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Abstract

Prostate cancer (PCa) remains one of the most prevalent urological malignancies world-
wide, with early and accurate diagnosis being critical for improving patient outcomes.
Traditional screening approaches, such as digital rectal examination and prostate-specific
antigen (PSA) testing, have long served as frontline tools; however, their limited speci-
ficity and sensitivity contribute to high rates of false positives, unnecessary biopsies, and
overtreatment. Recent UK guidelines and international consensus increasingly question
the role of PSA-based population screening, advocating for risk-stratified pathways and
multiparametric MRI as first-line investigations. In parallel, advances in molecular biology
have identified promising cancer-specific biomarkers, such as prostate cancer antigen 3
(PCA3) and transmembrane protease serine 2 (TMPRSS2:ERG), that outperform PSAs in
terms of specificity and prognostic value. These developments have catalysed innovation in
biosensor technologies, enabling rapid, cost-effective, and non-invasive detection of single
and multiplex biomarkers in urine and serum. Electrochemical and optical affinity-based
biosensors offer transformative potential for the development of personalised point-of-care
platforms and diagnostics, reducing the reliance on invasive procedures and improving
clinical decision-making. The latter can be augmented with artificial intelligence (AI)
tools. This review critically examines the limitations of PSAs, synthesises evidence on
novel biomarkers and imaging-led strategies, and evaluates the design, performance, and
translational challenges of biosensor-based assays. Furthermore, it outlines future direc-
tions, including standardisation, large-scale clinical validation, and integration of multiplex
biosensors with AI for precision diagnostics. By bridging molecular insights with engineer-
ing innovations, these approaches promise to redefine PCa screening and enable accurate,
patient-centred care.

Keywords: prostate cancer; risk-stratified screening; PSA; PCA3; TMPRSS2:ERG;
multiparametric MRI; biosensors; point-of-care diagnostics
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1. Introduction
The prostate is an important part of the male reproductive and urinary systems. It is

located in front of the rectum and below the urinary bladder. It can be affected by several
health problems, such as benign prostatic hyperplasia (BPH), prostatitis, and prostate
cancer (PCa). BPH is a disorder in which the prostate gland grows larger without being
cancerous. It mostly affects men over 50. Prostatitis is an inflammatory condition of the
prostate gland, commonly caused by an infection that requires antibiotic treatment. PCa
arises when the prostatic epithelial cells undergo uncontrolled division due to genetic and
molecular abnormalities, leading to malignant transformation [1]. PCa is the most often
diagnosed malignancy in men, presenting a considerable public health concern, with almost
1.4 million new cases and 397,430 fatalities recorded worldwide in 2022 [2,3]. Recent global
predictions suggest that the prevalence of prostate cancer is anticipated to roughly double
by 2040, highlighting the urgency for enhanced diagnostic and screening methodologies [4].
PCa incidence is highest in Northern and Western Europe, North America, New Zealand,
and Australia, attributed to increased awareness and PSA screening over the last 25 years.
Early diagnosis and treatment of localised PCa can improve outcomes, while late-stage
diagnosis, often when metastasis occurs, leads to poor prognosis and high mortality rates.
PCa frequently presents no symptoms, resulting in diagnosis typically occurring after it
has spread, which contributes to its status as the sixth most fatal cancer [5–7].

Currently, PCa detection involves multiple clinical diagnostic methods, including
serum PSA levels and digital rectal examination (DRE) as initial screening tools. This
process may progress to more invasive techniques, such as transrectal ultrasound-guided
needle biopsy (TRUS), where histological analysis of the biopsy sample is crucial for a
definitive diagnosis [5]. The serum PSA level is the concentration of prostate-specific
antigen in blood, where levels above 4 ng/mL indicate a potential risk for PCa. Since
its FDA approval 25 years ago, PSA testing has been the standard for initial PCa screen-
ing. Moreover, DRE is conducted to assess the prostate’s texture and size, and together
with PSA results, it helps determine the need for a biopsy for further evaluation [8,9].
Although PSA and DRE have improved early detection and survival rates, these current
diagnostic methods have recently been questioned for their low sensitivity, accuracy, and
specificity [10]. The identified limitations lead to a considerable incidence of false-negative
(15%) and false-positive (66%) diagnoses, thereby diminishing trust in these biomarkers
for preliminary screening. Consequently, approximately two-thirds of prostate biopsies
conducted each year in the USA and Europe are considered unwarranted [11]. Addition-
ally, an increasing amount of observational data indicates that PSA screening tests are
responsible for a major burden of overdiagnosis and overtreatment of PCa [12,13]. Recent
analyses reinforce that PSA-based screening contributes substantially to overdiagnosis
and overtreatment, prompting renewed interest in integrating more specific urinary and
molecular biomarkers into diagnostic pathways [14,15].

Despite ongoing advancements in medical research, PSA have remained the trusted
standard for screening patients for PCa, as no specific biomarkers have been introduced
since the 1980s since health societies deemed it accurate enough for prostate detection.
This status is anticipated to persist until a more reliable alternative marker is identified
and adopted. Therefore, there is an urgent need to develop new markers with improved
specificity for PCa detection to enhance the quality of life and create accurate diagnostic
strategies that address the limitations of current methods. An accurate diagnosis at the ini-
tial screening stage can reduce complications and improve the effectiveness of subsequent
treatments. Biosensor technology utilising a new biomarker beyond PSA for PCa could be
a promising non-invasive diagnostic tool. It is important to select biomarkers that are both
tissue- and cancer-specific, as current markers such as PSA are only tissue-specific, raising
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concerns about their reliability in initial screening for PCa. A test with higher specificity will
yield fewer false positives, enhancing PCa screening and reducing unnecessary biopsies.
Current clinical diagnostic tools have notable limitations, emphasising the need for more
specific biomarkers and improved screening strategies. There is growing evidence that
TMPRSS2:ERG and long non-coding prostate cancer antigen 3 (Lnc PCA3) could serve as
useful indicators for PCa diagnosis [16–19].

Prostate cancer antigen 3 (PCA3) is a long non-coding RNA (lncRNA) that is not
translated into protein and is detectable in the urine and prostatic fluid. In contrast to
serum PSA, PCA3 expression is largely independent of prostate volume, patient age, benign
prostatic hyperplasia, and inflammatory conditions; instead, PCA3 is overexpressed in PCa,
thereby providing improved disease specificity. This characteristic has led to PCA3 being
recognised as the first urine biomarker for PCa to be approved by the US Food and Drug
Administration (FDA) [19–21]. TMPRSS2, a serine protease predominantly expressed in
the prostate, is an androgen-responsive gene that encodes type II transmembrane serine
protease (TTSP). Abnormal expression of TMPRSS2 and TTSP is linked to PCa development;
TMPRSS2-ETS fusions group, including ERG and ETV1, are observed across all stages
of PCa, including castration-resistant PCa (CRPC) [22–24]. Several validated calculator
models, such as the PCa Prevention Trial Risk Calculator Version 2 (PCTRC2), are used for
PCa risk assessment; such models show that incorporating urinary biomarkers like PCA3
and TMPRSS2:ERG fusion into PCTRC2 enhances diagnostic accuracy, and may improve
detection rates for clinically significant prostate cancer (csPCa) [25].

Developing biosensors for early PCa detection offers clinicians improved diagnostic
capabilities, potentially leading to better patient outcomes and more effective treatment
strategies [26]. Biosensors are classified according to their assay principles for estimat-
ing biomarkers, including optical, mechanical, and electrochemical sensing. This review
examines the potential value of using PCA3 and TMPRSS2:ERG biomarkers alongside
PSA to enhance the specificity of PCa diagnosis, highlighting their clinical implications
and performance. It also discusses current advancements in biosensor-based assays for
detecting these biomarkers, addressing ongoing development and clinical applications,
and the challenges and prospects for improving PCa diagnostics.

2. PSA: Controversies for PCa Diagnosis and Recommendations
Prostatic acid phosphatase (PAP) was the first biomarker for PCa but was later replaced

by prostate specific antigen (PSA) in the late 1980s because of its perceived diagnostic
sensitivity [27,28]. PSA is a serine protease secreted by prostate epithelial cells, and although
circulating levels are typically low in healthy tissue, a range of prostate-related conditions
can elevate serum concentrations. For decades, PSA has therefore served as a frontline
molecular marker, with values above 4.0 ng/mL traditionally considered indicative of
increased cancer risk. Despite its widespread use, PSA-based screening remains highly
contentious [29].

The UK National Screening Committee advises against population-wide PSA testing
owing to its limited specificity, high false-positive rates, and the downstream harms of
unnecessary biopsies and overtreatment. The current UK diagnostic pathway instead
recommends multiparametric MRI as the first-line investigation for suspected clinically
significant disease [30]. PSA lacks cancer specificity as elevated levels may occur in prostati-
tis, benign prostatic hyperplasia, catheterisation, and following biopsy [31–34], and some
patients with poorly differentiated, neuroendocrine, or small cell carcinoma may show low
PSA despite substantial tumour burden [35]. These limitations contribute to false-negative
results and reduce diagnostic reliability within the PSA “grey zone” of 4–10 ng/mL [15].
False-positive PSA results frequently lead to unnecessary biopsies, which carry risks such
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as bleeding and sepsis. Notably, Dr Richard J. Ablin, who first identified PSA, described
widespread PSA screening as a “public health disaster” [36,37].

