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Abstract

Ultrasensitive impedimetric lectin biosensors recognising different glycan entities on serum 

glycoproteins were constructed. Lectins were immobilised on novel mixed self-assembled 

monolayer containing 11-mercaptoundecanoic acid for covalent immobilisation of lectins and 

betaine terminated thiol to resist non-specific interactions. Construction of biosensors based on 

Concanavalin A (Con A), Sambucus nigra agglutinin type I (SNA) and Ricinus communis 
agglutinin (RCA) on polycrystalline gold electrodes was optimised and characterised with a 

battery of tools including electrochemical impedance spectroscopy, various electrochemical 

techniques, QCM, FTIR spectroscopy, AFM, XPS and compared with a protein/lectin microarray. 

The lectin biosensors were able to detect glycoproteins from 1 fM (Con A), 10 fM (RCA) or 100 

fM (SNA) with a linear range spanning 6 (SNA), 7 (RCA) or 8 (Con A) orders of magnitude. 

Furthermore, a detection limit for the Con A biosensor down to 1 aM was achieved in a sandwich 

configuration. A non-specific binding of proteins for the Con A biosensor was only 6.1% (probed 

with an oxidised invertase) of the signal towards its analyte invertase and a negligible non-specific 

interaction of the Con A biosensor was observed in diluted human sera (1000x), as well. The 

performance of the lectin biosensors was finally tested by glycoprofiling of human serum samples 

from healthy individuals and those having rheumatoid arthritis, which resulted in distinct glycan 

pattern between these two groups.
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Introduction

Since the introduction of DNA microarrays in 19951, the technology has been heavily 

applied in analysis of genome-wide expression in order to get information about possible 

functions of novel or poorly characterised genes2 and for diagnostic purposes, as well3. 

Even though DNA microarray technology has shed light on many physiological states by 

analysis of expression of gene clusters, there is usually very low correlation between RNA 

and protein abundance detected in single-cell organisms4 as well as in higher ones, 

including humans5. Since quantitative analysis of proteins is central to proteomics with a 

focus on design of novel drugs, diagnosis of diseases and their therapeutic applications, 

protein microarrays were successfully launched to address these issues.6

Analysis of finely tuned post-translational modifications (PTMs) of proteins7, considering 

addition of a small functionality such as single phosphorylation can change activity of a 

protein up to 108 times8, is an additional challenge for current analytical technology. 

Glycosylation is another and highly abundant form of PTM of proteins and it is estimated 

that 70% of proteins in humans together with 80% of membrane-bound proteins are 

glycosylated.9 Glycan mediated recognition plays an important role in cell physiology 

(fertilisation, immune response, differentiation of cells, cell-matrix interaction, cell-cell 

adhesion etc.)10 Glycans, as highly abundant ligands on the surface of cells, are naturally 

involved in pathological processes triggered by adhesion of viruses, bacteria and parasites to 

host cells, in neurological disorder and in tumour growth and metastasis.3,11 Thus, better 

understanding of glycan mediated pathogenesis can establish a “policy” to develop more 

efficient strategies for disease treatment with few recent studies as good examples e.g. 

“neutralisation” of various forms of viruses12 or more efficient vaccines against various 

diseases13. Changes of protein glycosylation can be effectively applied in early stage 

diagnostics of several diseases, including different forms of cancer with known glycan-based 

biomarkers.14 Moreover, many previously established and even commercially successful 

strategies used to treat diseases are currently being revisited in light of glycan recognition in 

order to lower side effects, enhance serum half-life or to decrease cellular toxicity.3,15 

