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Abstract

Screening serum for the presence of prostate specific antigen (PSA) belongs to the most common 

approach for the detection of prostate cancer. This review (with 156 refs.) addresses recent 

developments in PSA detection based on the use of various kinds of nanomaterials. It starts with 

an introduction into the field, the significance of testing for PSA, and on current limitations. A first 

main section treats electrochemical biosensors for PSA, with subsections on methods based on the 

use of gold electrodes, graphene or graphene-oxide, carbon nanotubes, hybrid nanoparticles, and 

other types of nanoparticles. It also covers electrochemical methods based on the enzyme-like 

activity of PSA, on DNA-, aptamer- and biofuel cell-based methods, and on the detection of PSA 

via its glycan part. The next main section covers optical biosensors, with subsections on methods 

making use of surface plasmon resonance (SPR), localized SPR and plasmonic ELISA-like 

schemes. This is followed by subsections on methods based on the use of fiber optics, 

fluorescence, chemiluminescence, Raman scattering and SERS, electrochemiluminescence and 

cantilever-based methods. The most sensitive biosensors are the electrochemical ones, with lowest 

limits of detection (down to attomolar concentrations), followed by mass cantilever sensing and 

electrochemilumenescent strategies. Optical biosensors show lower performance, but are still more 

sensitive compared to standard ELISA. The most commonly applied nanomaterials are metal and 

carbon-based ones and their hybrid composites used for different amplification strategies. The 

most attractive sensing schemes are summarized in a Table. The review ends with a section on 

conclusions and perspectives.
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Prostate specific antigen (PSA) as a prostate cancer biomarker

Prostate cancer (PCa) is of a major health concern, with approximately 1.1 million cases, 

307,000 related deaths in 2012 worldwide and with statistics that 1 in 7 men will be 

diagnosed with PCa during his lifetime [1]. PCa ranks 4th place in all types of cancer in the 

world and is the most frequent type of cancer for men in 91 countries worldwide [2]. During 

the last 30 years, many US counties experienced significant decrease in mortality rates for 

men with PCa [3]. Survival rate in PCa are generally very good, about 98% of men 

diagnosed with PCa will live at least five more years after their initial diagnosis and 65–90% 

will live for at least 10 more years [4]. An important fact in PCa diagnosis is the age of the 

patient. It is estimated that 68% of all diagnosed cases are men aged 65 years or more [2], 

but a recent study suggests that prostatic carcinogenesis is initiated much earlier [5].

One of the key aspects to significantly reduce mortality risk is early and accurate detection 

of PCa. Nowadays, prostate-specific antigen (PSA) is the most effective serum marker 

available for the clinical detection of PCa. Together with digital rectal examination, PSA 

blood test is a base for PCa detection, but definitive diagnosis is given after histopathological 

verification of adenocarcinoma and transrectal ultrasound examination [6]. However, digital 

rectal examination is linked with the patient discomfort, a risk of slight bleeding and more 

importantly, with poor sensitivity (27.1%) and specificity of 49.0% [7]. Regarding serum 

PSA screening, the estimated sensitivity of a PSA cut-off of 4.0 ng mL−1 was 21% for 

detecting any PCa and 51% for identifying high-grade cancers [8].

PSA as a biomarker has revolutionized PCa diagnostics [9] and was first identified in human 

seminal plasma as γ-seminoprotein in 1969 [10]. PSA (also known as human kallikrein 3 = 

hK3) is about 28–32 kDa single chain glycoprotein belonging to the family of human 

glandular kallikrein proteins defined as serine proteases [11]. One of the other member of 

this family is human glandular kallikrein 2 (hK2) sharing many similarities with PSA (78% 

and 80% identity at amino acid and DNA levels [12], respectively). Thus, hK2 has been 

recognized as potential diagnostic marker and also as a negative control in specificity control 

experiments [13]. Circulating PSA includes few molecular forms of PSA in human body; 

free PSA (fPSA), complex PSA (cPSA) form with plasma proteins, especially serine 

protease inhibitor α1-antichymotrypsin (ACT) and inactive PSA. Total PSA (tPSA) is 

referred to a total amount of PSA (fPSA + cPSA).

PSA is not cancer-specific and therefore it may be elevated in both malignant and benign 

conditions such as benign prostate hyperplasia (BPH), prostatitis and others. Physiologically, 

serum PSA is present in the range 0–4 ng mL−1 and with the development of PCa its serum 

level increases [9]. It is well known that PSA is considered as not being sufficiently specific 

biomarker for PCa detection in the diagnostic grey zone (4–10 ng mL−1), complicating to 

provide a clear difference between benign and malignant cases. Moreover, it was found a 

direct correlation between age of men and their serum PSA level [14]. The age-specific 

upper concentration limits for total PSA in men’s serum are 2.5 ng mL−1 (40–49 years), 3.5 

ng mL−1 (50–59 years), 4.5 ng mL−1 (60–69 years) and finally 5.5 ng mL−1 for men up to 

79 years (an increase by about 1 ng mL−1 every 10 years). For the sensitivity improvement, 
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enhancement of specificity in PSA diagnostic grey zone and for prediction of tumor 

aggressiveness and PCa morbidity, fPSA/tPSA ratio is commonly used [15, 16].

Protocols and diagnostic methods currently used in clinics are transrectal ultrasound and 

digital rectal exam with biopsy and histological evaluation of a tumor tissue, and ELISA-

based blood test for PSA level screening, offering less sensitive approach compared to 

almost all types of nanostructure-based biosensors described further in the text. Another 

issue of PCa detection is the fact, that approximately 68% of all diagnosed cases are without 

any symptoms, including low back pain, hematuria and/or difficulty with urination [5]. 

Therefore, development of more reliable, low cost and fast analytical methods for accurate 

PSA detection is needed. ELISA blood tests for PSA level screening, offer a limit of 

detection (LOD) in picomolar range (pM level, i.e. ~10 pg mL−1). Pitfalls of ELISA method 

are quite time-consuming analysis, cross-reactivity of antibodies, high limit of detection, 

tedious washing steps and laboratory variability resulted in data variation among clinics 

[17]. A major challenges in development of novel assay methods for determination of PSA 

are short detection time, reliability and achievement of low detection limits with high 

sensitivity of detection. Therefore, the new biosensor-based detection as potential point-of-

care devices are gaining attention to address such challenges [18, 19].

Electrochemical biosensors for PSA detection

Among others, electrochemical detection of clinically relevant biomolecules belongs to the 

most popular ones, because it is generally cheap, easy to perform and offer good sensitivity, 

a wide linear range and low LOD [20]. Moreover, a broad variety of biorecognition elements 

and nanomaterials enhancing the biosensors performance may be utilized (e.g. antibodies 

and their fragments, receptors, lectins, enzymes, peptides, nucleic acids, aptamers, etc. in 

combination with metal, carbon or other types of nanostructures) [21]. Electrochemical lab-

on-a-chip-based biosensors offer miniaturized and user friendly platform for biomarker 

analysis [22]. On the other hand, electrochemical biosensors have a few limitations such as 

reproducibility of their preparation, difficulties in regenerating the sensing surface and 

usually an indirect sensing system [23].

