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A B S T R A C T   

Sialylated glycans and glycoproteins are involved in cellular communication and are crucial for distinguishing 
between signal pathways. Sialylation levels and patterns modulate recognition events and are regulated by the 
enzymatic activity of sialyltransferases and neuraminidases. Abnormal activity of these enzymes is related to 
diseases such as cancer and viral infection. Monitoring these enzymatic activities offers valuable diagnostic tools. 
This work presents an impedimetric biosensing platform for following and detecting sialylation and desialylation 
processes. This platform is based on a native biantennary N-glycan substrate attached to a glassy carbon elec
trode. Changes in the molecular layer, as a result of enzymatic reactions, were detected by electrochemical 
impedance spectroscopy, displaying high sensitivity to the enzymatic surface reactions. Increase in the molecular 
layer roughness in response to the sialylation was visualized using atomic force microscopy. After enzymatic 
sialylation, the presence of sialic acid was confirmed using cyclic voltammetry by coupling of the redox active 
marker aminoferrocene. The sialylation showed selectivity toward the N-glycan compared to another glycan 
substrate. A time dependent sialylation was followed by electrochemical impedance spectroscopy, proving that 
the new system can be applied to evaluate the enzymatic kinetics. Our findings suggest that analyzing sialylation 
processes using this platform can become a useful tool for the detection of pathological states and pathogen 
invasion.   

1. Introduction 

Sialic acid is a monosaccharide with nine backbone carbons. It dec
orates glycans which are either attached to the cell membrane or 
secreted to the extracellular matrix. Sialic acid is a common modifica
tion of N- and O- glycoproteins(Schauer and Kamerling, 1997; Traving 
and Schauer, 1998; Varki, 2007), connected to the glycan via specific 
linkages and is found mainly at terminal positions(Varki, 2007). The 
negative charge, unique structure and specific connectivity of sialic acid 
to the core glycan affect its role in biological events. Sialic acid is 
involved in many adhesion events, regulates interactions with extra
cellular proteins, binds and triggers antibodies, and plays a crucial role 
in the binding of pathogens to glycans on cells(Lewis et al., 2004; Poole 
et al., 2018; Ströh and Stehle, 2014; Traving and Schauer, 1998; Varki, 

2008; Varki and Gagneux, 2012). Overexpression or the lack of sialic 
acid are related to cancer, inflammation events, HIV and many other 
diseases(Dennis et al., 1999; Gessner et al., 1993; Kakugawa et al., 2002; 
Szabo and Skropeta, 2017; Varki, 2008). Bacterial and viral pathogens 
interact, bind or react with various sialic acid-containing antigens in a 
specific way(Ströh and Stehle, 2014; Varki, 2008). The recognition 
patterns of sialylated glycans by cells and pathogens can be very specific 
and can provide the basis for biosensing platforms for lectins(La Belle 
et al., 2007), viral infections (Dinh et al., 2014; Hideshima et al., 2013; 
Hushegyi et al., 2016), and bacterial infections(Xiong et al., 2017). 