Recently, the first glyco-engineered antibody was approved to the market, what was called 

by the authors “a triumph for glyco-engineering”.16

Glycomics focuses on revealing finely tuned reading mechanisms in the cell orchestra based 

on graded affinity, avidity and multivalency of glycans (i.e. sugar chains covalently attached 

to proteins and lipids).17 Glycans are ideal information coding tools since they can form 

enormous numbers of possible unique sequences from basic building units. The theoretical 

number of all possible hexamers for glycans is 8 orders of magnitude larger than the 

theoretical number of peptides and 11 orders of magnitude larger than the theoretical 

number of DNA sequences.18 It is estimated that the size of the cellular glycome can be up 
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to 500,000 glycan modified biomolecules (proteins and lipids) formed from 7,000 unique 

glycan sequences.19 This variation can explain human complexity in light of a paradoxically 

small genome. This glycan complexity together with similar physico-chemical properties of 

glycans is the main reason why progress in the field of glycomics has been behind advances 

in genomics and proteomics.20

Traditional glycoprofiling protocols rely on glycan release from a biomolecule with 

subsequent quantification by an array of techniques including capillary electrophoresis, 

liquid chromatography and mass spectrometry.21 There is an alternative way for 

glycoprofiling by application of lectins (natural glycan recognizing proteins18,22) in 

combination with various transducing protocols.11b,23 The most powerful glycoprofiling 

tool relies on lectins arrayed on solid surfaces for direct analysis of glycoproteins, 

glycolipids, membranes and even glycans on the surface of intact cells.24 Even though lectin 

microarrays offer high throughput assay protocols with a minute consumption of samples 

and reagents, there are some drawbacks such as the need to fluorescently label the sample or 

the lectin, which negatively affects the performance of detection11a,b, relatively high 

detection limits and quite narrow working concentration ranges.

The use of nanotechnology, sophisticated patterning protocols and advanced detection 

platforms can help overcome the drawbacks of lectin microarray technology allowing it to 

work in a label-free mode of operation, with high sensitivity, low detection limits, a wide 

concentration window and in some cases, real time analysis of a binding event is possible.

10b,25 In our recent work we focused on development of ultrasensitive impedimetric lectin 

biosensors with detection limits down to the single-molecule level based on controlled 

architecture at the nanoscale25e,26, but such biosensors were prone to non-specific 

interactions. The main aim of this manuscript was to develop a patterning protocol based on 

a mixed SAM layer containing one derivative available for covalent immobilisation of 

lectins and a sulfobetaine derivative (DPS, Scheme 1) forming an interfacial layer (Fig. S1) 

effectively blocking non-specific interactions.27 This strategy allowed us to detect changes 

in a glycoprofile in complex human samples with a detection limit down to fM level. The 

biosensors, based on three different lectins, were calibrated using 4 different glycoproteins 

(Fig. S2) and finally its reliability was proved in complex samples, suggesting this concept 

can be integrated into an array format of analysis.

Experimental section

Chemicals

11-mercaptoundecanoic acid (MUA), potassium hexacyanoferrate(III), potassium 

hexacyanoferrate(II) trihydrate, sodium chroride, potassium chloride, 1,3-propane sultone, 

N-hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDC), sodium sulphate, N,N-dimethylethylene diamine, 

dicyclohexylcarbdiimide (DCC), sodium periodate, ethylene glycol, ethanolamine, 

acetonitrile, dichloromethane, tetrahydrofuran (THF), glycine, hydrochloric acid, Tween 20, 

fetuin (FET, 8.7% of N-acetylneuraminic acid), asialofetuin (ASF, ≤ 0.5% of N-

acetylneuraminic acid), invertase from baker´s yeasts (INV), transferrin (TRF), Ricinus 
communis agglutinin (handle with special care since it is a toxin) and concanavalin A were 
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purchased from Sigma Aldrich (USA). (R)-Lipoic acid was purchased from TCI Europe. 

SNA I lectin from Sambucus nigra was purchased from Gentaur (Belgium). Ethanol for 

UV/VIS spectroscopy (ultra pure) was purchased from Slavus (Slovakia). Zeba™ spin 

desalting columns (40k MWCO) for protein purification were purchased from Thermo 

Scientific (UK). All buffer components were dissolved in deionised water (DW).

