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Label-free detection of glycoproteins by the
lectin biosensor down to attomolar level
using gold nanoparticles
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Introduction

Glycomics is becoming more and more influential member of an
“omics”

family

since

glycosylation

is

the

most

frequent

posttranslational modification of proteins and glycans (saccharides
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Fax: +421 2 5941 0222


attached to proteins) are actively involved in many physiological and
pathological processes [1]. Glycans are better equipped to be an
information coding tool compared to DNA and proteins simply because

Abstract

We present here an ultrasensitive electrochemical biosensor based on a

glycans are information rich molecules, i.e. theoretical number of all
possible hexamers (consisting of 6 building units) for glycans

lectin biorecognition capable to detect concentrations of glycoproteins

(1.44x1015) is few orders of magnitude larger compared to peptides (6.4

down to attomolar (aM) level by investigation of changes in the charge

x106) or DNA (4,096) [2]. The size of the cellular glycome is estimated

transfer resistance (Rct) using electrochemical impedance spectroscopy
(EIS). On polycrystalline gold modified by an aminoalkanethiol linker
layer, gold nanoparticles were attached. A Sambucus nigra agglutinin
was covalently immobilised on a mixed self-assembled monolayer
formed on gold nanoparticles and finally, the biosensor surface was
blocked by poly(vinylalcohol). The lectin biosensor was applied for
detection of sialic acid containing glycoproteins fetuin and asialofetuin.
Building of a biosensing interface was carefully characterised by a
broad range of techniques such as electrochemistry, EIS, atomic force
microscopy, scanning electron microscopy and surface plasmon
resonance with the best performance of the biosensor achieved by
application of HS-(CH2)11-NH2 linker and gold nanoparticles with a
diameter of 20 nm. The lectin biosensor responded to an addition of

to be in excess of 100,000–500,000 glycan modified biomolecules with
a number of unique glycans to be 3,000-7,000 [3] and this variability
can explain human complexity in light of a paradoxically small
genome. A pace of advances in the field of glycomics is reduced due to
an enormous complexicity of glycans on one side with similar physicochemical properties of glycans on the other side [4], but new high
throughput methods have a potential to speed up the process of glycan
analysis [5]. The main analytical tools of focus in glycomics include
wide range of chromatographic techniques, mass spectrometry,
capillary electrophoresis and especially lectin microarray technique.
A microarray technique relying on lectins, which are natural
glycan recognising proteins, has a clear advantage over other modern
analytical tools applied in glycomics, i.e. glycans do not need to be

fetuin (8.7% of sialic acid) with sensitivity of (338 ± 11) Ω decade-1 and

released from a biomolecule and thus in-situ glycan analysis is

to asialofetuin (≤ 0.5% of sialic acid) with sensitivity of (109 ± 10) Ω

possible. Lectin microarrays have been very effective in revealing an

decade-1 with a blank experiment with oxidised asialofetuin (without

active role of glycans in many processes and at present are considered

recognisable sialic acid) revealing sensitivity of detection of (79 ± 13)

as a standard analytical tool in glycomics [5,6]. However, a typical

Ω decade-1. These results suggest the lectin biosensor responded to

lectin microarray experiment involves a fluorescent dye being coupled

changes in the glycan amount in a quantitative way with a successful

either to lectin or to the glycan/sample for generation of an analytical

validation by a lectin microarray. Such a biosensor device has a great

signal. This requirement for having a label can cause unwanted

potential to be employed in early biomedical diagnostics of diseases

variability in labelling and biorecognition [6] and thus other formats of

such as arthritis or cancer, which are connected to aberrant

analysis working in a label-free mode of detection should be utilised.

glycosylation of protein biomarkers in biological fluids.
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Electrochemistry is a very powerful analytical platform with an

yoctomoles (i.e. 1.10-18 mol l-1 x 40.10-6 l) of a glycoprotein, i.e. lower

array of different detection principles and some of them allow to work

amount than previously claimed for a protein (200 yoctomoles) [24].

without any label in a label-free mode of operation [7,8].

Although the biosensor was designed to detect sialic acid in this study,

Electrochemical impedance spectroscopy (EIS) is quite frequently

the same immobilisation protocol can be applied for immobilisation of

applied in construction of label-free biosensors due to very sensitive

any other lectin, what is an essential feature for integration of this

analysis and a simpler set-up compared to field-effect sensing [7]. EIS

patterning protocol into an array/biochip format of analysis.

