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In this paper several advances were implemented for glycoprofiling of prostate specific antigen 

(PSA), what can be applied for better prostate cancer (PCa) diagnostics in the future: 1) 

application of Au nanoshells with a magnetic core (MP@silica@Au); 2) use of surface plasmons 

of Au nanoshells with a magnetic core for spontaneous immobilization of zwitterionic molecules 

via diazonium salt grafting; 3) a double anti-fouling strategy with integration of zwitterionic 

molecules on Au surface and on MP@silica@Au particles was implemented to resist non-specific 

protein binding; 4) application of anti-PSA antibody modified Au nanoshells with a magnetic 

core for enrichment of PSA from a complex matrix of a human serum; 5) direct incubation of 

anti-PSA modified MP@silica@Au with affinity bound PSA to the lectin modified electrode 

surface. The electrochemical impedance spectroscopy (EIS) signal was enhanced 43 times 

integrating Au nanoshells with a magnetic core compared to the biosensor without them. This 

proof-of-concept study shows that the biosensor could detect PSA down to 1.2 fM and at the same 

time to glycoprofile such low PSA concentration using a lectin patterned biosensor device. The 

biosensor offers a recovery index of 108%, when serum sample was spiked with a physiological 

concentration of PSA (3.5 ng mL-1).
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1 Introduction

Prostate cancer (PCa) is the most commonly diagnosed cancer type among men in 92 

countries (1 in 7 men will be diagnosed with PCa in their lifetime) (Saman et al., 2014) and 

one of the most prevalent cancer types in general (Torre et al., 2015). PCa is diagnosed to 

1.1 million men with estimated number of deaths of 307,500 each year (Torre et al., 2015) 

with a projected increase of incidence to 2.1 million by 2035 with up to 633,328 associated 

deaths (O’Reilly and O’Kennedy, 2017). One study even suggests that in 100 years, 50% of 

all men will be diagnosed with PCa in their lifetime (Pollock et al., 2015) due to significant 

aging of population (Moraga-Serrano, 2018).

The most commonly utilized PCa oncomarker – prostate specific antigen (PSA) is not a 

tumor specific, but rather a prostate specific (Ablin, 2014; Ablin and Piana, 2014). This 

means that elevated PSA level in the blood is observed after disruption of the basement 

membrane of the prostate gland as result of prostate inflammation and other conditions 

besides PCa. The discoverer of PSA, a pathologist Richard Ablin is against the use of 

PSA as a diagnostic PCa biomarker nor as a PCa prognostic biomarker (i.e. to distinguish 

indolent from aggressive PCa), but rather suggests to use PSA as an indicator of disease 

recurrence (Ablin, 2014; Ablin and Piana, 2014).

PSA test provides quite high false-positive rate (up to ~75%) (Garnick et al., 2018) meaning 

that 75% of subsequently performed biopsies are avoidable with a significant burden on 

men, society and healthcare system. In addition, 15–17% of men with normal PSA level (i.e. 

up to 4 ng mL-1) already have PCa (Garnick et al., 2018) and the disease can develop into 

an advanced and life-threating stage. The controversy behind using PSA for PCa diagnostics 
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could be documented by the following facts: 1. US Food and Drug Administration 

(FDA) agency approved PSA tests together with digital rectal examination (DRE) for PCa 

diagnostics in 1994 (O’Reilly and O’Kennedy, 2017); 2. due to PCa overdiagnosis, the US 

Preventative Services Task Force (USPSTF) published a recommendation against the use of 

PSA for PCa diagnosis in 2012 (Moyer, 2012); 3. since publication of this recommendation 

a more advanced PCa with a higher proportion of tumors of higher grade and stage was 

detected (Fleshner et al., 2017) and this is why in 2017, the USPSTF recommended selective 

use of PSA tests for men aged from 55 to 70 (Grossman et al., 2018; Van Der Kwast and 

Roobol, 2017).