Numerous refinements, such as age- and race-adjusted reference ranges, PSA velocity,
and PSA density, have only modestly improved specificity [33]. The free-to-total PSA ratio
is often used to aid decision-making within the “grey zone”, with lower ratios associated
with a higher likelihood of malignancy, with commonly applied thresholds (<10–15%)
helping to guide biopsy referrals [38,39].

Although this strategy reduces unnecessary procedures compared with total PSA
alone, free-PSA still lacks adequate sensitivity and specificity for dependable early detec-
tion, reinforcing the need for complementary biomarkers. Several commercial molecular
tests have been developed to enhance risk-stratification prior to biopsy. The 4Kscore in-
corporates four kallikrein protein measurements (total PSA, free-PSA, intact PSA, and
hK2) along with clinical variables to estimate the likelihood of high-grade PCa [40,41].
Similarly, SelectMDx is a urine-based molecular test that evaluates HOXC6 and DLX1
mRNA expression following DRE, combined with clinical risk factors [42]. While both
assays improve specificity relative to PSA alone, their adoption is influenced by cost, acces-
sibility, and population-specific performance, and neither detects fusion transcripts, such
as TMPRSS2:ERG, nor cancer-specific lncRNAs, such as PCA3.

Given these limitations, interest has shifted toward more specific biomarkers. Accord-
ingly, several alternatives have been explored targeting non-PSA biomarkers, including
sarcosine [43], MUC1 [44], and AMARC [45], though further clinical validation is required.
Among emerging candidates, PCA3 and TMPRSS2:ERG are currently representing the
most promising urinary biomarkers because of their cancer-specific expression and im-
proved diagnostic performance compared with PSA [16,17,46,47]. PSA’s low specificity
and high false-positive rates further justify the adoption of such biomarkers [10,12,13].
Combining PCA3 and TMPRSS2:ERG, as RNA-based biomarkers, can enhance diagnostic
sensitivity and specificity, especially in multiplex assay formats [48,49]. KLK2 (hK2), a
kallikrein family protease closely related to PSA, also shows stronger associations with
high-grade disease and is incorporated into several multivariable risk-prediction models to
improve diagnostic specificity and reduce unnecessary biopsies [47,48,50]. One of the most
established examples is the Stockholm3 (STHLM3) test, which integrates serum protein
biomarkers (PSA, hK2, and MSMB), germline genetic markers (single-nucleotide polymor-
phisms (SNPs)), and clinical risk factors into a single algorithm. Large prospective studies
show that Stockholm3 improves the detection of clinically significant PCa while reducing
unnecessary biopsies compared with PSA-only strategies [51,52].

These validated multivariable approaches provide a benchmark for developing future
multiplex biosensor-based diagnostics, although their complexity and cost currently limit
widespread use [50,51]. Recent international guidelines and prospective studies further
support a shift toward risk-stratified pathways incorporating biomarkers, imaging, and
clinical variables rather than PSA alone [53,54]. A concise overview of contemporary
diagnostic strategies, including PSA testing and emerging biomarker-based approaches, is
provided in Table 1, highlighting their respective purposes, performance characteristics,
and clinical utility within the current PCa diagnostic workflow.

In the UK, contemporary screening guidance emphasises that PSA testing remains
the only available decision-making tool but is not suitable for population-wide screen-
ing. The UK National Screening Committee states that PCa screening is “currently not
recommended” due to PSA’s inadequate accuracy and the risks of overdiagnosis and
overtreatment [55]. The Prostate Cancer Risk Management Programme (PCRMP) advises
that PSA testing in asymptomatic men should be accompanied by informed counselling
on potential benefits and harms. The PCRMP further notes that most men with elevated
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PSA levels (≥3 ng/mL) do not have cancer, reinforcing concerns around false positives
and cascading investigations. Consequently, diagnostic pathways now prioritise multi-
parametric magnetic resonance imaging (mpMRI) before biopsy to reduce unnecessary
procedures [56,57]. National research initiatives, such as Prostate Cancer UK’s TRANS-
FORM trial, are evaluating screening models that integrate fast MRI, genetic risk profiling,
and multimodal approaches superior to PSA alone. These efforts reflect the growing con-
sensus that PSA-only screening offers limited clinical benefit and that any future screening
programme must demonstrate diagnostic accuracy, cost-effectiveness, and reduced over-
diagnosis in large prospective cohorts [58]. Collectively, these findings emphasise the need
for cancer-specific biomarkers, such as PCA3 and TMPRSS2:ERG, and for integrated imag-
ing pathways that improve the detection of clinically significant disease while minimising
unnecessary biopsies [59].

Table 1. Summary of the clinical PCa diagnostics overview.

Diagnosis
Pathway Description Typical Purpose Performance Notes References

PSA (Serum) Single analyte Shared decision
(PCRMP)

High false positives;
poor specificity; and
overdiagnosis risk.

[56,60]

mpMRI-first
(NICE)

Imaging
(Likert/PI-RADS)

First-line after
referral

Reduces unnecessary
biopsies and improves
csPCa detection.

[57]

Stockholm3
(STHLM3)

Serum proteins
(PSA, hK2, MSMB)
combined with
germline genetic
markers and
clinical variables

Risk
stratification
prior to biopsy

Outperforms PSA
alone; reduces
unnecessary biopsies;
and improves
detection of clinically
significant prostate
cancer.

[52]

PCA3 (Urine)

Urinary lncRNA
biomarker
(post-DRE
sampling)

Direct biopsy
decision aid

Cancer-specific;
post-DRE sampling;
and assay complexity.

[61]

TMPRSS2:ERG
(Urine)

Urinary fusion
gene transcripts
(TMPRSS2:ERG)

Risk
stratification

High specificity;
associated with
aggressive disease;
and strongest
performance in
combination with
other biomarkers.

[62]

Abbreviations: PCa, prostate cancer; PSA, prostate-specific antigen; mpMRI, multiparametric magnetic resonance
imaging; PCRMP, Prostate Cancer Risk Management Programme; csPCa, clinically significant prostate cancer;
PCA3, prostate cancer antigen 3; TMPRSS2:ERG, transmembrane protease serine 2–ETS-related gene fusion; hK2,
human kallikrein 2; MSMB, β-microseminoprotein; NICE, National Institute for Health and Care Excellence;
PI-RADS, Prostate Imaging–Reporting and Data System.

3. Prostate Cancer Antigen 3 (PCA3)
PCA3 is a long non-coding RNA (lncRNA) transcribed from a highly prostate-cancer-

specific gene. Approximately 81% of the human genome is transcribed into non-coding
RNA, and transcripts longer than 200 nucleotides are classified as lncRNAs [19,63]. LncR-
NAs are frequently located in the nucleus, where they play a crucial role in regulating gene
expression through epigenetic mechanisms by interacting with chromatin remodelling com-
plexes [64]. In the early 1990s, Bussemakers et al. discovered a novel gene characterised by
overexpression in malignant prostate tissue, low expression in benign prostatic tissue, and
undetectable levels in normal tissues or organs. This gene was originally designated DD3,
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referring to the differential display technique used to identify it [63], and was subsequently
renamed Prostate Cancer Antigen 3. De Kok et al. later identified PCA3 in urine and
prostate fluid from patients with PCa, proposing its potential as a urinary biomarker [65].
The PCA3 gene is located on chromosome 9q21-22, within intron 6 of the human homologue
of the Drosophila prune gene (PRUNE2/BMCC1), and spans approximately 25 kb [63,66].

From a clinical perspective, PCA3 is quantified as a PCA3 score rather than an abso-
lute RNA concentration. Commercial assays, such as the Progensa® PCA3 test, classify
scores ≥35 as indicative of increased PCa risk, whereas scores <20 typically reflect low
risk [20,21,46,67–69]. Analytically, PCA3 transcripts in post-DRE urine samples are gen-
erally at low abundance, typically in the picomolar to femtomolar concentration range,
depending on sample handling and assay sensitivity [70–72].

The precise mechanism through which PCA3 influences PCa progression remains
incompletely understood; however, several hypotheses have been proposed [34,73–75].
Multiple studies suggest that PCA3 plays a role in cell proliferation and survival, processes
that are dysregulated in cancer. Ferreira et al. demonstrated that transient knockdown
of PCA3 transcripts reduced PCa cell growth and viability and induced apoptotic cell
death. These findings, together with those reported by Özür et al., indicate that PCA3
contributes to PCa cell survival and modulates androgen receptor (AR) signalling [73,76].
High tumour specificity has been repeatedly demonstrated, with PCA3 overexpressed in
more than 94% of primary PCa samples and absent in a broad range of non-prostatic tissue;
investigations by Bussemakers et al. using Northern blot analysis confirmed this selective
expression pattern in healthy, hyperplastic, and tumoral prostate tissues [63]. Subsequent
analyses using sensitive reverse-transcriptase polymerase chain reaction (RT-PCR) revealed
undetectable PCA3 expression in a wide range of non-prostatic tissues, including the heart,
brain, breast, liver, lung, ovary, bladder, seminal vesicles, and testes [63,66].

