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Abstract

The study presents proof-of-concept for development of an impedimetric biosensor for 

ultrasensitive glycoprofiling of PSA. The biosensor exhibits three unique characteristics: 1) 

analysis of PSA with LOD down to 4 aM; 2) analysis of a glycan part of PSA with LOD down to 4 

aM level and 3) both assays (i.e. PSA quantification and PSA glycoprofiling) can be performed on 

the same interface due to label-free format of analysis.

Introduction

There is a growing incidence and mortality of prostate cancer (PCa), which become the third 

leading cause of all cancer-related deaths amongst men in EU and estimated number of 

deaths caused by PCa was 92 000 in a single year 2012.1 Male androgenic hormones, 

particularly dihydrotestosterone, play a key role in the origin and progression of PCa. Other 

factors include race, lifestyle and genetic predisposition.2 As symptoms in early stages of 

PCa can be mild or even absent, patients become aware of PCa when it develops into more 

advanced or aggressive form, when the curability is inefficient. Golden standard for PCa 

diagnosis for more than twenty years was analysis of a prostate specific antigen (PSA) in 

serum. However, the serological level of PSA varies to high extent with age and ethnicity 

and test itself can provide variable results leading into false positive/negative results. Due to 

low sensitivity, specificity and prognostic value of PSA biomarker, in 2012 the US 

Preventive Services Task Force advised against analysis of PSA for routine screening of 

PCa.3 Thus, new and more reliable methods for PCa diagnosis are needed. Biomarker 

discovery in the field of PCa diagnosis and prognosis is therefore focused on novel targets 

such as circulating microRNAs4, gene fusions5, exosomes6 or changes in the glycan 

structure7 of PSA.

Monitoring of aberrant protein glycosylation for identification of various types of cancers8 

and as targets for personalised medicine9 is gaining a momentum in recent years with at 

least 13 glycoprotein-based cancer biomarkers approved by the US Food and Drug 

Administration (FDA)8b. An increased attention to study correlation between cancer disease 
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progression and changes in the glycan composition is due to involvement of glycan 

biorecognition in a wide range of cellular processes10 with the potential to use such 

knowledge for development of advanced therapeutic/diagnostic tools to treat numerous 

diseases in the future.11 The most frequently applied instrumental tool for structural analysis 

of glycans is mass spectrometry, which can be further combined/integrated with a diverse 

range of chromatographic and electrophoretic techniques.12 Even though instrumental 

machinery applied for glycan analysis can provide details about glycan microheterogenity, 

such approach is not suitable for routine and high-throughput glycan analyses. An 

alternative way of glycan analysis is to use naturally occurring proteins designed by nature 

to recognise glycans – lectins. Lectins are proteins recognising free or bound mono- and 

oligosaccharides with an affinity site being a shallow groove or a pocket present on the lectin 

surface. The main interaction between glycan and lectin involving four main amino acids 

(asparagine, glycine/arginine and aromatic amino acids) is triggered via hydrogen and 

hydrophobic bond, while electrostatic interactions are responsible for binding of negatively 

charged glycans containing sialic acids.13 Lectins, can in some cases recognise different 

linkages two carbohydrates are linked together within a glycan moiety (i.e. α2-3 linked vs. 

α2-6 linked sialic acid to galactose), what is not a trivial task for instrumental-based 

approach.11a, 12b Moreover, lectins can detect glycans, which are still attached to the 

protein backbone or present on the surface of the cells, thus, a simplified analysis protocol 

can be used.13 Additional advantage of using lectins is their ability to “sense” subtle 

changes in the glycan structure, as proved in the study, where 26 different lectins 

recognising N-acetylgalactosamine moiety were applied in glycoprofiling of samples from 

patients suffering from breast cancer.14 Lectins applied in a microarray format despite 

providing high throughput of analysis cannot detect low level of glycans (LOD in sub nM 

level) and there is a requirement to use a label.15 Thus, other detection platforms, which can 

offer high sensitivity of detection working in a label-free mode of operation are intensively 

sought.7b, 13, 16

Electrochemical impedance spectroscopy (EIS) is one of label-free methods, which can 

allow detection of analytes down to a single molecule level.13, 17 The method is based on 

application of a small sinusoidal perturbation to an electrode and the output from the 