Preparation of a biorecognition surface

On an electrode modified by a mixed SAM, as described in Supporting information, the 

biorecognition elements (different lectins) were immobilised using standard amine coupling 

with the carboxylic groups of MUA activated by a 1 to 1 mixture of 0.2 M EDC and 0.05 M 

NHS. The incubation of the electrode in a mixture of EDC/NHS took 15 min and the surface 

was washed by DW. Lectins were covalently immobilised on the activated SAM layer in a 

10 μM stock solution (40 µl) in a 10 mM phosphate buffer solution (PBS) pH 7.0 containing 

0.05% Tween 20 by incubation for 1 h in the dark and at a room temperature. After the 

immobilisation was completed, the surface was gently rinsed by DW and incubated with 10 

mM M HCl for 3 min, rinsed by DW, incubated with 10 mM glycine-HCl (pH 2.5) for 3 min 

and finally again rinsed by DW. This procedure was introduced for removal of non-

covalently bound lectin molecules from the electrode.28 Incubation of the biosensor with the 

analyte was performed by incubation with a stock solution of a glycoprotein or a sample (40 

µl) for 20 min.

Assay procedure

All electrochemical impedance spectroscopy (EIS) measurements were performed in an 

electrolyte containing 5 mM potassium hexacyanoferrate(III), 5 mM potassium 

hexacyanoferrate(II) and 0.1 M KCl. The analysis was run at 50 different frequencies 

(ranging from 0.1 Hz up to 100 kHz) under Nova Software 1.9 (Ecochemie, Netherlands). 

The acquired data were evaluated by the same software using a Nyquist plot with an 

equivalent circuit R(C[RW]), employed. The charge transfer resistance (RCT) parameter was 

used as the measure for the calibration of the biosensor and for real sample measurements. 

Each analyte/sample was measured at least in triplicate with an independent biosensor 

device and results are shown with a standard deviation (± SD) calculated in Excel. Human 

serum samples were diluted in 10 mM PBS buffer, pH 7.4. All stock solutions (lectins, 

standard glycoproteins and human sera) were stored at -20 °C in aliquots.

Results and discussion

Characterisation of SAM modified gold surface

In order to get information about the surface coverage of DPS within a single and mixed 

SAM layers on a planar gold surface, characterisation by XPS and an electrochemical 

reduction of the SAM were applied. XPS data were fitted in a way to fit the S2p3 spectrum 

with two doublets at 161.9 eV and 163.5 eV, respectively, according to a previous study.29 

XPS showed a clear difference in the presence of various functionalities. When pure SAM 

layers of MUA and DPS were compared (Fig. 1), peaks attributed to SO3
2- and S-S groups 

were observed only in the spectra of DPS (Fig. 1A). More detailed analysis of a mixed SAM 

composed of MUA and DPS by XPS revealed increased amounts of DPS (signal from SO3
2- 
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group was plotted) as the amount of DPS in a mixture with MUA was decreasing with the 

highest surface amount reached at a ratio of DPS:MUA of 1 to 1 (Fig. S3).

The results from reductive desorption of thiols can be used to get quantitative information 

about the surface coverage of thiols.30 A pure DPS SAM layer revealed a surface density of 

1.97 molecules nm-2, a value that is in excellent agreement with values from 1.8 to 2.1 

molecules nm-2 obtained previously for thioctic acid31. Moreover, quantification of DPS in 

mixed SAM layers by reductive desorption was possible since the onset potential of 

reductive desorption of DPS and MUA was different. Analysis of a mixed SAM sample by 

reductive desorption provided a value of 2.66 molecules nm-2 of DPS in a SAM prepared 

from a 1 to 1 mixture of MUA and DPS (Fig. S3). Higher surface coverage of DPS within a 

mixed SAM compared to a pure SAM can be explained by a lower repulsion between SO3
- 

groups of neighbouring DPS molecules present in the mixed SAM. Recently it was observed 

that the density of a mixed SAM composed of 2-aminoethanethiol and 2-mercaptoethane 

sulfonic acid is higher compared to corresponding pure monolayers, what was ascribed to 

the strong molecular interactions between these two components.32 There are other reports 

describing a strong interaction between a SO3
- terminated thiol and a diluting one terminated 

in –NH2 or –OH functional group influencing contact angle or zeta potential of mixed 

SAMs with changes in the monolayer composition.33

QCM experiments

A surface coverage of 11.3 pmol cm-2 for Con A lectin immobilised on the surface prepared 

from a 1 to 1 mixture of MUA and DPS was obtained from a QCM experiment (Fig. S4). 