This remarkable tumour specificity prompted further investigation. Hessels et al.
employed time-resolved fluorescence RT-PCR to quantify PCA3 in urine sediments col-
lected after prostate massage, demonstrating that prostate massage is necessary to release
sufficient prostate cells into urine for accurate quantification, with PCA3 levels increas-
ing up to 66-fold in tumour-derived samples [70]. These collective findings confirm that
PCA3 provides superior cancer specificity compared with PSA, enabling more reliable
distinction between malignant and benign prostate conditions. This strong specificity led
to the Food and Drug Administration (FDA) approval of the Progensa® PCA3 urine test
in 2012, specifically for use in men with a previous negative biopsy [67]. The assay is a
urine-based molecular diagnostic that quantifies PCA3 by measuring the ratio of PCA3 to
PSA mRNA within prostate cells collected from first-catch urine following DRE, multiplied
by 1000 [68]. It has been demonstrated that a routine DRE consisting of three strokes per
prostate lobe is sufficient to obtain an informative sample. The assay workflow includes
DRE, first-catch urine collection, sample stabilisation in a transport tube, and molecular
analysis (Figure 1) [34,77].

Following the regulatory approval, PCA3 testing has been adopted globally in clinical
laboratories [5,78]. Clinical studies have consistently demonstrated that higher PCA3
scores correlate with increased likelihood of PCa and that PCA3 outperforms PSA alone
in detecting malignancy [79]. PCA3 also shows prognostic value [78], improves risk
stratification, reduces unnecessary invasive biopsy procedures [80], and lowers the rate of
negative biopsies [81–83]. Importantly, PCA3 expression is unaffected by age, prostatitis,
prostate volume, or serum PSA level, making it a robust independent biomarker. These
findings are particularly beneficial for men with a prior negative biopsy, in whom PCA3
testing can help avoid unnecessary repeat procedures [39,84].
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Figure 1. Schematic diagram illustrating PCA3 collection and processing of the first portion of urine
after prostate massage; adapted and created from refs. [34,77].

4. TMPRSS2:ERG Biomarker
Tumour-derived nucleic acids present in urine have emerged as promising non-

invasive biomarkers for PCa detection. Among these, the androgen-regulated transmem-
brane protease serine 2 (TMPRSS2) gene and the ETS-related gene (ERG) are among the
most prevalent and clinically relevant fusion events in PCa. TMPRSS2:ERG fusion genes
arise from structural chromosomal rearrangements, including translocations, insertions,
inversions, and interstitial deletions, where two genes adjacent to a chromosomal break-
point may combine [85–87]. The identification of TMPRSS2:ERG in 2005 represented a
significant milestone, as it was the first fusion gene linked to PCa. These fusion transcripts
are overexpressed in clinically significant PCa, occurring in approximately 50% of tumours
and showing a particularly high prevalence in clinically significant disease [88–91].

TMPRSS2:ERG fusion transcripts are frequently overexpressed in aggressive PCa
subtypes, including tumours with Gleason scores ≥7 and advanced pathological stages
(T3–T4) [89,90]. Although the biological role of the TMPRSS2:ERG fusion protein in PCa is
not fully understood, experimental studies suggest that this fusion may contribute to cancer
initiation and progression, with evidence demonstrating ERG-driven modulation of onco-
genic pathways and tumour-suppressive mechanisms. For example, Reddy et al. reported
that an anti-epileptic medication selectively targets ERG-positive prostate cancer cells by
activating nuclear receptors and tumour suppressor pathways [92]. Additional clinical evi-
dence indicates that TMPRSS2:ERG expression correlates with adverse pathological features
and poorer prognosis, supporting its value as a predictive and prognostic biomarker [93].
Urinary detection of TMPRSS2-ERG has demonstrated strong associations with clinically
significant PCa, tumour volume, and high Gleason grades at prostatectomy [62]. Despite
TMPRSS2:ERG transcripts providing high specificity, they have low diagnostic sensitivity
because the fusion transcript is relatively rare in urine, typically at femtomolar concentra-
tions, which often require RNA enrichment or amplification [89,90,94,95]. These analytical
challenges underscore the need for highly sensitive detection strategies that can capture
low-copy transcription in complex urine matrices [93]. Increasingly, evidence supports
that combining TMPRSS2:ERG fusion with other urinary biomarkers, particularly PCA3,
will improve diagnostic performance. Multiple studies have shown that the combination
markedly enhances diagnostic sensitivity and specificity, reducing unnecessary biopsies by
up to 50% [96–99].

Recent prospective data published in 2025 further confirmed these findings, demon-
strating that integrating urinary PCA3 and TMPRSS2:ERG into the Prostate Cancer Pre-
vention Trial Risk Calculator Version 2 (PCPTRC2) significantly improves the prediction
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of clinically significant PCa in biopsies [15,93]. Similarly, a review paper by Costi et al.
highlighted that urinary biomarkers, particularly PCA3 and TMPRSS2:ERG, offer substan-
tially greater specificity than PSA and are poised to play a central role in non-invasive
diagnostic pathways [93]. These findings align with broader evidence that multiplex
urinary biomarker panels outperform single-marker assays. For example, efforts have
also been made to develop molecular assays for the detection of PCA3, TMPRSS2:ERG,
and PSA in urine following DRE, leading to the development of the Michigan Prostate
Score (MiPS). MiPS has been externally validated and shown to significantly improve risk
stratification and detection of clinically significant PCa while avoiding unnecessary biop-
sies [48,49,51,100]. Further strengthening this, another systematic review focusing on PSA
“grey-zone” diagnostics (4–10 ng/mL) reported that combining PCA3 and TMPRSS2:ERG
fusion transcripts substantially enhances diagnostic accuracy and reduces overtreatment in
this diagnostically challenging population [101].

Despite their clinical promise, existing molecular assays for these biomarkers face
practical limitations, including long turnaround times, dependence on skilled laboratory
personnel, susceptibility to sample degradation, and reliance on PCR-based technolo-
gies that remain impractical for widespread POC implementation. Moreover, PCA3 and
TMPRSS2:ERG-based tests typically require post-DRE urine collection, which some consider
invasive and less suitable for public-based screening [77]. As a result, these assays remain
largely confined to specialised clinical settings. To overcome these constraints, recent re-
search has emphasised the development of simplified, portable, and highly sensitive biosen-
sor platforms capable of rapid detection of low-abundance urinary transcripts. Biosensor
technologies offer a promising alternative by enabling faster response times, lower cost,
improved sensitivity, and easier integration into point-of-care platforms. Aptamer-based
biorecognition, in particular, has emerged as a promising strategy due to its high speci-
ficity, stability, and compatibility with miniaturised platforms [71]. Nanomaterial-enabled
biosensing approaches continue to expand this potential by enhancing signal amplification
and reducing detection limits for fusion transcripts [93,102]. Collectively, these advances
suggest that PCA3 and TMPRSS2:ERG are among the most promising urinary biomarkers
for early, non-invasive PCa detection. Future research should therefore prioritise large-
scale clinical validation, the development of simplified and robust biosensor platforms to
facilitate translation into routine clinical practice, and the harmonisation of pre-analytical
protocols, as well as the translation of biosensor-based detection systems into robust,
user-friendly point-of-care devices suitable for routine clinical and community screening.

5. Biosensors: A Promising Method for PCA3 and TMPRSS2:ERG
Detection

The limitations of prostate-specific antigen (PSA) as a standalone biomarker for PCa
detection are well recognised, underscoring the need for more specific molecular indicators.
Integrating cancer-specific biomarkers such as PCA3 and TMPRSS2:ERG into diagnostic
strategies has therefore emerged as a promising approach to improve diagnostic accuracy
and risk stratification [89,90]. Despite many attempts to develop a diagnostic platform to
detect these biomarkers, such as molecular-based assays like PCR and next-generation se-
quencing (NGS), some challenges remain, including high costs, time-consuming processing,
and the need for complex equipment, which hinder their use in point-of-care testing. This
matter was further supported by recent research by Kumar et al. that showed significant
variations in NGS data when examined with different fusion mRNA identification software
programmes [103]. Furthermore, traditional sampling methods pose additional challenges
related to sample preparation and stability, leading to increased logistical demands and po-
tential inaccuracies in results [72,86,104]. These limitations have driven growing interest in
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developing non-invasive, amplification-free, sensitive, and portable diagnostic approaches
capable of detecting low-abundance RNA targets.