measurement is charge transfer resistance (Rct) of the electrode. After exposure of the 

biosensor to the analyte, Rct changes, what can be used for quantification of analyte 

concentration. The first EIS-based biosensor to evaluate glycan-lectin interactions was 

prepared by Joshi´s group18 and since then an increased interest to apply such approach 

especially in combination with immobilised lectins for analysis of intact glycoproteins and 

even various types of cancerous cells can be seen.13, 19 From our recent comprehensive 

review it is clear that glycoprofiling of PSA by electrochemical-based biosensor has not 

been done.13 Thus, in this work, the first lectin-based impedimetric biosensor for PSA 

glycoprofiling was developed. Moreover, label-free mode of operation not only allows to 

glycoprofile PSA, but also to detect its concentration in an ultrasensitive fashion (i.e. down 

to aM concentration level). This is possible by immobilisation of an antibody against PSA 

on the electrode surface, then incubation of the biosensor with PSA takes place and the final 

step is interaction of lectin with the biosensor via a glycan moiety present on PSA (Fig. 1).
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Results and discussion

Concentration of an antibody

The first parameter being optimised was concentration of an antibody applied for its 

covalent immobilisation on a mixed SAM. When 6.7 nM stock solution of an antibody was 

incubated with activated SAM layer the density of antibody on the surface was so high, the 

biosensor could not detect any PSA upon incubation with the immunosensor (data not 

shown). This is why much lower concentration of an antibody was used in the subsequent 

experiments during Ab immobilisation (13 pM and 130 pM) to optimise this parameter. The 

results showed that 13 pM antibody solution applied for Ab immobilisation was not 

sufficient to immobilise Ab at density required for sensitive analysis of PSA since the slope 

of the calibration curve was 9.6-fold lower compared to the biosensor prepared by 

immobilisation of Ab from 130 pM stock solution (Fig. S1). Moreover, the biosensor 

constructed by immobilisation of Ab from 130 pM stock solution provided much wider 

linear response compared to the one constructed by immobilisation of Ab from 13 pM stock 

solution. This is why in the subsequent experiments the biosensor was prepared by 

immobilisation of Ab from its 130 pM stock solution.

Composition of SAM

In preliminary experiments various types of thiols with a concentration of 1 mM (being a 

typical concentration for SAMs formation20) for deposition of a mixed SAM were tested 

including besides aliphatic thiols such as MUA and MCH also thiols containing 

oligoethylene functional groups (i.e. –O-CH2-CH2-), but such mixed SAMs exhibited high 

initial Rct values, not favourable for construction of an impedimetric biosensor working in a 

sandwich configuration.

Quality of various SAMs could be examined using CV in the presence of a redox probe 

potassium hexacyanoferrate(III) (ferricyanide) and using EIS20, and such experiments are 

shown in Fig. S2 and Fig. S3. A redox process is observable on an Au electrode modified by 

pure MCH SAM or on the surface modified by a mixed SAM composed of MUA to MCH 

ratio of 1:33, but at lower dilution of MUA within MUA and MCH mixture capacitive 

behaviour start to be dominant indicating absence of pinholes (Fig. S2).21 Results obtained 

by CV are consistent with data obtained by EIS showing that deposition of SAM increases 

peak separation (or diminishes any redox process) and Rct compared to a bare Au electrode 

and that an increased proportion of MUA within a mixed SAM also resulted in high peak 

separation and value of Rct. Moreover a reductive desorption to strip SAM from the gold 

electrode by application of a negative voltage, run according to our previous study22 

indicated that density of thiols within a mixed SAM were 4.4 molecules nm-2 for a mixed 

SAM composed of MUA:MCH=1:33 or 4.5 molecules nm-2 for a mixed SAM composed of 

MUA:MCH=1:3, suggesting presence of highly dense SAM layers with packing density 

comparable to a full monolayer based on (√3 × √3)R30° thiolate-gold structure (i.e. 4.5 

molecules nm-2 23 or 4.7 molecules nm-2 24).