Detection of PSA level in serum (comparable to hospital results) was performed using fully 

automated, amperometric MiSens prototype in 2016 [24] (Fig. 1). A marketable lab-on a-

chip system (so-called „Fraunhofer ivD-platformB) for detection of nucleic acids and 

protein markers (PSA and C-reactive protein - CRP, as well) using electrochemical (a redox 

cycling approach) or an optical (total internal reflectance fluorescence) read-out was 

however already demonstrated in 2012 [25].

Initial efforts in construction of electrochemical PSA biosensors offered LOD, which are 

typical for ELISA using either antibodies or aptamers. Antibodies were immobilized on a 

nanoporous gold surface coated by self-assembled monolayer (SAM) [26], a nanocomposite 

containing gold nanoparticles (AuNPs) and functionalized multi-walled carbon nanotubes 

(MWCNTs) [27, 28], AuNPs for a real-time electrochemical profiling on a lab-on-chip 

device [29], reduced graphene oxide (rGO) modified by silk peptide [30], AuNPs deposited 

on silica nanospheres together with a redox dye [31] and on an ordered and hierarchically 
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organized interfacial supramolecular architecture [32]. Aptamers were immobilized on a 

nanocomposite consisting of AuNPs and mesoporous carbon [33].

Electrochemistry on modified gold electrodes

ELISA is without any doubts the most common immunoassay method widely used in 

clinical laboratories, however, with higher detection limits compared to other analytical 

methods. This is the main reason why in many studies the focus was on improving this 

feature by combining some of the ELISAs advantages with other assay platforms.

In particular, for detection of PSA a magnetic bead-based electrochemical impedance 

spectroscopy was applied [34]. The sensitivity was enhanced by working in microwells 

using electric field (a working and a counter electrode in a microwell array) focusing on 

bead surfaces with LOD down to 10 fg mL−1 [34]. Cysteamine modified Au electrode with 

(ferrocenes-modified) PAMAM dendrimers and anti-PSA attached showed LOD of 1 pg 

mL−1 with a wide linear range up to 100 ng mL−1 of PSA in a human serum [35]. Gold 

surfaces offer the possibility for an easy, one-step formation of self-assembled monolayers 

consisting of thiolated molecules, controlling the surface density and/or orientation of 

biorecognition elements, as well as the overall architecture at nanoscale. Using this 

patterning protocol, non-specific interactions (i.e. adsorption) can be significantly 

suppressed.

Carbon nanomaterial-based electrochemical detection

Use of different nanomaterials is often a way to enhance (not only) the electrochemical 

biosensor performance. An extremely popular nanomaterial since the 2010 Nobel Prize for 

physics in the area of sensing technology is graphene [36]. Graphene is often used to 

increase the conductivity and stability of prepared immunosensors, as in case of disposable 

(screen-printed electrodes-based) sensors for ultralow detection of PSA down to 2 pg mL−1 

with a wide linear range of 6 orders of magnitude [37]. A common way to introduce 

graphene to an electrode surface is to prepare (nano)composites using polymer matrices, 

electrochemical mediators or other types of nanomaterials. Chitosan was used as a 

dispersant in order to achieve a well-oriented immobilization of anti-PSA antibody in a 

graphene/methylene blue/chitosan nanocomposite for a label-free detection of PSA down to 

13 pg mL−1 with a linear range up to 5 ng mL−1 [38]. In both previously mentioned 

references, the recovery of the PSA from a real clinical human serum samples was in the 

range of 99–107% [37] and 100–102% [38], respectively. These kinds of biosensors can be 

further applied for analysis of a wide range of analytes, depending on the binding antibody 

used for the biosensor preparation – this is a general feature for many types of affinity 

biosensors.

In addition to graphene, other frequently used platforms for signal amplification by different 

bioconjugation techniques are carbon nanotubes. The enhanced precipitation of a HRP’s co-

substrate (4-chloro-1-naphthol) was observed using cyclic voltammetry (CV) and square 

wave voltammetry (SWV) [39, 40]. In the latter work, MWCNTs/ionic liquid/chitosan/

AuNPs-polyamidoamine (PAMAM) dendrimer interface was prepared as a support for a 
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sandwich protocol using anti-PSA-HRP as a label. Using this interface, the detection limit 

was 20-fold lower compared with their previous work, i.e. 1 pg mL−1 [39, 40].

Hybrid nanoparticle-based electrochemical detection

In previous examples, a sandwich configuration was used for PSA detection, what is 

currently the most common way to enhance the signal coming from a biospecific interaction. 

For this purpose, several nanohybrids were used in the past years, such as NPs loaded on 

graphene (g), on rGO or on MWCNTs i.e. rGO/graphitic carbon nitride (rGO-C3N4) (LOD 

= 16.6 fg mL−1) [41], nanogold-functionalized g-C3N4 (LOD = 5.2 pg mL−1) [42] or Pd-Ag/

MWCNT as a label for a secondary antibody (LOD = 0.03 pg mL−1) [43]. A composite 

MWCNT)/AuNP with higher number of HRP molecules co-immobilized on a nanohybrid 

together with anti-PSA antibody led (compared to a single-HRP strategy) to low LOD for 

PSA down to 0.4 pg mL−1 [44].

Besides the use of carbon nanotubes, halloysite nanotubes with polypyrrole (electrically 

conducting polymer) shell and PdNPs were used for amperometric PSA detection down to 

0.3 pg mL−1 [45].

In order to further enhance the fixation capacity of anti-PSA antibody, mesoporous silica 

nanoparticles (MSNs) were also used. In the first case, in combination with AgNPs to 

enhance the electron transfer rate for a label-free immunosensor (LOD = 15 pg mL−1) for 

PSA detection in human serum [46], and in the second case as a controlled release system 

[47]. Functionalized silica NPs were used for thionine (Th, an electrochemical mediator) 

encapsulation by capping the pores with carboxylic acid-modified AuNPs. In acidic pH, an 

acid-labile linker on MSN-Th-AuNP was hydrolyzed and Th was released. By a specific 

biorecognition of PSA using a secondary anti-PSA immobilized on MSN-Th-AuNP, the 

PSA concentration (PSA on an electrode interface) was measured by differential pulse 

voltammetry (DPV) [47].

Three dimensional and a label free PSA immunosensor with LOD of 0.59 ng mL−1 (a linear 

range up to 10 ng mL−1) was constructed using graphene-gold composites [48]. A similar 

paper suggested an enhanced conductivity of (rGO)/Ag composite compared to bare rGO 

[49].

If the analysis should be provided by a point-of-care diagnostic device, the detection 

platform should be disposable or reusable and analysis performed in a cost-effective way. A 

reusable device (a temperature-induced regeneration of a polymer interface) was introduced 

in 2016 for quantitation of various biomarkers. In case of PSA a LOD of 0.9 pg mL−1 was 

achieved, when horseradish peroxidase (HRP) and antibody-labelled NPs were used for the 

signal amplification [50]. Surface regeneration is a required attribute of the sensor in case 

when the price of the sensor is high with surface plasmon resonance (SPR) based 

immunosensors being good examples.