is based on an electric perturbation of a thin layer on the conductive


surface by a small alternating current amplitude and can provide
interfacial

characteristics

such

as

impedance,

resistance

and

capacitance utilisable in sensing by employment of an equivalent

Materials and Methods

Chemicals
11-mercaptoundecanoic acid (MUA), 6-mercaptohexanol (MH),

circuit for data evaluation [9]. EIS results are typically transformed into

potassium

a Nyquist plot, which can provide information about charge transfer

trihydrate, potassium chloride, N-hydroxysuccinimide (NHS), N-(3-

resistance Rct in a direct way. After a biorecognition event, Rct

dimethylaminopropyl)-N′-ethylcarbodiimide

increases due to presence of additional layer and thus a subtle change in

poly(vinylalcohol) (PVA, Mowiol® 4-88), sodium periodate, ethylene

Rct can be used for detection [10]. Subsequently, EIS allows complex

glycol, cysteamine, acetonitrile, fetuin (FET, 8.7% of sialic acid),

biorecognition events to be probed in a simple, sensitive and label-free

asialofetuin (ASF, ≤ 0.5% of sialic acid), cysteamine hydrochloride and

manner and EIS is being increasingly popular for development of

gold nanoparticles (5, 10 and 20 nm) were purchased from Sigma

electrochemical lectin-based biosensors for glycan determination.

Aldrich (USA). Phosphate buffer saline tablets (PBST) for SPR buffers

EIS is very often combined with formation of self-assembled

were

from

hexacyanoferrate(III),

Merck

(Slovakia).

potassium

hexacyanoferrate(II)

hydrochloride

Aminoalkanethiol

(EDC),

linkers

6-

monolayers (SAMs) allowing to precisely tune interfacial properties

aminohexanethiol and 11-aminoundecanethiol hydrochloride were

such as capacitance and resistance of the interface and/or to control

purchased from Dojindo (Germany). SNA I lectin from Sambucus

density of ligands at nanoscale subsequently applied in an

nigra was purchased from Gentaur (Belgium). Biotinylated SNA I

immobilisation process [11]. Moreover, once SAM is formed it can be

lectin was purchased from Vector Laboratories (USA), and CF555-

employed as a linker to deposit gold nanoparticles on the surface to

streptavidin fluorescent label was purchased from Biotium (USA).

enhance loading of biorecognition elements and their accessibility, as

Ethanol for UV/VIS spectroscopy (ultra pure) was purchased from

well [12]. Gold nanoparticles (AuNPs) are of a great attention both

Slavus (Slovakia). ZebaTM spin desalting columns (40k MWCO) for

from a fundamental [13] and an application-driven perspective [14].

protein purification were purchased from Thermo Scientific (UK). All

More specifically, AuNPs due to large surface area, intense visible light

buffer components were dissolved in deionised water (DW).

scattering/absorption,

large

electron

density,

low

background

concentrations and catalytic properties have been employed as cargos

Electrode cleaning and SAM formation

able to penetrate cell membrane [15], efficient catalysts [16], image

Planar polycrystalline gold electrodes with a diameter of 1.6 mm

contrast agents [17] and most extensively as parts in biosensors or in

(Bioanalytical systems, USA) were cleaned as previously described

bioanalytical devices [18] with electrochemical detection platform as

[25]. Firstly, a reductive desorption of previously bound thiols was

the most dominant one [19].

employed with a potentiostat Autolab PGSTAT 128N (Ecochemie,

Electrochemical detection of various analytes provides a highly

Netherlands) in a cell with Ag/AgCl reference and a counter Pt

sensitive tool in comparison with other detection platforms in the area

electrode (both from Bioanalytical systems, USA) by applying a cyclic

of biosensing with detection limits down to attomolar level (aM) for

potential scanning from - 1,500 mV to -500 mV in 100 mM NaOH

DNA [20], proteins [21], or even low-molecular weight analytes such

under N2 atmosphere with a sweep rate of 1 V s-1 until a stable cyclic

as pesticides [22]. In this study, we focused on development of a highly

voltammogram was obtained. Then a mechanical polishing of

sensitive biosensor device by immobilisation of a lectin SNA I

electrodes for 10 min on a polishing pad using 1.0 μm and then 0.3 μm

recognising sialic acid on an AuNP layer with integration of such an

particles (Buehler, USA) for a total polishing time of 20 min was

interface with a label-free format of assays based on EIS. Sialic acids

performed, followed by two sonications in DW for 3 min. In the last

have a prominent role in many pathological processes such as chronic

step the electrodes were left in hot piranha (a mixture of concentrated

inflammation, HIV, influenza infection, malaria and cancer [1,23] and

H2SO4 and concentrated H2O2 in 3+1 ratio, handle with a special care)

thus in-situ detection of sialic acid on biomolecules is of special

for 20 min and sonicated in DW for 3 min. Just before the electrode

interest in glycomics. This is the first paper showing detection limit for

patterning by SAM, CV was employed for an electrochemical polishing

glycoprotein determination down to 1 aM level and when we used the

of the electrodes (from -200 mV to 1,500 mV at a scan rate of 100 mV

same calculations as in a previous paper [24], we were able to detect 40

s-1 until a stable CV was obtained – up to 25 scans) and for gold oxide
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stripping (10 cycles starting from +750 mV to +200 mV at a scan rate

