], and Cra-
moLL [92], demonstrating the biotechnological relevance of these pro-
teins for knowledge and progress in glycomics. Additional target
glycoproteins with aberrant glycans are CA125 for ovarian cancer; hCG
for testicular and ovarian cancer; CA15-3, CA27-29 and HER2 for breast
cancer; and CA19-9 for pancreatic and ovarian cancer [98,99].

3. Challenges and perspectives
The regioselective complexation between lectins and carbohydrates

or glycoconjugates explains the growing use of these systems to engineer
electrochemical biosensors for clinical diagnosis in recent times. In
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contrast, lectin microarray models need further advances to meet the
urgent demands for multiplexed analysis of sugar moieties in biological
systems. When these proteins are organized in a microarray format, it is
possible to perform a high-throughput carbohydrate profiling of struc-
tures with subtle structural differences [100]. Even so, it must not be
forgotten that the sensitivity of these technologies is generally limited to
sub-nanomolar levels, thus analyte labeling and quenching strategies
need to be applied (through laborious and expensive procedures) in
order to improve the performance [80].

Innovative platforms that combine sensitivity, specificity and label-
free operation mode are intensively sought and, in these cases, lectin-
based biosensors stand out. These devices have a remarkable ability to
recognize lectin-carbohydrate interactions in real time, even consid-
ering a single analyte molecule [80]. Multiple functionalities are
incorporated when associating lectins in biocomposites with semi-
conductors derived from carbon allotropes, metallic nanoparticles,
polymers, coordination compounds, (in)organic-(in)organic hybrid
structures, among others, which are arranged on sophisticated platforms
of micro- and nano-metric dimensions. Selectivity and controlled
orientation of proteins still demand more in-depth research, but such
initiatives have already started from cutting-edge research involving
functionalization of supporting materials, as well as recombinant pro-
tein techniques [101]. Certainly, these analytical tools will continue to
provide important advances in clinical expertise with carbohydrates and
glycoconjugates going forward.

4. Conclusions

Lectins and their carbohydrate-binding activities have inspired
modern biotechnological solutions to problems faced in several fields.
Lectin-based electrochemical biosensors deserve special attention for
their remarkable ability to recognize relevant carbohydrates and gly-
coconjugates in complex samples, even without labeled analytes. They
are also highly useful for profiling sugars moieties on biochemical tar-
gets, such as glycoproteins, pathogens and biomarkers. These platforms
combine exceptional analytical sensitivity, specificity and precision, but
their miniaturization is critical to address highly desirable features for
point-of-care measurements, including portability, better signal density,
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fast response time, low-cost operation and ease-of-use. Such properties
improve even more when the biosensors are assembled with biocom-
patible micro- and nano-structured semiconductors, although the lectin
microarrays achieve more promising results for multiplexed analysis.
Whether with one or more bio-affinity platforms, electrochemical de-
vices based on lectins have attracted researchers around the world with
the ultimate goal of understanding and monitoring physiological and
pathological events involving carbohydrates and glycoconjugates. Since
electrochemical biosensors enable the study of lectin-carbohydrate
interaction transients at the molecular level, unimaginable advances
driven by these technologies are expected in glycomics and related
areas.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors gratefully acknowledge the Brazilian research funding
agencies National Council for Scientific and Technological Development
(CNPQ; Proc. 308108/2020-5 and 420261/2018-4), Coordination for
the Improvement of Higher Education Personnel (CAPES, Finance code
001), and Cearense Foundation for the Support of Scientific and Tech-
nological Development (FUNCAP; Proc. BP4-0172-00111.01.00/20).
This work also received support by UIDB/50006,/2020, UIDP/50006/
2020, and through the project PCIF/SS0O/0017/2018 by the Fundacao
para a Ciéncia e a Tecnologia (FCT), Ministério da Ciéncia, Tecnologia e
Ensino Superior (MCTES) through national funds.

Conflict of interest

The authors declare no conflict of interest.

References

[1] C.Dai, A. Sagwal, Y. Cheng, H. Peng, W. Chen, B. Wang, Carbohydrate biomarker
recognition using synthetic lectin mimies, Pure Appl. Chem. 84 (2012)
2479-2498, https://doi.org/10.1351/PAC-CON-12-04-17.

X. Zhou, G.T. Carroll, C. Turchi, D. Wang, Carbohydrate microarrays as essential
tools of postgenomic medicine, in: Carbohydr. Chem. Biol. Med. Appl., Elsevier,
2008, pp. 359-386, https://doi.org/10.1016/B978-0-08-054816-6.00016-1.
L.-L. Hu, T. Huang, Y.-D. Cai, K.-C. Chou, Prediction of body fluids where proteins
are secreted into based on protein interaction network, PLoS One 6 (2011),
€22989, https://doi.org/10.1371/journal.pone.0022989.

