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Abstract: The review initially provides a short introduction to prostate cancer (PCa) incidence,
mortality, and diagnostics. Next, the need for novel biomarkers for PCa diagnostics is briefly
discussed. The core of the review provides details about PCa aetiology, alternative biomarkers
available for PCa diagnostics besides prostate specific antigen and their biosensing. In particular, low
molecular mass biomolecules (ions and metabolites) and high molecular mass biomolecules (proteins,
RNA, DNA, glycoproteins, enzymes) are discussed, along with clinical performance parameters.
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1. Prostate Cancer
Prostate cancer (PCa) is the second most common type of cancer among men and
the fifth most common cause of male mortality globally with up to 1.28 million new cases
reported in 2018 worldwide and with 358,989 associated deaths [1,2]. PCa disease is
quite often indolent and only requires active surveillance and therefore, in order to avoid
overtreatment, PCa screening is recommended for men of 55+ years [1–4]. Since the PCa
incidence will further increase to 2.1 million by 2035, accurate early stage PCa diagnostics
is very important [5]. The traditional PCa biomarker, i.e., a level of prostate specific antigen
(PSA), is not sufficiently reliable, affording high false negative and high false positive
results. The analysis of PSA in serum provides the following diagnostic performance with
AUC (area under the curve, i.e., receiver operating curve) of 0.68: (i) at a cut off value
of 4.1 ng mL−1 : sensitivity 20%, specificity 94%; (ii) at a cut off value of 2.6 ng mL−1 :
sensitivity 40%, specificity 81% [5]. This is why, in order to detect PCa at an early stage
and to avoid unnecessary biopsies, several liquid biopsy-based approaches have been
developed with a better clinical performance than PSA level analysis [6]. Small metabolites,
mRNA, micro RNA (miRNA), tumour DNA, proteins and glycans as novel biomarkers
have been used as promising biomarkers for PCa screening and disease management [7,8].
As already discussed elsewhere, serum levels of total PSA (tPSA) and any derived
measurements (fPSA%, PHI, 4K score, PCA3; fPSA% stands for percentage of free PSA
form (fPSA) divided by tPSA; PHI stands for Prostate Health Index) [9] are commonly
applied to PCa diagnostics. For example, the diagnostic performance of PHI to discriminate
between PCa patients (tPSA of 2.6–40.6 ng mL−1 ) and benign prostatic hyperplasia (BPH)
patients (tPSA of 3.9–14.5 ng mL−1 ) showed an AUC of 0.74; sensitivity 84% and specificity
45% [5]. However, since PSA is more tissue-specific than cancer-specific, and increased
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levels are often associated with increased prostate volume, causing poor predictability of
PCa in older men suffering from BPH, markers with higher positive/negative predictive
values are needed. At the same time, there is an ongoing search for markers with high
discrimination power in the “grey zone” (tPSA = 4–10 ng mL−1 ), while some markers, such
as the neutrophil-to-lymphocyte ratio, are known to be elevated for clinically relevant PCa
with tPSA levels ≥ 20 ng mL−1 [10,11].
This review provides an aetiological introduction to possible PCa biomarkers with a
focus on detection of small metabolites and glycan-based biomarkers. Novel types of PCa
biomarkers based on miRNA and proteins are also briefly discussed. The reader is advised
to read a review paper with a focus on protein analysis [12] and on clinical challenges in
PCa diagnostics [13].
2. Ions and Small Molecules as PCa Biomarkers
Although the most commonly used biomarker for the diagnostics and monitoring of
prostate conditions, including cancer, is PSA and its different forms, there are others which
may significantly contribute to differential diagnosis. Age and ethnicity are common risk
factors for PCa, with 97% of incidence after 50 years of age and with the highest mortality
rates in black men (about 2.5 times higher chance than in white men) [14,15]. Usually, the
quantification of PSA in serum is involved in diagnostics using immunoassay techniques,
which are less affordable in developing countries. Different PCa markers have already been
described in blood, urine, semen, or tissue, with urine being the most sought-after matrix
for PCa diagnostics due to the non-invasive nature of its collection [16]. Standardisation of
protein concentration in urine samples is almost impossible due to the biological variation
in urine composition and its dependence on different factors. For example, proteinuria is
defined as a total protein concentration ≥150–300 mg L−1 [17]. Along with other proteins,
PSA is also present in urine. Increased urinal PSA concentrations might be achieved after a
prostate massage/DRE exam or due to disease progression. Very recently, the use of ionic
liquid-based aqueous biphasic systems (biological Good’s buffers and K3 C6 H5 O7 salt) has
been introduced as an effective pre-treatment of human urine (a less complex, non-invasive
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The human ZIP1 gene for the zinc transporter 1 precursor is usually down-regulated
in malignant prostate cells [23], hence the diminished ability of PCa cell lines to enrich in
Zn2+. Other examples of membranous proteins with an aberrant expression in PCa cells
include a prostate specific membrane antigen (PSMA, a transmembrane glycoprotein ex-
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2.1. Zinc Homeostasis and Its Diagnostic Value
Urine is a mixture rich in many ions, small inorganic, and organic compounds. Among
these, zinc cations might play an important role in cancer detection. Zinc is known to
play an important role as a part of protein structures (e.g., zinc fingers) and a structural
component of cell structures, cell proliferation, differentiation, DNA/RNA synthesis, redox
regulation, and apoptosis or immune response (comprising innate, adaptive immunity and
even autoimmune pathologies) [19,20]. Zinc homeostasis, critical for virtually all cells, is
regulated by the influx/efflux of zinc ions by several transporters [21]. Prostatic tissue,
along with other soft tissues in the human body, accumulates a huge amount of zinc. An
increased intracellular zinc concentration leads to its accumulation in mitochondria and
directly inhibits the conversion of citrate to cis aconitate, a reaction important for the Krebs
cycle, causing citrate to occur in higher concentrations in a prostatic fluid. Diminishing
any further reactions by this single step reaction leads to depletion of the energy supply
for excessive cell proliferation with an inhibition of malignant transformation of prostate
epithelial cells. Ultimately, PCa cells contain lower amounts of zinc than normal prostatic
tissue [22,23]. Analysis of zinc concentration in serum samples is of great importance
in PCa screening. A comparative meta analysis proved significantly lower serum zinc
concentrations in human PCa patients compared to sera from individuals suffering from
BPH [24].
The human ZIP1 gene for the zinc transporter 1 precursor is usually down-regulated in
malignant prostate cells [23], hence the diminished ability of PCa cell lines to enrich in Zn2+ .
Other examples of membranous proteins with an aberrant expression in PCa cells include
a prostate specific membrane antigen (PSMA, a transmembrane glycoprotein exhibiting a
hydrolytic activity with a prognostic value also) [25,26] or the nuclear receptor superfamily
of androgen receptors, playing an important role in castration-resistant prostate cancer [27].
Compared to non-malignant cell lines, in the RWPE-1 cell line (non-neoplastic adult human
prostatic epithelial cells) a lower level of zinc content was detected [28]. This can be
effectively used for in situ fluorescent zinc-sensing for early PCa diagnostics.
A good example is a dansyl-Gly-Pro-Trp-Gly-NH2 -based fluorescent sensor, where
a fluorophore (a dansyl group) is an electron acceptor, Gly-Pro is the linker, Trp is the
binding group, and the rest of the molecule is hydrophilic. In a Zn-rich environment,
usually quenched fluorescence is “turned on” due to interrupted electron transfer, with Zn
concentration as low as 49.7 nM [29]. Endogenous Zn-sensing was also used by Fu et al.,
where the authors prepared a novel diketopyrrolopyrrole (DPP)-based fluorescent zinc ion
probe designated as DPP-C2. The fluorescent intensity was directly proportional with the
environmental zinc concentration and distinguished malignant DU145 and PC3 cells from
normal prostate epithelial cells (RWPE-1) [28]. Photoactivation (UV light-induced removal
of protecting groups) of Zn-binding sensor molecules and their application in vivo has also
been reported [30]. An electrochemical method for selective mobile Zn2+ ions detection in
real sera based on screen-printed electrodes (SPE) has been introduced recently [31]. SPEs
modified with zincon and an electrochemically exfoliated graphite composite were able
to detect Zn2+ down to 5 µg mL−1 using differential pulse voltammetry (DPV) with preconcentration and electrodeposition steps. Although this sensor was cheap, reproducible
(RSD ≤ 7%), and stable for several weeks, the measurement of Zn2+ currently remains
useful only as an analysis complementary to that of other PCa markers, being especially
useful for measuring intracellular zinc content (i.e., after initial prostate biopsy).
2.2. Other Ions, Hydrogen Peroxide, and Small Organic Molecules
While a clear association between levels of zinc and iron and biochemical recurrence
in PCa was proved using tissues from prostatectomy, selenium and cadmium could not
be effectively used to distinguish the cancerous tissue [32]. Another study also proposed
other heavy metals, namely Mn, As, and Sb, to be significantly and positively associated
with PCa [33]. It is worth noting, however, that iron dysmetabolism is a common feature
of not only PCa (where iron plays an important role in tumour proliferation), but also of
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different types of cancer cells in general, involving changes in expression of iron importers
(transferrin receptors, TFRs), intracellular regulators (responsive element binding proteins,
IRPs) or exporters (ferroportin, FPN), which makes these proteins also a therapeutic
target [34]. Divalent ions, along with glycosaminoglycans, play a crucial role in the central
processes of cell migration, angiogenesis, and extracellular matrix remodelling, thus being
associated with a metastatic potential of various tumours [35].
Usually, the information about iron concentration is extracted from the measurements
of living cells or tissue samples, using for example an anthracene-based fluorescent probe
containing benzothiazole group (BFA), which interacted with Fe3+ and Cr3+ even in vivo
(using PC-3 PCa cell line) down to 450 and 460 nM, respectively. Although some novel
devices have been developed to detect iron directly in serum samples, such as robust dry
sensor strips based on colour change upon chemical reaction and smartphone application [36] or graphene-based field-effect transistors with anti-ferritin antibodies (detecting
ferritin down to 10 fM, albeit measured in a buffer), these analyses are more suited to the
diagnostics of nutritional disorders and iron deficiency [37].
It is well known that PCa cells/samples (e.g., LNCaP cell line) often overproduce
H2 O2 and overexpress NADPH oxidase (NOx), resulting in increased intracellular reactive
oxygen species (ROS) levels [38]. Furthermore, increased ROS production is, similar to PCa
itself, associated with increasing age, and thus ROS may help not just to initiate but also to
advance tumour growth [39]. Since supraphysiological levels of H2 O2 exhibit cytotoxic
effects on cells, the results from a phase 1 clinical trial focusing on the effect of H2 O2
with radiation therapy on breast cancer were published recently, showing that H2 O2 is a
well-tolerated enhancer to radiotherapy itself [40].
Electrochemical detection of H2 O2 was performed using horseradish peroxidase (HRP)
conjugate i.e., HRP-AuNPs-polyethylene glycol (PEG) polymerised onto Au electrodes
in vitro. Due to the excellent antifouling properties of PEG and the diffusion of molecules
into a hydrogel layer, production of H2 O2 by PC3 cells was measured by cyclic voltammetry (due to a change in a cathodic current correlating with H2 O2 concentration, with
LOD = 10 nM) [41]. Another recent study suggests the use of a new pyrene-based compound (Py-VPB) as H2 O2 fluorescent probe for intracellular detection in vitro and in vivo.
Using HeLa cell line, H2 O2 was visualised inside mitochondria [42]. The most significant
ions and small molecules, including their importers and mechanisms of oxidative DNA
damage, are shown in Figure 2.
Over the past decade, a novel class of inorganic 2D nanomaterials, MXenes (transition metal carbides, nitrides or carbonitrides), have been extensively studied. As shown
recently, Ti3 C2 TX MXene could be effectively used to detect H2 O2 down to nM level [43].
In addition, we coupled the H2 O2 sensing with a simple reaction catalysed by sarcosine
oxidase (SOx, FAD-containing enzyme) by converting sarcosine (N-methylglycine, nonproteinogenic amino acid, intermediate in glycine metabolism and a potential PCa marker)
to glycine and HCOH, generating H2 O2 subsequently detected by MXene/chitosan/SOx
nanocomposite even in urine samples (LOD = 18 nM) [44]. Moreover, sarcosine was only
recently shown to increase cellular methylation potential (increase in methylated CpG
islands) exclusively in prostate cells, thus being an epigenetic modifier [45]. Since the
study by Sreekumar et al. [46] was published, elevated levels of sarcosine (from 20 nM to
5 µM) have been recorded in PCa patients [47–49]. In the past, a number of attempts were
made to detect sarcosine, mostly using SOx and a combination of different (nano)materials,
by electrochemical (amperometric, potentiometric, or impedimetric) or optical (e.g., fluorimetric) methods. An overview of the different platforms, surface modifications and
biosensor performance parameters are provided in Table 1. Common immobilisation strategies published to date include covalent attachment of the SOx enzyme on a solid support,
bearing carboxy groups using common amine coupling (EDC/NHS) or crosslinking using
glutaraldehyde [50]. For some materials, their biocompatibility must be taken into account,
as well as their repeatability/long-term storage.
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some metabolites are aetiology-related, citrullin was identified as a possible marker for
subclinical PCa [62]. High serum homocysteine, cystathionine, cysteine or methionine lev-
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els independently predicted a risk of a disease recurrence and its aggressiveness [63], using
as a radiotracer [64] in imaging techniques. A combined marker—ratio of
choline + spermine (as the main polyamine) + creatine over citrate [(Cho+(Spm+)Cr)/Cit]
was successfully used as a PCa biomarker in (1)H MR spectroscopic imaging ((1)H-MRSI)
of the prostate [65].
11 C-methionine