In the initial phase the solution was slowly aspirated from the electrode

of 100 mV s-1) from the electrodes in 100 mM H2SO4.

surface without touching the surface and dispensed back slowly to the

Electrochemical polishing procedure run for 2 cycles was applied

electrode. The whole procedure was repeated several times within a

for estimation of a surface coverage of gold nanoparticles attached to

timeframe of 1 min and the same procedure was applied during

polycrystalline gold covered by a thiol linker by integration of a gold

glycoprotein incubation, as well. In order to block non-specific

reductive peak as proposed previously [25]. A value of electrochemical

interactions with the biosensor, 5% PVA in DW was incubated with the

gold electrode surface area with gold nanoparticles attached was

electrode surface for 30 min. The PVA solution was freshly prepared

subtracted from a value of electrochemical gold electrode surface area

just before the surface blocking by dilution of the PVA in DW having

without having gold nanoparticles and this value was then recalculated

approx. 80 °C, the solution was well mixed and cooled down to

as coverage of AuNPs.

laboratory temperature before being applied to the electrode surface.

The electrodes were washed by DW and absolute EtOH, left to dry

All these steps are schematically shown in Scheme 1.

in dustless environment and subsequently immersed in 1 mM solutions
of different aminoalkanethiols for 24 hours (to provide a high-density
monolayer). After incubation, the electrodes were washed by absolute
EtOH and finally by DW. After the aminoalkanethiol linker layer
formation, a gold nanoparticle layer was prepared on the first SAM
layer by immersing the modified electrodes into a solution of 5, 10 or
20 nm nanoparticles (undiluted stock solutions as obtained from
provider) in the inverted position overnight. 6-aminohexanethiol and
11-aminoundecanethiol were prepared as 1 mM solutions in absolute
EtOH, while cysteamine hydrochloride was diluted in DW to get the
same concentration.
Scheme 1: A graphical representation of all steps applied during
biosensor construction and application (from left to right): formation

Oxidation of the glycan structures
Glycan of ASF was chemically oxidised using sodium periodate

of a linker layer (NH2-terminated alkanethiol-AT) on a gold surface (1st

according to a standard protocol [26]. Shortly, a 10 μM stock solution of

SAM on AuE); deposition of gold nanoparticles (AuNPs) and formation

ASF was oxidised by 10 mM sodium periodate in 50% acetonitrile for

of a 2nd mixed SAM layer consisting of 11-mercaptoundecanoic acid

2 h in the dark at laboratory temperature. The reaction was stopped by

and 6-mercaptohexanol on AuNPs; activation of carboxyl group and

an addition of ethyleneglycol to the final concentration of 15% (v/v)

subsequent covalent attachment of SNA I lectin and finally an

and incubated for an additional 1 h in the dark. Further, free aldehyde

application of the lectin biosensor in the biorecognition of a

groups formed by the glycan oxidation were blocked by addition of 1

glycoprotein fetuin (FET).

mM cysteamine. The mixture was incubated for 1 h in the dark and
finally the ASF with glycan oxidised (OxASF) was recovered with

Glycoproteins were incubated with the biosensor surface in an
inverted position for 20 min (35 min for the aM concentration level)

a desalting column.s

from its aqueous solution with concentrations spanning several orders
of magnitude (from 1 aM up to nM levels). The electrode surface was

Preparation of a bioreceptive surface
A mixed 2

nd

SAM layer was deposited on AuNP modified

washed by DW after incubation with a glycoprotein and the EIS

11-

measurement was performed in an electrolyte containing 5 mM

mercaptoudecanoic acid (MUA) and 1 mM 6-mercaptohexanol (MH,

potassium hexacyanoferrate(III), 5 mM potassium hexacyanoferrate(II)

both in ethanolic solutions) by incubation in the dark for 30 min. The

and 100 mM KCl. The EIS measurement was run at 50 different

surface was washed by absolute EtOH and DW. A covalent coupling of

frequencies (from 0.1 Hz up to 100 kHz) under Nova Software 1.8

SNA I lectin on polycrystalline gold electrode modified by gold

(Ecochemie, Netherlands). Data acquired were evaluated using the

nanoparticles with attached mixed SAM layer was performed via

same software represented in a Nyquist plot with a circuit R(C[RW])

standard amine coupling chemistry with the first step being an

employed for data fitting.

polycrystalline

gold

from

a

mixture

1+1

of

1

mM

activation of a carboxylic group of MUA by a mixture of 200 mM EDC
and 50 mM NHS (1+1) for 15 min. The surface was washed by DW

SPR measurements

and followed by incubation with 40 µl of a 10 μM lectin stock solution

For the SPR measurements, a gold chip (12x12x0.3 mm, Litcon,

in a 50 mM phosphate buffer pH 6.5 for 20 min in an inverted position.