O.A. Sadik, F. Yan, Electrochemical biosensors for monitoring the recognition of
glycoprotein-lectin interactions, Anal. Chim. Acta 588 (2007) 292-296, htips://
doi.org/10.1016/j.aca.2007.02.046.

T. Bertok, J. Katrlik, P. Gemeiner, J. Tkac, Electrochemical lectin based
biosensors as a label-free tool in glycomies, Microchim. Acta 180 (2013) 1-13,
https://doi.org/10.1007 /s00604-012-0876-4.

R. Wang, S. Liu, D. Shah, D. Wang. A Practical Protocol for Carbohydrate
Microarrays, 2005, pp. 241-252, https://doi.org/10.1007/978-1-59259-948-6_
17.

Y. Cheng, M. Li, 5. Wang, H. Peng, S. Reid, N. Ni, H. Fang, W. Xu, B. Wang,
Carbohydrate biomarkers for future disease detection and treatment, Sci. China
Chem. 53 (2010) 3-20, https://doi.org/10.1007/511426-010-0021-3.

N. Sharon, Lectins: past, present and future, Biochem. Soc. Trans. 36 (2008)
1457-1460, https://doi.org/10.1042/BST0361457.

N. Sharon, H. Lis, History of lectins: from hemagglutinins to biological
recognition molecules, Glycobiology 14 (2004) 53R-62R, https://doi.org/
10.1093/glycob/cwh122.

A.K. Gautam, D. Sharma, J. Sharma, K.C. Saini, Legume lectins: potential use as a
diagnostics and therapeutics against the cancer, Int. J. Biol. Macromol. 142
(2020) 474-483, https://doi.org/10.1016/j.ijbiomac.2019.09.119.

W.C. Boyd, E. Shapleigh, Specific precipitating activity of plant agglutinins
(Lectins), 419-419, Science (80-.) 119 (1954), https://doi.org/10.1126/
science.119.3091.419.

R.S. Singh, A.K. Walia, J.F. Kennedy, Mushroom lectins in biomedical research
and development, Int. J. Biol. Macromol. 151 (2020) 1340-1350, https://doi.
org/10.1016/j.ijbiomac.2019.10.180.

[5

—

[6

—

[10]

[11]

[12]

12

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Colloids and Surfaces B: Biointerfaces 208 (2021) 112148

A. Varrot, S.M. Basheer, A. Imberty. Fungal lectins: structure, function and
potential applications, Curr. Opin. Struct. Biol. 23 (2013) 678-685, https://doi.
org/10.1016/j.sbi.2013.07.007.

S.K. Lam, T.B. Ng, Lectins: production and practical applications, Appl. Microbiol.
Biotechnol. 89 (2011) 45-55, https://doi.org/10.1007/s00253-010-2892-9.
L.C.B.B. Coelho, P.M. dos, S. Silva, V.L. de, M. Lima, E.V. Pontual, P.M.G. Paiva,
T.H. Napoleao, M.T. dos, S. Correia, Lectins, interconnecting proteins with
biotechnological/pharmacological and therapeutic applications, Evid.-Based
Complement. Altern. Med. 2017 (2017) 1-22, https://doi.org/10.1155/2017/
1594074.

M. Wimmerova, S. Kozmon, 1. Ne¢asova, S.K. Mishra, J. Komarek, J. Koca,
Stacking interactions between carbohydrate and protein quantified by
combination of theoretical and experimental methods, PLoS One 7 (2012),
46032, https://doi.org/10.1371/journal.pone.0046032.

C. Taroni, S. Jones, J.M. Thornton, Analysis and prediction of carbohydrate
binding sites, Protein Eng. Des. Sel 13 (2000) 89-98, https://doi.org/10.1093/
protein/13.2.89.

W.I. Weis, K. Drickamer, Structural basis of lectin-carbohydrate recognition,
Annu. Rev. Biochem. 65 (1996) 441-473, https://doi.org/10.1146/annurev.
bi.65.070196.002301.

S.S. Komath, R. Kenoth, M.J. Swamy, Thermodynamic analysis of saccharide
binding to snake gourd (Trichosanthes anguina) seed lectin, Eur. J. Biochem 268
(2001) 111-119, https://doi.org/10.1046/j.1432-1327.2001.01852.x.

P.-H. Liang, S.-K. Wang, C.-H. Wong, Quantitative analysis of
carbohydrate—protein interactions using glycan microarrays: determination of
surface and solution dissociation constants, J. Am. Chem. Soec. 129 (2007)
11177-11184, https://doi.org/10.1021/ja072931h.