A robust and accurate early stage PCa diagnostics with low false negative rate and false 

positive rate is required. Survival is proportional to stage at diagnosis and thus early stage 

diagnostics using disruptive and effective diagnostic tools is a key to reduce mortality. At the 

same time low false positive rate will decrease number of avoidable biopsies to minimum. 

Thus, we really need novel types of PCa biomarkers for PCa diagnostics. There are several 

PCa biomarkers currently under development and clinical validation (Bravaccini et al., 2018; 

Yao et al., 2018; Zhang et al., 2017) with few of them such as PHI and 4 K score tests 

already approved by regulatory agencies (O’Reilly and O’Kennedy, 2017; Rodríguez and 

O’Kennedy, 2017; Sharma et al., 2017). A pioneering study suggests that besides traditional 

biomarkers (Cohen et al., 2018), glycans (complex carbohydrates) can have significant 

clinical performance as novel PCa biomarkers (Murphy et al., 2018).

Traditional glycan analysis performed by instrumental methods has some drawbacks and 

a limited utility in a clinical practice (Dosekova et al., 2017; Tkac et al., 2019a). This is 

why we have used lectins (proteins specifically recognizing glycans) for development of 

electrochemical biosensors for detection of glycan changes directly on the PSA protein 

(Belicky et al., 2017; Pihikova et al., 2016a, 2016b, 2016c). Detection of changes in the 

glycosylation pattern of PSA protein using lectins is a powerfull strategy applicable for 

diagnostics and prognostics of PCa (Fukushima et al., 2010; Tkac et al., 2019a, 2019b). 

Since interaction between glycans and lectins is much weaker compared to antigen-antibody 

affinity pair, it is of high importance to ensure multiple binding points between lectins and 

glycans. In this study we applied Au nanoshells with a magnetic core (Kaman et al., 2017a, 

2017b) covered by antibodies for selective PSA enrichment from serum with subsequent 

presentation of such particles to an electrode modified by a lectin for high performance 

glycoprofiling of PSA (Scheme 1).

2 Experimental section

Reagents and apparatus used are described in the Supp. info file.

2.1 Real human samples

Single serum sample from a healthy woman individual (essentially free of any PSA) was 

used in the study. The subject gave an informed written consent, and the study was approved 

by the Ethical Committee of the St. Elisabeth Cancer Institute in Bratislava, Slovakia in 

an agreement with the ethical guidelines of the Declaration of Helsinki as revised in 2013. 

Blood sample was collected into a standard serum tube with a silicone-coated interior (BD 
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Vacutainer, Franklin Lakes, NJ USA), clotted at a room temperature (RT) for approximately 

1 h, and subsequently the serum was transferred into separate sterile tubes and stored at -80 

°C until use.

2.2 Synthesis of MP@silica@Au particles and TEM/DLS characterization

The particles composed of Mn-Zn ferrite cores, primary silica coating and secondary gold 

nanoshell were prepared by a multistep procedure that involved hydrothermal synthesis of 

Mn0.61Zn0.42Fe1.97O4 nanocrystalites (Kaman et al., 2017b), their encapsulation into silica 

by the poly(vinylpyrrolidone) (PVP) method (Graf et al., 2003), and deposition of gold 

nanoshell by a seed-andgrowth method (Koktan et al., 2017). The whole procedure was 

described in the previous report, and the full details can be found in the accompanying 

paper (Bertok et al., 2019b). DLS experiment of bare MP@silica@Au particles revealed 

a hydrodynamic radius of 271 ± 19 nm. This suggests a slight aggregation, thus a 

mild sonication step (6× 10 s) was applied prior to modification of the surface. TEM 

images of the prepared MP@silica@Au particles are shown in Fig. 1. XRD pattern of 

Mn0.61Zn0.42Fe1.97O4 particles and TEM images of MP@silica particles are provided 

elsewhere (Bertok et al., 2019b).

