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e Abstract
Glycans and other saccharide moieties attached to proteins and lipids,
or present on the surface of a cell, are actively involved in numerous
physiological or pathological processes. Their structural flexibility (that
is based on the formation of various kinds of linkages between
saccharides) is making glycans superb "identity cards". In fact, glycans
can form more "words" or “codes" (i.e., unique sequences) from the
same number of “letters" (building blocks) than DNA or proteins.
Glycans are physicochemically similar and it is not a trivial task to
identify their sequence, or - even more challenging - to link a given
glycan to a particular physiological or pathological process. Lectins can
recognise differences in glycan compositions even in their bound state
and therefore are most useful tools in the task to decipher the
"glycocode”. Thus, lectin-based biosensors working in a label-free
mode can effectively complement the current weaponry of analytical
tools in glycomics. This review gives an introduction into the area of
glycomics and then focuses on the design, analytical performance, and
practical utility of lectin-based electrochemical label-free biosensors

for the detection of isolated glycoproteins or intact cells.
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e  Glycomics

There is ever growing interest to switch from studying
DNA/proteins, since genomics/proteomics cannot answer many
fundamental questions of the cell physiology and pathology. Glycomics
is able to reveal finely tuned reading mechanisms in the cell orchestra
based on graded affinity, avidity and multivalency of glycans
(covalently attached sugar chains to proteins and lipids) [1]. For many
decades it was believed the role of the glycans (sugars) was mainly
nutritional, but the story becomes more and more complex as the
structure of glycans itself [2]. Glycans are better equipped to be an
information coding tool compared to DNA and proteins due to
anumber of possible “words” (unique sequences) formed from the
same number of “letters” (i.e. building units). Theoretical number of all

possible hexamers (i.e. consisting of 6 building units) for glycans

(1.44x10"%) is few orders of magnitude larger compared to peptides (6.4
x10%) or DNA (4,096) [3,4]. The size of the cellular glycome is
estimated to be in excess of 100,000-500,000 glycan modified
biomolecules (proteins and lipids) with a number of unique glycans to
be 3,000-7,000 [4,5,6]. This variation can explain human complexity in
light of a paradoxically small genome [7,8].

The main reason for glycomics being behind advances in genomics
and proteomics is an enormous complexicity of glycans on one side
with similar physico-chemical properties of glycans on the other side
[9]. Glycan are attached to the protein backbone either via N- or O-
linkage (N-glycans or O-glycans) with various branching points [10,11]
(Figure 1). For example a subtle change in the structure of sialic acids
(e.g. addition of one oxygen) or a position sialic acid residue is attached
to the backbone of glycan chain have dramatic consequences upon
decoding [12]. Glycan sequence cannot be directly read from the
genome, but is formed by an array (up to 500) of enzymes
[7,13,14,15,16,17]. As a result, acell can produce glycans distinct
from those of neighbouring cells [17] or two molecules of the same
protein from the same tissue may have different glycans and different
roles [7,18].

It is predicted 50-90% of human proteins are glycosylated
[6,19,20] and cells are surrounded by a protective layer of glycans -
‘glycocalyx’ [4]. This “sugary” coat is working as a busy information
centre regulating interaction between cells and within cells (elongation;
inflammation; fertilisation; cell growth/signalling; host-pathogen
interaction; cell-cell interaction; immune response and cancer)
[21,22,23,24,25,26,27,28]. Moreover, glycans can serve as a “quality
control” indicator during protein synthesis with production of a
misfolded protein in the absence of correct glycosylation [29]. Glycans
stabilise tertiary structure of proteins, enhance protein resistance
towards action of proteases and limit unwanted nonspecific lateral
protein-protein interactions [23,29]. There are different blood groups
and use of inappropriate blood can lose rather than safe lives, but less
known is the fact changes in glycan composition are behind this
phenomenon [5]. Even removal of “old” blood cells from the blood is
triggered by the changed glycan density on the surface of blood cells
[30,31]. Moreover, host organism has to keep out beneficial intestinal
bacteria at some distance (again based on glycan recognition) from the
intestine to avoid harmful immune response [32].