N.A. Bushmarina, Cofactor effects on the protein folding reaction: acceleration of
-lactalbumin refolding by metal ions, Protein Sci 15 (2006) 659-671, https://doi.
org/10.1110/ps.051904206.

D. Boda, W. Nonner, M. Valisko, D. Henderson, B. Eisenberg, D. Gillespie, Steric
selectivity in Na channels arising from protein polarization and mobile sde
chains, Biophys. J. 93 (2007) 1960-1980, https://doi.org/10.1529/
biophysj.107.105478.

S. Bhatia, R. Dahiya, Concepts and techniques of plant tissue culture science, in:
Mod. Appl. Plant Biotechnol. Pharm. Sci., Elsevier, 2015, pp. 121-156, https://
doi.org/10.1016/B978-0-12-802221-4.00004-2.

B. Wang, J. Anzai, Recent progress in lectin-based biosensors, Materials ((Basel))
8 (2015) 8590-8607, https://doi.org/10.3390/ma8125478.

T.M.B.F. Oliveira, F.W.P. Ribeiro, C.P. Sousa, G.R. Salazar-Banda, P. De Lima-
Neto, A.N. Correia, S. Morais, Current overview and perspectives on carbon-based
(bio)sensors for carbamate pesticides electroanalysis, TrAC Trends Anal. Chem
124 (2020), 115779, https://doi.org/10.1016/j.trac.2019.115779.

R. Jelinek, S. Kolusheva, Carbohydrate biosensors, Chem. Rev. 104 (2004)
5987-6015, https://doi.org/10.1021/cr0300284.

V. Pinkova Gajdosova, L. Lorencova, A. Blsakova, P. Kasak, T. Bertok, J. Tkac,
Challenges for impedimetric affinity sensors targeting protein detection, Curr.
Opin. Electrochem. 28 (2021), 100717, https://doi.org/10.1016/]j.
coelec.2021.100717.

B.L. Garrote, A. Santos, P.R. Bueno, Perspectives on and precautions for the uses
of electric spectroscopic methods in label-free biosensing applications, ACS Sens.
4 (2019) 2216-2227, htrps://doi.org/10.1021/acssensors.9b01177.

E. Solhi, M. Hasanzadeh, Critical role of biosensing on the efficient monitoring of
cancer proteins/biomarkers using label-free aptamer based bioassay, Biomed.
Pharmacother. 132 (2020), 110849, https://doi.org/10.1016/j.
biopha.2020.110849.

L. Latxague, A. Gaubert, P. Barthélémy, Recent advances in the chemisty of
glycoconjugate amphiphiles, Molecules 23 (2018) 89, https://doi.org/10.3390/
molecules23010089,

S. Cunningham, J.Q. Gerlach, M. Kane, L. Joshi, Glyco-biosensors: recent
advances and applications for the detection of free and bound carbohydrates,
Analyst 135 (2010) 2471, https://doi.org/10.1039/c0an00276¢.

Lectin Biosensors in Cancer Glycan Biomarker Detection, 2019, pp. 1-61, https://
doi.org/10.1016/bs.acec.2019.07.001.

S. Kumar, A. Kalkal, Electrochemical detection: cyclic voltammetry/differential
pulse voltammetry/impedance spectroscopy, in: Nanotechnol. Cancer Manage.,
Elsevier, 2021, pp. 43-71, https://doi.org/10.1016/B978-0-12-818154-6.00008-
1.

N.M. Riley, C.R. Bertozzi, S.J. Pitteri, A pragmatic guide to enrichment strategies
for mass spectrometry-based glycoproteomics, Mol. Cell. Proteomies 20 (2021),
100029, https://doi.org/10.1074/mcp.R120.002277.

M. Stanti¢, G. Gunéar, D. Kuzman, R. Mravljak, T. Cviji¢, A. Podgornik,
Application of lectin immobilized on polyHIPE monoliths for bioprocess
monitoring of glycosylated proteins, J. Chromatogr. B 1174 (2021), 122731,
https://doi.org/10.1016/j.jchromb.2021.122731.

C. Zhang, K.N. Schumacher, E.D. Dodds, D.S. Hage, Glycoprotein analysis using
lectin microcolumns and capillary electrophoresis: characterization of alphal-
acid glycoprotein by combined separation methods, J. Chromatogr. B 1179
(2021), 122855, https://doi.org/10.1016/j.jchromb.2021.122855.

Z. Hlasové, L. Pazitnd, M. Ondrejovié, J. Katrlik, Lectin-based assay for the
determination of the inhibition activity of small molecule inhibitors of
neuraminidases, J. Biotechnol. 325 (2021) 65-72, https://doi.org/10.1016/j.
jbiotec.2020.11.016.