Con A is composed of four identical subunits (Fig. S5). When a hard sphere model34 was 

applied for calculation of a theoretical surface coverage of a Con A tetramer, a value of 4.8 

pmol cm-2 was calculated. This calculated result does not correspond to the value obtained 

from a QCM experiment. Since Con A can dissociate into subunits under certain physico-

chemical conditions35, we tried to calculate what would be a theoretical surface coverage 

for a monomer of Con A, revealing a value of 12.1 pmol cm-2, applying the same hard 

sphere model. These calculations suggest Con A dissociates into subunits after incubation 

with a heavily negatively charged surface occupying almost a full monolayer.

Since INV has 18 glycosylation sites with glycans terminated in mannose units23a we ran 

QCM measurements to see if it is possible to form a sandwich configuration. In this 

experiment, the Con A biosensor was incubated with INV and then Con A was injected over 

the biorecognition layer to complete a sandwich configuration (Fig. S6). The QCM 

experiment showed that INV was bound to the Con A biosensor with a surface density of 

0.67 pmol cm-2 (Fig. S7), revealing a molar ratio INV/Con A of 0.055. This is in a good 

agreement with values of molar ratio from 0.02 to 0.17 obtained on various peptide aptamer 

surfaces.36 The second Con A layer on a layer of INV was formed with a surface density of 

2.75 pmol cm-2 (Fig. S7), suggesting that every INV molecule on average interacted with 4 

molecules of Con A present in the outer layer. There are two possible outputs of this 

observation. The first one is the observed decrease in the detection limit of the Con A 

biosensor, which is further explored in section The Con A biosensor. The second more 

important application would be the formation of a sandwich configuration with a possibility 
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to vary lectins involved in the formation of a 2nd lectin layer. Such an approach can provide 

additional information about possible changes in the glycan profile at different glycosylation 

sites, which can be a useful tool in more detailed glycoprofiling of various proteins 

applicable in diagnostics.

AFM experiments

AFM images showed the surface is densely populated by Con A molecules (Fig. 2). A 

detailed analysis of Con A spots revealed the presence of different forms of Con A with the 

heights of h=(3.6 ± 0.4) nm with a full width at half maximum FWHM=(18 ± 1) nm, h=(5.4 

± 0.7) nm with FWHM=(26 ± 4) and h=(7.6 ± 0.4) nm with FWHM=(26 ± 4). These results 

suggest besides the presence of monomers of Con A, most likely other forms of Con A such 

as dimers and tetramers (intact Con A molecules), might be present, as well. Indication that 

the spot of Con A with h=7.6 nm is an intact Con A tetramer is supported by the thickness of 

Con A layer of 7.7 nm previously published.37 For example, a Con A monomer38 has the 

size 42 x 40 x 39 Å, a dimer of Con A39 has the size of 61 x 86 x 91 Å and a tetramer39 of 

Con A has the size of 67 x 113 x 122 Å. The lateral size of all Con A spots in AFM images 

is larger due to the tip convolution effect.40 Moreover, a high density of Con A monomers 

on the surface is in good agreement with a similar conclusion made from the QCM results 

about preferential adsorption of Con A on the surface in a monomer form. This is supported 

by calculations made from a hard sphere model, when high fraction dimers and tetramers of 

Con A on the surface cannot make the surface coverage as read from the QCM experiment. 

A detailed analysis of AFM images revealed an increase of the roughness factor Rq from 0.8 

nm for bare gold to 1.0 nm for gold modified by the SAM prepared from a 1 to 1 mixture of 

MUA and DPS (Fig. S8). Moreover, the surface roughness increased significantly to a value 

of 1.8 nm after immobilisation of Con A lectin (Fig. 2).

The Con A biosensor

The oxidised form of INV (oxINV) was prepared using sodium periodate in order to 

“destroy” glycan determinants on a protein backbone. This oxidised protein was used as a 

negative control during characterisations of the Con A biosensor. The FTIR spectra of 

oxINV showed a decrease in the peaks corresponding to -OH groups (3250-3350 nm) and a 

small peak appeared at 1738 nm, attributed to the presence of free aldehyde groups (data not 

shown) after oxidation.