For a reliable PCa diagnostics, more than a single marker should be evaluated. In a work of 

Pan et al., a simultaneous detection of VEGF (vascular endothelial growth factor) and PSA 

in human serum was performed using dual-modality biosensor using GO/ssDNA and poly-
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L-lactide nanoparticles on a gold electrode surface [51]. The biosensor showed no difference 

in signal compared to a standard ELISA analysis of three patient sera with an early stage 

PCa [51].

A multiplexed analysis using an 8-sensor detection chamber in a microfluidic system was 

used by immobilization of antibodies on disposable screen-printed carbon electrodes 

modified by rGO [52]. Moreover, GO nanosheets decorated with Fe3O4 nanoparticles and 

anti-PSA antibodies for selective PSA enrichment were also applied [52]. This protocol 

offers several advantages and solutions to the most problematic aspects of biomarker 

detection, e.g. possible array format of analysis for assay of more biomarkers (PSA and 

PSMA – prostate specific membrane antigen, respectively). Moreover, the selective 

magnetic enrichment of a low abundant protein led to an increase in sensitivity of the 

procedure (ultralow LOD down to 15 fg mL−1 and 4.8 fg mL−1 for PSA and PSMA, 

respectively) in a serum sample. This is an important feature allowing to dilute abundant 

interfering compounds present in serum [52]. However, the concept of the use of magnetic 

NP-based enrichment for selective PSA binding was published in 2012 by the group of 

Gooding, with gold-coated magnetic NPs functioning as „dispersible electrodes„ [53] (Fig. 

2).

Novel types of nanoparticles applied for electrochemical detection

Several new, innovative ways for further sensitivity enhancement were described for 

electrochemical biosensors for PSA analysis. In 2016, cubic Cu2O nanoframes with hollow 

edges (with good electrocatalytic activity towards ferrocene (Fc) derivatives and hydrogen 

peroxide) were used for the first time [54]. Signal enhancement by Pt-Cu hierarchical 

trigonal bipyramid nanoframes as a label and Fe3O4 NPs/rGO/polydopamine composite for 

anti-PSA capture was described one year later [55]. LODs were very similar in these cases, 

0.05 pg mL−1 [54] and 0.03 pg mL−1 [55], respectively. Novel conductimetric 

immunosensing of PSA using metal organic framework offered higher LOD of 0.06 ng 

mL−1 compared to previous nanoframes methods, but still sufficient for clinical analysis 

with a dynamic linear range up to 100 ng mL−1 [56]. Dual-responsive immunosensor for 

cancer biomarkers determination including PSA utilize colorimetric and electrochemical 

approach via double enzymatic signal amplifications by HRP- and antibody-labelled NPs 

yielded reproducible results with LOD of 0.7 pg mL−1 or 0.8 pg mL−1 for PSA, respectively 

[57]. For further signal enhancement during analysis of PSA, so-called triple signal 

amplification strategy using different nanostructures was applied [58, 59]. Such approach 

offered lower LOD compared to the biosensor with enzyme-linked aptamer attached to 

AuNP/PAMAM with LOD of 10 fg mL−1 (using DPV) or of 5 pg mL−1 (using EIS) [60]. A 

LOD of 146 fg mL−1 and a wide linear range from 0.5 pg to 100 ng mL−1 was achieved 

using bovine serum albumin (BSA) stabilized Cu nanoclusters as redox species and PtNPs 

for immobilization of labeled anti-PSA [61]. Signal amplification strategies (in general) lead 

to lower LOD when compared to the standard ELISA and fluorescent microarray techniques 

[62], but labeling can lead to a change in receptors affinity/avidity to a ligand molecule.
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Electrochemical detection of PSA via its enzymatic activity

The biosensor employing a specific cleavage of surface immobilized short peptide 

(CEHSSKLQLAK-NH2) by PSA offers LOD of 0.11 fg mL−1 [63]. High initial current 

signal decreased when Au-poly(methylene blue) and Au-rGO nanocomposite with HRP 

conjugated to the peptide were released after enzymatic action of PSA [63].

DNA- and aptamer-based electrochemical detection

Finally, a rolling circle amplification (RCA) reaction with poly(thymine)-templated CuNPs 

for a signal amplification during PSA analysis should be mentioned. Construction of specific 

primer-AuNP-aptamer/PSA/anti-PSA sandwich triggered the RCA reaction, where an 

enormous number of tandem poly-thymine repeats were generated and served as templates 

for CuNPs formation. DPV signal was generated by dissolving the CuNPs and by measuring 

the released Cu ions. In this study, LOD of 0.02 ± 0.001 fg mL−1 was achieved for detection 

of PSA [64].

In addition to antibodies and peptides also mentioned above (since PSA is an enzyme 

specifically cleaving HSSKLQL amino acid sequence – a feature also important for PSA 

analysis) [65, 66], aptamers are very commonly used to specifically bind PSA from a sample 

(usually with different nanomaterials such as graphene, carbon nanotubes or AuNPs) [67–

69].

Estrella et al. published several papers dealing with aptasensors-based PSA detection and 

different problems specific for affinity biosensors, such as: i) non-specific interactions (their 

elimination using zwitterionic, sulfo-betaine moieties with efficient antifouling properties) 

[70], ii) increasing the aptamer affinity towards PSA analyte by preparation of molecularly 

imprinted polymer-aptamer hybrid receptors with low cross-reactivity of the surface with a 

homologous hK2 [13] and ultralow LOD for early PCa diagnostics or detection of other low 

abundant markers present in complex matrices [71].

β-Cyclodextrins (β-CD) were also utilized for the surface modification and subsequent PSA 

analysis due to their ability to create gates for the electron transfer of electrochemical probes 

[72] or because of the host-guest interaction between ferrocene and β-CD, offering a higher 

concentration and electro-stability of ferrocene derivatives on a surface [73].

Biofuel cell-based electrochemical detection

For the PSA tumor marker detection, a visible light-driven biofuel cell was also utilized, 

consisting of a nanostructured bioanode for visible light-driven glucose oxidation and a 

biocathode, where bilirubin oxidase catalyzed O2 reduction [74].With an increase of PSA, 

the amount of bilirubin oxidase molecules increased (BOD is a part of a detection probe 

with detection antibody), thus leading to a higher current output and the device offered LOD 

of 0.1 pg mL−1 [74].

Glycoprofiling of PSA as a potential biomarker

Slightly different approach for PSA analysis compared to above mentioned ones that should 

lead to a more reliable differentiation of healthy people and PCa patients, was used by our 
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group. In a series of papers, we demonstrated preparation of PSA immunosensor using self-

assembled monolayers on gold. A nanoscale-controlled interfacial layer and a sandwich 

configuration using different lectins were applied for glycoprofiling of PSA attached to anti-

PSA antibodies immobilized on the electrode [75, 76]. A LOD of 100 ag mL−1 with a linear 

concentration range spanning 10 orders of magnitude was achieved using impedimetric 

assays. Maackia amurensis II agglutinin was revealed to be the most promising lectin among 

the tested ones for the reliable glycoprofiling of PSA from PCa patients (e.g. increase in the 

α-2,3-terminal N-acetylneuraminic acid for PCa patients compared to healthy individuals) 

[77].