D. Mislovicovd, P. Gemeiner, J. Sandula, J. Masdrové, A. Vikartovska,

P. Docolomansky, Examination of bioaffinity immobilization by precipitation of



V.E. Abrantes-Coutinho et al.

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

mannan and mannan-containing enzymes with legume lectins, Biotechnol. Appl.
Biochem. 31 (2000) 153, https://doi.org/10.1042/ba19990086.

G. Sanchez-Pomales, R.A. Zangmeister, Recent advances in electrochemical
glycobiosensing, Int. J. Electrochem. 2011 (2011) 1-11, https://doi.org/
10.4061,/2011/825790.

A. Electricwala, Lectin affinity bioassay: an assay method for glycoprotein
enzyme, Biochim. Biophys. Acta Gen. Subj 990 (1989) 53-58, https://doi.org/
10.1016/50304-4165(89)80011-X.

H. Yao, Q. Gan, J. Peng, S. Huang, M. Zhu, K. Shi, A stimuli-responsive biosensor
of glucose on layer-by-layer films assembled through specific lectin-glycoenzyme
recognition, Sensors ((Switzerland)) 16 (2016) 7-11, https://doi.org/10.3390/
s16040563.

L. Guo, S. Chao, P. Huang, X. Lv, Q. Song, C. Wu, Y. Pei, Z. Pei, A universal
photochemical method to prepare carbohydrate sensors based on
perfluorophenylazide modified polydopamine for study of carbohydrate-lectin
interactions by QCM biosensor, Polymers ((Basel)) 11 (2019), https://doi.org/
10.3390/polym11061023.

E. Ortiz, P. Gallay, L. Galicia, M. Eguilaz, G. Rivas, Nanoarchitectures based on
multi-walled carbon nanotubes non-covalently functionalized with Concanavalin
A: a new building-block with supramolecular recognition properties for the
development of electrochemical biosensors, Sensors Actuators, B Chem. 292
(2019) 254-262, https://doi.org/10.1016/j.snb.2019.04.114.

M. lijima, Y. Yamada, T. Nakayama, S. Kuroda, Enhanced sugar chain detection
by oriented immobilization of Fe-fused lectins, Biosci. Biotechnol. Biochem 84
(2020) 1775-1779, https://doi.org/10.1080/09168451.2020.1773757.

J. Qin, H. Hao, C. Yao, T. Jin, H. Yang, Investigating the effects of two different
carbon materials on the sensitivity of an electrochemical impedimetric lectin-
based biosensor, Int. J. Electrochem. Sci. 15 (2020) 639-650, https://doi.org/
10.20964/2020.01.59.

E. Danielson, M. Dindo, A.J. Porkovich, P. Kumar, Z. Wang, P. Jain, T. Mete,

Z. Ziadi, R. Kikkeri, P. Laurino, M. Sowwan, Non-enzymatic and highly sensitive
lactose detection utilizing graphene field-effect transistors, Biosens. Bioelectron.
165 (2020), 112419, https://doi.org/10.1016/j.bios.2020.112419.

B.A.H. Smith, C.R. Bertozzi, The clinical impact of glycobiology: targeting
selectins, Siglecs and mammalian glycans, Nat. Rev. Drug Discov (2021), https://
doi.org/10.1038/541573-020-00093-1.

C. Reily, T.J. Stewart, M.B. Renfrow, J. Novak, Glycosylation in health and
disease, Nat. Rev. Nephrol. 15 (2019) 346-366, https://doi.org/10.1038/s41581-
019-0129-4.

J. Filip, S. Zavahir, L. Klukova, J. Tkac, P. Kasak, Immobilization of concanavalin
A lectin on a reduced graphene oxide-thionine surface by glutaraldehyde
crosslinking for the construction of an impedimetric biosensor, J. Electroanal.
Chem. 794 (2017) 156-163, https://doi.org/10.1016/j.jelechem.2017.04.019,
L. Klukova, T. Bertok, M. Petrikova, A. Sediva, D. Mislovicova, J. Katrlik,

A. Vikartovska, J. Filip, P. Kasak, A. Andicsova-Eckstein, J. Mosnacek, J. Lukég,
J. Rovensky, R. Imrich, J. Tkac, Glycoprofiling as a novel tool in serological
assays of systemic sclerosis: a comparative study with three bioanalytical
methods, Anal. Chim. Acta. 853 (2015) 555-562, https://doi.org/10.1016/j.
aca.2014.10.029.