Sweden) was used. The chip was modified with HS-(CH2)11-NH2 and
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subsequently with 20 nm AuNPs outside SPR machine (see section

4

Atomic force microscopy (AFM)

Electrode cleaning and SAM formation) and subsequently inserted into

Ambient contact and non-contact mode atomic force microscopy

SPR machine (SR7000DC, Reichert, USA) operated with an

imaging was carried out with a Veeco microscope (Di CP-II,

autosampler. First, EtOH was injected for a few minutes, followed by

Plainview, USA) in conjunction with the integrated Veeco DiProScan

injection of 1 mM solution of alkanethiols (1+1 MUA and MH) for 30

control software at a scan rate of 1 line s-1 with the tip set to 120 nN.

min, and washed with EtOH again. After this procedure was

Square shaped gold chips (12x12 mm with a thickness of 0.3 mm,

completed, the surface was washed by a PBST solution (11.3 mM

Litcon AB, Sweden) modified as previously described for gold

NaH2PO4, 9 mM KOH, 137 mM NaCl containing 0.05% (v/v) Tween-

electrodes were imaged with an AFM tip MPP-11123 having a

20, pH 7.4) and this solution was applied as a running buffer in the

diameter of 10 nm and images were finally processed by the IP

subsequent modification steps. Carboxylic groups were activated by

AutoProbeImage 2.1.15 software.

injection of a mixture (1+1) of 0.2 M EDC and 0.05 M NHS for 15
min. After washing the chip with a running buffer, a 10 µM stock

Scanning electron microscopy (SEM)

solution of SNA I lectin in PBS (11.3 mM NaH2PO4 , 9 mM KOH, 137

Structural observations of a surface modified by 20 nm gold

mM NaCl, pH 7.4) was injected with an immobilisation process taking

nanoparticles were performed by a field emission scanning electron

20 min, and finally the surface was washed by PBST. The flow rate of

microscopy (SEM – JEOL 7600 FEG) at different magnifications. The

5 µl min for every incubation step was applied. In the reference flow

acceleration voltage of 15 kV and current of 0.09 nA were used to

cell the chip has been modified by the same procedure, but did not

acquire SEM images.

-1

involve lectin immobilisation. The sensorgram was recorded and
evaluated using SPR Autolink software 1.1.7 (Reichert, USA). For
calculation of the total amount of bound lectin the conversion 1 µRIU =
1 pg mm-2 (according to the manufacturer) was applied.



Results and discussion

Electrochemical characterisation of a 2-D array of AuNPs
Three different aminoalkanethiols (HS-(CH2)2-NH2, HS-(CH2)6NH2 and HS-(CH2)11-NH2) and one dithiol (HS-(CH2)8-SH) were

Lectin microarray assays

deposited on a polycrystalline gold surface as a linker layer for

Lectin microarray experiments were run with PBS as a printing

subsequent AuNPs adsorption. EIS was applied to get a basic

buffer, PBST as a washing buffer and PBST containing 1 M

characteristic of the interface – charge transfer resistance Rct, which

ethanolamine applied as a blocking buffer. Shortly, five different

was consistently higher for a aminoalkanethiol layer, when comparing

concentrations of three different glycoproteins (FET, ASF and oxASF)

to the Rct of an aminoalkanethiol layer with deposited AuNPs (Fig. 1).

were spotted using SpotBot3 Microarray Protein edition (Arrayit, USA)

Although this behaviour might be surprising, it is in a good agreement

on an epoxide coated slides Nexterion E (Schott, Germany) using a

with observations done by Gooding [12]. When HS-(CH2)8-SH dithiol

previously optimised protocol. Spotting temperature was set to 10 °C

was applied for formation of a linker layer with 20 nm AuNPs

and humidity to 50 %. Subsequently, the slide was placed in the

deposited, extremely high Rct of (169 ± 30) kΩ was observed, a value

humidity chamber for 1 h at the room temperature with humidity of 80

larger by 2 orders of magnitude, when compared to values observed for

%, blocked using a blocking buffer at room temperature for 1 h and

any of aminoalkanethiol linker layers formed. Moreover, this dithiol

with slow shaking, rinsed under a gentle stream of a printing buffer in a

layer exhibited incomplete semicircle in a Nyquist plot, what caused

Petri dish, and drained to remove excess of a buffer. Then, 70 µl of 67

problems for subsequent reliable signal reading. The 2nd parameter

nM biotinylated SNA I lectin in a binding buffer was applied to the

being characterised was the size of AuNPs deposited on HS-(CH2)11-

slide surface and incubated for 1 h. After the lectin incubation, the slide

NH2 linker layer. The Rct of a linker SAM layer dropped after

was incubated with the CF555-streptavidin solution (5 µg ml in a

deposition of all different AuNPs approximately to the same value (Fig.

binding buffer) for 15 min. After the washing procedure was

S1). These results suggest interfacial properties of a hybrid interface

completed, the slide was scanned using InnoScan710 scanner

were more influenced by a changed length of a linker thiol compared to

(Innopsys, France) at the wavelength of 532 nm. The slide image was

the changed size of AuNPs deposited. Thus, it can be anticipated,

evaluated using the Mapix 5.5.0 software and slide image was

thickness of a linker layer might influence performance of the final

evaluated in Photo-PAINT X5 software (Corel, USA) by evaluation of

biosensor device to a higher degree, when comparing to the influence

the intensity of green spots (144 pixels) with a black colour having a

of the size of AuNPs deposited.