Recognition of multiantennary sialylated glycans is crucial for the 
modulation of biological events(Varki, 2007). For example, different 
strains of influenza viruses recognize sialic acid on target cells via 
hemagglutinin and enzymatically remove it by a neuraminidase(Von 
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Itzstein, 2007; Von Itzstein et al., 1993). Different sialyltransferases or 
neuraminidases can be distinguished based on their reaction kinetics 
with specific and complex N-glycan or O-glycan substrates(Von Itzstein, 
2007). Following the glycan-dependent enzymatic sialylation and 
desialylation processes can be useful to detect pathogens(Ströh and 
Stehle, 2014; Von Itzstein, 2007) or monitor pathologic conditions(Bao 
et al., 2015; Yang et al., 2015). Selective biosensors that are based on 
complex sialylated glycans can be used to detect pathogens, monitor 
tumor growth or immune response and can provide valuable informa
tion on disease progress and on treatment efficiency(Belický et al., 2016; 
Bertok et al., 2013; Li et al., 2019). Although simple di- or trisaccharides 
can be used as substrates to follow and monitor sialylation events(Lopez 
Aguilar et al., 2018), they lack the complexity of native multiantennary 
glycans, which is crucial for tuning the specificity of biological recog
nition(Fukushima et al., 1984; Takada et al., 1993; Itzkowitz et al., 
1990; Yonezawa and Sato, 1997). Well-defined complex sialylated gly
cans are not readily available. The isolation of multiantennary N-glycans 
results in mixtures, which cannot be used to probe bio-recognition. 
Bottom-up preparation is the only way to access homogenous N-gly
cans and is currently done by a combination of chemical and chemo
enzymatic approaches, requires significant synthetic and analytical 
efforts and usually provides only limited amounts of pure material 
(André et al., 2004; Ito et al., 1993; Raman et al., 2005). Since homo
geneous N-glycans are difficult to make and are available only in small 
quantities, elucidating their biological roles is not straightforward and 
calls for the development of novel tools to study and use them(Torii 
et al., 2014). 

Fluorescently or NIR-labelled glycans are frequently used to monitor 
enzymatic glycan processing and pathogen activity. These techniques 
require labeling of the glycan synthetically, which can be challenging 
when only small amounts of complex glycans are available. Further
more, the output of the enzymatic conversion cannot be translated 
directly into a measurable electrical signal(Burke et al., 2015; Shieh 
et al., 2014). On the other hand, electrochemical strategies are 
extremely sensitive, their selectivity can be easily tailored, they provide 
a fast response, can translate interaction events directly into a measur
able electrical signal and are used as point of care devices(Adamson 
et al., 2012; Butler et al., 2019; Dechtrirat et al., 2014; Gray et al., 2013; 
Lisdat and Schäfer, 2008; Tang et al., 2018). 

Electrochemical impedance spectroscopy (EIS) is a sensitive and 
label-free analytical technique that can be used for the detection of 
biological events including the recognition of pathogens(Adamson et al., 
2012; Butler et al., 2019; Lisdat and Schäfer, 2008; Zhang et al., 2017). 
Since the EIS signal relies on surface modifications, it is highly sensitive 
to the organization of the monolayer and can be used to detect in
teractions at low concentrations or follow enzymatic processes. EIS 
proved useful for monitoring enzymatic phosphorylation and dephos
phorylation as well as enzymatic glycosylations and hydrolysis of simple 
glycans(Chen et al., 2016; Hou et al., 2006; Snir et al., 2011). EIS based 
on oligonucleotides and peptides is already wide spread but 
glycan-based biosensing is still in its infancy. We have recently 
demonstrated that tiny amounts of complex sulfated glycans can be 
anchored to glassy carbon surfaces via a covalent linkage and used for 
detecting low concentrations of metal ions(Alshanski et al., 2019). These 
encouraging results proved that EIS can be a powerful tool to explore the 
biology of complex glycans and use them as a sensing layer. EIS-based 
enzymatic hydrolysis of glycans has been performed with small gly
cans mainly because they are more readily available, hence, the 
complexity of the natural glycan entities is not fully exploited for 
sensing. Sialylation leads to the addition of a negatively charged and 

bulky monosaccharide, thus significantly changing the properties of the 
layer(Zhao et al., 2008), which can be translated into an impedimetric 
signal. Label-free EIS detection of enzymatic sialylation and desialyla
tion using a complex-type N-glycan may enable differentiation between 
pathogens and pathological states and can be done using only small 
quantities of these entities. 

This work presents a label-free electrochemical platform for moni
toring the sialylation and desialylation of a complex biantennary N- 
glycan (Fig. 1). A glassy carbon electrode (GCE) functionalized with 
biantennary N-glycan was used to measure the impedimetric response of 
enzymatic sialylation and desialylation. These processes were also fol
lowed by cyclic voltammetry (CV) and atomic force microscopy (AFM). 
Time-dependent impedimetric analysis was used to establish the kinetic 
parameters of the sialylation process. The reversibility of the process 
was evaluated by EIS and AFM. 