Besides use of lectins, there is another way for the (less selective, compared to lectins) 

glycoprotein analysis – using boronic acid derivatives recognizing diols in glycan structures. 

4-mercaptophenylboronic acid-caped AuNPs were used for the voltammetric determination 

of complex-type N-glycan containing PSA and mannose-rich avidin [78].

Even though impedimetric biosensors belong to most sensitive ones, offering extremely low 

LOD, it is of great importance to lower the non-specific interactions. In real serum samples, 

abundant proteins such as albumin are present in concentrations of about 106 times higher 

compared to the level of oncomarkers. The high selectivity is thus the main priority for 

affinity biosensors. To make the electrochemical methods competitive to ELISA, for a 

routine testing, a method as simple as possible should be developed, to provide an easy, fast, 

reliable, robust and cheap analysis.

Electrochemiluminescence-based PSA detection

A wide range of PSA sensing protocols has been published based on 

electrochemiluminescent (ECL) determination, which combines the advantages of 

chemiluminescence and electrochemistry. ECL is a promising tool in immunoassays and 

clinical diagnosis due to its high sensitivity, simplicity, good stability, low background and 

visual imaging capability [79]. ECL is a process of transforming an electrochemical energy 

into a luminescent energy with emission of light from a luminophore excited-state formed 

by an electron transfer reaction. There are two best known ECL system: luminol + H2O2 and 

Ru(bpy)3
2+ + tripropylamine (TPA) [80]. In the process of ECL, the electrochemical 

oxidation of luminophore (luminol or Ru(bpy)3
2+) is necessary for ECL emission. The 

starting point for oxidation is application of a potential in the presence of a co-reactant 

(H2O2 or TPA). Oxidized product reacts with the co-reactant resulting in formation of highly 

reducing radical. Excited-states of luminophores are subsequently generated in the following 

reactions resulting in light emission (Scheme 1) [81–83]. An alternative way for generation 

of chemiluminescence signal is demonstrated using the catalytic effect of 

ferrocenecarboxylate on the cathodic ECL signal of peroxodisulfate [84].

ECL intensity can be enhanced via immobilization of luminol on the modified electrode 

surface, especially with various nanoparticles (NPs). A sensitive multi-functionalized BSA 

encapsulated platinum and silver alloy core-shell nanoparticles (Pt/Ag@BSA) were applied 

for construction of ECL immunosensor for PSA quantitation [85]. A composite Pt/Ag@BSA 

was used as multifunctional carrier, onto which numerous luminol molecules and PSA 
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antibodies were immobilized. Indium tin oxide (ITO) covered by AuNPs acted as 

extraordinary base for this biosensor, due to its ability to promote the electron transfer and to 

load large amount of Pt/Ag@BSA. Immunosensor had relatively low LOD of 0.3 pg mL−1 

and a linear range from 0.001 to 200 ng mL−1. Spiking experiments with human serum 

samples revealed recovery in the range 98–102% [85].

Another example of using luminol in combination with nanomaterials for PSA detection was 

fabrication of an immunosensor based on dendrimer-encapsulated AuNPs labels [86]. As in 

the previous case, ITO working electrode was modified with NPs (Fe3O4@SiO2), which 

were covered by a primary antibody and served as ECL labels. The biosensor exhibits a 

linear response range from 0.001 to 100 ng mL−1 with the same LOD as in previous case, 

i.e. 0.3 pg mL−1 [86].

In 2013 Sardesai et al. constructed a microfluidic ECL device for extraordinarily sensitive 

quantitation of two cancer biomarker proteins PSA and interleukin-6 (IL-6) [87]. Both 

proteins were detected in synthetic cancer patient serum samples within 1.1 h and the results 

correlated well with single-protein ELISA with LOD of 9 zM (100 fg mL−1) and 1 zM (10 

fg mL−1) for PSA and IL-6, respectively. The potential applied during the assay procedure 

was 0.95 V (vs. SCE), what can be problematic for electrochemical detection in real human 

sera due to presence of many redox active interfering compounds. The device utilized single-

walled carbon nanotube forests decorated with an antibody at the bottom of the wells. After 

the antigen capture, a RuBiPy-silica-secondary antibody label was applied on the array, 

followed by addition of reductant TPA to produce ECL [87]. The same team described 

another type of ECL protein immunoarray using RuBiPy-doped silica nanoparticles and 

reached LOD down to a few fg mL−1 range [88].

In addition to “traditional” ECL luminophores, there is an increased attention to apply 

nanomaterials as ECL labels, including semiconductor nanocrystals such as CdSe, CuS, 

MoS2-CdS, CeO2, CdS, CdTe quantum dots (QDs), graphene dots, titanium dioxide (TiO2) 

and its derivate, etc. The ECL biosensor using flower-like 3D TiO2 (fl-TiO2) as signal labels 

for secondary antibody was demonstrated [89]. Capture antibodies were immobilized on 

Au/Pd-modified ITO electrode and S2O8
2− served as a co-reactant of ECL reaction. The 

immunosensor exhibits LOD of 0.32 pg mL−1 [89]. There are also many other papers 

describing use of nanoparticles as ECL luminophores for PSA immunosensing with LOD 

down to a pg mL−1 range [90–93].

Very low LOD was reached by the immunosensor based on CdS NPs sensitized TiO2 

nanotubes (an emitter), a CdTe NPs functionalized multi-wall carbon nanotube (CdTe-

MWNT) composite (a quencher) and K2S2O8 as a co-reactant (Fig. 3) [94]. TiO2 nanotube 

sensitized with CdS NPs has 14.1 times stronger cathodic ECL intensity than that of pure 

TiO2 nanotube electrode. The biosensor exhibits extremely low LOD of 1 fg mL−1 with a 

linear range exceeding 5 orders of magnitude (from 1 fg mL−1 to 10 pg mL−1). The potential 

in medicinal application was demonstrated by analysis of PSA in human serum samples with 

satisfactory results (average recovery of 98%; average RSD of 0.37% (n = 3)) [94].
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The lanthanide-based luminescent probe (EuPO4 nanowire) has been exploited in the work 

of Ma et al. due to its special properties, such as a long luminescent lifetime, a narrow 

emission band, low toxicity and high quantum yield [95]. The authors constructed an 

ultrasensitive label-free ECL immunosensor for PSA analysis with LOD of 177 fg mL−1. In 

the study chitosan was applied for covalent attachment of captured antibodies (via -NH2 

groups) and for better dispersion of EuPO4 nanowires on glassy carbon electrode. Recovery 

index was in range from 96% to 101% and all RSD were less than 6.0%, making the 

biosensor suitable for PSA detection in serum samples [95].

Aptamers are vital alternatives to antibodies. A signal-switchable ECL aptasensor based on 

CdS flower-like 3D assemblies was demonstrated [96]. Ferrocene modified graphene sheets 

were applied for highly efficient quenching of ECL. Captured DNA was immobilized on the 

modified electrode and served as an anchor for PSA aptamer. After that, conjugate sheets of 

ferrocene and graphene were applied. Thanks to strong π – π stacking interaction between 

graphene and nucleotides, graphene sheets were adsorbed on the single-stranded DNA. After 

PSA addition, aptamer tended to form a complex with PSA molecules resulting in graphene-

ferrocene dissociation with recovery of an ECL signal. The aptasensor offered low LOD (0.8 

pg mL−1) and was tested in human serum [96].