T. Bertok, E. Dosekova, S. Belicky, A. Holazova, L. Lorencova, D. Mislovicova,
D. Paprckova, A. Vikartovska, R. Plicka, J. Krejci, M. llcikova, P. Kasak, J. Tkac,
Mixed Zwitterion-based self-assembled monolayer interface for impedimetric
glycomic analyses of human IgG samples in an array format, Langmuir 32 (2016)
7070-7078, https://doi.org/10.1021/acs.langmuir.6b01456.

H. Hayashi, N. Sakamoto, S. Hideshima, Y. Harada, M. Tsuna, S. Kuroiwa,

K. Ohashi, T. Momma, T. Osaka, Tetrameric jacalin as a receptor for field effect
transistor biosensor to detect secretory IgA in human sweat, J. Electroanal. Chem.
873 (2020), 114371, https://doi.org/10.1016/j.jelechem.2020.114371.

E.P. Simao, D.B.S. Silva, M.T. Cordeiro, L.H.V. Gil, C.A.S. Andrade, M.D.

L. Oliveira, Nanostructured impedimetric lectin-based biosensor for arboviruses
detection, Talanta 208 (2020), 120338, https://doi.org/10.1016/].
talanta.2019.120338.

D.M.N. Luna, M.D.L. Oliveira, M.L. Nogueira, C.A.S. Andrade, Biosensor based on
lectin and lipid membranes for detection of serum glycoproteins in infected
patients with dengue, Chem. Phys. Lipids. 180 (2014) 7-14, https://doi.org/
10.1016/j.chemphyslip.2014.02.008.

M.D.L. Oliveira, M.L. Nogueira, M.T.S. Correia, L.C.B.B. Coelho, C.A.S. Andrade,
Detection of dengue virus serotypes on the surface of gold electrode based on
Cratylia mollis lectin affinity, Sensors Actuators, B Chem. 155 (2011) 789-795,
https://doi.org/10.1016/j.snb.2011.01.049.

K.Y.P.S. Avelino, C.A.S. Andrade, C.P. De Melo, M.L. Nogueira, M.T.S. Correia, L.
C.B.B. Coelho, M.D.L. Oliveira, Biosensor based on hybrid nanocomposite and
CramoLL lectin for detection of dengue glycoproteins in real samples, Synth. Met.
194 (2014) 102-108, https://doi.org/10.1016/j.synthmet.2014.05.001.

U. Anik, Y. Tepeli, M. Sayhi, J. Nsiri, M.F. Diouani, Towards the electrachemical
diagnostic of influenza virus: development of a graphene-Au hybrid
nanocomposite modified influenza virus biosensor based on neuraminidase
activity, Analyst 143 (2018) 150-156, https://doi.org/10.1039/c7an01537b.

U. Anik, Y. Tepeli, M.F. Diouani, Fabrication of electrochemical model influenza
A virus biosensor based on the measurements of neurocaminidase enzyme activity,
Anal. Chem. 88 (2016) 6151-6153, https://doi.org/10.1021 /acs.
analchem.6b01720.

A. Hushegyi, D. Pihfkova, T. Bertok, V. Adam, R. Kizek, J. Tkac, Ultrasensitive
detection of influenza viruses with a glycan-based impedimetric biosensor,
Biosens. Bicelectron. 79 (2016) 644649, hiitps://doi.org/10.1016/].
bios.2015.12.102.

13

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[771

[78]

[791

Colloids and Surfaces B: Biointerfaces 208 (2021) 112148

Y.M. Liu, M. Shahed-Al-Mahmud, X. Chen, T.H. Chen, K.S. Liao, J.M. Lo, Y.

M. Wu, M.C. Ho, C.Y. Wu, C.H. Wong, J.T. Jan, C. Ma, A carbohydrate-binding
protein from the edible lablab beans effectively blocks the infections of influenza
viruses and SARS-CoV-2, Cell Rep 32 (2020), https://doi.org/10.1016/j.
celrep.2020.108016.

C.A. Mitchell, K. Ramessar, B.R. O’Keefe, Antiviral lectins: selective inhibitors of
viral entry, Antiviral Res. 142 (2017) 37-54, https://doi.org/10.1016/j.
antiviral.2017.03.007.

Z. Li, Y. Fu, W. Fang, Y. Li, Electrochemical impedance immunosensor based on
self-assembled monolayers for rapid detection of Escherichia coli 0157:H7 with
signal amplification using lectin, Sensors ((Switzerland)) 15 (2015)
19212-19224, https://doi.org/10.3390/5150819212.

F. Xi, J. Gao, J. Wang, Z. Wang, Discrimination and detection of bacteria with a
label-free impedimetric biosensor based on self-assembled lectin monolayer,

J. Electroanal. Chem. 656 (2011) 252-257, https://doi.org/10.1016/j.
jelechem.2010.10.025.

Y. Wang, Z. Ye, C. Si, Y. Ying, Monitoring of Escherichia coli 0157:H7 in food
samples using lectin based surface plasmon resonance biosensor, Food Chem 136
(2013) 1303-1308, https://doi.org/10.1016/j.foodchem.2012.09.069.