-1

value of 0 and a green one having a value of 255. Intensity of four
independent array spots was evaluated for every glycoprotein analysed.
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Fig. 1:

C6

C6 + Np

C11 C11 + Np

(Rct of the gold electrode

Fig. 2: SEM images of 20 nm AuNPs on the modified surface at

modified by thiols or by thiols with nanoparticles is subtracted from Rct

magnification of 20,000x (on left) and 100,000x (on right). The gold

of a bare gold electrode) of a 2-D array of AuNPs using 20 nm

chip surface was firstly modified by HS-(CH2)11-NH2 and only then

nanoparticles. Abbreviations: C2 = HS-(CH2)2-NH2, C6 = HS-(CH2)6-

AuNPs were deposited to form a 2-D array.

ct

NH2, C11 = HS-(CH2)11-NH2 and Np = nanoparticle. Experiments were
done at least in triplicate.

SEM images at higher magnifications were utilised in calculation
of a surface coverage with a value of (0.073 ± 0.006) pmol cm-2 for 20

Electrochemical reduction of a gold oxide formed during CV in

nm AuNPs found. This suggests electrochemical investigation of

H2SO4 can provide quantitative information about electrochemical gold

surface coverage for AuNPs gave reliable results even without a need

surface area. A typical surface area of a polycrystalline gold electrode

for an expensive instrumentation such as SEM. A lower surface

was (0.025 ± 0.003) cm2 with a roughness factor of 1.2 ± 0.1. The

coverage revealed by electrochemistry compared to SEM investigation

electrochemical gold surface area with AuNPs deposited was as

might be due to partial desorption of HS-(CH2)11-NH2 linker together

follows: (0.054 ± 0.003) cm2 for 5 nm AuNPs, (0.039 ± 0.001) cm2 for

with AuNPs during CV sweeps or due to differences in the topology of

10 nm AuNPs and (0.034 ± 0.001) cm2 for 20 nm AuNPs. When the

the gold surface investigated by electrochemistry (a polycrystalline

electrochemical gold surface area with AuNPs adsorbed was subtracted

gold electrode with a long history of polishing steps) or by SEM (a

from the electrochemical surface area of a polycrystalline gold, the

planar gold chip). When a hard sphere model was applied for

electrochemical gold surface area attributed only to AuNPs can be

calculation of a theoretical coverage of a full monolayer of AuNPs

calculated and subsequently a surface coverage was estimated as

[27], 5 nm AuNPs formed (33 ± 2)%, 10 nm AuNPs formed (16 ± 1)%

follows: (2.5 ± 0.1) pmol cm-2 for 5 nm AuNPs, (0.29 ± 0.01) pmol cm-

and 20 nm AuNPs formed (10.1 ± 0.3)% of a theoretical coverage for a

2

for 10 nm AuNPs and (0.048 ± 0.001) pmol cm -2 for 20 nm AuNPs

full monolayer of AuNPs.

(Fig. S2). SEM revealed a homogeneous formation of 2-D array of 20
nm nanoparticles on the entire surface (Fig. 2).

AFM characterisation of a 2-D array of AuNPs
It was quite difficult to get AFM image of a 2-D array of AuNPs in
a contact mode of operation and only AFM image on a gold surface
modified by 5 nm AuNPs was acquired. In order to see presence of
AuNPs on gold surfaces, a non-contact mode of operation for AFM
gave satisfactory results. A root mean square surface roughness R q
increased with an increasing size of AuNPs in order R q=2.6 nm for 5
nm AuNPs, Rq=4.1 nm for 10 nm AuNPs and Rq=4.4 nm for Rq=20 nm
AuNPs (data for 5 nm AuNPs are shown in Fig. 3). For comparison, a
root mean square surface roughness Rq for a planar gold chip was 0.9
nm (data not shown). A striking difference in surface pattern is obvious
by comparing AFM image acquired on gold surface patterned by 5 nm
AuNPs in a contact and a non-contact mode. While in a contact mode a
high density of isolated features can be seen, in a non-contact mode
only few features were seen. These images might suggest formation of
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a first dense layer of AuNPs directly on a linker layer seen in a contact

number of (40 ± 1) lectin molecules per a nanoparticle within a 2-D

mode AFM with formation of a weakly adsorbed second layer of

array deposited from 20 nm AuNPs.