2.3 Synthesis of zwitterionic diazonium compounds and characterization

Synthesis of tert-butyl 4-((dimethylamino)methyl)phenylcarbamate and subsequent 

syntheses of carboxybetaine (CB) and sulfobetaine (SB) derivatives together with relevant 

schemes and 1H NMR and 13C NMR spectra can be found in Bertok et al. (2019b). Shortly, 

the CB and SB aryldiazonium derivatives were synthesized according to the Scheme 2.

2.4 Surface modifications using zwitterionic derivatives

Gold electrodes surface modification was performed according to a slightly modified, 

previously published protocol (Li et al., 2014). Shortly, 59 mM protected diazonium salt 

solution in deionized water (DW) (1 equivalent) was mixed with 4 equivalents of HBF4 in 

acetonitrile at RT for 45 min in dark. Subsequently, 1.1 equivalent of tertbutyl nitrite was 

added dropwise to the mixture on ice and the solution was mixed for 2 h at RT. The final 

solution was subsequently diluted to obtain 2 mM solution of zwitterionic aryldiazonium 

salt derivative and cyclic voltammetry (from 0.0 V to −1.0 V at a scan rate of 0.25 V s-1 

for 24 cycles) was applied to obtain SAM layer on an Au electrode surface. The reason for 

activating diazonium salt just prior to its immobilization is the fact that the molecule is not 

stable for a longer period of time. Since MP@silica@Au particles having outer golden shell 

have free surface plasmons, the particle modification do not need to involve electrochemical 

grafting and proceed spontaneously. Subsequently, SAM layers prepared this way were 

further modified using amine coupling chemistry (0.2 M EDC and 0.05 M NHS in 1+1 

ratio for 15 min) by anti-fPSA (Au nanoshells with a magnetic core) and SNA-I lectin (Au 

electrode) for enrichment and biorecognition, respectively.

2.5 Chemical oxidation of antibody´s glycan

Glycan present on anti-PSA antibody was oxidized by using a slightly modified mild 

chemical oxidation procedure as described previously (Chen et al., 2007). Shortly, 
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monoclonal anti-fPSA (c = 2 mg mL-1) was diluted by 150 mM NaIO4 in 150 mM 

sodium acetate pH 5.5 solution down to 0.1 mg mL-1 and incubated in the dark for 30 

min at 4 °C. After a desalting procedure with previously equilibrated desalting columns 

(Zeba spin 7 K MWCO, Thermo Scientific), 2mM solution of propionic acid hydrazide in 

150 mM sodium acetate pH 5.5 was added to the oxidized anti-fPSA in 1+1 ratio. The 

mixture was incubated in the dark for 2 h at RT. After the desalting procedure, the oxidized 

antifPSA (with concentration of 0.05 mg mL-1) was stored in the form of aliquots at −80 °C. 

Standard enzyme-linked lectin binding assay (ELLBA, according to protocols published 

in our previous work (Chocholova et al., 2018a; Chocholova et al., 2018b) revealed 

successful glycan oxidation and its modification by propionic acid hydrazide suppressing 

lectin binding.

2.6 Electrochemical characterization and measurements

Gold electrodes (d=1.6 mm, BASi, Bioanalytical Systems, USA) were pretreated and 

regenerated as described previously (Bertok et al., 2015). Various types of electrochemical 

techniques were applied for calculation of real electrode surface (effective surface area), 

interfacial surface coverage of zwitterionic derivatives on Au electrodes and for fPSA 

detection. Density of zwitterionic aryldiazonium derivatives on gold electrodes was 

calculated using a reductive desorption (CV from −0.5 V to −1.5 V at a scan rate of 0.1 V 

s-1 for 75 scans) in 0.1M NaOH, under N2 atmosphere. The effective electrode surface area 

was calculated from CV run from -0.1 V to 0.6 V in 5 mM solution of ferri/ferrocyanide 

in 0.1 M PB (pH 7.0), scan rate ranging from 0.1 to 0.5 V s-1 for five consecutive scans 

(with each new scan, the step in scan rate increased by 0.1 V s-1) and Randles-Sevcik 

equation (Eq. 1, where n is the number of electrons transferred, AEFF is the electrode area or 

effective area, D is diffusion coefficient, C is the bulk concentration and v is the scan rate). 