2. Results and discussion 

Sensing of sialylation and desialylation processes requires a glycan 
substrate attached to a modified electrode (Fig. 1). A biantennary N- 
glycan (A) with two terminal galactose moieties (A) was synthesized and 
equipped with an azide on the reducing end (Scheme S1).(Ullmann 
et al., 2012) The azide moiety enables anchoring of the glycan to sur
faces via click reaction while the two terminal galactose moieties serve 
as substrates for sialylation using α-2,6-sialyltransferase (ST)(Alshanski 
et al., 2019; Sletten and Bertozzi, 2011). In our process, A was attached 
to a dibenzocyclooctyne (DBCO) modified GCE surface via copper-free 
strain-promoted bio-click reaction to produce the glycosylated elec
trode (GCE-A) (Scheme S2).(Alshanski et al., 2019; Sletten and Bertozzi, 
2011) The assembly of GCE-A was characterized by EIS and the modified 
electrode was used to study the electrochemical signal produced in 
response to enzymatic sialylation processes. 

In order to study the impedimetric response, sialylation was per
formed on GCE-A using α-2,6-ST from Photobacterium damsela in the 
presence of Cytidine-5′-monophospho-N-acetylneuraminic (CMP- 
Neu5Ac) (Detailed procedure in SI). The resistance for redox-active [Fe 
(CN)6]3-/[Fe(CN)6]4- couple penetration (charge transfer resistance, 
RCT) through the monolayer was measured before and after sialylation 
(see Nyquist plot, Fig. 2a). Sialylation of GCE-A to give GCE-SiaA 
resulted in an increase of RCT by a factor of 1.9 (Fig. 2b, red). This in
crease in resistance can be explained by the additional charge and hin
drance as a result of the sialylation leading to changes in the density and 
electrostatic repulsion from the glycan layer. As a control, the sialylation 
of GCE-A was attempted with ST but without CMP-Neu5Ac resulting 
only in a negligible change of the measured RCT (Fig. 2b, blue). This 
suggests that the signal measured after incubation in presence of CMP- 
Neu5Ac corresponds to enzymatic addition of the sialic acid and not 
to the adhesion or binding of the enzyme. Sialylation was also performed 
on a GCE functionalized with maltose (Fig. 2b, green). Maltose is not a 
natural substrate for ST because it has a terminal glucose moiety instead 
of a galactose, hence it is not expected to undergo sialylation. Indeed, 
incubation of GCE-maltose with ST and CMP-Neu5Ac did not result in a 
significant increase of RCT. The passivity of the maltose surface proved 
that the change in RCT observed for A is a result of a selective enzymatic 
sialylation of the terminal galactose moieties. The above results 
demonstrated that the enzymatic sialylation occurred only on the nat
ural substrate and in the presence of all components. Thus, the EIS 
response was not related to binding or adsorption of the protein but to its 
activity. This suggests that EIS using GCE-A can be used as a platform for 
analyzing transformations by enzymatic sialylation. 
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Enzymatic reactions on modified surfaces can lead to a time- 
dependent change in the glycan-layer properties which is an indication 
for the kinetics of the process (Saum et al., 1998). Following the kinetics 
of a sialylation can provide valuable information on the type, reactivity 
and specificity of a ST and may be correlated with immunological events, 

pathogen infection and more. Time response profile studies of the GCE-A 
sialylation were performed using EIS. The electrodes were exposed to a 
solution of ST and CMP-Neu5Ac for 5–120 min (see SI). EIS measure
ments after each exposure showed a time-dependent increase in RCT 
(Fig. 3). After 120 min of enzymatic sialylation, the RCT increased by 50% 

Fig. 1. Enzymatic processes on complex N-glycan (A) attached to an electrode (GCE) can be monitored by EIS. a) Sialylation of galactose-terminated glycan using 
CMP-Neu5Ac and sialyltransferase (ST) b) Desialylation using neuraminidase removes the sialic acid from the glycan. Both enzymatic reactions result in impedi
metric response. 