The performance of the Con A biosensor was tested on five different surfaces prepared from 

a mixture of MUA:DPS having different molar ratio in a liquid phase (1:0, 3:1, 1:1, 1:3 and 

0:1). When, the Con A biosensor was built on a pure MUA layer (1:0) incubation with INV 

and oxINV did not provide a well resolved semicircle in a Nyquist plot and thus RCT could 

not be obtained, as already shown26a. The Con A biosensor prepared on a SAM from a 3:1 

mixture did not discriminate between INV and oxINV, suggesting that the response is only 

due to non-specific interaction e.g. electrostatic interactions with predominant –COOH 

groups (Fig. S9A). The Con A biosensor prepared on the SAM from a 1:1 and 1:3 mixture 

showed the ability of the Con A biosensor to selectively detect INV (Fig. 3 and Fig. S9B), 

but the Con A biosensor built-up on a surface deposited from 1:1 MUA:DPS mixture 

provided better performance (Fig. 3). The Con A biosensor prepared on a pure DPS SAM 
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layer was completely resistant to any protein binding (Fig. S9C). Thus, for further 

experiments the Con A biosensor prepared on a mixed SAM layer from 1:1 mixture 

MUA:DPS was used, showing excellent selectivity for INV in comparison to oxINV 

detection (Fig. S10).

Besides strong interaction Con A exhibits with oligomannose glycans (Scheme 1) such as on 

INV (KD in the range 0.1-0.4 μM)23a, Con A also interacts weakly with complex glycans 

containing few mannose units and terminated in galactose or N-acetylneuraminic acid 

(Scheme 1) such as on TRF (KD in the range 1-3 μM)23a. Thus, the Con A biosensor was 

calibrated with 3 different glycoproteins INV, oxINV and TRF, showing only 6.1% of the 

sensitivity for oxINV in comparison to INV (Fig. 3). Moreover, the Con A biosensor showed 

68% of the sensitivity for TRF in comparison to INV and a detection limit for TRF that was 

significantly shifted to higher values (≈ 1 pM), when compared to the detection limit for 

INV (≈ 1 fM). Linear range for the Con A biosensor towards INV was calculated from 

concentration at which the signal for INV was above the signal for oxINV, considered to be 

blank. Quite a wide linear range spanning 4 orders of magnitude for biosensors based on EIS 

was observed41, but our lectin biosensor offering linear response over 8 orders of magnitude 

has a feature essential for analysis of glycoproteins in complex samples where the amount of 

glycoproteins can vary over a large concentration window.

As already indicated from the QCM measurements, formation of a sandwich configuration 

has the potential to further decrease the detection limit of the Con A biosensor down to ≈ 1 

aM, what is clearly shown in Fig. 3. The detection limit of our biosensor is much lower than 

for any lectin biosensor prepared to date10b,35, except for our recent lectin biosensor based 

on a 3-D nanointerface.26b The best detection limit for the lectin biosensors prepared by 

other groups was 20 fM41b or 150 fM41a. Moreover, the biosensor offers a linear response 

in the concentration window of at least 5 orders of magnitude.

The SNA and RCA lectin biosensors

The composition of an interfacial SAM layer being optimal for the Con A biosensor (1:1 

MUA:DPS) was chosen for construction of the SNA and RCA biosensors, since all lectins 

have approximately the same size (112-140 kDa). Linear range for the SNA and RCA 

biosensors were calculated from concentration at which the signal for the analyte was above 

the background signal, shown as a thin line (Fig. 4 and Fig. 5).

The SNA biosensor recognising N-acetylneuraminic acid was calibrated with two analytes 

FET (8.7% of N-acetylneuraminic acid) and ASF (≤ 0.5% of N-acetylneuraminic acid). The 

SNA biosensor started to interact with FET at a concentration of 100 fM, while ASF was 

recognised by the SNA biosensor at a concentration of 1 pM (Fig. 4). The sensitivity ratio of 

the SNA biosensor for these two analytes derived from the linear part of their concentration 

dependence, of 4.8 is in agreement with a previously obtained value of 7.6.26b

The RCA biosensor detecting terminal galactose on glycans was calibrated with FET and 

ASF, as well. ASF, which is a better analyte for the RCA biosensor compared to FET, was 

detected at concentration of 10 fM with a much higher sensitivity (13x) compared to a quite 

scattered response of the RCA biosensor for FET (Fig. 5). Quite scattered signal for low-
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affinity analytes was observed by others, as well, when ELISA-like41b and EIS analytical 

protocols41 with lectins were applied. This might be caused by a subtle change in the 

washing protocol in between measurements.