A DNA-based supersandwich ECL immunosensor based on carbon nanotube and AuNP 

modified electrode offered LOD of 4.2 fg mL−1 [97]. While capture antibody is immobilized 

on the modified electrode, detection antibody is attached to dendrimer together with an 

auxiliary DNA probe 1 with Ru complex and supersandwich is formed by addition of an 

auxiliary DNA probe 2 with histidine. Histidine residue after hybridization of both DNA 

probes come together to provide ECL signal and in order to enhance the signal incubation 

with DNA probe 1 and DNA probe 2 can be repeated [97].

Optical biosensors for PSA detection

Optical biosensing for PSA detection in PCa biomarker research represents a widespread 

principle due to numerous benefits offered, such as direct and rapid quantitation, high 

specificity, easy miniaturization and in some cases also real-time monitoring of biospecific 

interactions [98]. However, some limitations of this sensing principle, i.e. sensitivity, photo-

bleaching of fluorescent probes and high cost of analysis due to certain instrumentation 

requirements should be overcome [99]. Herein, the main focus is placed on the most widely 

used optical biosensor platforms published so far, which are surface plasmon resonance 

(SPR)-based biosensors including SPR imaging and localized SPR (LSPR). In addition to 

these techniques, other optical biosensor systems are reported below, such as fluorescence, 

chemiluminescence and surface-enhanced Raman scattering-based biosensors.

Surface plasmon resonance (SPR) biosensors

SPR-based biosensing of biomolecules has been a topic drawing a substantial scientific 

interest in the past decade especially due to a label-free, direct and real-time detection with 

possible kinetic studies. SPR biosensor for analysis of proteolytically-active PSA offering 

LOD of 100 pg mL−1 and a short response time was reported using magnetic nanobeads 

conjugated with a peptide [100]. The same principle of detection was utilized in the cell-on-
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chip analytical system for real-time detection of secreted molecules (PSA and β-2-

microglobulin) from human prostatic carcinoma cell lines (LNCaP) [101]. Determination of 

secreted biomolecules was reached using a configuration with alginate beads for trapping of 

living cells on the top of antibody spots (Fig. 4). SPR method of detection was applied for 

determination of kinetic parameters of PSA-specific antibodies towards PSA, but also for 

detection of PSA with LOD of 0.27 nM (8.6 ng mL−1) [102].

The drawback of SPR biosensing is quite high detection limit, thus a broad variety of 

nanoparticles were employed for signal amplification [103, 104]. The utilization of both 

matrix elimination buffer and AuNPs for SPR analysis of PSA was described [105]. By 

performing a sandwich assay using antibody-modified nanoparticles LOD of 2.3 ng mL−1 

(AuNPs, 20 nm) and 0.29 ng mL−1 (AuNPs, 40 nm) for tPSA spiked in 75% human serum 

were achieved [105]. Besides, the authors compared SPR biosensor platform with quartz 

crystal microbalance (QCM) device indicating that both methods provide comparable 

performance for PSA analysis [105]. Results from direct and sandwich assays performed in 

this study using the SPR and the QCM instruments produced linear lines with R2 values of 

0.98 and 0.99, respectively, suggesting that both these methods are useful for PSA 

determination in diluted human sera.

Furthermore, a novel strategy for improvement of SPR biosensing sensitivity was based on 

the construction of a new PSA-imprinted SPR sensor chip [106]. The imprinted SPR chip 

was designed in the presence of methacrylic acid as a functional monomer and ethylene 

glycol dimethacrylate as a cross-linker via UV polymerization using a microcontact 

imprinting technique. The microcontact-PSA imprinted SPR chips showed ultrasensitive 

PSA determination with LOD of 91 pg mL−1 (18 × 10−14 M) [106]. A similar imprinting-

based approach was applied for the selective binding of a PSA, when PSA was imprinted in 

the polymer, but the imprinting polymer also contained boronate functional groups for an 

interaction of the matrix with a glycan part of PSA [107]. Because the boronate-glycan 

interaction can be disrupted by low pH, a simple pH lowering was applied to remove the 

PSA template from the surface. Such an approach exhibited a 30-fold higher affinity for its 

target compared to that of other (glyco)proteins [107].

In addition to the SPR technique, localized surface plasmon resonance (LSPR) is an 

emerging label-free assay platform due to highly-sensitive and robust determination of 

biomolecules [108]. Paralleled LSPR lab-on-a-chip device with real time monitoring of 32 

sensing sites distributed across 8 independent microfluidic channels offered fast detection of 

PSA down to 500 pg mL−1 in a complex matrix (50% human serum) [109].

A response from a single AuNP as the shift value of LSPR maximum wavelength using 

dark-field microspectroscopy system was applied for determination of PSA-ACT (α1-

antichymotrypsin, PSA serum inhibitor) complex with a linear dynamic range from 10−4 to 

10 ng mL−1, with LOD of 0.1 pg mL−1 determined with an LSPR λmax shift of ~3.0 nm 

[110].
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Plasmonic ELISA-like detection

Several plasmonic-based ELISA sensing platform have been reported for detection of 

various biomarkers [111]. The method was pioneered by Stevens et al. [112, 113] with initial 

achievements reviewed [114].

In the case of PSA determination, the development of triangular silver nanoprisms 

(AgNPRs) etching-based plasmonic biosensor was reported by Liang et al. [115]. Triangular 

AgNPRs are etched by hydrogen peroxide produced by glucose oxidase (an enzyme label) 

catalyzed oxidation of glucose with change of the nanoparticle shape [116]. This 

subsequently causes a concomitant blue shift of the SPR spectra (Fig. 5) depending on the 

change of the particle architecture [116]. The triangular AgNPRs-based plasmonic ELISA 

approach detected PSA at concentration as low as 4.1 fg mL−1 in a wide linear range from 

10 fg mL−1 to 100 pg mL−1 in patient serum samples from 16 donors [115].

Very sensitive detection of PSA was performed by plasmonic ELISA-like approach based on 

enlargement of 5 nm AuNPs by H2O2 produced in the presence of PSA [117]. PSA is 

captured on the surface by a primary antibody, then reacts with a detection antibody 

conjugated with glucose oxidase on the surface of magnetic beads. In presence of glucose, 

H2O2 is formed, inducing growth AuNPs in the presence of HAuCl4 and the solution turns 

red from colorless. The biosensor offers LOD of 93 aM (~3.0 fg mL−1) and reliable results 

compared to HRP-based ELISA in 10,000-fold diluted human sera [117]. An advantage of 

using labeled biorecognition elements here is the fact one can use highly diluted sera, what 

leads to a minute sample consumption.

Fiber optic detection

Further improvement in optical biosensor design represents a fiber-optic (FO) technology. 

The implementation of FO to LSPR biosensing offers many advantages, such as high-

precision mechanism for angular or wavelength interrogation of metal films and no need for 

bulky optics [118].

An emerging lab-on-fiber concept was proposed to establish a new generation of 

miniaturized configuration at the top of the fiber for sensing applications. An ultrasensitive, 

robust, uniform gold nanodisk arrays FO nanoprobe for PSA analysis was prepared [119]. 

