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Abstract

Glycans (complex carbohydrates) attached to various interfacial layers represent a simple but functional model of a cellular
surface, which is covered densely by glycans. In this review,
we discuss interactions of surface-confined glycans with
various glycan-binding proteins, viruses, or pathogenic bacteria. Such glycan receptive interfaces can be applied for biosensing of these analytes. In this review, we focus on the
application of glycan interfaces for label-free electrochemical
biosensing.
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Introduction
Carbohydrates represent one of the four fundamental
classes of biomolecules along with proteins, nucleic
acids, and lipids. Glycans (complex carbohydrates
covalently attached to proteins/lipids) tune and/or promote cellebiomolecule or cellecell interactions, hoste
pathogen interactions, cell signaling, disease progression, or metastasis [1e5]. Change in the glycosylation
pattern is a common characteristic for malignant transformation and tumor progression [6]. Glycan recognition
is an important step for pathogen/virusehost cell interactions [7e11]. To mimic and study such interactions, glycans are printed on various surfaces [12].
Several label-free assay platforms have been developed
so far [13,14], but in this review article, we will focus on
application of electrochemical assay format having
distinct advantages over other detection platforms
[14,15] for interaction of immobilized glycans with
various glycan-binding molecules.
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Choice of the interface for glycan
immobilization
Gold surface

There are many important issues, including the choice
of surface, immobilization protocol, and detection
method, to construct biosensors. The most frequent
interface for glycan immobilization is a gold surface,
allowing formation of self-assembled monolayers
(SAMs) through chemisorption of thiols [13,14]. The
length of thiol’s chain has impact on the organization of
SAMs, influencing also the initial interfacial capacitance/resistance [16]. A mixed SAM can be applied to
tune interfacial properties, for example, to control the
density of functional groups and to deliver diluting
functional groups resisting nonspecific interactions. In
the next step, glycans are attached to the SAMs via a
covalent bond, that is, amine-coupling chemistry using
EDC/NHC reagents. Alternatively, thiolated glycans
can directly form SAMs. Control of the glycan density on
the studied interfaces is a crucial factor for proper biorecognition [17,18]. The main limitation of using gold
interfaces is a tedious cleaning process involving various
electrochemical, mechanical, and chemical steps [19].
Carbon surface

Cost-effectiveness, patterning simplicity, good mechanical properties, and high biocompatibility make
carbon materials a smart choice for designing glycan
biosensors [14,20]. Carbon surfaces such as glassy
carbon, graphite, or carbon black can be modified by
several protocols [14]. However, the quality of formed
monolayer is much lower compared with that on gold.
Functionalization of carbon-based nanomaterials (nanodiamond, carbon nanotubes [CNTs], and graphene) via
the covalent or noncovalent route (pep stacking, hydrophobic interactions) has opened novel opportunities
in biosensing [14].
Oxide-based surface

A typical modification procedure for patterning eOH
containing interfaces is a silane chemistry [14], which
can be applied for modification of graphene oxide,
oxidized carbon surfaces, or ITO electrodes. The initial
step is silane hydrolysis with subsequent condensation
reaction creating Si-O bond. Silanization depends
strongly on surface hydration, silane concentration, reaction time, and conditions affecting kinetics and
quality of SAM formation. Silane SAMs provide low
www.sciencedirect.com
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surface coverage, and the process of patterning is sensitive to humidity [14].