Fig. 2. Impedimetric response of glycan layer to enzymatic sialylation. a) Nyquist plot of GCE-A (black) and GCE-SiaA (red). b) Normalized RCT after incubation of 
ST with: GCE-A and CMP-Neu5Ac (red). GCE-A without CMP-Neu5Ac (green). Maltose-modified-GCE and CMP-Neu5Ac (blue). The error bars are based on standard 
deviation between three electrodes. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. Time-dependent EIS response of GCE-A to ST. a) Nyquist plot measured after enzymatic reaction for 0 to 120 min. b) Time-dependent normalized RCT. c) Linear 
correlation of normalized RCT to log (t) which fits an equation of NRCT = (0.38±0.05)⋅log(t) + (0.77±0.07). Standard deviation is based on four different electrodes. 
All values are normalized by the RCT value of GCE-A. 
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compared with GCE-A (Fig. 3b), while up to 90% increase was measured 
after 8 h of incubation (Fig. 2b). This correlation between the RCT value 
and time indicates a gradual change in the dielectric properties of the 
glycan-layer as a result of the enzymatic transformation which is in line 
with previous studies(Saum et al., 1998). These changes showed that the 
exposure to a sialylation solution follows time-dependent kinetics, which 
fit the following correlation: NRCT = (0.38±0.05)⋅log(t)+ (0.77±0.07). 
The time-dependent behavior observed above suggests that different STs 
may be discriminated based on their specific sialylation kinetics profile 
and not only by a binary type of signal transduction output. Decreasing 
the enzyme concentration by a factor of 10 also provided a time depen
dent increase in impedance, albeit with, faster kinetics (Fig. S3). The 
decrease in the reaction rate, when high concentration of the enzyme is 
used, impies that there is a steric hinderence around the substarte. This 
suboptimal response suggests that further optimization of the system is 
required. 

Aminoferrocene was used as a selective marker to confirm and 
quantify the amount of sialic acid after the enzymatic sialylation of GCE- 
A. Aminoferrocene has very distinctive oxidation and reduction peaks 
that can be detected and quantified by CV(Gray et al., 2013; Song et al., 
2002). Furthermore, it reacts with the carboxyl moiety, which can only 
be present on GCE-SiaA and not on GCE-A. Both GCE-A and GCE-SiaA 
were treated with aminoferrocene and the CV was measured following 
the reaction. (Albericio and El-faham, 2018; Mervinetsky et al., 2020; 
Naoum et al., 2019) (Fig. 4a). The CV of GCE-SiaA showed a signal at an 
oxidation potential of approximately 0.4 V which is typical for ferrocene 
(Fig. 4b), while this peak was not observed for GCE-A (Fig. S4).(Cuartero 
et al., 2019) Since ferrocene-specific signals appeared for GCE-SiaA and 
not for GCE-A, it is a clear indication that sialylation took place, further 
confirming that RCT increase corresponded to enzymatic sialylation. 
Additionally, the ferrocene was quantified to give a surface number 
density of 9.6∙1012 molecules∙cm-2 (SI), which correlates to 12% sia
lylation coverage when comparing to the calculated diameter of SiaA 
(calculation from Chem3D, see Fig. S6). 

Desialylation, the hydrolysis of sialic acid, is an enzymatic reaction 
involved in many pathogenic and cell communication events. To eval
uate if EIS can also be used to monitor desialylation, GCE-SiaA was 
incubated with neuraminidase from Arthrobacter ureafaciens (Merck) 
using an established desialylation procedures (S4)(Jung et al., 1989). 
Desialylation of GCE-SiaA resulted in a significant decrease in RCT 
values (Fig. 5a). The decrease in RCT shows that the surface becomes 
more similar to the non sialylated GCE-A. This indicates that the sialic 
acid was removed from GCE-SiaA. The desialylation did not revert the 
system to the initial RCT values before sialylation (Fig. 5b). We assume 
that this might be a result of either incomplete desialylation or of a 
reorganization of the monolayer. To check the reversibility of the 
enzymatic processes, a second sialylation was performed after desialy
lation of GCE-SiaA. The RCT after the second sialylation was virtually the 
same as after the first sialylation (Fig. 5b). This indicates that reversible 
enzymatic sialylation processes on GCE can be detected by EIS. 