Lectin microarray

The lectin biosensors were validated against state-of-the-art glycoprofiling tool, a lectin 

microarray with all lectins used for comparison (Fig. S11). Con A was incubated with three 

different glycoproteins (INV, oxINV and TRF) spotted on the chip and three different 

concentrations (0.1; 0.01 and 0.001 mg ml-1) were quantified. SNA was incubated with FET 

and ASF (data not shown due to low signal) spotted and RCA was incubated with FET and 

ASF spotted at the same concentrations and results were quantified. Analysis of the lectin 

microarray was applied for construction of calibration curves, which were compared to 

calibration curves of all lectin biosensors (Fig. 6), indicating that all lectin biosensors 

offered few orders of magnitude lower detection limits for their analytes and a much wider 

working concentration range compared to the lectin microarray.

Analysis of human samples

Furthermore, the application potential of the lectin biosensors was tested for the analysis of 

human samples from healthy individuals and from those suffering rheumatoid arthritis. At 

first, an optimal dilution of human serum was needed to be found in order to detect 

glycoproteins with high sensitivity, but at the same time lowering the effect of non-specific 

interactions from such complex samples. A dilution of the human serum samples 1:1000 was 

selected since at this dilution, non-specific response of the sample on the reference surface 

without any lectin immobilised was negligible, while response with the Con A biosensor 

was well above non-specific signal (Fig. S12).

The performance of the Con A and SNA biosensors was further validated by standard 

addition of 1 pM INV and 1 pM FET to human serum diluted 1:1000, respectively. The 

results showed a recovery of 91% for the Con A biosensor with added INV and of 72% for 

the SNA biosensor with added FET. A relatively low recovery index for FET might indicate 

quite quick (1 h of incubation) formation of complexes of FET with other proteins present in 

human serum via N-acetylneuraminic acid (attached to FET), which is quite often involved 

in a wide range of interactions within a cell or with other cells; or removal of terminal N-

acetylneuraminic acid from FET by sialidases.10a,42 Thus, the lectin biosensor can be 

applied for kinetic analysis of the fate of various glycoproteins in complex samples such 

human serum, which might have physiological consequences.

Finally, all three lectin biosensors were applied in the analysis of three human serum 

samples from healthy individuals and three human serum samples from people affected by 

rheumatoid arthritis (RA). Circulating antibodies (IgG) in the blood carry complex type 

glycans of a biantennary structure as shown in the graphical abstract. These biomolecules 

are hardly ever completed with both N-acetylneuraminic acids present and in patients with 

RA galactose or even N-acetylglucosamine can be exposed.10a The severity of the RA 

disease tends to correlate with the extent of the glycosylation change.10a Results obtained 

by the application of the lectin biosensors corroborated prior results that serum samples from 
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healthy individuals had weaker signal on Con A biosensor compared to samples from 

patients with RA indicating that mannose units are not that exposed on IgG in serum from 

healthy individuals (Fig. 7A). The signal on the RCA biosensor showed a similar pattern as 

in the case of the Con A biosensor, suggesting healthy individuals do not have exposed 

galactose residues available for RCA lectin binding (Fig. 7B). The SNA biosensor exhibited 

higher signals for samples from healthy individuals compared to the RA samples, suggesting 

in healthy individuals, N-acetylneuraminic acid is still present (Fig. 7C). Further 

experiments are needed to see if lectin biosensors can be applied for the analysis of the 

severity of RA disease from glycoprofiling of human serum. In order to achieve this goal, 

the signal from the lectin biosensors has to be correlated with standard clinical methods, an 

effort, which is currently under way.