Table 1. Basic operational parameters for sensors detecting sarcosine.
Detection

Surface Modification

LOD
(nM)

Linear Range
(µM)

RT
(s)

Stability (h)

Application

Ref.

Amper.
Amper.
Amper.
Amper.
Amper.
Amper.
Amper.
Amper.
Amper.
Amper.
Amper.
Potent.
Potent.
Potent.
Imped.
Color.
Color.
Fluor.
Fluor.

PVA-Ag/AnNPs-pphTEOS-SOX/GE
SOX/EDC/NHS/Au/ZnONPs/SPEs
SOX/CHIT/CuNPs/cMWCNT/AuE
SOXNPs/AuE
SOX/Pt@ZIF8/GCE
Nafion-SOX/Pt/AAO
SOX/Pt/OIHMMP/GCE
SOX/PAA/GCE
SOX/Pt-Fe3 O4 @C/GCE
SOX/chitosan/Ti3 C2 TX /GCE
Fe3 O4 @ZIF-8@MIP/AuE
MIP-based sensor
GO based nanocomposite
Non-GO based nanocomposite
MIP/AuNPs/SPCE
PdNPs based sensing platform
NQS/GO/GCE
Nanomaghemite/AuNPs/QD/peptide
ssDNA aptamer-based sensor

500
16
0.0001
10
1060
50
130
0.4
430
18
0.0004
0.14
3.3
0.005
8.5
5.0
730
0.05
55

0.5–7.5
0.01–0.1
0.1–100
0.1–100
5–30
0.05–100
1–70
0.001–0.05
0.5–60
0.036–7.8
0.000001–0.0001
0.001–10
0.01–100
0.001–10
0.011–17.9
0.01–50
6.2–26.3
0.005–0.05
0.1–2