AuNPs seen only in a non-contact mode AFM. Fortunately, we can

Preparation of the biosensor

assume incubation of these surfaces with a 2nd mixed SAM layer might
nd

Even though electrochemical investigation of 2-D AuNPs array

induce detachment of a weakly adsorbed 2 layer of AuNPs leaving a

suggested higher influence of a thickness of a thiol linker compared to

homogeneous array of AuNPs.

the size of AuNPs on the biosensor performance, we wanted to confirm
this by comparison of basic characteristics of the full biosensor. From
Table 1 it can be really seen a linker length has a substantial effect on
the performance of the biosensor affecting all parameters examined. A
very low detection limit for the lectin biosensor of 1 aM was observed,
when a 2-D AuNP array was deposited on a HS-(CH2)11-NH2 linker
layer. The same detection limit was achieved by the biosensor device
prepared with a HS-(CH2)8-SH linker layer, but signal reading by this
biosensor was quite difficult due to presence of an incomplete
semicircle in a Nyquist plot. Small change in absolute Rct of the
biosensor seen with linkers HS-(CH2)2-NH2 and HS-(CH2)6-NH2 can
have a negative on the performance of the biosensor due to lower
reliability of signal reading. Thus, a linker layer formed by deposition
of HS-(CH2)11-NH2 was chosen for further experiments.
Table 1: The influence of the thiol linker on the biosensor performance
using 20 nm AuNPs
Linker
i.e.
1st SAM

Linear
range

RSD

RSD

FET

ASF

[%]

[%]

Fig. 3: An AFM image acquired in a non-contact mode on gold chip
surface firstly modified by HS-(CH2)11-NH2 linker and then by
deposition of 5 nm AuNPs (on left) and the same gold chip surface
investigated in a contact mode (on right) is shown, as well.

Quantification of the amount of immobilised lectin
In order to quantify the amount of lectin immobilised on the
surface patterned by a 2-D array of 20 nm AuNPs, SPR experiment

[aM]

S
[Ω

7

6.5

4.8

NH2

≈
100

13.2 ± 0.6

9

8.6

7.2

≈ 10

4.7 ± 0.2

NH2

8

13

9.5

≈1

HS

49 000 ±
3000

mixture of EDC/NHS (phase 2) and finally immobilisation of SNA I

unrestricted interaction of the lectin with its analyte, a feature important
for high sensitivity of detection. Moreover, quantification of the

and Rct
during

Moderate

(CH2)11-

islands seen in AFM [29]. This surface coverage of SNA I should allow

initial Rct

assay*

HS-

highly diluted carboxyl containing SAM layer with isolated protein

absolute
Rct

HS(CH2)8-

2nd SAM layer (phase 1), subsequent activation of a –COOH group by a

surface coverage of 2.1 – 2.5 pmol cm-2 for immobilised protein on a

change in

Very high

experiment shown in Fig. S3 revealed successful formation of a mixed

immobilised as 1.9 pmol cm-2. This value is in a good agreement with a

absolute
Rct

able to provide such information has been carried out [28,29]. The

lectin (phase 3). SPR method allowed to quantify the amount of SNA I

change in

Small

HS(CH2)6-

Comment

decade-1]
Small

HS(CH2)2-

DL

initial Rct
7

14

7.6

≈1

338 ± 11

NH2

and Rct
during
assay

RSD – relative standard deviation of detection of a particular analyte
on different electrodes – i.e. it shows reproducibility of construction of
independent biosensor devices, FET – fetuin, ASF – asialofetuin, DL –
detection limit, S – sensitivity of the biosensor i.e. a slope in a linear
range of the biosensor,* problems with signal reading due to presence
of an incomplete semicircle

amount of lectin immobilised allowed us to calculate an approximate
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Table 2 proves the size of AuNPs has influence on the performance of

biosensor towards FET was (0.5 ± 0.1) aM and towards ASF of (0.8 ±

the biosensor, affecting mainly linearity of the output biosensor signal

0.3) aM.

and reproducibility of assays, when 5 nm AuNPs were used for

The biosensor performance to detect three glycoproteins with

generation of 2-D array of AuNPs. Utilisation of 5 nm and 10 nm

different level of sialic acid present was validated by a lectin array,

AuNPs is not a good choice for preparation of the lectin biosensor since

which is a current state-of-the-art tool for profiling of glycans on

such device did not respond to its analyte in a linear fashion. The best

glycoproteins (Fig. S4). Quantification of the intensity of spots

performance of the lectin biosensor was observed, when a 2-D array of

confirmed the highest response towards 1000 nM FET, followed by

AuNPs was prepared from 20 nm AuNPs showing linear signal in a

100 nM FET, 1000 nM ASF and 1000 nM OxASF (Fig. 6). The

wide

response towards 1000 nM OxASF was (19.7 ± 5.0) intensity units, a

range

of

concentrations

and

these

nanoparticles

were

value comparable to the background signal of (14.8 ± 2.4) intensity

subsequently applied in further studies.

units obtained with a printing buffer. A very similar binding profile was
Table 2: The influence of the size of AuNPs on the biosensor

obtained by the lectin biosensor device. It is worth noting, lectin array

performance using a HS-(CH2)11-NH2 linker

offers quite narrow linear range of detection, a common feature of

DAuNP

Linear

[nm]

range

5

RSD

RSD

FET

ASF

[%]

[%]

?