Biosensors provide an attractive alternative by coupling a biological recognition ele-
ment with a physicochemical transducer to convert a molecular recognition event into a
measurable signal [105–107]. From a conceptual perspective, biosensors can be categorised
according to their biorecognition or assay principle, such as immunoassays (antibody),
nucleic acid hybridisation (DNA and RNA), or aptamer-based recognition, and their sig-
nal transduction modality, most commonly optical or electrochemical [106,108]. Recent
reviews highlight biosensors as a key component of next-generation molecular diagnostics,
particularly when combined with clinical validation and decision-support frameworks.
In PCa diagnostics, electrochemical and optical biosensors are most frequently employed
owing to their analytical sensitivity, compatibility with nucleic acid detection, and suit-
ability for miniaturisation [26,109–112]. The general architecture and classification of
biosensor platforms are summarised in Figure 2, providing background context for the
PCA3- and TMPRSS2:ERG-based systems discussed in the subsequent sections. Recent
biosensor research in PCa has increasingly shifted away from PSA-centric detection toward
cancer-specific molecular targets. The limited number of biosensing studies addressing
PCA3 and TMPRSS2:ERG reflect an emerging research area with considerable potential
to enhance early detection and reduce reliance on invasive procedures. The following
sections, therefore, focus on biosensor platforms targeting non-PSA biomarkers, describing
transducer types, assay formats, and key analytical performance parameters relevant to
clinical transition.

Figure 2. Schematic overview of biosensor architecture and classification. (A) Fundamental com-
ponents of a biosensor, comprising a biorecognition element, transducer, and signal processing
unit. (B) Classification of biosensors based on the type of bioreceptors, strategies, and signal
transduction modalities commonly employed in nucleic acid biosensing. The figure provides con-
ceptual background for the PCA3- and TMPRSS2:ERG-based biosensor platforms discussed in
subsequent sections.
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While centralised laboratory testing remains the gold standard for molecular diagnos-
tics, POC testing is increasingly explored as a complementary strategy to address specific
unmet clinical needs rather than to replace laboratory-based assays [10,106]. In the context
of PCa, POC is primarily intended for risk stratification, pre-biopsy triage, and longitudinal
disease monitoring, rather than for population-wide screening [50,52]. The rationale for
POC lies in its ability to provide rapid, near-patient results that support timely clinical
decision-making, reduce anxiety associated with prolonged diagnostic pathways, and min-
imise losses to follow-ups, particularly in outpatient urology clinics, primary care settings,
and community-based assessment pathways where access to centralised molecular labora-
tories may be limited [50,56,57]. However, implementing POC for nucleic acid biomarkers
such as PCA3 and TMPRSS2:ERG remains challenging; RNA-based assays are inherently
more complex than protein immunoassays, often requiring extraction, amplification, and
stringent contamination controls [108,113].

Consequently, many biosensor platforms described as POC solutions still rely on
a multi-step workflow or off-chip sample preparation, limiting their compliance with
established POC criteria [10,106]. To be clinically viable, a POC system must demonstrate
high analytical sensitivity (often at femtomolar RNA concentrations), sufficient specificity
to discriminate clinically significant disease, short turnaround times (ideally ≤30 min),
minimal hands-on operation, and robust performance in complex biological matrices
such as urine [108,113]. In addition, practical considerations such as device portability,
workflow simplicity, cost-effectiveness, and regulatory compliance are essential for real-
world implementation [10]. Recent advances in biosensor engineering further strengthen
the case for POC-oriented nucleic acid detection. A 2025 comprehensive review of point-of-
care nucleic acid diagnostics emphasised that electrochemical and equipment-light sensing
platforms are best positioned to meet REASSURED criteria and bridge the gap between
laboratory innovation and clinical adoption [114].

In parallel, advances in nucleic acid nanogenosensors have highlighted aptamer-based
recognition as a particularly promising strategy due to its high specificity, chemical stability,
and compatibility with miniaturised electrode formats [115]

Taken together, current biosensor platforms for PCA3 and TMPRSS2:ERG detection
should be viewed primarily as research prototypes demonstrating analytical feasibility
rather than fully deployable POC systems. Bridging the translational gap will require
further integration of on-chip sample preparation, automation, miniaturised instrumenta-
tion, and large-scale clinical validation to establish clinical utility and cost-effectiveness in
real-world settings [10,50]. The following sections, therefore, evaluate reported PCA3- and
TMPRSS2:ERG-based biosensor platforms in light of these analytical, clinical, and practical
considerations for point-of-care PCa diagnostics.

6. Biosensors for PCA3 Detection
To evaluate the clinical relevance of biosensors developed for PCA3 detection, it is

essential to consider both the expected abundance of the target biomarker and the experi-
mental conditions under which sensing platforms are assessed. In clinical practice, PCA3 is
reported as a PCA3 score rather than an absolute concentration, with commonly applied
thresholds of ≥35 indicating an increased PCa risk and values <20 considered as low
risk [20,21,46,67,68]. At the analytical level, PCA3 transcripts in post-DRE urine samples
are typically present at low abundance, most often within the picomolar to femtomolar
concentration range [70–72]. Most PCA3 biosensors reported to date have been evaluated
using synthetic targets, buffered systems, cancer cell lines, or spiked urine samples, with
relatively few studies incorporating authentic clinical specimens [71,72,116,117]. Sample
matrices are predominantly urine-based, reflecting the non-invasive nature of PCA3 testing,
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although buffer and serum matrices are frequently employed during early proof-of-concept
validation [71,72]. Reported sample volumes generally range from microlitres to low
millilitres, depending on the sensing format and sample-processing requirements [72,118].
These contextual factors are critical for interpreting reported limits of detection and ana-
lytical sensitivity, as high performance under controlled laboratory conditions does not
necessarily translate into clinical efficacy. Recent electrochemical biosensors reported in
2024–2025 have demonstrated femtomolar-level PCA3 detection in urine-relevant matrices,
reinforcing the feasibility of amplification-free, point-of-care-compatible platforms for early
PCa detection [119,120].

Several biosensing platforms have been proposed to quantify this transcript, aiming
to improve current diagnostics utilising PCA3 lncRNA alone or in conjunction with other
biomarkers [71,72,118,121]. Among them, an electrochemical genosensor for PCA3 de-
tection was proposed by Soares et al., which was built on glass substrates incorporating
carbon nanotubes (CNTs) and chitosan (CHT) [116]. The use of layer-by-layer technology
facilitated the deposition of a nanostructured film onto the electrode surface, thereby en-
abling the subsequent attachment of a DNA probe complementary to PCA3, as presented
in Figure 3A. The hybridisation of a short PCA3 fragment with a complementary DNA
probe affects the charge transfer at the electrode surface, thus manifesting in the impedance
variations. Integrating chitosan and carbon nanotubes onto gold-interdigitated electrodes
demonstrated a significant enhancement in sensitivity toward PCA3. The device’s speci-
ficity was confirmed by RNA analysis of PCa and HeLa cell lines, achieving quantitative
detection of synthetic PCA3 RNA at concentrations as low as 0.128 nM [116]. To improve
the PCA3 detection signal, other studies have used the same technique to incorporate
various materials, including nanoparticles and quantum dots. A study by Valquiria et al.
demonstrated a genosensor using advanced materials, namely a printed carbon electrode
coated with chondroitin sulphate-stabilised gold nanoparticles (AuNPs), to enhance PCA3
detection. The method immobilises single-stranded DNA (ssDNA) to target a specific re-
gion of PCA3 lncRNA. Electrochemical impedance spectroscopy (EIS), cyclic voltammetry
(CV), and UV–vis spectroscopy were used to measure PCA3 concentrations. Machine learn-
ing algorithms were used to classify scanning electron microscopy images, achieving 99.9%
accuracy in distinguishing PCA3-containing solutions from control measurements [117].

Moreover, the introduction of modified lanthanide-based upconversion nanoparticles
to target PCA3 mRNA, using graphene oxide as an electron-transfer acceptor, has led
to a decrease in emission intensity. However, when PCA3 mRNA was introduced, the
hybridisation with the nanoparticle’s probe strand reduced interactions with graphene
oxide, restoring emission levels. Despite non-specific mRNA sequences, the sensor showed
a detection limit of 500 fM [122]. Recent studies in 2024 indicate that Meriem Mokni et al.
developed a novel genosensor-based assay for PCA3 detection in urine, utilising various
thiolate DNA probes immobilised on gold surfaces. In this study, square wave voltammetry
is the selected detection method. The detection limits of the developed genosensors were
2.2 ng/mL for probe 1 and 1.6 ng/mL for probe 2 [123]. Alternatively, optical biosensors
are an effective solution for improving the sensitivity of PCA3 detection, offering low
background noise, cost-effectiveness, minimal interference, real-time monitoring, and high
sensitivity. These biosensors utilise two main signal transduction methods: label-based
technologies, such as fluorescence and chemiluminescence, and label-free technologies,
including surface plasmon resonance (SPR) and surface-enhanced Raman scattering (SERS).
Jia et al. used optical biosensors with spacer layers of varying lengths of DNA to detect
PCA3. The optimal distance between AuNRs and Ag2S quantum dots was established.
The sensor demonstrated a broad linear response range, extending from 5 to 500 pM and
a detection limit of 1.42 pM. Nonetheless, the process of labelling nanomaterials presents
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significant challenges, as it is intricate and resource- and time-intensive [104]. Another
study indicated that biosensors utilising SERS exhibited high sensitivity for PCA3 detection,
achieving results in the femtomolar range (Figure 4A) [124].