Surface topography of glycan-modified silicon wafers were analyzed 
by AFM to visualize the changes of the layer in response to enzymatic 
modifications. DBCO-modified silicon wafers were prepared for surface 
characterizations and analyzed using variable angle spectroscopic 
ellipsometry, confirming consistence and pinhole free modification 
(Alshanski et al., 2019). These wafers were acetylated following the 
coupling of DBCO and a bio-click reaction of A. The wafers were 
analyzed by AFM and contact angle (CA) measurements. The N-acety
lated DBCO layer had a roughness of 0.12 nm (Fig. S5) and a CA of 72◦

indicating a hydrophobic outer layer. The surfaces modified with A had 
a roughness of 0.15 nm (Fig. 6a) and a more hydrophilic layer with a CA 
of 50◦. These changes of the monolayer properties support the modifi
cation with the N-glycan. Sialylation of the glycosylated surface 
increased the layer roughness to 0.31 nm (Fig. 6b), while the desialy
lation restored the smoother surface with a roughness of 0.11 nm 
(Fig. 6c). These results suggest that the enzymatic reactions of the glycan 
lead to changes in the surface properties. It shows that the roughness 
increases by the addition of the bulky and negatively charged sialic acid 
whereas the surface smoothens when this moiety is removed. The AFM 
analysis correlates with the EIS response where the impedance increases 
with the addition of sialic acid while decreases when sialic acid is 
removed. AFM also allowed us to visualize the reversibility of the 
enzymatic transformations by detecting changes of the surface proper
ties further proving the observations by EIS. A similar phenomenon was 
observed for enzymatic phosphorylation and dephosphorylation re
actions of a peptide monolayer on an Au electrode(Snir et al., 2011; 
Zhuravel et al., 2016). The native peptide monolayer had a smooth 
topography that was roughened by the phosphorylation reaction, 
mainly due to electrostatic repulsion of the negatively charged phos
phate groups, and smoothened by the dephosphorylation reaction to the 
original value of the neutral nanapeptide monolayer. 

3. Conclusions 

A robust strategy enabled us to anchor the complex biantennary N- 
glycan azide A to oxide surfaces and to use the functionalized surface for 
the development of a biosensing platform capable of monitoring enzy
matic sialylation and desialylation processes. To our knowledge, this is 
the first time that a native complex N-glycan was used for electro
chemical sensing. We showed that EIS response can be correlated 
directly with the enzymatic addition or removal of sialic acid from the 
anchored N-glycan. The enzymatic processes were monitored, charac
terized and analyzed using impedimetric/voltammetric analyses, 
wettability studies and AFM-based topography imaging. EIS analysis 
provided us with a tool to evaluate the time-dependent response of the 
enzymatic processes and was used to follow the sialylation/desialylation 
cycle. The ability to monitor time-dependent enzymatic sialylation using 
EIS can lead to the development of a new line of biosensors providing an 
electrical output that correlates with a process rather than a single event 
response. We proved that minute amounts of a complex N-glycan are 

Fig. 4. Cyclic voltammetry of redox active sialylation marker. a) Coupling of 
aminoferrocene to GCE-SiaA. b) CV scan from − 0.3 V to 0.8 V with a scan rate 
of 50 mV/s before (black) and after (blue) reaction of GCE-SiaA with 50 mM of 
aminoferrocene. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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sufficient to generate a sensing platform that enables following revers
ible enzymatic transformations by EIS. The combination of a surface- 
immobilized native N-glycan and EIS opens a new route for the 
sensing of processes related to pathogen infection and pathologic con
ditions, which complements the specific biomarker detection strategy. 
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