53

15

fluorophore-based devices. Typical detection limits obtained so far for
DL
[aM]
≈1

10

?

13

10

≈1

20

7

14

6.9

≈1

Comment

analysis of glycans by lectin array are in the range pM-nM [6,30].
Thus, the presented lectin biosensor was successfully validated offering

Non-linear
response

detection limit 106-109 times lower compared to lectin microarrays,
while offering a label-free mode of operation.

Non-linear
response
Linear

buffer

8000

response

10 aM ASF
10 aM FET

RSD – relative standard deviation of detection of a particular analyte
on different electrodes – i.e. it shows reproducibility of construction of

6000

detection limit

Validation of the biosensor

-Z´´ []

independent biosensor devices, FET – fetuin, ASF – asialofetuin, DL –

4000

It can be concluded the best performance of the biosensor was
obtained by the use of a HS-(CH2)11-NH2 linker and 20 nm AuNPs.

2000

A typical response of the biosensor towards two analytes FET and ASF

response towards these two analytes is specific, a control experiment
with oxidised ASF (OxASF) not having recognisable sialic acid was
performed and the calibration curve of the biosensor for these three

Rct FET

Rct ASF

in a low aM concentration range is shown in Fig. 4. In order to prove a

0
0

2000

4000

6000

8000

Z´[]

glycoproteins is shown in Fig. 5. The biosensor responded to FET with
sensitivity (i.e. a slope in a linear range of the biosensor) of (338 ± 11)

Fig. 4: A response of the biosensor represented in a Nyquist plot based

Ω decade-1, to ASF with a sensitivity of (109 ± 10) Ω decade-1 and to

on 2-D array of nanoparticles prepared on a gold electrode surface

OxASF with a sensitivity of (79 ± 13) Ω decade-1. When a non-specific

modified by a HS-(CH2)11-NH2 linker and 20 nm AuNPs in the presence

signal sensitivity provided by incubation with OxASF was subtracted

of a plain buffer and in the presence of two analytes fetuin (FET) and

from the biosensor sensitivity to FET, a specific response of the

asialofetuin (ASF), both with concentration of 10 aM.

biosensor for this analyte was (259 ± 17) Ω decade-1. In the same way a
specific sensitivity of the biosensor for ASF was calculated to be (30 ±
16) Ω decade-1. Thus, we can conclude the biosensor not only detects
its analytes down to aM level, but is able to provide information about
the amount of glycan determinants present on a particular glycoprotein.
When S/N=3 ratio was taken into account, a detection limit of the
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treatment [33]. Typical detection limits for SPR are down to nM level
[34], for SPR imaging (an array format of analysis) down to 20 nM

4000
FET
ASF
OxFET

3000

[35], for enzyme-linked lectin assays down to low nM or sub nM level
[36], for QCM down to µM or nM level [37] and for reflectometric

Rct []

interference spectroscopy down to 100 nM level [38].
Electrochemical

2000

detection

platform

in

combination

with

immobilised lectins offered lower detection limits when compared to
other detection platforms mentioned above. Two glycoproteins labelled

1000

with quantum dots were electrochemically detected with a detection
limit down to 34 nM or 3 pM [39] and a biosensor integrated with

0
1E-19

1E-17

1E-15

1E-13

1E-11

c [M]

concanavalin A labelled with daunomycin detected glycoprotein down
to 100 pM [40] with utilisable concentration range spanning 2-3 orders

Fig. 5: A calibration plot of the lectin biosensor prepared on a gold

of magnitude. EIS-based electrochemical detection platform offered

electrode modified by HS-(CH2)11-NH2 linker and 20 nm AuNPs in the

detection limit down to 20 fM [41] or 150 fM for two glycoproteins

presence of two analytes fetuin (FET) and asialofetuin (ASF); and in

using two immobilised lectins [42] or down to low nM range for

the presence of oxidised asialofetuin (OxASF). The experiment was

ovalbumin with a concanavalin A integrated biosensor [43]. In our

performed at least on three different electrodes.

recent study we constructed a lectin biosensor integrated with EIS
detection scheme offering a detection limit down to 0.3 fM for a
glycoprotein [44]. Thus, the biosensor device presented here offered
the lowest detection limit for any lectin-based bioanalytical device or

200

any analytical instrumentation for analysis of glycoproteins published
so far. Moreover, the constructed biosensor device offered 4-9 orders of

F [arbitrary units]

150

magnitude lower detection limit compared to other EIS-based devices
integrated with lectins.