Conclusions

A mixed SAM composed of a newly synthesized thioctic acid derivative DPS and functional 

thiol MUA provided an interface resisting non-specific interactions, while allowing covalent 

immobilisation of lectins. The lectin biosensors prepared by immobilisation of three 

different lectins on the gold electrode surface provided high sensitivity of detection of 

glycoproteins with a detection limit down to the fM level with a wide linear range of 

operation. The study suggests lectin biosensors outperform lectin microarrays in terms of 

sensitivity and utilisable working concentration range with a great potential of the lectin 

biosensors for searching for new disease biomarkers, which can be present in biological 

samples at extremely low concentrations. Moreover, reliability of biosensing was tested by 

standard addition with recovery of 91% for INV on the Con A biosensor and 72% for FET 

on the SNA biosensor. Surprisingly low recovery index for FET on the SNA biosensor might 

indicate an interaction with serum components via N-acetylneuraminic acid or removal of 

N-acetylneuraminic acid from the FET by the action of sialidase. Thus, the lectin biosensors 

can be applied for monitoring of kinetic parameters of interaction of a particular 

glycoprotein with this sample, which have a diagnostic value. Finally, comparison of a 

glycoprofile of serum samples from healthy individuals and those having RA showed 

distinct glycoprofile differences with a potential to detect severity of disease progression in 

the future.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ASF asialofetuin
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Con A concanavalin A

DPS (R)-3-((2-(5-(1,2-dithiolan-3-

yl)pentanamido)ethyl)dimethylammonio)propane-1-sulfonate

DW deionised water

EIS electrochemical impedance spectroscopy

FET fetuin

FTIR Fourier transform infrared spectroscopy

GAL galactose

INV invertase

MAN mannose

MUA 11-mercaptoundecanoic acid

OxINV oxidised invertase

QCM quartz crystal microbalance

RCA Ricinus communis agglutinin

RT room temperature

SAM self-assembled monolayer

SNA I Sambucus nigra agglutinin

TRF transferrin

XPS X-ray photoelectron spectroscopy.
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Scheme 1. 
Synthesis of DPS.
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Fig. 1. 
XPS of two different SAM layers showing present functional groups. A) pure SAM from a 

sulfobetaine derivative and B) pure SAM from MUA.
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Fig. 2. 
AFM image of the surface after immobilisation of Con A.
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Fig. 3. 
Calibration of the Con A impedimetric biosensor with various glycoproteins such as 

invertase (INV), transferrin (TRF) and oxidised invertase (oxINV) applied as a control. 

Moreover, a calibration for the sandwich biosensor configuration with additional outer lectin 

layer applied (see Fig. S6) is shown, as well. Each analyte was measured at least in triplicate 

with an independent biosensor device and results are shown with a standard deviation (± 

SD) calculated in Excel.
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Fig. 4. 
Calibration of the SNA biosensor with two glycoproteins (FET: fetuin with 8.7% of N-

acetylneuraminic acid, ASF: asialofetuin with 0.5% of N-acetylneuraminic acid). Each 

analyte was measured at least in triplicate with an independent biosensor device and results 

are shown with a standard deviation (± SD) calculated in Excel.
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Fig. 5. 
Calibration of the RCA biosensor with two glycoproteins (FET: fetuin with 8.7% of N-

acetylneuraminic acid, ASF: asialofetuin with 0.5% of N-acetylneuraminic acid and 

galactose exposed). Each analyte was measured at least in triplicate with an independent 

biosensor device and results are shown with a standard deviation (± SD) calculated in Excel.
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Fig. 6. 
A direct comparison of working concentration range for the lectin biosensors (bs) and lectin 

microarray (ma) applying A) Con A lectin, B) SNA lectin and C) RCA lectin. Each analyte 

was measured at least in triplicate with an independent biosensor device and results are 

shown with a standard deviation (± SD) calculated in Excel.
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Fig. 7. 
Glycoprofile of three human serum samples from healthy individuals and three samples 

from patients with rheumatoid arthritis (RA) analysed by the A) Con A biosensor, B) RCA 

biosensor and C) SNA biosensor. Each sample was measured at least in triplicate with an 

independent biosensor device and results are shown with a standard deviation (± SD) 

calculated in Excel.
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