17
2
2
2
<120
60
60
-

60 d
180 d
180
3
15 d
5w
>5 m
3–4 m
3–4 m
~7 d
-

Aq. media
Synth. urine
Serum
Urine
Aq. media
Aq. media
Serum
Urine
Serum
Synth. urine
Urine
Aq. media
Aq. media
Aq. media
Aq. media
Urine
Aq. media
Urine, cells
Urine

[66]
[50]
[67]
[68]
[69]
[70]
[71]
[72]
[73]
[44]
[74]
[75]
[76]
[76]
[77]
[78]
[79]
[80]
[81]

Abbreviations: LOD—Limit of detection, RT—Response time, PVA—polyvinyl alcohol, pph-TEOS—partially pre-hydrolysed tetraethyl
orthosilicate, CHIT—chitosan, cMWCNT—carboxylated multi-walled carbon nanotubes, Pt@ZIF8—nanoplatinum-loaded porous zeolitic
imidazolate framework-8, AAO—anodised aluminium oxide, Pt/OIHMMP—platinum-supported mesoporous organic-inorganic hybrid
molybdenum phosphonate, MIP—molecularly imprinted polymer, GO—graphene oxide, GO-based nanocomposite: Ab-GO@graphitepowder@dibutyl phthalate-electrode; NQS—1,2-naphthoquinone-4-sulphonic acid sodium salt.