Since density of immobilised ligands on the biosensor surface influence biorecognition 

properties to high extent, the second optimisation parameter was composition of a mixed 
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SAM, since this influences density of immobilised antibodies on the surface. Sensitivity of 

PSA detection was the highest with the immunosensor prepared on a mixed SAM with 

MUA:MCH ratio of 1:3 with a value of (8.7 ± 0.8) % decade-1, followed by the biosensor 

developed on a mixed SAM with MUA:MCH ratio of 1:10 with s=(2.9 ± 0.4) % decade-1 

and the least sensitive PSA biosensor was the one based on a mixed SAM with MUA:MCH 

ratio of 1:33 with s=(2.2 ± 0.2) % decade-1 (Fig. 2). In all cases linear range for PSA 

detection spun 10 concentration orders of magnitude. For the following studies biosensor 

constructed on gold electrode modified by a mixed SAM with MUA:MCH ratio of 1:3 was 

selected (see Nyquist plots applied for construction of a calibration curve in Fig. S4).

Fitting data into an equivalent circuit

The next optimisation step was to find proper equivalent circuit to fit data obtained from EIS 

measurements represented in a Nyquist diagram. Randles circuit i.e. R(C[RW]) is the most 

frequently applied to describe interfacial properties on the electrode surface, but some 

phenomena (i.e. dipole/ion migration through the SAM), which can occur on the interface 

are not described by such circuit.25 This is why two different equivalent circuits i.e. 

R(C[RW]) or R(Q[RW]) were applied for fitting of a distinct set of data obtained in the 

preliminary phase of the study. Solid electrodes (which are not ideally polarizable, compared 

to liquid ones like mercury) don´t usually retain purely capacitive electrochemical double-

layer. The lack of homogeneity during impedance studies is modelled with so-called 

constant-phase element (CPE), represented by the Q symbol. The impedance of CPE is 

described as

where n is an empirical constant. It is interesting to point out that when n approaches 1, the 

CPE behaves as an ideal capacitor, and on the contrary, when n = 0, it becomes a pure 

resistor. Thus for not ideally spherical semicircles, using the R(Q[RW]) model yields lesser 

fitting errors and more accurate Rct values. The results really showed that equivalent circuit 

R(Q[RW]) was better to fit EIS data with more reliable identification of Rct values, as can be 

seen in Fig. 3, Table S1 and Table S2 and this is why in the subsequent experiments this 

equivalent circuit was applied for data fitting.

Choice of proper lectin for glycoprofiling

Two different lectins SNA and MAA able to detect terminal sialic acid were chosen to 

investigate binding of lectins to glycan part present on the surface of PSA. From Fig. 4 it can 

be seen that SNA lectin can specifically recognise glycan part of PSA with significant 

increase of Rct, while instead of increase of Rct after interaction of PSA with immobilised 

MAA lectin, a small decrease of Rct is observed (Fig. 4). Thus for further studies, SNA 

lectin was applied to prove if in-situ glycoprofiling of PSA in a sandwich configuration is 

possible. Further, concentration of SNA needed to complete a sandwich configuration was 

optimised, as well. Preliminary results indicate that concentration of SNA of 0.05 or 0.1 mg 

mL-1 resulted only in a moderate change of relative ∆Rct ~13-14%, but incubation of the 

biosensor with 0.5 mg mL-1 SNA concentration resulted in change of relative ∆Rct of (20 
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± 1)%. This is why in the subsequent experiments this concentration of SNA was applied. 

PSA applied in this study was from a healthy donor, since it contains α-2,6 linked sialic 

acid.26

AFM visualisation of the surfaces

AFM was applied to see differences in the surface morphology after each surface patterning 

step. The results indicate surface roughness Rq=(0.91 ± 0.02) nm for a mixed SAM layer 

and such surface roughness increased to a value of (1.45 ± 0.28) after immobilisation of Ab 

and then decreased to a value of (0.71 ± 0.13) after incubation of the biosensor surface with 

PSA. Typical AFM images of the gold surface patterned by a mixed SAM and after 

incubation with anti-PSA antibody are shown in Fig. 5.