100

The constructed biosensor can analyse a sample within 30-40 min
with 20-30 min needed for sample incubation, about 5 min for EIS

50

measurements and a couple of minutes necessary for the electrode
washing and the electrode integration within a measurement set-up. An

0
100 nM FET

1000 nM FET 1000 nM ASF 1000 nM OxASF

buffer

overall analysis time of the proposed biosensor is considerably shorter

Sample

compared to ELISA-like lectin assays with a response time of at least 4
Fig. 6: Quantification of the lectin microarray response towards

h [41].

different analytes such as fetuin (FET) at two different concentrations

The proposed lectin biosensor device exhibit features, which are

100 nM and 1000 nM, 1000 nM asialofetuin (ASF), 1000 nM oxidised

detrimental for analysis of disease biomarkers, which can be present in

asialofetuin (OxASF) and a buffer. Data presented in this figure were

physiological fluids at extremely low concentrations, what is quite a

read from the image shown in Fig. S4.

challenge for biomedical/clinical diagnosis.

Comparison to other glycan/glycoprotein detecting tools



Conclusions

Glycoproteins can be detected with instrumental tools such as

An extensive optimisation of an interfacial layer of the biosensor

HPLC and capillary electrophoresis coupled with mass spectrometry or

prepared by layer-by-layer approach resulted in an ultrasensitive and

using a battery of bioanalytical tools based on integration of lectins for

robust biosensor device able to detect glycoproteins. Fetuin and

a glycoprotein biorecognition. Combination of capillary electrophoresis

asialofetuin were chosen as model glycoproteins, since these proteins

with mass spectrometry offered detection limit of 1.8 µM [31]. Liquid

contain sialic acid, a glycan determinant employed in numerous

chromatography combined with tandem mass spectrometry provided

physiological and pathological processes. The biosensor responded to

detection limit for serum glycoproteins down to 200 pM level offering

its analytes linearly spanning 7 orders of concentration magnitude, a

linear range within 3 orders of magnitude, but a quite complex and

feature important for analysis of real samples with proteins present at

time-consuming sample pre-treatment was needed [32].

significantly different concentrations. A detection limit of the biosensor

Integration of lectins with analytical instrumentation has attractive

starting from ≈1 aM level (e.g. 24 glycoprotein molecules in 40 µl of a

features such as short time of analysis and a simple sample pre-

sample or 40 yoctomoles) can guarantee the device will detect even
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Supplementary information

Figures

600

Rct []

400

200

0
SAM + 5 nm

C11NH2 SAM

SAM + 10 nm

SAM + 20 nm

Fig. S1: The influence of the size of AuNPs on R ct of an interface formed by a 2-D array of AuNPs using HS-C11-NH2 as a linker. Abbreviation used:
C11NH2 SAM = self-assembled monolayer formed from HS-(CH2)11-NH2. Experiments were done at least in triplicate.
2.0x10

12

12

1.0x10

12

5.0x10

11

2

-2

NAuNP [cm ]

-2

1.5x10

 [pmol cm ]

3

1

0.0

0
20 nm

10 nm

5 nm

Fig. S2: Density of AuNPs or a surface coverage of AuNPs on the modified gold surface on the surface as read from electrochemical experiment by
calculation of an electrochemical gold surface area. The interface was formed using HS-(CH2)11-NH2 as a linker. Experiments were done at least in
triplicate.

31000
1

30500
b

30000

3

4000

a

3000
f
2000

SNA

SPR [RI]

2

1000
d

e

0
c
0

25

50

75

100

125

Time [min]

Fig. S3: SPR experiment showing formation of 1 – mixed SAM consisting of MUA and MH on a 2-D array of 20 nm AuNPs on HS-(CH2)11-NH2 SAM, 2
– activated ester by EDC/NHS and 3 – an immobilised SNA I lectin layer. The experiment was performed as follows: a – injection of a mixture of MUA
and MH in ethanol, b – injection of pure ethanol to remove unbound MUA(MH mixture, c – before a mixture of EDC/NHS was injected over the surface
of a SPR chip, the whole SPR system was washed by a running buffer, d – injection of a plain buffer to remove un-reacted EDC/NHS, e – injection of
SNA I lectin and f – injection of a plain running buffer to remove unbound lectin.
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Fig. S4: Lectin array with SNA I immobilised covalently on epoxide coated glass slides. The microarray was subsequently incubated with (from top to
bottom): 100 nM fetuin (FET, a grey frame), 1000 nM fetuin (FET, a grey frame), 1000 nM fetuin (FET, a grey frame), 1000 nM asialofetuin (ASF, a
green frame), 1000 nM oxidised asialofetuin (OxASF, a blue frame) and a printing buffer (an orange frame).
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