F. Ma, A. Rehman, M. Sims, X. Zeng. Antimicrobial susceptibility assays based on
the quantification of bacterial lipopolysaccharides via a label free lectin
biosensor, Anal. Chem. 87 (2015) 4385-4393, https://doi.org/10.1021 /acs.
analchem.5b00165.

H. Yang, J. Qin, M. Zhang, H. Shen, J. Feng, H. Hao, Label-free lectin
impedimetric biosensor based on a polyaniline/graphene nanocomposite for the
detection of Escherichia coli, Int. J. Electrochem. Sci. 15 (2020) 8913-8927,
https://doi.org/10.20964,/2020.09.34.

H. Yang, H. Zhou, H. Hao, Q. Gong. K. Nie, Detection of Escherichia coli with a
label-free impedimetric biosensor based on lectin functionalized mixed self-
assembled monolayer, Sensors Actuators, B Chem. 229 (2016) 297-304, https://
doi.org/10.1016/j.snb.2015.08.034.

S. Rengaraj, A. Cruz-Izquierdo, J.L. Scott, M. Di Lorenzo, Impedimetric paper-
based biosensor for the detection of bacterial contamination in water, Sensors
Actuators, B Chem. 265 (2018) 50-58, https://doi.org/10.1016/].
snb.2018.03.020.

M.D.L. Oliveira, C.A.S. Andrade, M.T.S. Correia, L.C.B.B. Coelho, P.R. Singh,

X. Zeng, Impedimetric biosensor based on self-assembled hybrid cystein-gold
nanoparticles and CramoLL lectin for bacterial lipopolysaccharide recognition,
J. Colloid Interface Sci. 362 (2011) 194-201, https://doi.org/10.1016/j.
jcis.2011.06.042,

S.R. Sa, A.G. Silva Junior, R.G. Lima-Neto, C.A.S. Andrade, M.D.L. Oliveira,
Lectin-based impedimetric biosensor for differentiation of pathogenic candida
species, Talanta 220 (2020), 121375, https://doi.org/10.1016/j.
talanta.2020.121375.

X. Zhang, W. Lu, J. Shen, Y. Jiang, E. Han, X. Dong, J. Huang, Carbohydrate
derivative-functionalized biosensing toward highly sensitive electrochemical
detection of cell surface glycan expression as cancer biomarker, Biosens.
Bioelectron. 74 (2015) 291-298, https://doi.org/10.1016/j.bios.2015.06.051.
Y. Li, J. He, Y. Niu, C. Yu, Ultrasensitive electrochemical biosensor based on
reduced graphene oxide-tetraethylene pentamine-BMIMPF6 hybrids for the
detection of a2,6-sialylated glycans in human serum, Biosens. Bioelectron. 74
(2015) 953-959, https://doi.org/10.1016/j.bios.2015.07.073.

C. Xia, J. He, G. Yuan, Y. Li, Q. Li, C. Yu, A switched catalysis qualified sealers
capped one-step synthesis biocompatibility bimetallic scaffold film for Neu5Aca
(2-6)Gal p MP glycoside specific detection, Biosens. Bioelectron. 77 (2016)
853-859, https://doi.org/10.1016/j.bios.2015.10.060.

D. Pihikova, P. Kasak, P. Kubanikova, R. Sokol, J. Tkac, Aberrant sialylation of a
prostate-specific antigen: electrochemical label-free glycoprofiling in prostate
cancer serum samples, Anal. Chim. Acta. 934 (2016) 72-79, https://doi.org/
10.1016/j.aca.2016.06.043.

Y. Niu, J. He, Y. Li, Y. Zhao, C. Xia, G. Yuan, L. Zhang, Y. Zhang, C. Yu, Multi-
purpose electrochemical biosensor based on a “green” homobifunctional cross-
linker coupled with PAMAM dendrimer grafted p-MWCNTs as a platform:
application to detect ®2,3-sialylated glycans and a2,6-sialylated glycans in human
serum, RSC Adv. 6 (2016) 44865-44872, https://doi.org/10.1039/c6ra03570a.
Y. Niu, J. He, Y. Li, Y. Zhao, C. Xia, G. Yuan, L. Zhang, Y. Zhang, C. Yu,
Determination of a2,3-sialylated glycans in human serum using a glassy carbon
electrode modified with carboxylated multiwalled carbon nanotubes, a
polyamidoamine dendrimer, and a glycan-recognizing lectin from Maackia
amurensis, Microchim. Acta 183 (2016) 2337-2344, https://doi.org/10.1007/
s00604-016-1873-9,