The authors reported miniaturized biosensor functionalized with monoclonal antibodies 

demonstrating very low LOD of 100 fg mL−1 (3 fM) for fPSA [119].

A fiber optic LSPR sensor combined with a microfluidic channel was introduced that allows 

for a continuous supply of a fluid for a bio-reaction for real-time analysis of PSA [120]. 

Furthermore, the same group previously reported in-situ optimization method for antibody 

immobilization and for construction of LSPR biosensor [121]. Among others, a real-time 

label-free detection of PSA based on a FO LSPR sensor platform with the application of 

spherical AuNPs on a flattened end-face of the optical fiber was capable to detect PSA down 

to 1 pg mL−1, however, not in real serum samples but spiked in a bovine serum albumin 

solution (1 mg mL−1) [122].
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Fluorescence detection

Fluorescent biosensors are frequently applied for analysis of biomolecules associated with 

various types of cancer. There have been many recent discoveries and novel approaches in 

the field of PSA fluorescent biosensing by combining highly sensitive fluorescent detection 

with the high selectivity provided by analyte-binding proteins.

A multi-channel system combining fluidics and micropatterned plasmonic materials with 

both fluorescent and SPR analysis on a single chip was described [123]. The dual detection 

system was based on combination of a small and motorized fluorescence microscope 

mounted on a portable 4-channel SPR instrument for detection of PSA at clinical 

concentrations from 10 pM to 50 nM (0.3–1600 ng ml−1) in a single assay lasting 12 min 

[123]. This kind of tests make PSA screening for a routine prevention much more accessible, 

since the system can be fully automated and thus doesn’t need a skilled operator. In the 

study, however, the authors did not test the system for analysis of a real human sera and a 

negative control was only human immunoglobulin, a highly abundant glycoprotein in blood 

(7.5–22 mg mL−1) [123].

Another strategy for constructing fluorescent biosensors was application of core-shell 

composite fluorescent silica nanoparticles for 3-fold enhancement of photoluminescence 

signal [124]. A highly sensitive, specific and reliable strategy based on metal-enhanced 

fluorescence and magnetic separation was applied for the detection of PSA in both buffer 

and serum [124]. Using immunomagnetic nanospheres and immunofluorescent nanoparticles 

capture and determination of the analyte was performed simultaneously. The authors showed 

a good linear relationship between the fluorescence intensity and the concentration of PSA 

(0.1–100 ng mL−1) with LOD of 27 pg mL−1 [124]. However, fluorescent methods working 

at >500 nm are potentially prone to interferences from background fluorescence and inner 

filter effects, what has to be taken into account for real samples analysis. Use of magnetic 

nanoparticles can eliminate these issues by a selective capture and transfer of only desired 

analyte molecule on a testing surface.

Surface plasmon-enhanced fluorescence analysis using Au nanohole array can detect PSA 

down to 140 f. (i.e. 0.004 ng mL−1) [125]. The authors demonstrated a simultaneous co-

excitation of localized surface plasmons and propagating surface plasmons on an Au 

nanohole array under Kretschmann configuration for PSA detection with the latter one 

offering approximately seven-fold lower LOD compared to the former one on the same 

substrate [125].

A variety of nanometer-sized inorganic crystals with unique optical properties i.e. QDs have 

been applied to enhance detection sensitivity of fluorescence-based biosensors [126]. The 

authors described novel homogeneous assays that enabled direct analysis of target analytes 

by monitoring the variations of the peak emission intensity of ZnSe QDs-labelled 

biomolecular sensors upon binding to specific target analytes. As the proof-of-the-concept, 

they performed direct homogeneous immunoassays for PSA using ZnSe QD-anti-PSA, 

where the amount of target PSA was estimated to be 2.6 pmol, or 74 ng [126]. Furthermore, 

application of QDs was described in the work of Pei and co-workers [127] based on GO 

QD@silver core–shell nanocrystals enabling fluorescent signal enhancement. The 
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ultrasensitive PSA immunosensor showed a good linear relationship between the 

fluorescence intensity and the concentration of PSA in the range from 1 pg mL−1 to 20 ng 

mL−1 with a LOD of 0.3 pg mL−1 [127].

Besides use of other nanoparticles like nanorods [128], core-shell nanoparticles [129], the 

QDs can be utilized for the enhancement of LSPR fluorescence assay due to its 

photostability. In the work by Song et al. novel nanostructured biosensing chips for PSA 

detection via nanoimprinting onto a glass substrate were constructed [130]. By measuring 

the plasmon enhanced fluorescence through a conventional dark field microscope they 

achieved LOD for analysis of PSA as low as 100 pg mL−1 [130].

A fluorogenic peptide substrate labelled with 4-amino-7-trifluoromethylcoumarin was 

applied to overcome limitation of autofluorescence of intra-seminal molecules [131]. The 

authors prepared a novel QDs-conjugated immunosensor for accurate identification of PSA 

in a seminal fluid (Fig. 6) [131].

A fluorescent detection principle based on an activatable nanoprobe with on signal on 

activation was described [132]. The quantitation was based on immobilization of capture 

antibodies on the surface to capture PSA. After attachment of PSA, the subsequent step was 

incubation of the surface with a complex of detection antibodies and fluorescent dye on 

AuNPs with fluorescence quenched after binding. After addition of cysteamine, a 

fluorescent dye was released and generated fluorescence. PSA was detected down to 32 fg 

mL−1 [132]. The authors showed a significant increase in assay sensitivity using their probe 

compared to commercially available ELISA for real serum samples analysis, so the method 

is of a great interest for real-world applications.

A nanoporous silicon based microarray format of analysis was applied for analysis of PSA 

and kL2 [133]. A sandwich configuration with standard fluorescent dyes applied offered 

LOD of 100 fg mL−1 for both analytes and the biosensor platform of detection was validated 

in spiked serum samples [133]. Besides antibodies, aptamers were applied for fluorescent 

detection of PSA. The combination of aptamers and 2D–layered nanomaterial (MoS2 

nanosheets) was presented for the first time in 2015 [134]. This fluorescent biosensor 

showed a “turn-on” fluorescent response to PSA with a high sensitivity and selectivity, with 

LOD of 0.2 ng mL−1 [134].

Very attractive strategy for PSA determination was designed as a portable smartphone in a 

fluoropolymer microfluidic device [135]. The research group presented a microcapillary film 

phone for PSA quantitation which was composed of a smartphone integrated with a 

magnifying lens and a miniaturized immunoassay platform. The microcapillary film phone 

working principle was based on illuminating the test strip sample with a UV light and 

capturing the signal with a smartphone camera attached with a magnifying lens. This 

approach offered LOD of 0.08 ng mL−1 in whole blood samples with the use of a fluorescent 

substrate [135].
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Chemiluminescent detection

It is known that chemiluminescence detection is more sensitive compared to fluorescent one 

because chemiluminescence detection does not require a light source and therefore has a low 

background noise [136].