Although urine commonly contains a mixture of low molecular mass and even volatile
compounds, which can be detected by the senses (interestingly, also by using trained
dogs) [82] or using a low-cost array of different electrodes (Ir, Rh, Pt, Au, Ag, Co and Cu,
d = 2 mm)—so-called voltammetric electronic tongue (sensitivity 91% and a specificity
73% to detect PCa individuals) [83], the specific detection of a PCa biomarker is usually
achieved by using a bioreceptive element. Citrate is an important part of a prostatic fluid,
being produced by prostate cells with its level being affected directly by intracellular Zn
concentration. Zn switches citrate from being accumulated to being processed further in
the Krebs cycle, providing energy for the cell (e.g., for proliferation of cancer cells) and
even controls apoptosis (i.e., also controls tumour survival, Figure 3) [23].
Another important metabolite (among some other amino acids) is aspartate, as its
levels were also increased in ARCAP (androgen-repressed human prostate cancer) cells [84].
In vivo determination of citrate concentration in living cells (HeLa and INS-1) was elegantly
achieved by directed protein evolution—by inserting a CitA sensing domain (citrateresponsive CitA protein from Klebsiella pneumoniae) into a green fluorescent protein (from
Aequorea victoria)—by a so-called genetically-encoded biosensor. Conformational change in
a receptor molecule upon an analyte-binding results in a change in fluorescent intensity [85].
A colorimetric paper-based nanoplatform to detect citrate in human urine samples
to diagnose PCa early was also proposed by Abarghoei et al. Cysteine-capped gold
nanoclusters (Cys-AuNCs) exhibit a peroxidase-like activity and are able to oxidise tetramethylbenzidine (TMB) in the presence of H2 O2 . Since citrate is able to bind to modified
Cys-AuNCs by hydrogen bonds, it inhibits this activity, which leads to a decreased optical
signal. LOD in this case was 100 nM, with a linear range up to 1 mM [86]. In recent
years, lanthanide coordination polymers (LCPs) have gained some attention as promising
materials in biosensing. Terbium ion (Tb3+ ) as a luminescence centre and guanosine-50 monophosphate (GMP) as an organic ligand were used in combination with LCP to prepare
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a sensing platform (Tb–GMP LCP-based biosensor) for citrate detection down to 4 µM.
Upon citrate binding, a 6.5-fold enhancement in fluorescence was achieved, compared to a
weak natural fluorescence of Tb-GMP [87]. Urinary polyamines were also investigated as
potential PCa diagnostic markers, where spermin was identified as the most promising
marker (distinguishing PCa patients from BPH controls with AUC = 0.83) [88], which outperformed putrescine and spermidine, although spermidine dietary supplementation was
associated with an increased survival among cancer patients at an early stage [89]. A hybrid
hydrogel matrix for the detection of spermin was described recently, with LOD = 6 µM. A
dye-enriched agarose matrix increases its fluorescence in the presence of spermin 27-fold
in real samples analysis (such as blood or urine), since such a sensor performance is not
compromised by interferents such as various metal ions, anions, monosaccharides and even
basic amino acids such as histidine, arginine, lysine, ornithine, or glutamine [90]. Although
there are quite a few molecules currently identified as possible PCa biomarkers, each of
these were tested only for PCa diagnostics and their involvement in other pathological
conditions was not studied, which limits their clinical performance. A common example is
creatinine (a metabolic product of creatine phosphate, providing energy to muscles) and
its serum levels are associated with a higher risk of PCa [91], while it commonly serves
Chemosensors 2021, 9, x FOR PEER REVIEW
7 of
33
as an indicator of renal function after dialysis and is associated with some urinary
tract
diseases symptoms, thyroid malfunction, and also muscle damage [92,93]. Thus, an altered
creatinine level in itself cannot be used in accurate and robust PCa diagnostics.
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Another important metabolite (among some other amino acids) is aspartate, as its
levels were also increased in ARCAP (androgen-repressed human prostate cancer) cells
[84]. In vivo determination of citrate concentration in living cells (HeLa and INS-1) was
elegantly achieved by directed protein evolution—by inserting a CitA sensing domain
(citrate-responsive CitA protein from Klebsiella pneumoniae) into a green fluorescent pro-
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3. Nucleic Acid-Based PCa Biomarkers
Having their origin in the cell nucleus, in this section we describe different types,
mechanism of synthesis and detection principles for the analysis of genes with changed
expression profile, mutated genes, and aberrant gene products, as well as micro RNAs
involved in PCa diagnostics and prognostics. Since the detection often relies on a relatively
low amount of the markers present in the original sample, a polymerase chain reaction
(PCR) is usually introduced prior to analysis by a genosensor platform [94,95].
3.1. PCA3 Gene RNA Product
The PCA3 score test is one of the PCa biomarkers applied in clinical practice. The
product of a prostate cancer gene 3 (PCA3) is a non-coding RNA that can be collected
non-invasively from urine samples. In prostatic tissue, PCA3 is highly overexpressed
compared to other tissues, where it is not present at all, and its expression increases further
in cancer cells (up to ~100×) [96]. It shows a higher diagnostic and also prognostic value
than fPSA% and also correlates with the increasing Gleason’s score, also being a possible
prognostic marker [97]. Moreover, it has been shown that patients with high-grade prostate
intraepithelial neoplasia (HG PIN) have a higher PCA3 score than a control group. The
PCA3 test should ideally be performed from the first-caught urine after a prostate massage
during a digital rectal examination for one of the following cases: (i) individuals with
elevated PSA levels and a negative initial biopsy; (ii) individuals with elevated PSA levels
and prostatitis; or (iii) individuals undergoing active surveillance with low-grade tumour
or presumed microfocal disease [96]. In the studies published, the PCA3 test outperformed
the tPSA or fPSA% tests, providing quite a wide range of assay sensitivities and specificities
(58–94.9% and 41.8–72% [97–99], respectively, for a cut off value of 35), most likely due to
different or unknown inclusion/exclusion criteria, as discussed in a recent meta analysis
study [100]. Wang et al. proposed a combination of PCA3 and PSA RNA transcripts
(PCA3/PSA RNA) to be a more reliable PCa biomarker, as suggested by the area under
receiver operating characteristic curves: AUC(PCA3) = 0.717, AUC(PSA) = 0.444 and
AUC(PCA3/PSA) = 0.916 [101].
As for point-of-care diagnostics, an electrochemical genosensor was recently proposed
for the detection of PCA3 using a PCA3 single-stranded -NH2 -containing DNA probe
immobilised via amine coupling on layer-by-layer (LbL) modified interdigitated gold
electrodes by chitosan and multi-walled carbon nanotubes [102]. LOD in this case was
as low as 0.128 nM [102]. Electrochemical impedance spectroscopy is known to be one
of the most sensitive label-free electrochemical techniques [103,104]. Modifying carbonprinted electrodes or quartz with layer-by-layer deposited films of gold nanoparticles
(AuNPs) and chondroitin sulphate, PCA3 complementary DNA sequence as a probe could
be immobilised on a surface, affording LOD as low as 83 pM (2000 pM in the event of using
cyclic voltammetry for the detection) [105].
Optical detection platforms have also become popular in low resource settings affording such excellent operational parameters as simplicity of use, low cost, and short
detection time. Among others, lateral flow assay (LFA) biosensors are also a popular choice
for the possibility to easily expand to mass production. An impressive detection limit of
3 fM of PCA3 mimic DNA (with detection range from 0.01 to 50,000 pM) was achieved by
a SERS-based competitive LFA assay using malachite green isothiocyanate and AuNPs.
In addition, no significant differences were observed when compared not just to a blank
and a non-complementary strain but also to a single-base mismatched DNA, suggesting
high selectivity [106]. For different optical platforms, nanoparticles (NPs) are often used to
(i) provide the detectable signal; or for (ii) enrichment prior to any signal generation. Use
of an up-conversion NPs-graphene sensor platform affords early diagnostics based on the
specific detection of oligonucleotide sequences in complex matrices (such as cell lysates or
plasma) [107]. These lanthanide-doped NPs serve as a fluorescence donor—by absorbing
two or more low energy photons, they emit fluorescence at a shorter wavelength. Upon the
hybridisation of a probe immobilised on NPs, graphene oxide (GO) is added and, following
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laser irradiation (λ = 980 nm), a fluorescent signature of NPs is observed. GO affords many
unique properties for this array, such as high surface area, water solubility, quenching
properties and the fact that single-stranded (ss) oligonucleotides preferentially bind to
GO via π-π interactions, while double-stranded (ds) do not exhibit such behaviour. In
contrast, magnetic NPs for target analyte enrichment have been used for an enzyme-linked
oligonucleotide assay to overcome any drawback of a common electrophoretic detection
of PCR products. Running a RT-PCR assay in a tube with forward and reverse primers
attached to magnetic NPs and biotin, respectively, using HRP and a common TMB/H2 O2
system, a sensitive optical detection of PCA3 in urine was achieved. Moreover, PCa patients
were readily distinguishable, not just from healthy controls, but also from BPH patients,
suggesting that PCA3 remains one of the most PCa-specific markers available to date [108].
3.2. miRNA PCa Biomarkers
MicroRNAs (miRNA, miR) are small ~22 nucleotides, transcribed as RNA hairpins, endogenously expressed non-coding RNAs, as opposed to small interfering RNAs—siRNAs,
which are produced by exogenous long double-stranded RNA, that negatively regulate
the expression of protein-coding genes at the translational level by selectively targeting
mRNA [109]. miRs are expressed by the transcription of miR genes (introns) [110] and
target different genes, thereby regulating different signalling pathways and, moreover, the
expression signature often differs between cancer and normal tissues [111], which makes
miRs possible biomarkers for early stage liquid biopsy (non-invasive analysis of urine)
or disease recurrence (analysis of tissue-markers). Based on perfect or imperfect complementarity to a target sequence, a translation repression of mRNA or mRNA degradation,
respectively, is obtained [112]. In PCa, miRs affect the basic metabolism, such as glucose
uptake, glycolysis, and lactate secretion, lipid metabolism (de novo fatty acids synthesis)
and interaction with signalling pathways [113]. Different types of oncomarkers potentially
being analysed in early PCa diagnostics are shown in Figure 4, while miRs are present in
plasma or serum in the range of several ng·mL−1 , and are quite stable due to the fact they
Chemosensors 2021, 9, x FOR PEER REVIEW
10 of 33
are often packaged inside membranous vesicles, such as exosomes, oncosomes, apoptotic
bodies or microvesicles and associated with RNA-binding proteins [114].
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associated with PCa, such as miR-21 [115,116] (sensitivity ≤ 95% and specificity = 100%
for miR-21 and miR-221 [117] in combination with PHI. For diagnostic and prognostic
purposes, miR-182-5p and miR-375-3p were isolated from tissues and plasmas and subsequently detected. Although miR-375-3p could not be reliably used for PCa diagnostics, the
higher circulating levels of both the above miRs were associated with more pathological
stages and miR-375-3p could even be associated with patients more prone to develop