Q. Yuan, J. He, Y. Niu, J. Chen, Y. Zhao, Y. Zhang, C. Yu, Sandwich-type
biosensor for the detection of «2,3-sialylated glycans based on fullerene-
palladium-platinum alloy and 4-mercaptophenylboronic acid nanoparticle
hybrids coupled with Au-methylene blue-MAL signal amplification, Biosens.
Bioelectron. 102 (2018) 321-327, https://doi.org/10.1016/j.bios.2017.11.043.
J. Li, J. He, C. Zhang, J. Chen, W. Mao, C. Yu, Dual-type responsive
electrochemical biosensor for the detection of ®2,6-sialylated glycans based on
AuNRs-SA coupled with ¢-SWCNHs/S-PtNC nanocomposites signal amplification,
Biosens. Bioelectron. 130 (2019) 166-173, https://doi.org/10.1016/j.
bios.2019.01.054.

H. Cao, D.P. Yang, D. Ye, X. Zhang, X. Fang, S. Zhang, B. Liu, J. Kong, Protein-
inorganic hybrid nanoflowers as ultrasensitive electrochemical cytosensing
Interfaces for evaluation of cell surface sialic acid, Biosens. Bioelectron. 68 (2015)
329-335, https://doi.org/10.1016/j.bios.2015.01.003.



V.E. Abrantes-Coutinho et al.

[80]

[81]

[82]

[83]

[84]

[85]

[s6]

[87]

[88]

[89]

D. Pihikova, Belicky, P. Kasak, T. Bertok, J. Tkac, Sensitive detection and
glycoprofiling of a prostate specific antigen using impedimetric assays, Analyst
141 (2016) 1044-1051, https://doi.org/10.1039/c5an02322;.

D. Pihikova, Z. Pakanova, M. Nemcovic, P. Barath, S. Belicky, T. Bertok, P. Kasak,
J. Mucha, J. Tkac, Sweet characterisation of prostate specific antigen using
electrochemical lectin-based immunosensor assay and MALDI TOF/TOF analysis:
focus on sialic acid, Proteomics 16 (2016) 3085-3095, hrttps://doi.org/10.1002/
pmic.201500463.

S. Belicky, P. Damborsky, J. Zapatero-Rodriguez, R. O'Kennedy, J. Tkac, Full-
length antibodies versus single-chain antibody fragments for a selective
impedimetric lectin-based glycoprofiling of prostate specific antigen,
Electrochim. Acta 246 (2017) 399-405, https://doi.org/10.1016/].
electacta.2017.06.065.

T. Bertok, L. Lorencova, S. Hroncekova, V. Gajdosova, E. Jane, M. Hires, P. Kasak,
0. Kaman, R. Sokol, V. Bella, A.A. Eckstein, J. Mosnacek, A. Vikartovska, J. Tkac,
Advanced impedimetric biosensor configuration and assay protocol for
glycoprofiling of a prostate oncomarker using Au nanoshells with a magnetic
core, Biosens. Bioelectron. 131 (2019) 24-29, https://doi.org/10.1016/].
bios.2019.01.052.

J. Liu, J.J. Wang, T. Wang, D. Li, F. Xi, J.J. Wang, E. Wang, Three-dimensional
electrochemical immunosensor for sensitive detection of carcinoembryonic
antigen based on monolithic and macroporous graphene foam, Biosens.
Bioelectron. 65 (2015) 281-286, https://doi.org/10.1016/j.bios.2014.10.016.
X. Zhang, C. Huang, Y. Jiang, J. Shen, P. Geng, W. Zhang, Q. Huang, An
electrochemical glycan biosensor based on a thionine-bridged multiwalled carbon
nanotube/gold nanoparticle composite-modified electrode, RSC Adv 6 (2016)
112981-112987, https://doi.org/10.1039/c61a23710j.

L. Zhao, C. Li, H. Qi, Q. Gao, C. Zhang, Electrochemical lectin-based biosensor
array for detection and discrimination of carcinoembryonic antigen using dual
amplification of gold nanoparticles and horseradish peroxidase, Sens. Actuators B
Chem. 235 (2016) 575-582, https://doi.org/10.1016/j.snb.2016.05.136.

F. Zanghelini, LA.M. Frfas, M.J.B.M. Rego, M.G.R. Pitta, M. Sacilloti, M.D.

L. Oliveira, C.A.S. Andrade, Biosensing breast cancer cells based on a three-
dimensional TIO2 nanomembrane transducer, Biosens. Bioelectron. 92 (2017)
313-320, https://doi.org/10.1016/j.bios.2016.11.006.