Analysis of individual spots revealed that average height of immobilised antibody is (8.8 

± 0.9) nm with a possibility to see extra space between Fab fragments (i.e. indicating that Y 

shape of Ab can be seen in Fig. 5 on right). Such height of antibody is in a good agreement 

with a previous study showing a value of (8.7 ± 0.1) nm27 and indicates attachment of the 

antibody on the surface preferentially via side on orientation of the antibody on the surface 

(Fig. 6)28, also in agreement with the size of an antibody of 14.3 × 7.7 × 4.0 nm.29 The size 

of PSA-Ab complex only slightly increased to a value of (10 ± 1) nm after PSA modified 

surface was exposed to Ab, while the size of individual PSA molecules was (4.1 ± 0.5) nm 

(Fig. S5).

Finally it was demonstrated that the biosensor is able to glycoprofile PSA even though it was 

incubated with high concentration of PSA (i.e. 0.4 nM, clinically relevant concentration), 

when density of protein within two proteins layers (Ab and PSA) is quite high. This is 

possible only due to low initial density of Ab immobilised on the biosensor from 130 pM 

stock solution surface allowing to sense the 3rd protein layer. The final glycoprofiling of 

PSA is shown in Fig. 7B. From data presented in Fig. 2, limit of detection (LOD) was 

calculated taking into account 3×average SD as noise of assays.30 LOD for PSA analysis 

was 4 aM or 5 aM for the biosensor constructed on SAM layer with ratio MUA/MCH of 1:3 

or 1:10, respectively. RSD for PSA analysis by the immunosensor based on SAM with 

MUA:MCH ratio of 1:3 was from 6.9% to 11.3% with an average RSD of (9.1 ± 1.7)%. An 

average RSD for analysis of PSA by the biosensors based on SAM composed of MUA:MCH 

ratio of 1:10 and 1:33 was much higher than this value due to lower sensitivity of detection 

of PSA. It is worth noting that such RSDs are not relative standard errors of PSA analysis, 

but rather represent reproducibility of the biosensor construction, since each calibration 

curve was constructed by an independent biosensor device. When, the biosensor was 

incubated with the plain buffer with 5 consecutive incubations for 20 min, RSD of the assay 

itself was only 1.0%. Glycoprofiling of PSA in a sandwich configuration revealed that SNA 

lectin is able to detect glycans of PSA, when PSA was incubated with the biosensor device 

from a stock PSA solution of 4 aM (see Fig. 7A). From Fig. 7 it can be concluded that the 

immunosensor is able to detect PSA with concentration of 4 aM (Fig. 7A) and much larger 

response is obtained after PSA addition with concentration of 0.4 nM (Fig. 7B) and a final 

glycoprofiling of PSA by SNA was possible for both cases with further increased response 

after addition of SNA lectin. Finally, the biosensor was incubated with human serum of a 
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healthy man, which was measured before and after spiking with PSA added with a final 

concentration of 10 ng mL-1 and such result indicate a recovery index of 95.6%.

Immunosensing of PSA

PSA is one of the most popular analyte to be detected by newly developed biosensor 

devices. Not only affinity based interaction between PSA and its antibody were applied for 

PSA quantification, but also the function of PSA as a protease to cleave peptides.

Label-based methods with fluorescent principle of analysis can detect PSA down to pM 

level31, but 1 fM32 or 3 aM33 LOD were reported, as well; FRET allowed detection of PSA 

down to 50 pM34; electroluminescent detection platform can detect PSA down to 25 fM35 

or 130 aM36. Other label-based methods using various (redox, nanoparticles or enzymes) 

labels can offer LOD for PSA due to amplification strategies down to 32 aM37 or even 3 

aM.38

Label-free methods relying on localised surface plasmon resonance offer LOD down to 3 

fM39 or 130 aM40; surface plasmon resonance imaging down to 3 pM41; surface-enhanced 

Raman scattering down to 313 fM42 and with other optical method down to 300 aM43. 

Microcantilever based biosensors provide LOD for PSA in low pM concentration level44.

Label-free electrochemical methods are extremely sensitive methods for analysis of a wide 

range of analytes relying on diverse range of detection principles.13, 45 EIS for example 

was applied for PSA analysis with LOD down to pM46 or fM47 level. Thus, to our 

knowledge, our approach using controlled interfacial SAM layer for immobilisation of Ab 

against PSA is the most sensitive EIS-based device for analysis of PSA described so far. 