Changed glycan identity has a dramatic effect in the pathological
processes such as progression of various diseases (e.g. Chagas disease,
sleeping sickness, lyme disease, chronic inflammation, HIV/influenza
invasion and various forms of cancer) [33,34,35,36,37,38,39,40].
Binding of viruses to beneficial intestinal flora with enhancement of
viral stability for subsequent viral transmission is mediated by glycans,
as well [41]. Thus, better understanding of glycan mediated
pathogenesis can help to develop more efficient tools for disease

treatment. There are actually some strategies developed for
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“neutralisation” of various forms of HIV viruses [42,43,44], more
efficient vaccines against autoimmune diseases [45,46,47] and better
diagnosis and therapy of various diseases [48]. Moreover, many
previously established and even commercially successful strategies
how to treat diseases are currently revisited in light of glycan
recognition in order to lower side effects, enhance serum half-life or to
decrease cellular toxicity [6,7,49].

A new emerging and powerful glycomics tools such as
biochips/arrays, high throughput mass spectroscopy, liquid
spectroscopy and nuclear magnetic resonance are behind huge progress
in the field [50,51,52,53,54,55,56,57]. Biochips/arrays are clearly
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benefiting from more mature and successful technology of DNA
biochips [58,59,60,61,62, 63,64,65,66,67]. The advantage of using
biochips is a minute consumption of biorecognition elements printed at
high density with high throughput of assays. Moreover, biochip
technology allows quantitative and systematic identification of glycan
interactions. Biochips are usually based on a fluorescent detection with
a need to fluorescently label a sample or a biorecognition element
[68,69]. This can cause unwanted variability in labelling and
biorecognition [50] and thus other formats of analysis working in
a label-free mode of detection are vital.
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Figure 1: Graphical representation of glycan complexity showing variability of sugar building blocks, multiple branching and attachment points.

. Lectins

Lectins (lat. legere = to choose) are proteins able to recognize and
reversibly bind to free or bound mono- and oligosaccharides [70,71].
They cause agglutination and precipitation of saccharides-containing
biomolecules and even whole cells (erythrocytes), hence the archaic
term agglutinins. However, they are not catalytic active and do not
participate in the immune response of higher organisms. Lectins are
usually found in viruses, bacteria and fungi, plants and animals, too.
They are therefore arelatively heterogenous group of oligomeric
proteins belonging to distinct families with similar sequences, these
days used for the identification of new ones. They are natural
glycocode decipherers [4], with a wide range of applications in
sensitive, rapid and high-throughput assays. Lectins are mostly isolated

from natural sources using different methods and nowadays they are

also produced using recombinant DNA technology [72]. For biosensing
purposes three distinct configurations with lectins involved can be
applied i.e. lectins directly immobilised on asolid support with
subsequent detection of glycan (Figure 2-1), an inverse configuration
with attachment of a glycan followed by lectin biorecognition (Figure
2-2) and a sandwich format with a glycan sandwiched between surface-
bound lectin and a second biorecognition pair (lectin - Figure 2-3a or
antibody Figure 2-3b).

. Label-free biosensors
According to ITUPAC a biosensor is defined as a self-contained
integrated device, which is capable of providing specific quantitative or
semi-quantitative analytical information using a biological recognition

element (biochemical receptor) which is retained in direct spatial
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contact with a transduction element [73,74]. In a biochip/microarray
format of assays the part with an immobilised biorecognition element is
not an integral part of a reader device and such devices are thus not
biosensors. Label-free mode of operation is an essential tool for
studying glycomics, since labelling can introduce unwanted variability
in a biorecognition event [50]. In this chapter we will deal only with
biosensors working in a label-free mode of action and

construction/application of lectin biochips/arrays is thus not considered.
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Figure 2: Typical lectin-based biorecognition configurations with a
direct detection (1), an indirect detection (2) and two forms of a
sandwiched assay protocol (3a and 3b). G — glycan, P — protein, Le —
lectin, La — label, Ab — antibody.

. Electrochemical biosensors

Electrochemical detection is quite often utilised in combination
with other techniques such as separation, enzymatic digestion of
glycans in the field of glycomics for some time [75]. A true potential of
the technique is in biosensor construction due to advances compared to
other detection means such as operational simplicity, extraordinary
sensitivity, low cost and rapid, real-time detection [76]. The most
frequently used label-free electrochemical technique is EIS
(electrochemical impedance spectroscopy). This technique is based on
an electric perturbation (small alternating current amplitude) of a thin
layer on the conductive surface with ability to provide characteristics
(impedance, resistance and capacitance) of this interface utilisable in
sensing by employment of an equivalent circuit for data evaluation
(Figure 3 left). EIS results are typically transformed into a Nyquist plot,
which can provide information about electron transfer resistance Re in
a direct way (Figure 3 right). When a biorecognition took place, the
double layer is modified and a subtle change in double layer
characteristics can be used for detection (i.e. Re as shown in Figure 4).
EIS investigation is most frequently performed in the presence of a
redox probe, a mixture of ferricyanide and ferrocyanide, with change in