 

Figure 3. Biosensor platforms developed for PCA3 detection, highlighting representative electrochem-
ical and optical sensing strategies. (A) Schematic representation of an electrochemical impedance
spectroscopy (EIS)-based genosensor for PCA3 detection using a DNA probe immobilised on a
nanostructured electrode surface [116]; (B) differential pulse voltammetry (DPV)-based apta-sensor
for PCA3 detection employing a redox-labelled RNA aptamer immobilised on a screen-printed gold
electrode [125–127]; (C) schematic illustration of an EIS-based aptasensor for PCA3 detection using
screen-printed carbon electrodes modified with gold nanoparticles [71].

Additionally, to enable quantitative detection of PCA3, Fu et al. developed a SERS-
based competitive lateral flow assay. In this design, SERS nanotags carrying reporter DNA
are placed on the conjugated pad, while capture and control DNA probes are immobilised
on the nitrocellulose (NC) membrane. In PCA3 testing, the PCA3 competes with the
immobilised probes for binding to the SERS nanotag; this competitive interaction produces
a measurable Raman signal whose intensity decreases proportionally with increasing PCA3
concentration. This platform offers rapid, high-sensitivity results similar to standard lateral
flow strips, but with much higher sensitivity, achieving femtomolar-level detection of
PCA3 [128]. In an interesting experiment, a nanoresonator detected the PCA3 sequence
in samples by binding it to an antisense oligonucleotide on a gold nanoparticle surface.
This binding caused a large change in mass and a corresponding frequency shift, indicating
the sensor’s ability to detect picomolar concentrations of PCA3 (1 pM) and to identify
extremely small amounts of PCA3 RNA in biological samples [129]. In contrast to the
previously mentioned single-detection method, Moranova et al. integrated loop-mediated
isothermal amplification (LAMP) with an electrochemical assay to enhance the sensitivity
and efficiency of PCA3 detection, enabling stable temperatures and reduced reaction times.

The process involves extracting RNA from cancer cell lines or urine, followed by
isothermal amplification, labelling with DIG-dUTP (digoxigenin-labelled deoxyuridine
triphosphate), and detection using streptavidin-magnetic beads pretreated with biotiny-
lated capture probes. After binding, the beads carrying the DIG-labelled amplicons were
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brought to the electrode surface, where the attached enzymatic label generated a mea-
surable electrochemical signal. This sensor effectively identified PCA3 in urine samples
with picomolar-level sensitivity, demonstrating minimally invasive clinical diagnostic re-
quirements [72]. To improve the application of these biomarkers in clinical practice, the
authors combined an FDA-approved personal glucose metre, serving as the electrochemical
transducer, with magnetic particles to serve as a solid support for the sandwich genoassay.
The conversion of PCA3 to glucose concentration was facilitated by alkaline phosphatase,
which catalyses the hydrolysis of D-glucose-1-phosphate to D-glucose [130]. Collectively,
the aforementioned studies emphasised gene-based biosensing strategies that rely on nu-
cleic acid probes as the core biorecognition components. While genosensor platforms have
demonstrated promising sensitivity for PCA3 detection, attention has increasingly shifted
toward alternative biorecognition elements that offer enhanced robustness and clinical
suitability. Among these, aptamer-based strategies have emerged as a particularly com-
pelling direction. In a notable study, Marangoni et al. demonstrated that RNA aptamers
can serve as additional biorecognition elements for detecting PCA3 lncRNA, establishing
the first proof-of-concept for PCA3 aptamer-based sensing [131]. Aptamers are short single-
stranded RNA or DNA oligonucleotides selected in vitro using the systematic evolution of
ligands by exponential enrichment (SELEX) process, first described by Tuerk and Gold in
1990 [71,132].

The generated oligonucleotides exhibit high stability and purity. Aptasensors demon-
strate high affinity and specificity for various target molecules and, owing to their oligonu-
cleotide origin, are sensitive to ribonucleases and deoxyribonucleases [133]. The first
electrochemical aptasensor for in vitro detection of PCA3 in a direct assay was constructed
and reported by Nabok et al. [125], who employed a ferrocene-labelled RNA aptamer
immobilised on a screen-printed gold electrode. The binding of PCA3 induces a secondary-
structure change in the aptamer, producing a measurable electrochemical response [125].
Subsequently, the same research team, led by Takita et al., further enhanced the performance
of the PCA3 aptasensor using RNA aptamers labelled with methylene-blue immobilised
on a screen-printed gold electrode surface and differential pulse voltammetry (DPV) as the
detection method, as shown in Figure 3B. Upon binding to PCA3, the aptamer undergoes a
secondary structure rearrangement that brings the redox label into closer proximity with the
electrode surface, thereby increasing the measured current signal [126]. DPV measurements
show a correlation between peak current and PCA3 concentration, with a conformational
change bringing the redox label closer to the electrode. The sensor demonstrated significant
sensitivity, with a detection limit of 0.1 pM, and confirmed the aptamer’s high affinity for its
target, i.e., PCA3 (Figure 3B) [126,127]. Recognising the need to translate these approaches
into potentially more practical point-of-care formats, Takita et al. developed a biosensor
using a screen-printed carbon electrode (SPCE) and AuNPs, which effectively facilitated
aptamer immobilisation via thiol chemistry (Figure 3C) [71].

This approach demonstrated the ability to detect PCA3 at concentrations as low as
1 fM in the buffer and 20 fM in artificial urine. In addition, the sensor is anticipated to
be suitable for point-of-care PCA3 testing, owing to its rapid detection, high sensitiv-
ity, and cost-effectiveness. These studies have used previously validated aptamers and
demonstrated strong affinity and specificity for binding to PCA3 lncRNA [71]. Finally,
to the best of our knowledge, only one optical platform has been developed using an
aptamer as a biorecognition element in combination with spectroscopic ellipsometry as
a detection method. The total internal reflection ellipsometry (TIRE) technique, a hybrid
of spectroscopic ellipsometry (SE) and Kretschmann-type surface plasmon resonance, has
been applied to PCA3 detection using a label-free aptamer [134]. TIRE is a highly sensitive
method for measuring changes in the refractive index and thickness of molecular layers
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deposited on thin metal films, and is therefore suitable for monitoring molecular adsorption
and desorption. In contrast to SPR, which is based on detecting the amplitude of reflected
light, the TIRE method explores two parameters, Ψ and ∆, related to the amplitude ratio
and phase shift in the p- and s-components of polarised light. The phase-related parameter
of ∆ light SE is extremely sensitive to changes in the refractive index or thickness of the
molecular layer, which constitutes the main advantage of the TIRE method [135].

Figure 4. Optical and nanomaterial-assisted biosensing approaches for PCA3 detection have been
reported, demonstrating diverse signal transduction strategies. (A) Schematic diagram of PCA3
detection with surface-enhanced Raman scattering (SERS), achieving results in the femtomolar
range [124]; (B) optical aptasensor for PCA3 detection based on spectroscopic ellipsometry [134].

In this work [134], a label-free RNA-based aptamer has been immobilised on gold-
coated glass, and the TIRE measurements were conducted in both the dynamic and single
spectroscopic modes to monitor the process of analyte-to-aptamer binding and the result-
ing changes in the molecular layer thickness (Figure 4B). The affinity constant of about
4.10–10 M evaluated in this study confirmed exceptionally high specificity of the aptamer
toward PCA3. This method provides important complementary information on molecular
layer thickness, enabling a better understanding of aptamer-target interaction [134]. All
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of these technologies show promise for PCA3 detection, but most are still in the proof-
of-concept stage and require further development before they are ready for clinical use.
Thorough specificity testing using PCa and non-cancer cell lines would significantly en-
hance their diagnostic reliability and evaluate any cross-reactivity. Furthermore, it is
imperative to assess these sensors in quantitative assays utilising authentic clinical urine
samples to determine their efficacy in physiologically relevant settings. Such trials would
furnish essential evidence of their appropriateness for early PCa diagnosis and facilitate
their progression toward standard point-of-care implementations.

7. Biosensors for TMPRSS2-ERG Detection
Biosensor-based platforms have emerged as powerful tools for detecting PCa-related

nucleic acid biomarkers, including microRNAs and mRNA transcripts. Several proof-of-
concept studies have demonstrated that electrochemical and impedance-based biosensors
capable of detecting PCa metabolites and nucleic acid markers establish a foundation for
transcript detection [136,137]. Among these biomarkers, the TMPRSS2:ERG fusion mRNA
is particularly clinically relevant; however, its low abundance in urine necessitates efficient
sample processing and highly sensitive signal transduction strategies [94,95,138,139]. As a
result, non-invasive urinary detection of TMPRSS2:ERG has become a major focus in efforts
to improve the specificity of clinically significant PCa diagnosis. The first electrochemical
biosensor for TMPRSS2:ERG detection was introduced by Koo et al., who demonstrated
amplification-free detection of the fusion transcript directly from urine samples of PCa
patients [94]. Their approach involved RNA extraction, followed by streptavidin-coated
magnetic bead enrichment with biotinylated capture probes. The isolated TMPRSS2:ERG
transcripts were subsequently immobilised on screen-printed gold electrodes via RNA–gold
affinity interactions. Due to the negative charge of the bound fusion RNA, hybridisation
increased Coulombic repulsion with the [Fe(CN)6]3−/4− redox couple, resulting in a
measurable decrease in electrochemical current. The degree of signal suppression correlated
with TMPRSS2:ERG concentration, enabling label-free, amplification-free detection [94,138].