Field-effect transistor (FET) sensing allow to detect PSA with LOD of 10 nM48, but more 

frequently LOD down to aM were achieved.49 Imprinting sensors could detect PSA with 

LOD of 8 aM.50

From all affinity based biosensor devices the most sensitive are the ones based on plasmonic 

ELISA with LOD down to zM level for PSA.40, 51 Analysis of enzymatic activity of PSA 

was applied for determination of PSA employing various techniques with LOD down to 24 

fM.35, 52.

Thus, it can be concluded that our immunosensor for detection of PSA based on EIS is the 

most sensitive impedimetric biosensor described so far with LOD comparable to the most 

sensitive detection schemes for analysis of PSA.

Antibody-assisted lectin glycoprofiling of PSA

Application of a sandwich configuration is not a new approach, since it was introduced in 

2007 by Haab´s group for analysis of two cancer biomarkers other than PSA.53 The main 

principle behind is to use lectin- or antibody-based fluorescent microarrays with subsequent 

incubation of the microarray with PSA and a final incubation with lectins (i.e. Ab-PSA-

lectin)53 or with antibodies (i.e. lectin-PSA-Ab).54 Surface plasmon field-enhanced 

fluorescence spectroscopy is more sensitive with LOD of 630 fM32b compared to traditional 
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fluorescent microarray with LOD in the range 1-44 pM (Ab-PSA-lectin)54c, 55 or 470 

pM-6.3 nM (lectin-PSA-Ab)54. Physiological PSA level in human blood is below 130 pM.

From these studies it can be concluded that other assay formats than fluorescent microarray-

based ones need to be applied to reliably glycoprofile PSA in the physiological 

concentration window and that for this purpose mainly Ab-PSA-lectin sandwich 

configuration is more suitable compared to lectin-PSA-Ab format of analysis. Moreover, 

Ab-PSA-lectin sandwich configuration has additional advantage since PSA could be fished 

out from complex sample in a direct way by incubation with a sample, while in case of 

lectin-PSA-Ab format of analysis, PSA has to be separated from sample prior to 

glycoprofiling. Finally it has to be pointed out to the fact that since all these methods for 

glycoprofiling of PSA are label-based methods, for quantification of PSA level in sample 

additional experiments needed to be performed by PSA quantification done using secondary 

antibodies in a microarray format53, by immunoblotting54a or by standard PSA assay 

kit54b, 54c.

EIS-based glycoprofiling in a sandwich configuration Ab-PSA-lectin developed in this study 

could detect glycans from PSA stock solution of 4 aM, indicating that such biosensor is 

much more sensitive compared to previously described approaches. In order to compete with 

high-throughput sandwich-based glycoprofiling in a fluorescent microarray format, some 

degree of multiplexing of impedimetric analysis has to be performed, what is a feasible task.

7b, 13, 17 Since this contribution is proof of the concept study, the current format of SNA 

glycoprofiling has to be extended by application of other relevant lectins besides SNA26 in 

order to test diagnostic potential of this approach.

Experimental

Chemicals

Mouse monoclonal IgG antibody against PSA (Ab10187) was purchased from Abcam (UK), 

free-PSA (PSA) purified from human seminal fluid was obtained from Fitzgerald Industries 

International (USA). 11-mercaptoundecanoic acid (MUA), 6-mercapto-1-hexanol (MCH), 

ethanolamine, hydrogen peroxide (30% w/w), phosphate buffered saline (PBS) tablets, 

potassium chloride, potassium hexacyanoferrate(III), potassium hexacyanoferrate(II) 

trihydrate, sodium hydroxide, sulphuric acid (95.0 – 98.0%), N-(3-dimethylaminopropyl)-N

′-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were purchased 

from Sigma Aldrich (USA). Sambucus nigra agglutinin type I (SNA-I recognising α-2,6 

linked sialic acid) lectin from elderberry was purchased from EY Laboratories (USA) and 

Maackia amurensis agglutinin (MAA recognizing α-2,3 linked sialic acid) lectin was 

obtained from Vector Laboratories (USA). Ethanol for UV/VIS spectroscopy (ultrapure) was 

purchased from Slavus (Slovakia). PBS solution (10 mM, pH 7.4) was prepared by 

dissolving 1 tablet in 200 mL of ultra-pure deionized water (DW). All solutions were filtered 

prior to use (0.2 μm sterile filters) and prepared in ultra-pure DW. Working solution of PSA 

and anti-PSA were prepared by dilution in PBS (10 mM, pH 7.4).
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Pre-treatment of gold electrodes and surface functionalization

Briefly, polycrystalline gold disk electrodes (d=1.6 mm, BASi, USA) were extensively 

cleaned according to a previously described protocol22, namely by electrochemical 

reductive desorption under anaerobic conditions, mechanical polishing, chemical treatment 

with hot piranha solution, electrochemical polishing and gold oxide stripping procedure. 