the charge transfer resistivity R of the interface used for detection. EIS

is extensively used as a non-destructive technique for reliable analysis
of surface conditions such as binding and desorption processes at
electrode surfaces [77,78,79,80]. Subsequently, EIS allows complex
biorecognition events to be probed in a simple, sensitive and label-free
manner and is being increasingly popular to develop electrochemical
lectin-based biosensors for glycan determination.

Although the topic of this review has been partly covered in recent
excellent reviews [6,55,81,82], the main aim of this paper is to catch
current/recent trends in the emerging field of electrochemical label-free
detection of glycans employing lectins allowing to work in
concentration ranges down to fM — aM level. In the context of this
review paper, by a label-free biorecognition is considered any approach
in which an initial interaction between lectin and a glycan is performed
without any label present on lectin or a glycan structure, while in the
subsequent step needed to generate the analytical signal lectin or an

antibody might be labelled (see Figure 7 and 8).
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Figure 3: A scheme of a typical equivalent circuit applied for EIS data
evaluation (on left) with a Nyquist plot representation used for Re
reading (on right). CPE — capacitance, R¢ — electron transfer
resistance, R — resistance of the solution and Z,, — a Warburg element.
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Figure 4: Schematic representation of a change in R with increased
loading of biomolecules on a surface modified by SAM. For meaning of
other symbols see Figure 2, AT - alkanethiol.

. Detection of glycans on glycoproteins/liposaccharides

Initial efforts to detect glycan determinants of the glycoproteins by
electrochemical means were launched by the group of Prof. Joshi
[83,84]. In the first report a competitive form of assay was chosen to
detect various saccharidic analytes including the cancer-associated T
antigen. Arachis hypogaea agglutinin (peanut agglutinin, PNA) was
covalently immobilised on the surface of a mixed SAM (self-assembled
monolayer) with an activated -COOH group as an attachment point. A

detection principle was based on a competition between analyte and
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nanoparticle-labelled analyte. Both types of analytes were mixed
together and incubated with a lectin on the transducer surface. After
binding, CdS quantum dot nanoparticles were electrochemically
stripped and cadmium released was detected using square wave
voltammetry. Finally, the concentration of the analyte was inversely
proportional to the electrochemical signal obtained [83]. Even though a
label was used in a detection scheme, the biorecognition of the analyte
by the lectin was of label-free form of interaction. In the following
study the group focused on a truly label-free detection scheme based on
electrochemical impedance spectrometry (EIS) employed for the first
time in 2007 [84]. A sialic acid binding Sambucus nigra agglutinin
(SNA) and a galactose binding PNA were covalently immobilised on
printed circuit board electrodes. The assays were used for detection of
artificial (glycan attached to the gold nanoparticle) and natural
glycoconjugates (glycoprotein asialofetuin and its sialylated form
fetuin). The assays were really quick with a response time of 80 s and
with sensitivity of glycoprotein detection down to 10 pg mL™* (e.g. 150
fM), while using a cost-effective electrode material [84].

A group of Prof. Oliveira put a substantial effort to use lectin
modified surfaces with EIS detection for discrimination between
human samples from patients infected by dengue fever (DF) or dengue
hemorrhagic fever (DHF) and those of healthy individuals (H). Dengue
fever is a mosquito-borne virus disease with a range of effects from an
acute febrile illness called dengue fever (DF) to more severe, life
threatening illnesses, called dengue hemorrhagic fever (DHF). The
latter has a higher mortality rate. The dengue virus non-structural
glycoprotein, NS1, may present different molecular mass depending on
glycosylation. In the initial study two lectins concanavalin A (Con A)
and a lectin isolated from Cratylia mollis seeds (CramoLL) were
immobilised on gold nanoparticles with polyvinyl butyral and
deposited on the gold electrode. Ovalbumin was chosen as a
glycoprotein standard to probe analytical utility of both immobilised
lectins with detection limit in the low nM range [85]. Real samples
were subsequently analysed on a Con A modified surface with EIS
analysis. The results showed differences in the R between healthy
serum samples and DF samples with a potential to detect infection [86].
In the following study human serum samples DF, DHF and H were
analysed with EIS on the electrode with immobilised Con A [87]. A 3-
D graph representation revealed a clear clustering of serum samples
with their distinct separation in the 3-D space as a result of different
glycan pattern. Thus, this data presentation may allow the distinction
among sub-classes of an immunological response as in the case of
samples with Dengue virus contamination [87]. Besides Con A, another
lectin CramoLL was tested to prove its utility as a sensing element to
distinguish between serums of patients contaminated with dengue
serotypes [88]. In order to enhance loading of the lectin on the surface,
Fe3;O, nanoparticles were employed within polyvinyl butyral matrix.