Electrochemical impedance spectroscopy (EIS) measurements were run in ferri/ferrocyanide 

solution in 0.1 M PB (pH 7.0) vs. OCP at 50 different frequencies ranging from 0.1 Hz 

to 100 kHz, with charge transfer resistance (RCT, semicircle diameter in Nyquist plot) 

being the signal obtained and R(Q[RW]) being the circuit used for fitting the raw data. All 

incubation steps of particles with a sample (i.e. PSA spiked in a serum sample during the 

enrichment step) or particles with immobilized PSA with electrode interface took 15 min. 

After the PSA enrichment, MP@silica@Au particles were subsequently isolated using a 

permanent neodymium magnet and gently washed twice using phosphate buffer.

ip = 268, 600n
3
2AEFFD

1
2Cv

1
2 (Eq. 1)

3 Results and discussion

3.1 Formation of zwitterionic SAM on gold and its characterization

Planar gold electrodes exhibit effective surface area of 3.7 mm2 (i.e. ~4.6% higher compared 

to a geometrical electrode surface area) and the surface coverage of carboxybetaine 

derivative was 2.1 molecules nm-2. The latter value is in an excellent agreement with 

the previously published value for sulfobetaine derivative of thiooctic acid on gold (1.97 
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molecules nm-2) (Bertok et al., 2013), or for thiooctic acid on gold surface (1.8–2.1 

molecules nm-2) (Volkert et al., 2011).

For the aryldiazonium salt-based SAM layer preparation, it is crucial to use freshly prepared 

diazonium derivative solution, as well as freshly regenerated gold electrodes. FT-IR spectra 

revealed, that in water phase and at RT, the diazonium –N+ΞN group is completely changed 

to hydroxylic –OH group within 1 h (Bertok et al., 2019b). This is the reason why yields of 

diazonium salts preparation reactions published are usually 65–67% (Derible et al., 2014). 

According to what is commonly found in the literature, peak representing the –N+ΞN group 

is found between 2200 and 2300 cm-1 (Yang et al., 2012), while we observed a new peak 

at 2620 cm-1, which is in the –O-H stretch region (SB precursor molecule did not contain 

any hydroxylic groups). Moreover, we indirectly confirmed the formation of diazonium 

derivative from the precursor by observing the SAM layer formation on gold, as in the case 

of QCM crystal modified using sulfobetaine aryldiazonium derivative (Li et al., 2014).

NMR spectra of the synthesized precursors for carboxy- and sulfobetaine aryldiazonium 

derivatives can be found in (Bertok et al., 2019b). Besides having a peak at ~-0.9 V vs. 

Ag/AgCl (Fig. 2 left) in CV during formation of SAM (Li et al., 2014), another proof for 

a newly formed layer is change of the interfacial wetting (contact) angle, i.e. change in the 

wettability of the surface (Fig. 2 right). In case of both CB or SB aryldiazonium derivatives, 

the surface became much more hydrophilic (61° for CB and 43° for SB) due to the presence 

of both positive and negative charges on the interface, when compared to bare Au electrode 

(88°). Additional XPS measurements of modified Au surfaces are in (Bertok et al., 2019b).