Firstly, previously bound thiol molecules were desorbed from the surface using cyclic 

voltammetry (CV) measurements in 0.1 M NaOH (100 scans from -500 mV to -1500 mV at 

a scan rate of 100 mV s-1) under N2 atmosphere. Next, the electrodes were mechanically 

polished on a polishing pad using both 1 μm and 0.3 μm micropolish alumina (Buehler, 

USA) for 5 min each, followed by ultrasonic cleaning in ultra-pure DW to remove residual 

alumina particles. In the further step gold electrodes were dipped into a fresh piranha 

solution (mixture of H2O2 and H2SO4 in the ratio 1:3, caution: handle with special care) for 

approx. 15 min and sonicated in ultra-pure DW for 5 min. Afterwards, electrochemical 

polishing was carried out by performing 50 scans of the potential between -200 mV to 

+1500 mV in a fresh 0.1 M H2SO4 solution with final gold oxide stripping procedure (20 

scans run from +750 mV to +200 mV at a scan rate of 100 mV s-1). Immediately after 

treatment procedure, the electrodes were rinsed thoroughly with DW and ultra-pure ethanol 

and then dried in a flow of nitrogen gas with subsequent surface functionalization using self-

assembled monolayer (SAM) formation. The SAM was fabricated by immersion in a fresh 

mixed solution of 1 mM MUA and 1 mM MCH in ethanol with various ratio MUA to MCH 

(1:3; 1:10; 1:33.3) overnight at room temperature in the dark.

Preparation of lectin biosensor assay

After SAM surface functionalisation, terminal carboxyl groups of MUA were sequentially 

modified with an aqueous solution containing 1:1 mixture of 0.2 M EDC and 0.05 M NHS 

for 15 min. Thereafter, lectins (SNA-I, MAA) were covalently immobilised on the activated 

surface from a 40 μL stock solution (0.5 mg mL-1 in PBS) by 30 min immersion at room 

temperature with further gentle PBS rinsing. In the final step, an incubation of PSA analyte 

(40 μL) was performed for 30 min.

Fabrication of a sandwich immunosensor

Besides lectin biosensor fabrication, we prepared a sandwich immunosensor with final 

glyco-profiling. After SAM formation, monoclonal antibody (anti-PSA) was covalently 

attached on NHS-activated carboxyl groups by incubation with 40 μL of 2 or 20 ng mL-1 for 

30 min. The remaining NHS-active esters sites were passivated by blocking with 1 M 

ethanolamine for 30 min. The following step was capturing of PSA glycoprotein for 30 min 

with a final incubation of electrodes with SNA lectin (40 μL droplet of 0.5 mg mL-1) for 30 

min to glycoprofile a disease specific glycoprotein. After each immobilisation step, 

electrodes were gently washed with a PBS solution.

Electrochemical measurements and apparatus

A laboratory potentiostat/galvanostat PGSTAT 128N (Metrohm Autolab, the Netherlands) 

controlled by NOVA software 1.10 was used to record the changes in the impedance (the 

charge-transfer resistance, Rct) as a result of binding event taking place at the electrode 
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surface. A conventional three-electrode cell system comprising of a gold working electrode, 

auxiliary Pt electrode and Ag/AgCl reference electrode was utilised in all experiments. All 

electrochemical measurements were performed at laboratory ambient room temperature (RT, 

~ 25 °C).