a metastatic PCa [118]. In addition, miR-375-3p could be associated (significantly overexpressed together with miRs 141 and 378*) with castration-resistant PCa, as shown in
another study [119]. In the case of PCa itself, there are many miR-based tissue biomarkers with a diagnostic or a prognostic value. As reported in a microarray-based study of
470 human miRs, 10 of these miRs were downregulated, 5 upregulated, and some even
correlated with a Gleason score parameter (miR-31, 96 and 205) [120]. On the basis of
this study, the best miR biomarker for PCa was miR-205 (diagnostic accuracy of 72%,
AUC = 0.82). Using all miRs and a logistic regression, accuracy increased to 82% and AUC
value only slightly to 0.86 [120]. miR-141 and miR-375 usually detected in tissues (e.g.,
after radical prostatectomy in untreated PCa patients) are also present in serum samples in
higher amounts in metastatic PCa patients (in microvesicles or exosomes), miR-107 and
miR-574-3p were identified as potential urinary markers (with best AUC = 0.74 for miR-107
on cohorts, where PCA3 yielded an AUC = 0.61) [121]. Besides the two above-mentioned
miRs, miR-21-5p, miR-141-3p, and miR-375 were most recently proposed for consideration as potential urinary biomarkers for non-invasive PCa diagnostics [122]. Except for
a single biomarker approach, Fredsøe et al. showed an impressive performance of their
three miR-based model for urinary detection of PCa (miR-222-3p*miR-24-3p/miR-30c-5p),
distinguishable from a BPH cohort with an AUC = 0.89–0.95 [123]. Similarly, another model
(miR-125b-5p*let-7a-5p/miR-151-5p) predicted time to biochemical recurrence after radical
prostatectomy (distinguished low- and high-risk groups with high statistical significance,
p = 0.0176) [123].
In discussing miRs detection using sensors, electrochemical detection is by far one
of the most popular methods. In a recent review paper published by El Aamri et al.,
the authors proposed five different classes of electrochemical biosensors: (i) biosensors
comprising one or two labelled probes (including elimination of these probes upon hybridisation, thus a decrease in the electrochemical signal was observed, due to the action of a
duplex-specific nuclease) [124]; (ii) biosensors comprising a catalyst (an enzyme, chemical
or DNAzyme); (iii) biosensors comprising intercalating species (direct or template-driven);
(iv) label-free detection platforms; and (v) other detection principles, such as oxidation of
guanine [125]. The different configurations commonly used are schematically depicted in
Figure 5. Because of the biogenetic process of mature miRs (from primary miRs, so-called
pri-miR of ~1–3 kb and pre-miR of ~70–100 nt loop structures, which are transported
to a cytoplasm and enzymatically processed further), sequences with a high degree of
homology are often produced, rendering the design of the sensor sensitisers (probes) quite
challenging. Moreover, variance in GC content results in a variance in melting temperatures [112]. Other challenges involve sample preparation and extraction methods [110].
One final feature, specific to biosensing, is that the biosensor surface/interface needs to
be stable over time, otherwise any changes need to be taken into account after long term
storage and prior to analysis, such as nanowire biosensor based on silicon-on-insulator
structures for detection of DNA probes complementary to the sequences of miR-183 and
miR-484 down to 10−16 M, where the device offered an inversed signal (sensitivity) after a
two-year storage [126]. Other than the different biosensors, commonly used methods for
miR detection are Northern blot, RT-qPCR, and microarrays.
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attached to the electrode surface, such as ferrocene derivatives.
3.3. Changes in DNA Level (DNA-Based and Derived Oncomarkers)
Although PCa is known to have a different epidemiology across different ethnic
groups, genetic/hereditary factors are also known to play an important role in the disease
occurrence. The Nordic Twin Study estimated the risk of the development of PCa due to inheritability at 57% (CI95% = 51–63%), making it one of the most inheritable cancers together
with melanoma and non-melanoma skin cancers [129]. By means of genetic variations,
different loci were identified (~170) as being more or less susceptible to changes due to
PCa development, while more common genetic variants of some genes may confer a lower
risk for PCa [130,131]. Examples involve mutations in tumour suppressor/DNA repair
genes, such as BRCA1, BRCA2, ATM, CHEK2, RAD51D or PALB2 [132] and also more rare
variations, such as HOXB13 (G84E variant, 1.4% in Europe, being more common for PCa
with an early onset)—a transcription factor gene important in prostate development [133].
Although commonly used as a marker for breast and ovarian cancer (with 85% and 63%
lifetime risks of hereditary cancer in women, respectively) [134], recent efforts to detect
BRCA1 changes involve mostly nanomaterial-supported electrochemical detection, e.g.,
thermally reduced GO with functional groups still used to immobilise streptavidin and
subsequently to bind a PCR product with a biotin-labelled primer entering the reaction
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(a biosensor response was measured in real time as a decrease in resistance in MΩ range
with LOD = 0.2 nM) [135] or thiol-modified DNA tetrahedral-structured probe and AuNPmodified reporter DNA, creating a typical sandwich with BRCA1 sequence and generating
an electrochemical (amperometry, voltammetry) signal using HRP and TMB/H2 O2 for
analyte concentrations much lower than in the previous case—down to 0.1 fM [136].
Different types of gene-associated changes in PCa, further discussed in this section,
are depicted in Figure 6. Fusion of transmembrane protease serine 2:v-ets erythroblastosis
virus E26 oncogene homologue (TMPRSS2:ERG) is often associated with PCa. Furthermore, through lentiviral-mediated gene-silencing, the mRNA product of ERG and protein
expression was significantly reduced, which resulted in cell-cycle arrest at G0/G1 phase for
VCaP cells (Vertebral-Cancer of the Prostate) [137]. Besides chromosomal rearrangements
creating fusion genes, RNA sequencing technology proved that fusion is also mediated
at a transcription level [138]. ERG gene rearrangements are quite common in prostate
adenocarcinomas, while less data is available for small-cell prostate carcinomas (a rare neuroendocrine tumour variant), which manifest themselves quite early (including metastases),
are not accompanied by an increase in serum PSA and are resistant to androgen ablation. In
addition, TMPRSS2:ERG and PCA3 were shown to have an independent positive predictive
value to detect PCa [139]. A rapid, low-cost (~5 USD/test), and a robust (isothermal reverse
transcriptase-recombinase polymerase amplification-based) approach has been developed
for the detection of the fusion gene in urine, detecting as low as 105 copies of transcripts.
Naked eye detection was possible due to the formation of cDNA amplicons exclusively in
the presence of fusion genes in urine, providing a non-invasive matrix. These amplicons
then bind to MPs and spontaneous flocculation occurs [140]. Another important gene
associated with PCa is glutathione S-transferase P1 (GSTP1), expressed in some human
tissues. This enzyme detoxifies the cell from endogenous and exogenous toxic compounds
using glutathione or by acting as a ligandin (also via protein-protein interactions) [141,142],
exhibiting quite impressive substrate promiscuity. In PCa, the promoter of GSTP1 is hypermethylated, which leads to a loss of expression levels and possibly to DNA damage due to
increased oxidative stress. Induction of GSTP1 activity in LNCaP (human prostate adenocarcinoma cells derived from the left supraclavicular lymph node metastasis) cells with a
silenced GSTP1 gene lowered endogenous (ROS) levels when exposed to H2 O2 [143,144].
Additionally, miRs 133-a/b, 144, 144*, 153-1, 590-3p and 590-5p were shown to regulate
GSTP1, being another class of possible PCa markers [145]. Biosensors detecting GSTP1
hypermethylation, which are stable for a long time, could be successfully designed based
on a hybridisation strategy with a probe immobilised on a single-use graphite carbon
electrode or multi-walled carbon nanotubes screen printed electrodes. In both cases, LODs
down to pM level were achieved based on changes in guanine oxidations using differential
pulse voltammetry (DPV) [146,147].
If oxidative stress (in the form of a ROS attack) is not prevented, it might directly damage cellular DNA. Predominantly, bases in DNA structure are hydroxylated with guanine
being the most prone to such an oxidation. Hence, for several decades, the most studied
and abundant lesion is most likely 8-hydroxydeoxyguanosine (8-OHdG), which occurs in
urine as a product of mismatch repair mechanism [148]. Moreover, 8-OHdG concentration
(controlled by local antioxidant capacity) in urine was shown to refer not only to increased
oxidative damage but also to be associated with some diseases, including breast, bladder
and prostate cancers [149]—which could even be distinguished from benign hyperplasia
using a tissue-staining microarray (10 adenocarcinoma patients vs. 70 controls) [150]. 8OHdG might be directly electrochemically oxidised on modified surfaces with sufficient
electrocatalytic activities (on carbon surfaces, 8-OHdG exhibits a 2-electron transfer reaction), such as electrochemically reduced GO and multi-walled carbon nanotubes-modified
glassy carbon electrode, where a limit of detection of 35 nM was achieved (with linear
range from 3 to 75 µM), as well as analysis in the presence of common interferents (ascorbic
and uric acid, xanthine, and hypoxanthine) and in urine [151]. Similarly, LOD = 28 nM
(with linear range from 0.5 to 100 µM) was achieved at the edge plane surface of a py-
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rolytic graphite electrode [152]. A molecularly-imprinted sensor has also been fabricated
using edge plane pyrolytic graphite and glutaraldehyde/poly-1,5-diaminonaphthalene
bioreceptive interface; however LOD = 3 nM and a linear range from 20 nM up to 3 µM
was not significantly different from the less complicated assays mentioned above [153].
For point-of-care diagnostics, an interesting concept using 8-OHdG oxidation on carbon
ink-modified paper substrate coupled with DPV readings was used [154]. LOD in this case
was once again in nM range (~50 nM, i.e., 14.4 ng mL−1 ). Since this device might be readily
miniaturised and mass-produced at a low price with a performance comparable with previous devices, it is an ideal candidate for in situ testing of biological samples. The parameters
of this paper-based sensor could be further tailored using different additives in the carbon ink, such as (carboxylated) MWCNTs or PEDOT (poly(3,4-ethylenedioxythiophene))
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If oxidative stress (in the form of a ROS attack) is not prevented, it might directly
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Moreover,
proteininactivity,
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or even
immunoassay-based
diagnostic
results
[156]. 8-OHdG
concentration (controlled by local antioxidant capacity) in urine was shown to refer not
only to increased oxidative damage but also to be associated with some diseases, including breast, bladder and prostate cancers [149]—which could even be distinguished from
benign hyperplasia using a tissue-staining microarray (10 adenocarcinoma patients vs. 70
controls) [150]. 8-OHdG might be directly electrochemically oxidised on modified surfaces with sufficient electrocatalytic activities (on carbon surfaces, 8-OHdG exhibits a 2-
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anisms—such as methylation and DNA damage due to ROS action), single nucleotide
polymorphisms (point mutations) might significantly contribute to express disease-related proteins. These mutations might even alter any post-translational modification and
thereby affect protein activity, stability, or even immunoassay-based diagnostic results
14 of 33
[156].
4. Protein-Based PCa Biomarkers
4.4.1.
Protein-Based
Osteopontin PCa Biomarkers
4.1. Osteopontin