The biosensor exhibited a wide linear range to different concentrations

of serum samples with high reproducibility of assays (RSD in the range
2.85-3.77%). Moreover the selectivity of detection was excellent, as
well, with only 5.2% of the specific signal for the control sample.
Authors suggested the platform of detection can be useful as a reusable
and sensitive biosensor device in dengue diagnosis [88]. The most
recent contribution from the group for detection of dengue serotypes
was based on lectin isolated from Bauhinia monandra (BmoLL) [89].
The lectin was immobilised via electrostatic docking on gold
nanoparticle-polyaniline nanocomposite deposited on gold electrode.
More complex picture of the interaction of samples with different
serotypes of a disease with the lectin was shown in a 3-D graph based
on three circuit elements from EIS data fitting. These results again
showed clear distinction between serotypes by separate occupation of
space within a 3-D graph. As in the previous case, negative sample
showed only a subtle change in the Re (0.46 kQ), while change of Re
for serum samples varied from 5.58 to 26.7 kQ. This proves that not
only different serotypes can be revealed, but the biosensor is able
clearly distinguish between healthy and infected serum samples [89].
CramoLL lectin immobilised through electrostatic interaction on a gold
nanoparticles modified surface was successfully used in analysis of
liposaccharides isolated from different bacterial strains [90]. The
results showed differences in the biosensor response depending on the
source liposaccharides were isolated from. The biosensor showed high
reproducibility of assays expressed as RSD of measurements ranging
from 4.89 to 5.78% [90].

In the last report presented here EIS was used for evaluation of
capacitance changes rather than changes in R after binding took place
[91]. The surface of the silicon chip with an array of gold electrodes
was interfaced with nanoporous alumina membrane with high density
of nanowells on the top of each particular electrode. Two lectins SNA
and MAA (Maackia amurensis agglutinin) were immobilised on gold
electrodes modified by SAM in a covalent fashion by amine coupling.
The biosensor performance was tested with a standard glycoprotein
fetuin or asialofetuin and protein isolated from a cultured human
pancreatic cancer cell line BXPC-3. The results obtained with both
glycoforms of fetuin were in a good agreement with glycan
composition and affinity of lectins for a particular glycan. The
biosensor offered high reliability of assays and a good agreement with
enzyme-linked lectin assays (ELLA). The detection limit of a biosensor
for its analyte was 5 orders of magnitude lower compared to ELLA (i.e.
20 fM vs. 4.6 nM). An assay time for the biosensor of 15 min was
much shorter compared to 4 h needed for ELLA. Moreover, a minute
amount of sample (10 pl) was sufficient for the analysis by the
biosensor [91].

A systematic investigation EIS can offer in a label-free detection of
glycans started in our group recently with the focus on careful control
of an immobilisation protocol and a blocking procedure. Results

obtained so far are promising with detection limit down to 1 fM level
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with a linearity range spanning 7 orders of magnitude [92]. Moreover,
integration of gold nanoparticles within EIS lectin-based biosensing
device offered detection limit down to 1 aM level (unpublished results).

EIS has been used to probe lectin specificity on glycan patterned
surfaces with the aim to investigate lectin affinity depending on the
glycan surface density [93] or depending on glycan neighbouring
functional groups [94]. These studies are important for further and
more comprehensive understanding of the true potential lectins have in
preparing biosensors or lectin-based diagnostic devices. A wide range
of “traditional” immobilisation protocols for attachment of glycan to
the surface is available including covalent binding on
activated/modified gold and glass, adsorption on nitrocellulose or
polystyrene-coated glass, adsorption of hydrophobic glycans (linked to
aliphatic hydrocarbon) on hydrophobic surfaces, immobilisation of
biotinylated glycans on streptavidin-modified surfaces, etc.
[95,96,97,98]. In order to fulfil a requirement to control both
orientation and density of glycan on surfaces new and reliable
patterning protocols are required [99,100]. Recent efforts in the
application of glycan patterned surfaces addressed these issues by
application of thiolated glycans forming a mixed self-assembled
monolayer in the presence of adiluting thiol on gold surfaces. This
protocol allowed to control density of glycans effectively on the
surface, exposure of glycan from amodified layer and an overall
charge of the surface [94]. Copper(l)-catalysed azide-alkyne
cycloaddition better known as a “click” chemistry was successfully
applied to control density of glycans on the surface by grafting glycan
bearing azido terminating arm on alkyne modified boron-doped