Benefits of magnetic microparticles (MMPs) in chemiluminescent enzyme immunoassay 

were examined [137] due to many advantages, such as reduced incubation time, high surface 

area for immobilization, high capture efficiency and simple separation [138]. MMP-based 

assay (Fig. 7) showed the LOD of 0.1 ng mL−1 for PSA with reduced cost, assay time and 

amounts of reagents compared to the commercial microplate test for PSA. Furthermore, the 

selectivity of this method was proved with highly homologous protein to PSA, hK2 [137].

Instead of antibodies, the application of aptamers was used to capture and detect PSA [139]. 

A guanine-rich chemiluminescent aptasensor prepared on a nanocomposite consisting of 

MWCNTs and MNPs was introduced to rapidly capture PSA within 30 min without time-

consuming procedures (washing and multiple incubation steps). The described aptasensor 

with a good precision and reproducibility showed a wide linear dynamic range (1.9–125 ng 

mL−1) with LOD of 1 ng mL−1 [139].

Other optical detection platforms

Besides the already described optical-based detection platforms, several further strategies of 

optical-based biosensing have been reported, as well. One very attractive strategy for optical 

biosensing is surface-enhanced Raman scattering (SERS). SERS has its own inherent 

advantages over fluorescence including wide excitation wavelength ranges, lower 

susceptibility to photo-bleaching and capacity for a multiplexed assay [140]. This technique 

was also employed for PSA detection [141]. The authors introduced a novel wash-free 

magnetic immunoassay technique within a microdroplet sensor. Various concentrations of 

PSA ranging from 0.05 to 200 ng mL−1 were added to the microdroplet sensor, and SERS 

signals were measured at frequency of 174 droplets min−1. The SERS-based microdroplet 

biosensor can detect as low as 0.1 ng mL−1 of PSA with a tiny volume of a sample needed 

for analysis [141]. An interesting approach for highly sensitive detection of PSA was based 

on attachment of a derivative of a malachite green dye selectively at ends of gold nanorods 

[142]. Then two types of gold nanorod particles were prepared by covalent immobilization 

of antibodies at the end of nanorods to have: 1. capture antibodies against PSA and 2. 

detector antibodies against PSA. Then, both types of modified gold nanorods were mixed 

together to detect PSA, forming a chain of nanoparticles with nanoparticle separation of 

~5.6 nm in presence of PSA. The length of the nanorods chain depended on PSA 

concentration, resulting into a change of SERS signal with LOD of 0.01 ng mL−1 for PSA 

[142].

An improved white-light reflectance spectroscopy can provide LOD for tPSA of 0.2 ng 

mL-1 and for fPSA of 0.15 ng mL−1 [143]. The authors firstly optimized many aspects of 

the assay, such as material composition and thickness of the transducer and the shape and 

volume of a microfluidic cell. Moreover, they developed a software for real-time monitoring 
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of reflectance spectra. This label-free immunosensing system with an appropriate fluidic cell 

was able to determine both tPSA and fPSA in human serum samples [143].

An improved detection limit of PSA (1 pg) was achieved by application of the optofluidic 

chip consisting of arrayed nanopore-based sensors fabricated from an anodic aluminum 

oxide thin film [144]. Such type of the biosensor capable of ultrasensitive determination of 

dual PCa biomarker (PSA and a neuroendocrine marker) was published for the first time 

showing 50–100-fold enhancement of sensitivity compared to traditional ELISA [144].

Piezoelectric and other alternative methods for PSA detection

An alternative to all mentioned biosensing platforms is a piezoelectric assay. Piezoelectric 

sensors are capable of detecting antigens in the picogram range [145]. Another benefit of 

this detection method is the potential to detect antigens in the gas phase as well as in the 

liquid phase. A piezoelectric membrane-based approach with the application of magnetic 

beads to quantify seven PCa biomarkers including PSA was described [146]. The study dealt 

with the discrimination between 100 PCa (Gleason score 6 and 7 – a grading system used to 

evaluate the prostate biopsy samples) and 120 BPH patients. For these seven proteins in 

serum samples, the highest AUC (area under the curve) discrimination was achieved with a 

spondin-2 or free/total PSA operation where the area under the curve was 0.84 with a p 

value below 10−6 [146].

An excellent detection limit (1 × 10−16 g mL−1) in a serum for both PSA and CEA (a 

carcinoembryonic antigen) biomolecules was reached using a hybrid mechanical and 

optoplasmonic nanosensor [147]. Silicon cantilevers possess excellent mechanical attributes 

for translating biomolecular recognition on their surface into a nanoscale bending (a static 

mode) and variations of the resonance frequency (a dynamic mode) of the device [148]. 

Using a dynamic mode (Fig. 8), an extremely low LOD, which is at least seven orders of 

magnitude lower than required for a routine clinical practice was achieved [147].

Moreover, a planar split-ring resonator as a transducer has been used in the label-free 

biosensing of PSA in the microwave region [149]. The split-ring resonators are increasingly 

popular because their application as an artificial magnetic element or electromagnetic 

metamaterials to produce even terahertz responses [150]. In the work, a change in the 

resonant frequency was measured using micro-cantilevers offering a minimum detectable 

level of 100 pg mL−1 PSA [149]. Their finding showed, that an antigen-antibody system can 

be rapidly detected by the split-ring resonator-based biosensor in a local high-impedance 

microstrip line system [149].

An interesting approach based on the combination of DNA aptamer-beacon and microfluidic 

Love-wave biosensor for real-time PSA determination was presented [151]. The Love-wave 

sensors are a special type of surface acoustic wave biosensors having inherent benefits, such 

as low cost, high sensitivity, low power requirement and real-time monitoring [152]. The 

microfluidic device showed good performance for PSA detection between 10 ng mL−1 to 1 

μg mL−1, with LOD of 10 ng mL−1 [151].
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A completely different approach for PSA biosensing was described by Sun et al. by 

exploiting magnetic-based biosensors [153]. They used a micro-fluxgate based device with a 

rectangular magnetic core for the determination of PSA labelled with Dynabeads. The 

micro-fluxgate sensors are type of magnetic sensors having benefits such as light weight, 

quick response and compatibility with interface circuits and microfluidic chips [154]. By 

applying a DC magnetic fields, PSA was detected with LOD as low as 0.1 ng mL−1 [153]. 

The same group [155] applied a contactless detection method for PSA detection with a giant 

magnetoresistance sensor. With DC magnetic field, PSA can be detected with LOD down to 

0.1 ng mL−1 [153]. To detect even lower levels of PSA, Jiang et al. used the loop-mediated 

isothermal amplification method to measure the levels of reporter DNA molecules [156]. 

The LOD of the method is 1 f. (32.5 fg mL−1) [156], which is approximately 100-fold lower 

than LOD of the two other assays [153, 155]. The dynamic linear range also increased, from 

5 [153, 155] to 7 orders of magnitude [156].