Osteopontin (a bone sialoprotein1, OPN), as a secreted phosphoprotein (60 kDa), is
Osteopontin (a bone
OPN), as a[157]
secreted
(60inkDa),
is
a pro-inflammatory
andsialoprotein1,
pro-fibrotic molecule
that phosphoprotein
can be expressed
a variety
of
atissues
pro-inflammatory
and
pro-fibrotic
molecule
[157]
that
can
be
expressed
in
a
variety
of
such as brain [158], breast, bones, kidney, lung, and liver and, moreover, can be
tissues such as brain [158], breast, bones, kidney, lung, and liver and, moreover, can be
applied as a potential diagnostic, prognostic and therapeutic tool [159] to the investigation
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of PCa [160]. The strategy of Sharma and co-workers [161] included utilisation of SWCNTs
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Figure 7. Electrical immunosensor for detection of osteopontin (OPN). (a) Schematic of the transparent SWCNT based immunosensors for OPN detection, where OPN antibodies were immobilized on
the SWCNT surface between the source and the drain electrodes on a glass substrate, (b) FE-SEM
micrographs of SWCNTs between Au/ITO electrodes, (c) FE-SEM micrographs of SWCNTs at higher
magnification, (d) AFM images of the SWCNTs deposited between two Au/ITO electrodes, and
(e) AFM images of OPN antibody covalently attached to -COOH functionalized SWCNT surfaces.
Reprinted from ref. [161]. Copyright (2015) with permission from Elsevier.