Impedimetric glycan biosensors
Impedimetric biosensors described here detect changes
in the interfacial charge transfer resistance using a soluble
redox probe (RP)da mixture of ferricyanide and ferrocyanide. Hushegy et al. [21] developed a glycan biosensor
by modification of the gold electrode with a mixed SAM
composed of 11-mercaptoundecanoic acid and 6mercaptohexanol. Glycan sialyllactose (three monosaccharides) was immobilized on the SAM via amine
coupling. The biosensor detects interactions between
three different analytes, that is, Maackia amurensis
agglutinin and two hemagglutinins (proteins present on
the envelope of the influenza viruses selectively interacting with the host’s glycans) of influenza subtypes
(H1N1; H5N1) with limit of detection (LOD) down to
aM level for H5N1 hemagglutinin [21]. The next study
from the same team was focused on an increased selectivity of detection achieved using SAM composed of HS(OEG(CH2)3-(CH2-CH2-O-)2-OCH2-COOH
COOH)- and HS-(CH2)3-(CH2-CH2-O-)2-OH (OEGOH)- containing thiols [22]. The results proved that the
glycan biosensor was able to selectively bind only its
analytedlectin Maackia amurensis agglutinin down to
aM level. The glycan biosensor was finally applied for
analysis of intact but inactivated influenza viruses with a
selectivity ratio of 30 for H3N2 over H7N7 influenza viruses. Such glycan-based approach has a distinct advantage over antibody-based detection of influenza viruses
because glycans are natural viral receptors with a possibility to selectively distinguish between potentially
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pathogenic influenza subtypes. The biosensor could
detect H3N2 viruses down to 13 particles in 1 ml and
belongs to the most sensitive glycan-based devices for
analysis of influenza viruses described so far [22].
The third application of the glycan biosensor based on
covalent immobilization of mannose glycan on SAMmodified gold interface was for bacteria detection
[23]. Mu’s group showed that the biorecognition surface
had a better binding affinity for Salmonella typhimurium
over another bacterium, Escherichia coli. The biosensor
exhibited LOD of 50 CFU/ml for S. typhimurium (CFU
stands for a colony-forming unit). The glycan biosensor
provides fast, sensitive, and simple device and label-free
mode of detection compatible with point-of-care
detection of pathogenic bacteria [23].
The fourth example comes from our group [24]. Three
different techniques for glycan immobilization on surfaces of gold electrodes were compared. Two methods
were based on immobilization of Tn antigen (aberrant
glycan present on the surface of specific proteins in
various types of cancer) on a mixed SAM. 2-D glycan
biosensors were prepared either by immobilization of Tn
antigen (N-galactosamine attached to serine) on a mixed
SAM deposited on gold either from a mixture of 11mercaptoundecanoic acid and 6-mercaptohexanol or
from OEG-COOH and OEG-OH (Figure 1). The 3-D
biosensor device was prepared by immobilization of
glycan on a layer of human serum albumin covalently
attached on OEG-COOH/OEG-OH SAM (Figure 1).
The 2-D biosensor based on OEG-COOH/OEG-OH
SAM showed only a moderate signal because Tn

Figure 1

Comparison of 2-D glycan biosensor and 3-D glycan biosensor with Tn antigen immobilized. The figure is drawn to scale. Reprinted with permission from
Ref. [24]. Copyright (2017) American Chemical Society.
www.sciencedirect.com
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antigen with w1 nm in size was not fully available for
binding of analytes (lectins or an antibody). The 3-D
biosensor offered much better analytical performance
compared with the 2-D configuration in terms of sensitivity (6.7% decade 1 vs. 4.7% decade 1), linear range
(1.4 aM-1.4 pM vs. 270 aM-1.4 pM), LOD (1.4 aM vs. 270
aM), and average RSD (4% vs. 18%). The study also
showed that while the glycan is presented on the surface
of human serum albumin, the recognition of an antibody
is much quicker compared with the 2-D biosensor device,
underlining better availability of glycan for the biorecognition [24]. The study is a solid foundation for ultrasensitive detection of autoantibodies present in the
serum of patients with cancer at an initial stage of a disease for early cancer diagnostics.

Field-effect transistor–based glycan
biosensors
Field-effect transistor (FET) devices detect changes in
the conductance as a result of a biospecific interaction.
Pyrene and porphyrin derivatives are extraordinary

effective agents for graphene patterning via p-p stacking
interactions [25]. Vedala et al. [26] prepared glycan conjugates by clicking glycans to porphyrin, and such conjugate was applied for patterning of single-walled CNTs
(SWCNTs). Three different glycans containing galactose,
mannose, or fucose and three lectins were investigated in
the study. The proteins could be detected down to 2 nM
[26]. In the forthcoming study, the interactions between
proteins and glycans attached on the surface of FET devices comprised chemically converted graphene (CCG.
i.e. hydrazine reduced graphene oxide), and SWCNTs
were studied [27]. Glycoconjugates based on pyrene
and porphyrin attached to monosaccharides (galactose,
mannose, or fucose) were attached on the surface of both
devices (CCG-FET and SWCNT-FET, respectively) via
p-p stacking. Molecular modeling of the interactions
between glycoconjugate patterned nanomaterials and
lectins is shown in Figure 2. The glycoconjugate on CCG
is in a closer proximity to CCG, when the glycoconjugate
is built on a porphyrin (Figure 2d) rather than on a pyrene
moiety (Figure 2c). The results showed that SWCNT-