All EIS characterisations were carried out in a fresh and filtered electrolyte containing 5 mM 

ferri/ferrocyanide ([Fe(CN)6]3–/4–) and 0.1 M KCl. Impedance measurements were recorded 

across a 0.1 Hz - 100 kHz frequency range scanning 50 different frequencies applying a 200 

mV a.c. voltage. The acquired data were plotted in the form of complex plane diagrams 

(Nyquist plots) with ideal Randles-Erschler equivalent circuits (R(C[RW]), R(Q[RW])) 

employed for data fitting. Each experiment was conducted at least in triplicate (±SD) with an 

independent biosensor device. Cyclic voltammetry experiments with ferricyanide as a redox 

probe were carried out with a three electrode system in 0.1 M KCl with 5 mM ferricyanide 

in a potential window from -400 mV to +400 mV at a scan rate of 100 mV-1. Reductive 

desorption of thiols for calculation of their coverage was run in 100 mM NaOH 

deoxygenated by purging of N2 through the electrolyte for 15 min with N2 stream over the 

electrolyte during measurements carried in the potential window from -500 mV to -1,500 

mV at a scan rate of 100 mV-1 (the 1st scan was used for calculations). Electrochemical 

surface area was calculated from electrochemical polishing procedure by integration of the 

charge passed through the electrode upon reduction of gold oxide.22

Atomic force microscopy (AFM) analysis

Monitoring of various biosensor interfaces was executed using continuous high-speed peak 

force tapping mode atomic force microscopy (ScanAsyst, Bruker, USA). All AFM 

experiments were performed with a Bioscope Catalyst instrument and Olympus IX71 

microscope controlled by NanoScope 8.15 software in air mode. Square-shape gold chips 

(10x10 mm) were scanned with silicon nitride ScanAsyst-air probe (Bruker, USA) directly 

controlled using a continuous feedback loop. The AFM images were finally processed in 

NanoScope Analysis 1.40 software.

Conclusions

The most sensitive impedimetric biosensor for PSA analysis with extremely low LOD was 

described here. Furthermore, LOD of 4 aM for impedimetric PSA analysis is comparable or 

better than for other detection platforms published so far. The biosensor was successfully 

applied in glycoprofiling of PSA by application of SNA lectin. Moreover, the current label-

free impedimetric detection scheme allows to perform PSA quantification and PSA 

glycoprofiling on the same interface, what has not been described so far. Label-free mode of 

detection has additional advantage that Ab-PSA and PSA-lectin biorecognition is not 

compromised by presence of a label. Further benefit of the current biosensing protocol is a 

minute consumption (130 pM with an incubation volume of 40 μL i.e. 5.2 fmol or 0.78ng) of 

precious and expensive anti-PSA antibody
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Scheme of a biosensor with immobilised antibody (Ab, only binding Fab fragment shown) 

on the modified gold electrode with formation of a complex with prostate specific antigen 

(PSA, pdb file 2ZCH) and a final incubation of the biosensor with lectin (pdb file 1DQ1) 

recognising glycan part of PSA. The structure of proteins was visualised using a Deep View/

Swiss-Pdb Viewer.
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Figure 2. 
Calibration curves for analysis of PSA by the immunosensors differing in the composition of 

mixed SAM (i.e. with MUA:MCH ratio of 1:3; 1:10 and 1:33).
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Figure 3. 
EIS data fitting for Nyquist plots with two different equivalent circuits applied i.e. 

R(C[RW]) (A) or R(Q[RW]) (B) as indicated in the figures. Experimental points obtained 

are shown as symbols and line represent fit of data by a particular equivalent circuit.
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Figure 4. 
Incubation of PSA on the biosensor surface modified by Sambucus nigra agglutinin (SNA, 

recognising α-2,6 linked sialic acid - SA or by Maackia amurensis agglutinin (MAA, 

recognising α-2,3 linked SA).
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Figure 5. 
AFM image of a mixed SAM layer (on left) and after covalent antibody immobilisation (on 

right). Note: it is possible to see Y-shaped antibody feature with two Fab fragments close to 

the figure edge on right.
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Figure 6. 
Height profile of individual Abs from AFM images.
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Figure 7. 
Nyquist plots for the biosensor with immobilised anti-PSA antibody (Ab), after addition of 

PSA (+PSA) and after addition of SNA lectin (+SNA). Two different concentrations of PSA 

of 4 aM (A) or 0.4 nM (B) were incubated with the biosensor device and final in-situ 

glycoprofiling of PSA´s glycan was done by incubation with SNA lectin.
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