L. Zhang, Y. Wang, Q. Tian, Y. Liu, J. Li, Multienzyme decorated polysaccharide
amplified electrogenerated chemiluminescence biosensor for cytosensing and cell
surface carbohydrate profiling, Biosens. Bioelectron. 89 (2017) 1013-1019,
https://doi.org/10.1016/j.bios.2016.10.040.

Q.L. Wang, H.F. Cui, X. Song, S.F. Fan, L.L. Chen, M.M. Li, Z.Y. Li, A label-free and
lectin-based sandwich aptasensor for detection of carcinoembryonic antigen,
Sensors Actuators, B Chem. 260 (2018) 48-54, hitps://doi.org/10.1016/j.
snb.2017.12.105.

14

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100

[101

Colloids and Surfaces B: Biointerfaces 208 (2021) 112148

H. Yang, Z. Li, M. Shan, C. Li, H. Qi, Q. Gao, J. Wang, C. Zhang, Electrogenerated
chemiluminescence biosensing for the detection of prostate PC-3 cancer cells
incorporating antibody as capture probe and ruthenium complex-labelled wheat
germ agglutinin as signal probe, Anal. Chim. Acta 863 (2015) 1-8, https://doi.
org/10.1016/j.aca.2014.09.001.

K. Sugawara, T. Kadoya, H. Kuramitz, Y. Mihara, Design of carbohydrate/
electron-transfer peptides for human histocytic lymphoma cell sensing, Anal.
Chim. Acta 983 (2017) 198-205, https://doi.org/10.1016/j.aca.2017.06.028.
P.M.S. Silva, A.L.R. Lima, B.V.M. Silva, L.C.B.B. Coelho, R.F. Dutra, M.T.

S. Correia, Cratylia mollis lectin nanoelectrode for differential diagnostic of
prostate cancer and benign prostatic hyperplasia based on label-free detection,
Biosens. Bioelectron. 85 (2016) 171-177, https://doi.org/10.1016/j.
bios.2016.05.004.

J. Li, T. Gao, S. Gu, J. Zhi, J. Yang, G. Li, An electrochemical biosensor for the
assay of alpha-fetoprotein-L3 with practical applications, Biosens. Bioelectron. 87
(2017) 352-357, https://doi.org/10.1016/j.bios.2016.08.071.

Z. Chen, L. Zhang, Y. Liu, J. Li, Highly sensitive electrogenerated
chemiluminescence biosensor for galactosyltransferase activity and inhibition
detection using gold nanorod and enzymatic dual signal amplification,

J. Electroanal. Chem. 781 (2016) 83-89, https://doi.org/10.1016/j.
jelechem.2016.05.034.

M.L.S. Silva, M.G.H. Rangel, A Vicia villosa agglutinin biosensor for cancer-
associated Tn antigen, Sens. Actuators B Chem. 252 (2017) 777-784, https://doi.
org/10.1016/j.snb.2017.06.021.

E. Chocholova, T. Bertok, L. Lorencova, A. Holazova, P. Farkas, A. Vikartovska,
V. Bella, D. Velicova, P. Kasak, A.A. Eckstein, J. Mosnacek, D. Hasko, J. Tkac,
Advanced antifouling zwitterionic layer based impedimetric HER2 biosensing in
human serum: glycoprofiling as a novel approach for breast cancer diagnostics,
Sensors Actuators, B Chem. 272 (2018) 626-633, https://doi.org/10.1016/j.
snb.2018.07.029.

M.G.H. Rangel, M.L.S. Silva, Detection of the cancer-associated T antigen using an
Arachis hypogaea agglutinin biosensor, Biosens. Bioelectron. 141 (2019),
111401, https://doi.org/10.1016/j.bios.2019.111401.

M.L.S. Silva, Lectin-based biosensors as analytical tools for clinical oncology,
Cancer Lett 436 (2018) 63-74, htips://doi.org/10.1016/j.canlet.2018.08.005.
P. Ranjan, A. Parihar, S. Jain, N. Kumar, C. Dhand, S. Murali, D. Mishra, S.

K. Sanghi, J.P. Chaurasia, A.K. Srivastava, R. Khan, Biosensor-based diagnostic
approaches for various cellular biomarkers of breast cancer: a comprehensive
review, Anal. Biochem. 610 (2020), 113996, https://doi.org/10.1016/j.
ab.2020.113996.

S. Hu, D.T. Wong, Lectin microarray, Proteomics - Clin. Appl. 3 (2009) 148-154,
https://doi.org/10.1002/prca.200800153.

S. Belicky, J. Katrlik, J. Tka¢, Glycan and lectin biosensors, Essays Biochem. 60
(2016) 37-47, https://doi.org/10.1042/EBC20150005.