Moreover, we did also a combined electrochemical QCM experiment with CV run during 

such an experiment. The results indicated change in the frequency during SAM layer 

formation of 12.2 Hz, when a stable CV was reached (Fig. 2 left). According to the 

Sauerbrey´s equation (Eq. 2, where Δf is the frequency change [Hz], f0 is the nominal 

resonant frequency of the crystal [6 MHz], Δm is the change in mass [g cm-2] and μq is the 

shear modulus of a quartz [g cm-1 s-2], A is the surface area and q is density of quartz in g 

mL-1), a value of 149 ng cm-2 was obtained, what for a CB derivative (with Mw = 372.17 g 

mol-1) leads to a surface coverage of 2.4 molecules nm-2, a value in a good agreement with 

the result obtained by a reductive desorption experiment (2.1 molecules nm-2, see above). 

The result is in a good agreement with density of thiolated ferrocene chemisorbed on gold at 

density of 2.4–2.6 molecules nm-2 (Shimazu et al., 1992).

Δf = − 2f0
2

A ρq
Eq

Δm = − CfΔm Cf = 0.0815Hzng−1cm2
(Eq. 2)

3.2 Biosensor construction and characterization

The results indicate that CB has beneficial properties over SB since CBis able to more 

significantly resist non-specific interactions over CB (Fig. S1 in Supporting information 

file) and at the same time CB contains –COOH functional groups applicable for covalent 

immobilization of antibodies and lectins. In our recent review paper (Bertok et al., 2019a), 

we stated that the dominant challenge of EIS-based biosensors is to address non-specific 
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binding of proteins since the level of highly abundant proteins such as albumin is present in 

107-fold higher concentrations compared to PSA in human sera) may interfere dramatically 

with the assay (Bertok et al., 2019a). In this study, this problem was addressed by a 

double anti-fouling strategy based on a sandwich formed between lectin immobilized on a 

CB-modified Au surface and anti-PSA covalently linked on CB-modified MP@silica@Au 

particles. This design allows us to specifically bind PSA from diluted sera (with minimal 

nonspecific adsorption), separate and wash the particles and use them for the interaction 

with the biosensor´s surface. Moreover, CB with diazonium functionality can be effectively 

applied not only to pattern gold electrodes, but any conductive surface including disposable 

and low-cost electrodes such as screen-printed electrodes. Thus, in the future it is possible 

to prepare electrochemical array biosensor set-up for detection of multiple oncomarkers in a 

single sample.

The other beneficial role of using MP@silica@Au is a significantly amplified EIS response. 

The biosensor integrating MP@silica@Au offers dramatically larger shift of RCT (sandwich 

configuration, 3D biosensor), when compared to the biosensor device without using such 

particles (2D biosensor) (Fig. 3) for detection of 0.1 ng mL-1 PSA. Moreover, the slope 

of the calibration curve for PSA detection within linear range (0.01–1 pg mL-1) using 

MP@silica@Au particles was 43× larger, when compared to the device without using such 

particles (Fig. 3 inset). The curve reached the saturation already at the concentration of 

0.001 ng mL-1 and from the calibration curve we calculated LOD as 34 fg mL-1 (i.e. =1.2 

fM) (S/N=3). The biosensor presented in this study belongs to the one of the most sensitive 

devices for detection of PSA published so far (Damborska et al., 2017; Shi et al., 2018). 

The most recent studies described electrochemical devices with LOD down to 1 fg mL-1 

(Tang et al., 2017); 10 fg mL-1 (Kukkar et al., 2017), 120 fg mL-1 (Zhou et al., 2018), 3 

pg mL-1 (Chen et al., 2019; Han et al., 2018), 10 pg mL-1 (Wei et al., 2018), 17 pg mL-1 

(Shi et al., 2018) and devices based on other detection schemes with LOD down to 1 pg 

mL-1 (Chinnadayyala et al., 2019) or 20 pg mL-1 (Gao et al., 2019). The biosensor device 

presented here does not only belong to one of the most sensitive biosensor devices described 

so far, but the presented assay concept is advantageous since it allows to glycoprofile 

PSA from a complex samples and the assay concept can be easily integrated into an array 

format. Finally, the biosensor was applied in analysis of PSA spiked into 10× diluted female 

serum sample. When the physiological concentration of PSA (3.5 ng mL-1) was spiked into 

the serum sample, the recovery index of 108% was obtained underlining robust biosensor 

performance in such complex sample.