diamond surface [93].

L] Detection of glycans on cell surfaces

A group of Prof. Ju has been mostly involved in the use of lectins
in profiling of glycan determinant on viable cells of various cancer
diseases such as tumour cell line BGC-823 [101], a human chronic
myelogenous leukaemia line K562 [102] and human gastric carcinoma
cells BGC-823 [103,104,105]. These results showed the prospect of
using lectins in glycoprofiling in combination with electrochemical
detection platform. Since these assays were based on attachment of
cells on a modified surface and only then labelled lectins were used for
glycan recognition the assay format does not fulfil definition for the
biosensor or for a label-free detection and thus are not discussed here in
details.

A group of Prof. Mikkelsen pioneered application of lectins in
sensing of viable cells based on glycan-lectin recognition [106,107].
Respiration of attached viable cells was chosen for a signal generation
with a mixture of two redox probes — ferricyanide and menadione
(vitamin K) present in the assay buffer (Figure 5). The role of a
hydrophobic redox probe menadione was to reach respiratory enzymes

present either in the cytoplasm or within cytoplasmatic membrane and

to transfer electrons to the hydrophilic redox probe ferricyanide

working as a shuttle to transfer electrons to the external electrode [108].
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Figure 5: Graphical representation of a label-free approach of lectin-
based cell biorecognition utilising intracellular enzymatic machinery
for electrochemical signal generation.

Ten different lectins were immobilised on the surface of various
membranes by a glutaraldehyde-assisted covalent coupling and
physically attached to the platinum electrode. Six microbial species
were incubated with the lectin modified membranes for 2 min and
ferrocyanide released (a product of ferricyanide reduction by microbes)
was detected using chronocoulometry. Principal component analysis
was used for data treatment and all six microbial species were
successfully distinguished. Moreover results obtained by this novel
lectin-based biosensor device were in a general agreement with
classical agglutination test [106]. The initial study was later extended to
distinguish four different E. coli subspecies with the same
electrochemical approach and implementation of principal component
analysis. Moreover, authors integrated the device with a screen-printed
array for cost-effective and parallel assays. The total time of analysis
was 40 min and the method was successfully validated with optical
density assays for monitoring of cell growth during shake-flask
fermentation [107].

A group of Prof. Ju besides development of various label-based
detection tools for analysis of viable cells was active in label-free ones,
as well. In the first paper four lectins were covalently immobilised via
amine coupling on the electrode surface modified by carbon nanohorns
to enhance accessibility of glycans from the cell surface [109]. Carbon
nanohorn modified surface was more efficient in binding of
unprocessed mammalian tumour cells K562 when compared to the
surface modified by single- and multi-walled carbon nanotubes. The
highest sensitivity of cell detection was observed on the surface
modified by wheat germ agglutinin, what suggest for high expression
of (GIcNAc), and/or sialic acid on the cell surface. Results were in an
agreement with those obtained by a flow cytometry, confirming the
validity of the proposed method. Subsequently EIS-based method was
applied for detection of 30-azido-30-deoxythymidine, a model drug
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employed in inhibition of nucleotide-sugar transport affecting
glycosylation of cell surfaces. Physiological differentiation of the cells
induced by addition of sodium butyrate was also monitored by this
approach. Results really showed such dynamic changes of the cell
glycosylation can be effectively tracked by the method [109]. In the
most recent study from the group Con A was immobilised on an
electrode modified by multi-walled carbon nanotubes and the tumour
cells were detected with a linear response from 1x10* to 1x107 cells
mL™ [110] (Figure 6). Ability of lectin biosensors to detect subtle
changes in the glycan density on the surface of the cells was proved by
using an inhibitor of a specific mannosidase 11, an enzyme responsible
for selective removal of mannose units from the surface. The study
showed increased R resistance using EIS, suggesting increased
amount of mannose units on the cell surface. EIS results were highly
reproducible with RSD of assays from 4.8 to 6.2% depending on the
concentration of cells in the sample [110].