To improve analytical sensitivity, the same group later developed a reverse-transcription
recombinase polymerase amplification (RT-RPA)-associated electrochemical biosensor, en-
abling the rapid detection of multiple TMPRSS2:ERG transcript variants [95]. On these
platforms, RNA extracted from urine samples was reverse-transcribed and subjected to
isothermal amplification at a constant temperature; the amplified products were captured
using sequence-specific probes on magnetic beads and quantified using enzyme-assisted
chromatography. This strategy reduces assay time and enhances sensitivity compared
with the amplification-free system, though clinical validation remains limited to pilot stud-
ies [95]. Further progress was achieved with the development of a nanomaterial-enabled
detection system based on DNA-directed copper nanoblocks (CuNBs) [140]. Here, the
hybridisation of TMPRSS2:ERG RNA triggered the in situ formation of CuNBs, which
exhibited intrinsic electrochemical and fluorescent properties. This dual-mode sensing strat-
egy enabled simultaneous detection of multiple RNA species, including TMPRSS2:ERG,
without enzymatic amplification. While analytically promising, validation is limited to
proof-of-concept experiments [140].

To address the need for integrated POC diagnostics, Koo et al. later proposed a sample-
to-answer electrochemical biochip that combined solid-phase nucleic acid amplification
with nanofluidic manipulation [141]. This platform enabled RNA capture, on-chip am-
plification, and electrochemical detection within a single automated device. The biochip
successfully detected several cancer-associated gene targets, including TMPRSS2:ERG,
from biological samples. Although highly promising, further optimisation and large-scale
validation are required before clinical deployment [141]. These developments highlight the
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translational potential of TMPRSS2:ERG biosensors, although most remain at the pilot or
analytical validation stage [142].

Recent developments have extended TMPRSS2:ERG biosensing toward compact,
portable POC platforms. Notably, a handheld ion-sensitive field-effect transistor (ISFET) as
a lab-on-chip device integrating reverse-transcription loop-mediated isothermal amplifica-
tion (RT-LAMP) enabled the rapid electrical detection of TMPRSS2:ERG mRNA alongside
androgen receptor transcripts [142,143]. In this approach, isothermal amplification induced
proton release, which was transduced directly into an electrical signal by the ISFET array,
enabling detection within 30 min and achieving sensitivity at the level of tens of RNA
copies. Collectively, this work demonstrates the feasibility of miniaturised electronic biosen-
sors for non-invasive molecular PCa diagnostics, although validation remains limited to
pilot studies and controlled sample matrices [143]. While these approaches remain at an
early stage of development, they underscore the rapid evolution of biosensor technologies
toward integrated, highly selective point-of-care platforms for PCa detection. Figure 5 is a
representative workflow summarising the key stages of sample collection and preparation,
molecular capture, and signal transduction employed in these reported TMPRSS2:ERG
biosensor platforms [94,95,138,140,141,143].

Figure 5. Schematic illustration of the TMPRSS2:ERG biosensor detection workflow: (1) urine collec-
tion; (2) RNA isolation and selective enrichment of the TMPRSS2:ERG fusion transcript; (3) probe-
mediated capture of the TMPRSS2:ERG on the biosensor interface; and (4) signal transduction using
various detection modalities such as electrochemical and optical.

8. Multiplexed-Based Biosensors
Since the Progensa assay established the clinical utility of combining PCA3 and

PSA, several studies have suggested that combining dual- or multiple-mode biosen-
sors, which is called multiplexing and integrates two or more biomarkers in the same
assay, is recommended for enhanced diagnostic accuracy and performance; clinicians may
be better equipped to determine the necessity for biopsies and tailor treatment strate-
gies accordingly. The use of a panel of PCa biomarkers has been proposed for future
PCa diagnosis [27,144–147]. Multiple platforms offer comprehensive and cost-effective
biomarker assessments from a single sample; however, because individual biomarkers differ
in molecular characteristics, distinct detection strategies are often required for each target.
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Beyond analytical convenience, multiplexed biomarker detection has demonstrated
clear diagnostic advantages over single-biomarker approaches. For example, combin-
ing urinary PCA3 with TMPRSS2:ERG increases sensitivity for clinically significant PCa
from 60 to 65% and with PCA3 alone to 70–75%, all while maintaining high specificity
up to ~90% [48,49,101]. Similarly, multivariable models such as the Michigan Prostate
Score (MiPS), which integrates PCA3, TMPRSS2:ERG, and serum PSA, demonstrate im-
proved performance, with reported (AUC) values of 0.75–0.80, outperforming PSA or single
urinary biomarkers [25,48]. More complex multiplex strategies, such as the Stockholm3
(STHLM3) model, combine serum protein biomarkers, genetic variants, and clinical vari-
ables and consistently achieve AUC values exceeding 0.80 while reducing unnecessary
biopsies compared with PSA-based screening [51,52]. These findings collectively indicate
that multiplexed biomarker strategies offer tangible clinical advantages by improving
sensitivity and overall diagnostic accuracy while preserving specificity, thereby provid-
ing a strong rationale for the development of multiplex biosensor platforms capable of
simultaneous biomarker detection. Recent guidelines and reviews reinforce their value
in improving specificity and reducing avoidable biopsies [50,58]. Although only a lim-
ited number of biosensors currently support simultaneous multiple-analyte detection of
PSA and spondin-2 (SPON2), they demonstrate voltage-based discrimination between
biomarkers and illustrate the feasibility of multiple detection at the transducer level [28].

Hun and Meng further demonstrated that recombinase polymerase amplification
(RPA) can improve nucleic acid amplification at low temperatures for multicolour detec-
tion of PCA3 and KK2 in serum. Their platform used gold electrodes modified with a
quantum-dot photoactive nanocomposite (TiO2/CdTe), enabling chemisorption of primers
and the incorporation of biotinylated primers to support self-powered photoelectrochemi-
cal detection of low biomarker concentrations (Figure 6A) [148]. Additional progress has
been made using multiplexed chronoamperometry biosensors. In 2022, PCA3 lncRNA
and PSA mRNA were co-detected using combined RT-LAMP and electrochemical readout,
in which digoxigenin-labelled LAMP amplicons were captured via streptavidin linked to
an anti-digoxigenin antibody and horseradish peroxidase (HRP) (Figure 6B) [72]. HRP
accumulation was observed at the working electrode in the presence of the RNA target,
reducing benzoquinone to hydroquinone and producing an electrochemical signal for
chronoamperometry detection [72]. This platform demonstrated specificity using RNA ex-
traction from nine prostate-derived cell lines and successfully differentiated urine samples
from PCa patients and healthy individuals; the biosensor’s procedures, excluding RNA
extraction, can be performed at the point of care (POC) [72].

A more advanced dual-mode chronoamperometric genosensor was developed by
the Sanchez-Salcedo group for the detection of PCA3 and PSA mRNA, serving as an
endogenous reference for PCA3 assessment [118]. This genoassay was developed by
immobilising PCA3 and PSA mRNA fragments on gold electrodes (Figure 7). This platform
utilises the substantial size of PCA3 to integrate multiple redox enzymes during each
binding event, employing various hybridisation signalling probes. Consequently, both
PCA3 lncRNA and PSA mRNA were detected concurrently at low picomolar concentrations,
with limits of detection of 4.4 pm and 1.5 pm for PCA3 and PSA, respectively. Ultimately,
capturing analytes on magnetic particles functionalised with specific DNA fragments,
followed by thermal elution and preconcentration, facilitated relative PCA3 quantification
in the LNCaP human PCa cell line and in urine from patients with positive prostate
biopsies [118]. This proposed platform was the first electrochemical dual-mode biosensor
designed for PCA3 detection; however, its structural stability and the consistency of gene
expression remain significant challenges. In a further effort to develop a multiplex-based
platform, TMPRSS2-ERG mRNA, PCA3 lncRNA, KLK2 mRNA (serving as an internal
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reference), and SChLAP1 lncRNA were identified as nucleic acid targets that could be
effectively detected by an alternative chronoamperometry biosensor utilising recombinase
polymerase amplification (RPA) as the isothermal reaction method. This study presented
a proof-of-concept methodology for sample preparation, using magnetic beads to isolate
extracted DNA and RNA sequences. RPA forward primers specific to each nucleic acid
target were immobilised on the working electrode, enabling amplicon formation at the
electrode surface in the presence of their respective targets. Peroxidase-mimicking enzymes
were subsequently introduced to catalyse a redox reaction in the presence of the amplicons,
yielding a detectable signal by chronoamperometry [141].