Conclusions and perspectives

A requirement to have reliable, fast, accurate and cheap detection of cancer biomarkers 

create a great opportunity for development of novel, advanced biosensing platforms, which 

can be applicable for diagnostics purposes. In summary, advances and challenges in 

biosensor construction have pushed forward the analysis of cancer biomarkers including 

PSA. Herein we reported most recent (i.e. last 5 years) efforts and biosensing approaches 

exploiting various nanomaterials (metallic and carbon nanoparticles, QDs, hybrid 

nanocomposites) and strategies for sensitivity enhancement. There is no doubt that the 

progress in the field of biosensing technology will contribute to the effort of construction of 

point-of-care and bedside medical diagnostics devices. Many properties of the presented 

nanomaterials are of great importance in nanobiotechnology because of their unique 

properties, used depending on the detection platform – such as high conductivity for 

electrochemical biosensors, large surface area, and unique shape allowing multivalent 

binding or optical properties for plasmon resonance-based detection. Even though it can be 

hard to say which nanomaterial is the most commonly employed, current trend in biosensor 

development is the use of hybrid nanomaterials and nanocomposites.

Ultrasensitive analysis of PSA by the biosensors is possible using all assay techniques 

discussed in this review paper with the most sensitive principle of detection being an 

electrochemical one with 4 different electrochemical configurations offering detection limit 

down to ag mL−1 limit (20–740 ag mL−1), while only one other detection scheme based on 

mass cantilever based sensing offered LOD down to 100 ag mL−1 (Table 1). SPR technique 

was successfully utilized for characterization and/or optimization studies, but cannot offer 

very sensitive quantitation of PSA, with only a moderate increase of sensitivity achieved 

using nanoparticles. Highly parallel analysis similar to fluorescent arrays/biochips is 

possible only using the SPR imaging method. Microcantilever arrays can provide some level 

of multiplexed analysis, however, for the detection of various cancer diseases including PCa 

most likely an array for detection up to 8 different cancer biomarkers is adequate. 

Furthermore, the biosensor devices should be available in the form of a compact device to 

laboratories worldwide to become an alternative to widely used ELISA method and their 

reliability has to be tested by analysis of PSA directly in human serum samples. The vast 
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majority of biosensors are still used only in the laboratory and for the research purposes and 

for the mass production of point-of-care devices there is a need to have really robust devices 

with assay reliability, storage stability and throughput of sample assays comparable to 

ELISA with optimized/automated sample/reagent delivery.
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Fig. 1. 
(a, b) Fully integrated and automated MiSens biosensor device controlled wirelessly using a 

tablet with the developed MiContTM software (TUBİTAKBİLGEM, Kocaeli, Turkey); (c) 

the biosensor chip includes two electrode arrays that were fabricated on a 10 × 20 mm 

silicon dioxide wafer with each array consisting of three working electrodes (d = 1 mm) with 

shared Au counter and quasi-reference electrodes; (d) the electrode array formed on silicon 

wafers were attached to a poly(methyl methacrylate) holder by means of a double-sided tape 

for easy handling. Images taken from [24] with permission of Springer
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Fig. 2. 
Outline of the steps required for the capture and detection of PSA using Ab1-Au@MNPs via 

the sandwich ELISA method. To convert the Au@MNPs into biosensors for PSA, the gold 

surface of Au@MNPs was covalently modified with anti-PSA antibody. The modified 

Au@MNPs were dispersed in a PSA sample solution to capture the PSA present in the 

sample. Then, an enzyme-conjugated anti-PSA antibody was added and a magnetic field was 

applied to bring the analyte to the transducing electrode for electrochemical sensing. 

Reproduced from [53] with permission of The Royal Society of Chemistry
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Fig. 3. 
(A) The preparation of CdTe–MWNTs composites, followed by covalent conjugation of 

antibody (Ab2) to the composite with the surface blocked by bovine serum albumin (BSA). 

(B) Formation of CdS–TiO2 nanotubes-based electrode, followed by covalent 

immobilization of anti-PSA antibody (Ab1) and blocking by BSA. The final step was 

incubation with PSA and formation of a sandwich configuration using CdTe–MWNTs 

composites as ECL quenchers. Reproduced from [94] with permission of The Royal Society 

of Chemistry

Damborska et al. Page 29

Mikrochim Acta. Author manuscript; available in PMC 2018 July 14.

 E
urope P

M
C

 F
unders A

uthor M
anuscripts

 E
urope P

M
C

 F
unders A

uthor M
anuscripts



Fig. 4. 
Configuration of a cell-on-chip SPR analytical system. PSA secreted by human prostatic 

carcinoma cell lines (LNCaP) can be detected by the biosensor in response to specific 

stimuli, the dihydrotestosterone, transported by a microfluidic network, thanks to the 

specific antibodies immobilized at localized positions. The image was reproduced from 

[101]
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Fig. 5. 
Scheme of the quantitative immunoassay based on glucose oxidase-catalyzed etching of 

triangular silver nanoprisms (AgNPRs) into smaller spherical silver nanoparticles. PSA is 

first immobilized by the capture antibody (Ab1), and then PSA is recognized by the 

detection antibody (Ab2) conjugated with glucose oxidase (GOx) on the surfaces of the 

magnetic beads (MBs). The immobilized GOx catalyzes the oxidation of glucose to generate 

hydrogen peroxide, which induces the etching of triangular AgNPRs into smaller spherical 
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silver nanoparticles. With the etching, the solution turns blue to purple. Reprinted from 

[115] with permission from Elsevier
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Fig. 6. 
PSA nanosensor assembly: (a) antibody–quantum dots complexes are prepared using amine-

thiol crosslinking; (b) conjugates are incubated with a quencher-labelled epitope peptide 

quenching fluorescence; (c) binding of higher affinity PSA displaces the peptide from the 

antibody and restores fluorescence. Reproduced from [131] with permission of The Royal 

Society of Chemistry (RSC) on behalf of the Centre National de la Recherche Scientifique 

(CNRS) and the RSC
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Fig. 7. 
Schematic demonstration of MMP-based chemiluminescent enzyme immunoassay for PSA 

detection. First, alkaline phosphatase (ALP) was conjugated to anti-fPSA antibody and then 

was mixed with a fPSA solution and the resulting mixture was incubated with gentle 

shaking. Next, anti-PSA antibody coated magnetic microparticles (MMPs) were added to the 

above solution and the resulting mixture was incubated. At this point, the sandwich 

immunocomplex MMP-target-ALP was formed. The formed sandwich immunocomplex was 

magnetically separated and the excess of ALP-conjugated antibodies were removed. Finally, 

the solution containing the chemiluminescent substrate was added to the sandwich immuno-

complex. The resulting mixture was incubated in the dark at room temperature, and the light 

emissions were measured. Reprinted from [137] with permission from Elsevier

Damborska et al. Page 34

Mikrochim Acta. Author manuscript; available in PMC 2018 July 14.

 E
urope P

M
C

 F
unders A

uthor M
anuscripts

 E
urope P

M
C

 F
unders A

uthor M
anuscripts



Fig. 8. 
Schematic representation of the effect of the AuNPs mass loading on the resonance 

frequency of the cantilever. The resulting shift of the resonance frequency is proportional to 

the added mass. Reprinted by permission from Macmillan Publishers Ltd.: Nature 

Nanotechnology [147], copyright (2014)
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Scheme 1. 
(A) Luminol ECL reaction with H2O2. Reprinted from [81], Copyright (2008), with 

ermission from Elsevier. (B) Ru(bpy)3
2+ ECL reaction with tripropylamine. Taken from [83]
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