Figure 2
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Computer-aided models of (a) interaction of a lectin with a glycan–pyrene conjugate immobilized on an SWCNT, (b) interaction of a lectin with a
glycan–porphyrin conjugate immobilized on an SWCNT, (c) interaction of a lectin with a glycan–pyrene conjugate immobilized on graphene, and (d)
interaction of a lectin with a glycan–porphyrin conjugate immobilized on graphene. SWCNT, single-walled carbon nanotube. Reprinted with permission
from Ref. [27]. Copyright (2012) American Chemical Society.
Current Opinion in Electrochemistry 2019, 14:60–65
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FET (1-D configuration) biosensor demonstrated higher
responses and better selectivity compared with CCGFET (2-D configuration) for detection of lectins with
LOD in the nM range [27].
Galanos et al. [28] prepared glycoconjugates by clicking
carbohydrates (galactose or fucose) onto a synthetic cyclic
molecule with six arms. Such conjugate was then adsorbed
to the surface of SWCNT-modified FET device, but only a
poor interaction was observed. The most likely reason for
this was a nonplanar configuration of glycocluster, resulting in a formation of a glycan layer with a low density. When
interactions with bacterial lectins were investigated, high
nonspecific adsorption of lectins was observed. Nevertheless, authors suggest applying such glycoconjugates for
antiadhesive strategies against pathogenic bacteria [28].

Biosensors based on glycan built-in redox
center
The glycan-based devices with a glycan built-in redox
centers offer a label-free electrochemical biosensing
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using cyclic voltammetry or differential pulse voltammetry (DPV). Long’s group has published three
consecutive reports describing immobilization of glycans with built-in redox centers [29e31]. In the initial
work, anthraquinonyl (AQ)-linked glycan was synthesized [29]. Such glycoconjugate was self-assembled on
graphene oxideemodified screen-printed electrodes via
p-p stacking. The second role of AQ was to provide
glycan built-in redox moiety for electrochemical biosensing. With an increased interfacial density of the
glycoconjugate (1.1 nmol/cm2e6.9 nmol/cm2), an
increased electrochemical response (peak current in
cyclic voltammetry and DPV experiments) was observed
for interaction with 20 mM Con A [29]. In the next
study, the same group conjugated to glycan, a pyrene
moiety for SAM formation on graphene oxide and a
quinone moiety for generation of an electrochemical
signal (Figure 3) [30]. Good linearity range for the plant
lectin detection was observed in nM range with LOD for
Con A of 49 nM using DPV. The device was also applied
for detection of human liver cancer cell line with LOD

Figure 3
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Scheme depicting the dynamic tracking of upregulated or downregulated pathogenic receptors expressed by different cells using pyrenyl mannosyl (Man)
and galactosyl (Gal) anthraquinones decorated on graphene oxide (G1–G4 represent graphene oxides with different sizes)–spotted screen-printed
electrodes (SPEs). The electrodes are diluted with pyrene-1-butyric acid to facilitate multivalent sugar–receptor binding. The electron transfer (ET) of the
electrode decorated with a glycoquinone is impeded (current OFF) once the specific receptor is overexpressed, and reversely, knockdown of the receptor
leads to activated ET (current ON). Reproduced from Ref. [30]. Published by The Royal Society of Chemistry.
www.sciencedirect.com
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of 248 cells per mL [30]. The same group developed a
ratiometric DPV-based electrochemical biosensing
using a surface confined AQeglycan conjugate as a RP
(AQ) with a soluble RP present in solution, as well
[31]. Binding of several lectins and various types of
cells, including pathogenic bacteria to glycan-modified
interface, was monitored as ratio IRP/IAQ. The biosensors
could detect lectins down to the nM level and cells
down to few hundreds of cells per mL [31].

Conclusions
The results discussed here suggest that it is very
important to control surface presentation of glycans.
While immobilization of glycans containing three
monosaccharides (i.e. sialyllactose) on planar 2-D surfaces is fully functional for analyte binding [21,22], small
glycan composed of only one carbohydrate such as Tn
antigen [24] and others [27] are more accessible for
biorecognition, when exposed on the curved surfaces,
that is, SWCNTs [27] or a protein backbone [24]. It can
be also concluded that for effective patterning of
graphene or SWCNTs by glycoconjugates, a planar
polymer backbone is a preferential option. Finally, the
results indicate that EIS-based glycan biosensors are the
most sensitive electrochemical devices compared with
other two types described here (i.e. FET devices and
biosensors based on a glycan built-in redox center).
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