Prostate cancer cell lines, specifically DuCaP, LnCaP, and 22Rv1, have been used
to assess the biosensor’s specificity for the RNA targets. Simultaneous identification
of four nucleic acid targets in both serum and urine from PCa patients was achieved,
demonstrating consistent biomarker detection across biofluids. The overexpression of
these biomarkers is correlated with high-grade PCa [141]. In the following fascinating
work, the sensitive multiplex detection of AR-V7, AR-FL, TMPRSS2:ERG, and YAP1 mRNA
was achieved in real time (within 30 min) using the ISFET biosensor. ISFETs, or ion-
sensitive field-effect transistors, are FET types that employ a passivation (sensing) layer to
quantify ion concentration in a solution. The passivation layer detects pH changes in the
solution via hydroxylation, which identifies variations in ion concentration [149]. ISFETs
can be fabricated using unmodified complementary metal oxide semiconductor (CMOS)
technology, thereby improving the manufacturing and implementation efficiency of ISFET
point-of-care devices [149]. This biosensor eliminates the need to functionalise the ISFET
surface, decreasing the device’s cost and complexity. The above-mentioned technique
demonstrated high sensitivity in detection, and its specificity was confirmed using RNA
extracted from PCa cell lines [143,150]. The evaluation of this electrochemical device
using clinical samples may yield significant prognostic and predictive information, thus
facilitating timely clinical decision-making. Table 2 summarises key biosensor platforms for
PCa biomarkers, highlighting the detection modality, sample matrix, analytical sensitivity,
and validation status.

Figure 6. Representative multiplex biosensor platforms for the simultaneous detection of multiple
prostate cancer biomarkers. (A) Schematic illustration and working principle of a dual photoelec-
trochemical biosensor designed for concurrent detection of PCA3 lncRNA and KLK2 mRNA in
serum, using a quantum-dot-based photoactive nanocomposite transducer [148]. (B) Schematic
representation of a chronoamperometric biosensor integrating RT-LAMP for dual detection of PCA3
lncRNA and PSA mRNA, employing enzyme-assisted electrochemical signal generation [72].
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Figure 7. Step-by-step illustration of the construction and operation of a dual chronoamperometric
genosensor for PCA3 (left) and PSA (right), with PSA mRNA used as an endogenous reference
molecule [118].

Table 2. Representative biosensor platforms for PCA3, TMPRSS2:ERG, and multiplex PCa biomarker
detection, summarising analytical performance, sample matrices, and validation level.

Target
Biomarker(s)

Biosensor
Type

Detection
Modality

Sample
Matrix LoD Assay

Time
Validation
Level

Clinical
Relevance Reference

PCA3 ECh
genosensor EIS Buffer/spiked

urine ~0.1 nM 30 min Cell lines,
spiked samples

Proof
of concept [116]

PCA3 ECh
aptasensor DPV Buffer/artificial

urine 0.1 pM <20 min Spiked
samples

Proof
of concept [126,127]

PCA3 Optical
biosensor SERS Buffer fM range <30 min Analytical

validation
Proof
of concept [124,128]

PCA3 ECh
/LAMP CA Urine pM range 60 min Clinical urine

samples
Pilot
clinical [72]

TMPRSS2:ERG ECh
biosensor Voltammetry Urine fM range <1 h Clinical urine

samples
Pilot
clinical [94]

TMPRSS2:ERG AAB Optical
/ECh Serum pM range 30 min Cell lines,

spiked urine
Proof
of concept [95]

PCA3
/PSA

Multiplex
ECh CA Urine pM range 45 min Clinical urine

samples
Pilot
clinical [118]

https://doi.org/10.3390/chemosensors14040099

https://doi.org/10.3390/chemosensors14040099


Chemosensors 2026, 14, 99 20 of 31

Table 2. Cont.

Target
Biomarker(s)

Biosensor
Type

Detection
Modality

Sample
Matrix LoD Assay

Time
Validation
Level

Clinical
Relevance Reference

PCA3
/KLK2 P-ECh ISFET

/CMOS
Serum/
urine

Not
reported <30 min Analytical

validation
Proof
of concept [148]

PCA3/TMPRSS2:ERG/
others

ISFET
biosensor Electrical Urine fM range <30 min Cell lines Proof

of concept [143,150]

Abbreviations: PCa, prostate cancer; PSA, prostate-specific antigen; PCA3, prostate cancer antigen 3; TM-
PRSS2:ERG, transmembrane protease serine 2–ETS-related gene fusion; KLK2 (hK2), human kallikrein 2; SPON2,
spondin-2; lncRNA, long non-coding RNA; ECh: Electrochemical; EIS, electrochemical impedance spectroscopy;
DPV, differential pulse voltammetry; SERS, surface-enhanced Raman scattering; CA, chronoamperometry LAMP,
loop-mediated isothermal amplification; AAB, amplification-assisted biosensor; P-Ech, photoelectrochemical;
ISFET, ion-sensitive field-effect transistor; CMOS, complementary metal oxide semiconductor; LoD, limit of
detection; RPA, recombinase polymerase amplification.

9. Integrating Artificial Intelligence with Imaging and Biomarker Panels
for Enhanced Prostate Cancer Diagnostics

Artificial intelligence (AI) has emerged as a powerful tool in PCa diagnostics, enabling
the integration of molecular biomarkers with advanced imaging modalities to enhance
diagnostic precision [151]. Machine learning algorithms applied to mpMRI and computed
tomography (CT) scans can extract radiomic features that correlate with tumour aggres-
siveness, Gleason score, and underlying genomic alterations [152]. When combined with
biomarker panels such as PCA3, TMPRSS2:ERG, and metabolic indicators, including sarco-
sine and AMACR, AI-driven models have demonstrated superior diagnostic performance
compared to traditional PSA-based screening, particularly by improving specificity and
reducing unnecessary biopsies [48]. These observations are consistent with recent reviews
that emphasise the growing role of AI-enabled multimodal diagnostics in PCa detection
and risk stratification for better clinical decision-making [153,154].

Several studies have confirmed that AI-based approaches outperform conventional
PCa assessment methods; for example, AI-assisted interpretation of mpMRI has been
shown to improve area under the curve (AUC) values from approximately 0.70–0.75
with standard mpMRI interpretation to 0.80–0.88 through the application of ML-based
classifiers [155–157]. Improvements in sensitivity for detecting clinically significant disease,
frequently exceeding 85%, while maintaining specificity in the range of 70–80%, have addi-
tionally been reported [155–158]. Furthermore, ML models that combine imaging features
with clinical variables and molecular biomarkers, such as PSA, PCA3, and TMPRSS2:ERG,
demonstrated markedly improved predictive accuracy, achieving AUC values of 0.80–0.85
compared with 0.65–0.75 for PSA-only risk stratification [50,52,151,159]. These quantitative
enhancements underscore the utility of AI-driven multimodal integration in refining risk
assessments, reducing unnecessary biopsies, and improving the early detection of clinically
significant PCa.

Recent advances in deep learning have further strengthened the value of AI in PCa
diagnostics. Convolutional neural networks (CNNs) applied to mpMRI enable highly accu-
rate automated lesion segmentation, reducing inter-observer variability and supporting
more consistent identification of suspicious regions than manual or semi-automated ap-
proaches [151,158,159]. Beyond localisation, CNN-based models can differentiate between
low- and high-grade diseases by learning complex spatial and textural patterns within the
mpMRI dataset, frequently outperforming conventional radiomic and rule-based meth-
ods [151,158,159]. Deep learning has also been applied to outcome prediction, with models
incorporating imaging and clinical variables showing promise in forecasting biochemical
recurrence, radiotherapy response, and cancer progression following focal or systemic treat-
ment [160]. Such predictive capabilities may allow earlier identification of non-responders
and facilitate adaptive therapeutic planning.
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Collectively, these developments indicate that deep learning is transforming mpMRI
from a primary anatomical imaging modality into a quantitative, decision-support tool
that complements molecular biomarkers and biosensor-derived data within integrated PCa
diagnostic frameworks [153]. Recent studies have further demonstrated that CNNs trained
on large mpMRI datasets achieve high accuracy in lesion segmentation and risk stratifica-
tion, and that ensemble learning approaches incorporating urinary and serum biomarkers
enhance predictive performance for clinically significant diseases [152]. A representative
overview of AI-integrated PCa diagnostic workflows is illustrated in Figure 8. AI-powered
decision-support systems offer additional potential for near-real-time integration of biosen-
sor results with imaging-derived metrics, enabling personalised diagnostic pathways and
supporting POC clinical decision-making. Moving forward, large-scale clinical validation,
harmonised regulatory frameworks, and interoperable digital infrastructures will be essen-
tial to ensure safe, effective, and equitable implementation of AI-driven diagnostic systems
across clinical and telehealth environments [50,151,152].