®
K Lectin BSA
(Blocking)
PDDA GCE,

Figure 6: Step by step modification of a glassy carbon electrode
(GCE), by a dispersion of CNTs in poly(diallyldimethylammonium
chloride) (PDDA), lectin immobilisation and blocking of the surface by
bovine serum albumin (BSA) with a final incubation of the biosensor
with cells.

Sulfate-reducing bacteria are anaerobic microorganisms producing
sulphide, a highly corrosive and toxic chemical, what can cause serious
problem for industries, economies and ecological systems. Therefore, a
rapid and easy method for their detection based on EIS with Con
A covalently immobilised on 11-mercaptoundecanoic acid SAM layer
on gold electrode was developed [111]. A remarkable sensitivity of the
biosensor is underlined by a linear relationship between R and
concentration of bacterial cells in the range from 1.8x10° to 1.8x107 cfu
mL™ (cfu = colony forming unit). Moreover, the electrochemical lectin
biosensor was successfully validated by a classical biochemical method
of cell counting taking 15 days to complete [111].

Nine different lectins were used for probing 3 different microbial
strains on screen-printed gold electrodes [112]. The Re using EIS
varied linearly with the logarithmic value of E. coli concentration from
5.0x10° to 5.0x107 cfu mL™* using Con A. Different response profiles
found for different lectins were treated by principal component
analysis, which allowed classification and distinction of bacteria.
Moreover, electrochemical monitoring of p-galactosidase activity
within the surface attached bacteria helped to distinguish between E.
coli and Staphylococcus aureus, which showed a similar affinity for
Con A. EIS-based method of bacteria detection showed advantages

compared to conventional plate counting method such as a short assay

time of 1 h. Moreover, the method required only a small amount of test
solutions and cheap reagents [112].

Two lectins Con A and Ricinus communis agglutinin (RCA)
electrostatically adsorbed on a positively charged film prepared by
layer-by-layer approach were employed for detection of gram-negative
bacteria, yeasts and mammalian cells with a high sensitivity [113]. The
biosensor revealed different binding pattern on two lectin modified
surfaces with a detection limit down to 1x10° cfu mL™* for microbes,
while a detection limit down to 1x10* cfu mL™ was achieved for human
cells. A linear dependence of bacterial concentration on Re spanned
from 2 to 4 orders of magnitude depending on a particular cell type
[113].

Due to large surface area and presence of a high density of glycan
determinants on the cell surface a sandwich assay for detection of cells
is possible. In this case the cell of interest is captured by the lectin
followed by introduction of a second labelled reagent (i.e. the same
lectin or an antibody) to the system for electrochemical signal
generation. This novel sandwich platform of detection was introduced
in 2010 and applied to discriminate between glycan determinants
present on the cell surface of normal and cancer cells derived from
human lung, liver and prostate [114]. The method was based on
binding of cells on the surface with either covalently linked SNA or
Con A. After cell binding took place lectin attached to gold
nanoparticle loaded with a redox probe interacted with the cells
forming a sandwich configuration. Electrochemical signal in the form
of a differential pulse voltammetry was generated by a redox probe.
The results showed mannose was present at high levels in both normal
and cancer cells, while enhanced amount of sialic acid was expressed
only on cancer cells. The results of the method were in a good
agreement with the results obtained from fluorescent microscopy
investigation. A typical limit of detection was in the range from 7x10°
to 1.1x10° cells mL™ depending on the cell type. An extremely high
glycan density on the surface of cancer cells QGY-7703 resulted in a
remarkable detection limit down to 5 cells mL™. When the biosensor
was calibrated, calculation of average number of glycan molecules on a
single cell surface was possible i.e. 4.5 x 10° sialic acid molecules for
A549 cells [114]. A similar sandwich concept was employed for
detection of K562 leukemic cells [115]. In that case Con A was
covalently immobilised on a SAM layer on gold via amine coupling
and cells bound to the lectin modified surface were electrochemically
“visualised” by the use of Con A attached to gold nanoparticle loaded
with ferrocene redox probe (Figure 7). Cyclic voltammetry was used to
detect redox probe and the current was proportional to the
concentration of cells in the range from 1.0x10? to 1.0x10” cells mL™.
Moreover, the biosensor was able to quantify an absolute number of
cells bound to the biosensor surface and the number of mannose units
on the surface of a single cell (i.e. 4.7x10° mannose determinants), a

density agreeing with an enzymatic method of analysis [115].
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Figure 7: Step by step modification of gold electrode by lectin linked to
SAM with an incubation of the biosensor with cells and final signal
generation by formation of sandwich with lectin bound to
electrochemical probe ferrocene (Fc) loaded gold nanoparticle.