4.2. Engrailed-2 Protein (EN2)
The development of an in vitro diagnostic method based on novel biomarkers leading
to more sensitive, specific, and early stage diagnostics is currently attracting attention.
Various diseases (inflammation, cancer) can be caused by dysregulation in the transcription
of DNA to messenger RNA and hence abnormal expression of the transcription factors
can be applicable in diagnostics. The engrailed-2 (EN2) protein, as one of these factors
containing the homeobox domain, which is significant for an early embryonic development,
can be used for diagnostics of various types of cancer diseases (breast, bladder, ovarian,
prostate). Additionally, EN2 binding to a specific DNA sequence (50 -TAATTA-30 ) to regulate
transcription can be effective for diagnostics due to high specificity and sensitivity not only
of PCa tissues but also the non-invasive detection of urine samples of PC patients, in which
a high level of EN2 was observed [162]. EN2 as a urinary non-invasive biomarker for early
stage diagnostics was determined by ELISA, achieving a specificity of 89.3% and sensitivity
of 66.7% (413 BRCA1 and BRCA2 mutation carriers and controls) [163].
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EN2 levels in urine samples, related to the Gleason score and tumour stage, were
cardinally affected by prostate massage (1.25 ng mL−1 in the PCa group and 0.34 ng mL−1
in the BPH) [164]. The EN2 protein is present in the cell membrane and within microvesicles
and, when taken up by normal cells from the stroma, EN2 induces the expression of
MX2 (MxB), a key protein in the innate immune response to viruses. Hence, it was
concluded that EN2 secretion by tumours might be a way of preventing a viral-mediated
immune invasion of tissue immediately adjacent to the tumour [165]. Lee et al. [166]
took advantage of this interaction between homeodomain and specific DNA probes to
fabricate an ultrasensitive impedimetric biosensor for EN2 determination with LOD of
5.62 fM. The incubation of different concentrations of EN2 (10 fM–1 nM) onto a pre-treated
gold electrode electrodeposited with Au NPs and subsequently modified with poly(A)10 hpDNA3 probe and 6-mercapto-1-hexanol was performed. The specificity of the biosensor
thus developed was further verified through examination with artificial urine medium
(AUM) and other proteins (bovine serum albumin (BSA), human serum albumin (HSA),
lysozyme, thrombin, and TATA-binding protein (TBP)) [166].
4.3. Epidermal Growth Factor Receptor (EGFR)
The epidermal growth factor receptor (EGFR), belonging to the family of receptor
tyrosine kinases, is a transmembrane tyrosine kinase receptor promoting the proliferation
and survival of both normal and cancer cells. The amplification of EGFR or gain of function
mutations of EGFR in its tyrosine kinase domain results in some of the abnormal activation
of EGFR in cancer cells.
Takaaki Hiragun et al. [167] employed surface plasmon resonance (SPR) as a detection
technique observing intracellular signalling events as a function of the angle of resonance.
The LNCaP cells showed a unique pattern of signal change in response to EGF stimulation.
Through evaluation of the SPR signals, the presence of a single LNCaP cell among normal
or even other malignant tumour cells can be identified in real-time without labelling [167].
4.4. Alpha-Methylacyl-CoA Racemase (AMACR)
Ying et al. [168] focused on the determination of alpha-methylacyl-CoA racemase
(AMACR, also noted as P504S protein) presenting a further potential biomarker for PCa
diagnostics in clinical practice. This metabolic enzyme is localised intracellularly in the
mitochondria and peroxisomes and is associated with the peroxisomal β-oxidation of
dietary branched-chain fatty acids. The differentiation/discrimination progress of benign
to malignant prostate tumours through AMACR can be achieved with high sensitivity and
specificity. The sensing interface was based on a Pt nanowires (Pt NWs) array providing
an efficient mass diffusion and electron transfer and a 2D nanomaterial MoS2 matrix (Pt
NWs array@MoS2 ). The disposable screen-printed amperometric sensor detected AMACR
with LOD of 0.5 pg µL−1 (signal to noise ratio S/N = 3) in a linear range from 0.70 to
12.50 ng µL−1 (correlation coefficient R2 = 0.9597) at −0.45 V.
Lin et al. [169] employed an electrochemical biosensor based on a metallic nanoparticlebased catalyst for investigating AMACR levels requiring a small volume of plasma samples
(9 healthy males, 10 patients with high grade prostatic intraepithelial neoplasia (HGPIN),
and 5 prostate cancer patients) and achieving 100% accuracy in separating PCa patients
from controls.
In an effort to improve the anti-fouling properties of a final impedimetric aptasensor
detecting AMACR [170], PPy film electropolymerised onto an Au electrode was patterned
with PEG molecules due to amine groups and a further Nα,Nα-Bis(carboxymethyl)-Llysine ANTA(N-(5-Amino-1-carboxypentyl)iminodiacetic acid)/Cu2+ redox complex was
covalently attached. Finally, histidine-tagged AMACR-specific DNA aptamers were attached and LODs of 0.15 fM and 1.4 fM for AMACR were obtained in a buffer and in
spiked human plasma, respectively, by applying the SWV method.
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4.5. Prostatic Acid Phosphatase (PAP)
In addition, Fernandes et al. [171] employed a time-effective approach without labelling by applying impedance-derived immittance functions (ImFs, inverse of imaginary
capacitance, 1/C”) in combination with a SAM consisting of thiol-containing polyethylene glycol (PEG thiol, HS–(CH2 )11 –(EG)3 –OCH2 –COOH as a low-fouling material) and
11-ferrocenyl undecanethiol (11FcC as a redox probe) to investigate the level of an enzyme
human prostatic acid phosphatase (PAP) in human blood serum. The columnar secretory
epithelia of the prostate gland biosynthesise human PAP, which is considered as a major
phosphatase enzyme with plasma levels in the range 10–30 pM (1–3 ng mL−1 ) in healthy individuals. In this concept, the specificity of interaction between an antibody (anti-PAP) as a
biorecognition element functionalising a gold disk electrode surface covered with the mixed
SAM and the target biomarker was detected using an impedance-derived capacitance technique termed electrochemical capacitance spectroscopy with LOD of 11.2 ± 2.6 pM (a
linear range from 50 pM to 104 pM) in a real sample.
4.6. Acid Phosphatase (ACP)
Kamel et al. [172] introduced ion association complexes of α-naphthyl acid phosphate (1-NAP) with cetylpyridinium chloride (CP) and iron (II)—4,7-bathophenanthroline
[Fe(bphen)3 ]2+ as state-of-the-art electroactive materials dispersed in o-nitrophenyloctyl
ether (o-NPOE) plasticiser to design an ionometric sensor. The acid phosphatase enzyme
(ACP) is present in the lysosomal compartment of the cells and as a non-specific esterase is
catalytically active in the hydrolysis of many monoesters of phosphoric acid in an acidic environment. The activity of ACP was estimated through the decrease in a fixed concentration
of 1-NAP under optimised conditions of pH (3.8–5.7) and temperature (25 ◦ C).
The planar chip biosensors for potentiometric immunoassay exhibited a good potential
response stability of ±3 mV, high accuracy and precision of ~(98.3 ± 0.6)%, and, moreover, a
long life-span of 6–8 weeks. The LOD value of 0.01 IU L−1 was achieved with a linear signal
response in a range of 0.01–4.3 IU L−1 for the ACP enzyme employing a potentiometric
biosensor affording better durability, decreased diffusion area, small sample volume,
and time-effectiveness. The early stage PCa diagnostics, human prostatic diseases, and
hypophosphatasia can be performed through observation of the level of ACP activity in a
blood sample.
Na et al. [173] took advantage of a lecithin/β-Cyclodextrin (lecithin/β-CD) complex
as the linker for attachment of Nile red (NR, acceptor) to graphene quantum dots (GQDs,
donor) through electrostatic and hydrophobic interaction in a Förster resonance energy
transfer (FRET) biosensor detecting ACP with LOD of 28 µU mL−1 (Figure 8). The level
of ACP can provide information about disorders related to kidneys, veins, and bones.
The GQDs-based fluorescence biosensor facilitated in vitro imaging of human prostate
cancer cells.
4.7. Spondin-2 (SPON2)
In an effort to achieve a more specific PCa diagnostics, Parra-Cabrera et al. [174], in a
real-time analysis, simultaneously examined two biomarkers such as PSA and spondin2 (SPON2) within the clinically relevant range. Photolithography and a cast-moulding
method were employed for fabrication of the lab-on-a-chip device with the integrated two
sets of gold electrodes into the microfluidic channel. The blocking step was performed
with 11-Mercaptoundecyl tetra(ethylene glycol) (PEG-Thiol) in ethanol. In the next step,
biotinylated alkyl thiols with a polyethyleneglycol linker (biotin-thiol) were employed to
form a layer. Subsequently, a biotin layer was covered with a streptavidin layer and in-situ
immobilisation of biotinylated specific antibodies over this layer was performed to design
the sensor. Both analytes could be detected in a clinically relevant concentration range of
1–10 ng mL−1 [174].
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4.9. Vascular Endothelial Growth Factor (VEGF)
4.8. Prostate Membrane-Specific Antigen (PSMA)
In addition, the vascular endothelial growth factor (VEGF, 18–27 kDa) [176], as another
A label-free and real-time detection approach was used by Park et al. [175] via monpotential candidate related to PCa diagnostics, can also be overexpressed in other types of
itoring of the signal of a dual-gate ion-sensitive field-effect transistor (ISFET) consisting of
cancer (brain, breast, gastrointestinal, lung, urinary tract).
a FET
device
sensing on
part
asdetermination
the response on
(PBLs)
with
Pan
et al. and
[177]a focused
the
of protein-blocking
VEGF and PSA inlayers
a serum
sample
intended
interfacial
charges.
The
interfacial
charge
of
PBLs
reducing
non-specific
protein
from a PCa patient. The simultaneous detection of VEGF and PSA was demonstrated by a
graphene oxide (GO)/ssDNA/PLLA (poly-L-lactide) nanoparticles-based electrochemical
label-free biosensor with LODs of 50 pg mL−1 (a linear range of 0.05–100 ng mL−1 ) and
1 ng/mL (1–100 ng/mL), respectively. The same aim of simultaneously determining VEGF
(LOD = 0.15 ng/mL) and PSA (LOD = 0.08 ng/mL) as target biomarkers released from
cells (RWPE-1, LNCaP and PC3) was achieved by Crulhas et al. [178] using a biosensor
with an interface formed by thiolated aptamers self-assembled on gold electrodes.
5. Glycan-Based PCa Biomarkers
5.1. Lectin-Based Glycan Analysis
In a series of publications we focused on the specific glycoprofiling of proteins such
as PSA using electrochemical impedance spectroscopy (EIS) [179–182] or chronopotentiometry [183] as a sensing principle. In the initial two studies, the EIS-based biosensor
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based on an immobilised anti-PSA antibody was employed for a bio-affinity capture of
PSA and finally the PSA was glycoprofiled using lectins (Figure 9, left) [179,182]. The
EIS-based approach for PSA glycoprofiling (Figure 9) was validated using mass spectrometry, which confirmed the presence of 2,6-linked sialic acid (recognised by Sambucus nigra
agglutinin—SNA) and fucose (recognised by Lotus tetragonolobus agglutinin—LTA) and a
minor level of 2,3-linked sialic acid (recognised by Maackia amurensis agglutinin—MAA)
within the glycan structure present on the PSA protein [179]. In the next study, our group
Chemosensors 2021, 9, x FOR PEER showed
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Surface plasmon field-enhanced fluorescence spectrometry was used for specific
glycoprofiling of PSA using one particular lectin, i.e., Wisteria floribunda agglutinin (WFA)
recognising the LacdiNAc glycan epitope (GalNAcβ1−4GlcNAc) on PSA. The biosensor
was constructed on a disposable sensor chip by immobilisation of an anti-PSA antibody
used for selective capture of PSA. Finally, the sensing was completed by incubation of
the chip with fluorescently-labelled WFA. The biosensor could glycoprofile as low as
0.01 ng mL−1 of PSA. Analysis of PCa serum samples (n = 44) and BPH serum samples
(n = 27) with the PSA level in the slightly extended grey zone (4–20 ng/mL) revealed AUC
of 0.851, while detecting the LacdiNAc glycan epitope on PSA using WFA [184]. The clinical
usefulnessofof
detection of impedance
the LacdiNAc
glycan epitope
PSA for PCa
diagnostics
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mL using SNA lectin, while MAA lectin did not interact with the PSA standard [189]
(Figure 11). Another optical method for glycoprofiling PSA using lectins was developed
(Figure 11). Another optical method for glycoprofiling PSA using lectins was developed in
in a lateral flow assay format (pregnancy-like tests) [190]. The proof-of-concept device was
a lateral flow assay format (pregnancy-like tests) [190]. The proof-of-concept device was
successfully constructed, but the device was not sufficiently sensitive to glycoprofile PSA
successfully constructed, but the device was not sufficiently sensitive to glycoprofile PSA
at the level present in serum with LOD of 2 μg mL−−11; however, the device could provide
at the level present in serum with LOD of 2 µg mL ; however, the device could provide
results within 10 min [190].
results within 10 min [190].
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Cratylia mollis lectin recognising mannose glycan units was employed in the analysis
of serum samples from PCa patients and patients with BPH [191]. In that case, whole se20 of 33
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Figure 12. Schematic illustration of the stepwise modification of the lectin-based nanobiosensor.