Figure 8. An example of an AI-driven radiomic workflow for prostate cancer diagnostics, which:
(1) acquires multiparametric MRI images, (2) segments regions of interest, (3) extracts radiomic and
deep features via CNN, and (4) integrates imaging and clinical data using machine learning models
to predict outcomes such as Gleason score [152].

10. Challenges and Future Perspective
Although PCA3 and TMPRSS2-ERG biomarkers represent significant advancements

beyond PSA, their clinical adoption remains limited due to several critical factors. First, the
majority of validation studies for these biomarkers have been conducted on relatively small
cohorts or retrospective datasets, which restricts their generalisability across diverse patient
populations [48,62,90]. For instance, Leyten et al. demonstrated promising diagnostic
accuracy for PCA3 and TMPRSS2-ERG in urine samples, yet emphasised the need for
multicentre trials to confirm these findings [90]. Similarly, Tomlins et al. reported that
TMPRSS2-ERG stratified prostate cancer risk in men with elevated PSA, but its predictive
value for aggressive disease remained inconsistent [62]. Second, integrating these biomark-
ers into routine clinical workflows poses logistical and economic challenges. Current assays
rely on complex molecular techniques such as RT-PCR, which require specialised laboratory
infrastructure, trained personnel, and extended turnaround times, limiting their feasibility
for point-of-care applications [161].

In contrast, emerging diagnostic strategies, such as multiparametric MRI and risk-
based models, including Stockholm3, have demonstrated superior performance in reducing
unnecessary biopsies and improving the detection of csPCa, while offering better scala-
bility for clinical practice [51,102]. Furthermore, cost-effectiveness analyses indicate that
widespread implementation of PCA3 and TMPRSS2-ERG testing would require significant
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reductions in assay costs and the simplification of protocols to compete with established
imaging-based approaches [50,79]. To bridge these gaps, future research should prioritise
large-scale prospective trials, the harmonisation of assay protocols, and the development
of biosensor platforms capable of multiplex detection with minimal sample preparation.
Such innovations could enable rapid, accurate, and affordable screening in both hospital
and community settings, ultimately improving patient outcomes and reducing healthcare
burdens [71,102]. Translating PCA3/TMPRSS2:ERG biosensing from the laboratory bench
to the bedside requires coordinated progress across assay chemistry, device engineering,
clinical validation, and health–economic integration. First, analytical specificity and matrix
robustness remain central challenges, as nucleic acid targets in urine and serum are suscep-
tible to degradation and carry confounders (RNases, inhibitors, variable ionic strength),
which can inflate background and compromise limits of detection outside controlled labo-
ratories [106,108,113].

Achieving ISO-compatible standardisation (such as sample collection, pre-analytics,
reference materials, calibration hierarchies) is essential to ensure inter-site reproducibility,
particularly for impedance/voltammetric readouts that are sensitive to electrode fouling
and drift [106,109]. Second, clinical translation demands prospective multicentre studies
that evaluate multiplex panels (e.g., PCA3, TMPRSS2:ERG, PSA/KLK2) against contempo-
rary comparators such as mpMRI and Stockholm3, reporting head-to-head performance on
clinically significant PCa (GRADE ≥ 7), biopsy reduction, and net benefit curves; to date,
most biosensor studies are proof-of-concept with limited cohorts and lack decision-analytic
outputs [48,90,118]. Third, bioengineering pathways for true POC deployment still require
integration of on-chip extraction/amplification (or amplification-free strategies), one-step
fluidics, and factory calibration to deliver sub-pM sensitivity within ≤20 min using min-
imal user steps; promising routes include label-free impediometry with aptamer BREs
to reduce reagent burden, isothermal chemistries (LAMP/RPA) on disposable electrodes
for multiplex chronoamperometry, and ISFET/CMOS platforms that collapse sensing and
electronics into a robust handheld form factor [72,109,141,150]. Fourth, biorecognition
stability and manufacturability are rate-limiting, as while aptamers offer batch synthesis,
tuneable affinity, and easy labelling, they require careful secondary-structure preservation
on surfaces and rigorous anti-fouling interface design (e.g., mixed thiols, zwitterionic
brushes) to maintain signal fidelity in native urine; nevertheless, label-free PCA3 ap-
tasensors have already demonstrated fM–pM levels of detection with encouraging POC
potential [71,126,131]. Fifth, regulatory and economic adoption will hinge on demonstra-
ble clinical utility (incremental detection of clinically significant PCa, biopsy avoidance,
time-to-diagnosis), cost-effectiveness versus mpMRI/Stockholm3, and scalable manufac-
turing (roll-to-roll printing of electrodes, cartridge assembly) with quality control metrics
embedded in production [79,102].

Looking ahead, AI-assisted multiplexing (signal deconvolution across electrochemi-
cal channels), hybrid optical–electrochemical stacks to cross-validate calls, and at-home
sampling workflows coupled to secure telehealth reporting could accelerate impact, pro-
vided datasets are sufficiently large, diverse, and include external validation across health
systems [102,109,110]. In short, the field should prioritise: (a) harmonised pre-analytics
and reference panels; (b) prospective multicentre trials against mpMRI/Stockholm3 with
decision-curve and cost–utility analyses; (c) ruggedised aptamer-centric POC devices with
onboard QC; and (d) regulatory roadmaps that integrate manufacturing readiness from
early prototyping to enable real-world deployment [72,109,118].
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11. Conclusions
Typically, PSA-based screening has predominated in PCa diagnosis; despite this,

its poor specificity and elevated false-positive rates result in unnecessary biopsies and
overtreatment. To address this major limitation, additional cancer-specific biomarkers, such
as PCA3 and TMPRSS2:ERG, would be useful as early, non-invasive tests prior to any biopsy,
preferably in conjunction with PSA for risk assessment. In point-of-care testing, multiplex
biosensor platforms that use aptamer-based electrochemical ISFET/CMOS chips and SERS
sensors already exhibit femtomolar sensitivity and rapid turnaround, enabling the accurate
detection of analytes in urine or serum. These advances can markedly minimise the invasive
treatments and enhance patients’ treatment outcomes. In the future, the integration of AI,
deep learning, and machine learning (ML) will be essential in the diagnostic processes,
merging biosensor data with imaging-derived radiomic features from multiparametric
MRI to enable precise diagnosis. AI-driven models can integrate genetic and imaging
data, predict clinically significant disorders, and enhance real-time biopsy decision-making.
Although mpMRI and composite risk measures such as Stockholm3 effectively improve
outcomes, they are prohibitively expensive and complex for most individuals to employ
for first screening. Future investigations should focus on multicentre studies comparing
biomarker-based biosensors with imaging-led techniques, the development of robust
cartridge-based devices with integrated quality control, and the deployment of AI-driven
decision-support systems for community and home testing. If implemented, this proposal
could result in precise, cost-effective, and patient-focused screening pathways for PCa. With
this approach, prostate cancer diagnosis can be achieved through non-invasive verification
prior to biopsy and facilitate authentic precision medicine. A conceptual overview of this
proposed future diagnostic framework encompassing non-invasive biomarker detection,
biosensor-based POC technologies, advanced imaging modalities, and AI-driven analytics
is provided in Figure 9, in alignment with recent guideline updates and authoritative
reviews advocating multimodal, AI-enabled diagnostic strategies for PCa [58].

Figure 9. Conceptual schematic illustrating future directions in prostate cancer diagnostics, highlight-
ing the integration of non-invasive biomarker detection (e.g., PCA3, TMPRSS2:ERG, multiplex panels),
biosensor-based point-of-care platforms, advanced imaging modalities, and artificial-intelligence-
driven data analysis. This integrated framework aims to improve risk stratification, enhance detec-
tion of clinically significant disease, reduce unnecessary biopsies, and support personalised clinical
decision-making.
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Acid-Based Biosensors: Concepts, Terms, and Methodology (IUPAC Technical Report). Pure Appl. Chem. 2010, 82, 1161–1187.
[CrossRef]

107. Herrmann, A.; Haag, R.; Schedler, U. Hydrogels and Their Role in Biosensing Applications. Adv. Healthc. Mater. 2021, 10, 2100062.
[CrossRef]

108. Das, J.; Kelley, S.O. High-Performance Nucleic Acid Sensors for Liquid Biopsy Applications. Angew. Chemie Int. Ed. 2020, 59,
2554–2564. [CrossRef] [PubMed]

109. Manoharan Nair Sudha Kumari, S.; Thankappan Suryabai, X. Sensing the Future–Frontiers in Biosensors: Exploring Classifica-
tions, Principles, and Recent Advances. ACS Omega 2024, 9, 48918–48987. [CrossRef] [PubMed]

110. Ye, S.; Feng, S.; Huang, L.; Bian, S. Recent Progress in Wearable Biosensors: From Healthcare Monitoring to Sports Analytics.
Biosensors 2020, 10, 205. [CrossRef]

111. Malode, S.J.; Shetti, N.P. New Generation Biomarkers for the Detection of Prostate Cancer. Biosens. Bioelectron. X 2022, 12, 100250.
[CrossRef]
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