A sandwich assay protocol described above was slightly modified
by the group of Prof. Zhu with application of a primary antibody
(against P-glycoprotein) and a secondary antibody labelled with
horseradish peroxidase [116] (Figure 8). The main function of the
enzyme was to oxidise a redox probe for a signal generation. Such
biosensor was able to detect HeLa cells in the concentration ranging
from 8.0x10? to 2.0x10" cells mL™ with a limit of detection of 500 cells
mL™. Moreover, the biosensor provided information about the number
of mannose moieties (4x10™ molecules) and number of P-glycoproteins
(8.5x10° molecules) on a single HeLa carcinoma cell [116].

Signal

H202
W
Cells Ab Ab-HRP

Lectin modified
electrode

Figure 8: Step by step modification of an electrode by lectin with
an incubation of the biosensor with cells and final signal generation by
formation of sandwich with primary antibody and secondary antibody
labelled with peroxidase.

= Conclusions

A short introduction about emerging field of glycomics with the
focus on the impact of changed glycan “identity” in the cell physiology
or pathology was given. Challenges ahead in the field and current array
of tools available to crack the “glycocode” were briefly described. In
more details electrochemical lectin based biosensors working in a
label-free mode of operation were characterised showing practical
utility in analysis of real samples or for identification of various cells
including harmful ones. EIS has been successfully applied as a
transducer for label-free lectin biosensors for detection of glycans. In
almost all cases discussed here an equivalent circuit showed in Figure 3
was applied with R element employed as an output signal. Only in one
study a fixed frequency was utilised as a reading signal [84] and in

another study change of the capacitance of the lectin-based interface

was read for biosensor calibration and application [91]. Most likely the
main reason for an occasional use of capacitance compared to Re as a
transducing signal is a requirement to have a high capacitance
biorecognition layer, which should not be permeable to ions from the
solution, what is not that easy to achieve [79,117,118]. Even though a
single element of R was sufficient as a biosensor output signal for
most studies Prof. Oliveira introduced a 3-D map with additional EIS
elements involved [87,89]. This approach allowed a lectin biosensor to
distinguish between two serotypes with similar Re and this might be a
way to enhance overall robustness of the method. Advantages of the
use of EIS in combination with biosensing were already discussed (i.e.
high sensitivity, wide linear range, label-free mode of detection and a
short analysis time). Few disadvantages discussed in the literature i.e.
relatively high cost of the method compared to other electrochemical
techniques and a complex data analysis are not that problematic
nowadays [119]. For example the cost of EIS module is a fraction of a
purchasing cost for Surface Plasmon Resonance instrument and data
evaluation can be visually checked during a fitting procedure.
Moreover the software usually allows to show data in other than
Nyquist plots, what can effectively identify problems during
measurement. A potential limitation of using EIS in the array format
might be time of 5 min needed to apply a whole range of frequencies
during analysis, what can be overcome by a measurement done at a
fixed frequency. This approach can have an additional benefit — i.e. a
possibility to detect biorecognition in a real time and both association
and dissociation phase of binding event can be read [120]. Other value-
added benefits for lectin biosensors can be estimated from a clever and
sophisticated use of nanomaterials including carbon nanotubes and

graphene in combination with EIS or field-effect sensing [121].
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Table 1: Listing of lectins together with their systematic name, source and specificity for a particular glycan [122,123,124,125,126,127,128,129]

Lectin Systematic name Source Specificity
AAA Anguilla anguilla A a-L-Fuc

AAL Aleuria aurantia F a-L-Fuc

ABL Agaricus bisporus F Gal B(1-3)GalNAc, GIcNAc
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AOL