Figure 12. Schematic illustration of the stepwise modification of the lectin-based nanobiosensor.
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14).
Surface
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shaped cavities (Figure 14). Surface plasmon resonance (SPR) binding studies showed that
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mM),
andmM),
detection
detection
at
nM
level
[192].
at nM level [192].

formed complex of PSA-acrylamidoboronic acids was grafted onto a functionalised gold
surface, providing the immobilisation of the synthetic receptors in spatial arrangements
specific to the target glycoprotein. In addition, functionalisation of the surface around the
template glycoprotein with oligoethylene glycol moieties facilitated the creation of PSAChemosensors 2021,shaped
9, 205 cavities (Figure 14). Surface plasmon resonance (SPR) binding studies showed that
the nanocavities were specific to PSA, providing high affinity (Kd = 1.8 mM), and detection
at nM level [192].

21 of 33

14. Selective
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Figure 14. Figure
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imprinting
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the fabrication of glycoprotein-imprinted surfaces using acrylamido-boronic acids (AM-BAs); (1)
glycoprotein-imprinted surfaces using acrylamido-boronic acids (AM-BAs); (1) self-assembled monolayer (SAM) formation
self-assembled monolayer (SAM) formation on a gold surface with DFC molecule; (2) incubation of
on a gold surface with DFC molecule; (2) incubation of the AM-BA receptors with the template target glycoprotein;
the AM-BA receptors with the template target glycoprotein; (3) grafting of the preformed boronic
(3) graftingacid–glycoprotein
of the preformed complex
boronic acid–glycoprotein
complex on
the SAM via acrylamide
co-polymerization;
on the SAM via acrylamide
co-polymerization;
(4) azide-terminated
ol- (4) azideterminatedigoethylene
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glycol
(Az-OEG)
functionalization
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specific
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from
ref.
[192]
under
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Creative
of the template protein, affording a nanocavity specific for the target glycoprotein. Reproduced from
Commonsref.
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[192] under
a Creative Commons Attribution License.

Although a dual-recognition
strategythe
for selectivity
increasing of
theglycoprotein
selectivity of glycoprotein
Although a dual-recognition
strategy for increasing
detection
using
two
types
of
MIPs
was
designed
for
the
detection
of a carcinoembryonic
detection using two types of MIPs was designed for the detection of a carcinoembryonic
antigen (CEA), which is a biomarker of other cancer types (but not of PCa), it is worth
briefly describing this interesting strategy [193] (Figure 15). This new strategy entitled an
orthogonal dual molecularly-imprinted polymer-based plasmonic immuno-sandwich assay
(odMIP-PISA) is based on the integration of one MIP (MIP1) recognising the CEA protein
epitope, while the second MIP (MIP2) recognises the glycan part of CE via a boronateimprinted layer. Using this dual-recognition strategy, non-selective binding decreased from
14.4% (protein recognition) or from 15.2% (glycan recognition) to 8.2% while affording LOD
of 56 fM. Moreover, the assay exhibited much better operational parameters (linear range,
LOD, assay time, sample required, and cost per analysis) than the commercially available
ELISA. This assay [193] and a similar one [194] were not, however, employed for the
detection of different protein glycoforms. The detection of specific protein glycoforms can,
however, be resolved using an array of MIP2s designed to use different glycan templates
(Figure 16) [195]. Another strategy to increase the selectivity for detection of a glycoprotein
of interest is to block boronate moieties on the MIP outside the cavity, which accommodates
the protein [196]. In this particular case, PSA is present within the MIP cavity and all the
boronate moieties not occupied by the PSA´s glycan are de-activated using a blocking
protocol (i.e., by a capping treatment) [196]. Further details about MIP-based sensing
strategies involving glycan recognition are discussed in a review paper [197].
5.3. Detection of Glycoproteins Using Specific Aptamers
In order to extend the range of glycans that can be recognised by biorecognition
elements, it is worth identifying DNA aptamers strongly interacting with glycans. To
identify glycan-recognising aptamers, several routes have been employed to date. One is
based on the use of glycosylated peptides for the isolation of glycan-binding aptamers [198].
Glycopeptides released from the glycoprotein of interest were imprinted on MPs and those
particles were used for positive selection, while MPs with peptides without any glycans
were used for negative selection (Figure 17). The authors aimed to select aptamers against
a glycan structure to which neither lectins or anti-glycan binding antibodies are currently
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recognising a glycan part of the glycoprotein for the selective detection of glycan changes
on PSA [199–201]. Díaz-Fernández et al. [200] focused on the selection of an aptamer (PSA1) binding the glycan moiety of PSA with a reasonably high affinity of (177 ± 65) nM. This
approach used rationally-designed counter-selections [200]. In order to select an aptamer
against a glycan part of PSA, two types of modified magnetic particles were prepared—
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is shown
as in the 3QUM crystal structure) are shown in stick models. The T-PSAG-1 aptamer is shown in
stick representation with filled nucleobases and enclosed by its transparent molecular surface. For
the sake of clarity, the coordinates of the α1,6–β1,2 and α1,6–β1,6 sugar antennas are removed in the
enlarged view. MD-averaged interatomic distances between heavy atoms for selected contacts are
indicated in Å. (b) Secondary structure of the complexed T-PSAG-1 aptamer obtained from the same
cluster representative. Reprinted from ref. [199] under a Creative Commons Attribution License.

The assay was performed in a sandwich configuration with a PSA aptamer-recognising
peptide backbone on PSA immobilised on a SAM-modified interface using a biotinstreptavidin coupling [200]. Next, the PSA was bioaffinity-captured on the interface
followed by incubation with a fluorescein-modified PSA1 aptamer recognising the glycan
part on PSA. Finally, the electrochemical signal was generated by incubating the interface
with a peroxidase-labelled anti-fluorescein antibody and using TMB and H2 O2 (Figure 19).
The biosensor was able to distinguish the human PSA from the aglycosylated protein with
LOD of 0.66 ng mL−1 and the biosensor also worked in serum [200]. In the following
paper from the same group, an EIS-biosensor was developed for the detection of PSA
(using aptamer-recognising peptide backbone of PSA) and for the detection of glycosylated
PSA (using PSA1 aptamer) immobilised onto two adjacent nanostructured gold electrodes
(Figure 20) [201]. The biosensor was able to detect the level of PSA in serum across a wide
dynamic range (0.64–62.5 ng mL−1 ) and the level of the glycosylated form of PSA in serum
across a wide dynamic range (0.26–62.5 ng mL−1 ) with high reproducibility (5.4%). The
analysis of PSA in serum using the PSA aptamer was in excellent agreement with ELISA,
and the PSA1 aptamer biosensor for the detection of glycosylated forms of PSA was able
to distinguish the cohort of healthy individuals and the patients with a benign condition
from the cohort of PCa patients [201].
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(Figure 20) [201]. The biosensor was able to detect the level of PSA in serum across a wide
dynamic range (0.64–62.5 ng mL−1) and the level of the glycosylated form of PSA in serum
across a wide dynamic range (0.26–62.5 ng mL−1) with high reproducibility (5.4%). The
analysis of PSA in serum using the PSA aptamer was in excellent agreement with ELISA,
and the PSA1 aptamer biosensor for the detection of glycosylated forms of PSA was 24
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of 33
to distinguish the cohort of healthy individuals and the patients with a benign condition
from the cohort of PCa patients [201].
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Figure 20. (A) Steps involved in the construction of the dual impedimetric aptamer-based platform for the sequential
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6. Conclusions
The first part of the review provides in-depth information about disease aetiology
describing molecular aspects of the disease and interplay between such biomolecules. A
need for novel and more accurate PCa biomarkers was shortly discussed, as well. Several
types of biomarkers have the potential to replace PSA for PCa diagnostics. The main reason for replacing PSA as a diagnostic biomarker is the high false negative rate (resulting
in the development and advancement of PCa) or the high false positive rate (resulting in
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6. Conclusions
The first part of the review provides in-depth information about disease aetiology
describing molecular aspects of the disease and interplay between such biomolecules. A
need for novel and more accurate PCa biomarkers was shortly discussed, as well. Several
types of biomarkers have the potential to replace PSA for PCa diagnostics. The main reason
for replacing PSA as a diagnostic biomarker is the high false negative rate (resulting in
the development and advancement of PCa) or the high false positive rate (resulting in
a substantial number of avoidable biopsies). This review proves the high potential of
novel biomarkers for performing PCa diagnostics with a high accuracy. However, there
is a need for such novel, alternative biomarkers to be fully validated by robust clinical
validation studies by the analysis of some hundreds of samples. We found it especially
interesting to focus on PCa diagnostics via glycan-based analysis of glycoproteins since
this approach has a strong commercial potential and is currently implemented within our
start-up Glycanostics.
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