4 Conclusions

In this study, we focused our effort to develop a sensitive, reliable and label-free detection 

of fPSA in human sera. The Au nanoshells with a magnetic core MP@silica@Au applied 

in the study have triple role - 1. enrichment of PSA from a complex serum sample, 2. 

amplification of the EIS response by a factor of 43 and 3. presentation of multiple PSA

´s glycans to the immobilized lectin making such interaction stronger. In order to resist 

non-specific protein binding, a double anti-fouling strategy based on a sandwich formed 

between lectin immobilized on a CB-modified Au surface and anti-PSA covalently linked 

on CB-modified MP@silica@Au particles was implemented. We believe that our proof of 
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concept PSA glycoprofiling assay format is scalable for analysis of other glycans present 

on PSA of for glycoprofiling of other cancer biomarkers and that the assay protocol can be 

easily integrated into a multiplexed format of analysis of oncomarkers.
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Fig. 1. 
TEM images of the MP@silica@Au clusters synthesized and subsequently used for 

diazonium-derived zwitterionic SAM layer modification and anti-fPSA immobilization for 

selective PSA enrichment at different zoom.
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Fig. 2. 
EQCM of the preparation of zwitterionic SAM layer (A). A reduction peak occurs and 

decreases with each cycle at ~-0.9 V vs. Ag/AgCl (1st and 24th scan, grey circle shows the 

1st scans reduction moment). Wetting angle (WA) measurement (B,C) using a two-liquid 

system with DW and diiodomethane. Free surface energy (B) was calculated using Owens-

Wendt model. Bare Au electrode after polishing and gold oxide stripping procedure was 

strongly hydrophobic (WA ~88° in DW). After the formation of CB/SB SAM layer, the 

interface becomes more hydrophilic with an increase in the polar component of the free 

surface energy due to the presence of zwitterions (C).
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Fig. 3. 
The representative Nyquist plots for common 2D configuration (planar electrode 

interface modified using SAM layer and anti-fPSA antibody (left) and a sandwich-based 

configuration using MP@silica@Au clusters modified with anti-fPSA with an electrode 

modified using SNA-I lectin (right). EIS data were fitted using [R(Q[RW])] equivalent 

circuit (as showed in the inset). A response towards 0.1 ng mL-1 PSA in 10× diluted real 

human serum is shown (red curves). A calibration curve for fPSA (blue) for a sandwich 

configuration is shown in the inset (error bars are too small to be visible). According to 

the slopes of calibration curves in the linear response range for both configurations, an 

amplification factor of 43 was calculated.
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Scheme 1. 
Modification of Au electrode (upper row) using carboxybetaine aryldiazonium derivative 

(CB) and lectin (SNA-I). In the first step, carboxybetaine-bearing SAM layer was formed 

using cyclic voltammetry, and subsequently served for the covalent immobilization of 

a lectin. Lower row shows MP@silica@Au composite spontaneously modified with CB-

derivative and subsequently with an antibody (Ab, anti-fPSA, chemically treated). After 

enrichment of fPSA from human sample using MP@silica@Au/CB/Ab by a permanent 

magnet, a sandwich was prepared and the signal was evaluated electrochemically.
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Scheme 2. 
Synthesis of zwitterionic SB and CB derivatives; tert-butyl 4-

(bromomethyl)phenylcarbamate was used for alkylation of dimethylamine to form 

dimethylamino derivative. For the synthesis of sulfobetaine the resulting tertiary amine 

was let to react with 1,3-propane sultone and to form a zwitterion, that was (the same 

way as carboxybetaine) in situ deprotected under acidic conditions and formed diazonium 

salt for the reaction with an electrode surface using a negative potential window scanning. 

The analogous synthesis of the carboxybetaine derivative is shown in the lower part of the 

Scheme.
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