APA (abrin)
BPA

CFL

CFT agglutinin
Con A

Con Br

DBA

DGL

DSA (DSL)
DVL

ECA

EUE

Favin

GNA

GSA-I

GSA-II

HAA

HBA

HHL

HPA

CHA

Jacalin (AIL)
LBA

LCA (LCH)
LEA

LFA (LMA)
LOA

LPA

LTA (Lotus lectin)
MAA (MAL, MAH)
MHA

MPA

NPA

PHA-E (E4-PHA)
PHA-L (L4-PHA)
PNA

PSA

PSL

PWM

RCA-1

RCA-II

RPA

SBA

Aspergillus oryzae
Abrus precatorius
Bauhinia purpurea
Cratylia floribunda
Codium fragile subsp. tomentosoides
Canavalia ensiformis
Canavalia brasiliensis
Dolichos biflorus
Dioclea grandiflora
Datura stramonium
Dioclea violacea
Erythrina cristagalli
Euonymus europaeus
Vicia faba

Galanthus nivalis
Griffonia (Bandeiraea) simplicifolia
Griffonia (Bandeiraea) simplicifolia
Helix aspersa

Hevea brasiliensis
Hippeastrum hybrid
Helix pomatia
Cymbidium hybrid
Artocarpus integrifolia
Phaseolus lunatus

Lens culinaris
Lycopersicon esculentum
Limax flavus

Listera ovata

Limulus polyphermus
Lotus tetragonolobus
Maackia amurensis
Myrianthus holstii
Maclura pomifera
Narcissus pseudonarcissus
Phaseolus vulgaris
Phaseolus vulgaris
Arachis hypogaea

Pisum sativum
Psathyrella velutina
Phytolacca americana
Ricinus communis
Ricinus communis
Robinia pseudoacacia

Glycine max

MO

¥ " U U v M v U v v v U U U U » U P U U U U U P U U P U U U U U U U U U U U U UW U U T

a-L-Fuc

Gal B(1-3)GalNAc

Gal B(1-3)GalNAc
a-D-Man, a-D-Glc
GalNAc

a-D-Man, a-D-Glc
a-D-Man, a-D-Glc

Gal B(1-3)GalNAc
a-D-Man, a-D-Glc
GleNAc B (1-4)GIcNAC
a-D-Man, o-D-Glc

Gal B(1-4)GalNAc

Gal a (1-3)Gal

a-D-Man, a-D-Glc
a-D-Man

Gal o (1-3)Gal

GIcNAc

a-GalNAc

GIcNAc

D-Man a (1-3) (1-6) bound
a-GalNAc, a-GeINAc, a-Gal
a-D-Man
GalB(1-3)GalNAc
D-GalNAc, GlcNAc B (1-4) bound
a-D-Man, a-D-Glc
[GleNAc B (1-4)]2-4
Neu5Ac a (2-3), (2-6), (2-8) bound
D-Man a (1-3) bound
NeuSAc

a-L-Fuc

Neu5Ac a (2-3) bound
GIcNAc
Galp(1-3)GalNAc
a-D-Man

Man oligosaccharides
branched B (1-6) GIcNAc
Galp(1-3)GalNAc
a-D-Man

B-D-GIcNAc

[GIcNAC]3

B-D-Gal

Gal B (1-4) GaINAc
B-D-GalNAc

a, B-Gal, a, B-GalNAc
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SIA
SNA-I
SNA-II
SOH
STA
T™ML
UEA-I
UEA-II
VML
VVA (VVL)
WBA
WFA
WGA

Sophora japonica
Sambucus nigra

Sambucus nigra

Soja hispida

Solanum tuberosum
Tritrichomonas mobiliensis
Ulex europaeus

Ulex europaeus

Vatairea macrocarpa
Vicia villosa
Psophocarpus tetragonolobus
Wisteria floribunda

Triticum vulgaris

W TV UV T T

MO

W TV U U U T T
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GalB(1-3)GalNAc
NeuSAc o (2-6)Gal

Gal, GaINAc
B-D-GalNAc
[B-D-GIcNAC]2-5
Neu5Ac o(2-3), (2-6) bound
a-L-Fuc

GIcNAc B (1-4)GIcNAC
a-D-GalNAc
a-D-GalNAc
B-D-GalNAc

a, B-GalNac
B-D-GlcNAc, Neu5Ac

P — Plant, A — Animal, F — Fungi, MO — Microorganism, Glc — Glucose, GIcNAc — N-Acetylglucosamine, Man — Mannose, Gal — Galactose, GaINAc —

N-Acetylgalactosamine, NeuSAc — N-Acetylneuraminic acid (NANA, sialic acid), Fuc — Fucose
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