
Prostate cancer is the most commonly diagnosed solid 
malignancy in men, and aggressive subtypes account 
for a considerable proportion of cancer- related deaths 
in men1. Prostate cancer typically affects men >65 years 
old, with a higher incidence in white men and men of 
African descent than other populations2. Most prostate 
cancers are predominantly hormone- driven, and men 
with aggressive disease will generally progress towards 
hormone- refractory or metastatic castration- resistant 
prostate cancer (CRPC), which is still largely influenced 
by androgen receptor (AR) activity3,4. In the past 5 years, 
comprehensive genomic, epigenetic, transcriptomic and 
proteomic analysis of prostate cancer has revealed the 
extent of heterogeneity within the disease. These efforts 
have identified common oncogenic drivers, such as point 
mutations in TP53, SPOP and FOXA1; amplifications and 
copy number variations in AR (in CRPC); aberrations in 
DNA repair genes and cell signalling genes such as BRCA, 
PI3K, PTEN and MYC; gene fusions involving the ETS 
gene family; and germline variants in susceptibility loci 
associated with predisposition to prostate cancer devel-
opment and metastatic progression including ATM3–17. 
These endeavours have also refined our understanding 
of prostate cancer aetiology and progression, leading to 
potential advances in precision treatment strategies18.

As most prostate cancer is localized, low- grade, indo-
lent and unlikely to result in patient death19, prostate 
cancer screening should be able to differentiate between 
aggressive and indolent prostate cancer subtypes20 in 
order to avoid overdiagnosis and unnecessary and 
potentially morbid therapy. However, accurate identifi-
cation and treatment of high- grade aggressive prostate 
cancer remain challenging and controversial conun-
drums in oncology. The present state of clinical prostate 
cancer screening and management is heavily reliant on a 
blood- based biomarker- driven approach that measures 
serum PSA levels. PSA (encoded by kallikrein 3 (KLK3)) 
is a glycoprotein enzyme produced almost exclusively by 
the prostate gland, but increased levels are not prostate 
cancer- specific and have been observed in a variety of 
nonprostate cancer states such as increased age, BPH or 
in an inflamed or infected prostate (prostatitis)21. Since 
FDA approval in 1986, an elevated serum PSA level has 
been used for opportunistic prostate cancer screen-
ing22, and this use has, arguably, led to a revolution in 
prostate cancer management by reducing prostate can-
cer mortality through enabling early disease detection 
and treatment intervention23. However, the use of PSA 
as a prostate cancer screening biomarker is becoming 
increasingly controversial owing to its tendency to 
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provide false- positive and false- negative diagnoses, as 
well as conflicting clinical screening trial results24.

Two notable large- scale randomized trials have 
assessed the potential benefit of PSA screening — 
the European Randomized Study of Screening for 
Prostate Cancer (ERSPC) trial25 and the Prostate, Lung, 
Colorectal and Ovarian Cancer Screening (PLCO) 
trial26. The ERSPC trial investigated PSA screening in 
a largely unselected population among the screened 
cohort drawn from 8 different countries and reported a 
27% decrease in prostate cancer mortality in men aged 
55–69 years after 13 years of follow- up27. The PLCO 
trial was conducted in the USA and initially found no 
reduction in prostate cancer mortality and no benefit of  
PSA screening26,28,29. However, subsequent reanalysis  
of the PLCO data showed that PSA screening reduced 
risk of mortality by up to 32%30 and suggested that ini-
tial conclusions were influenced by PSA testing contam-
ination in the PLCO trial control group (~85% of men 
underwent a PSA test at least once31,32). Importantly, this 
contamination might have been a major cause for the 
reduction in statistical significance for the initial PLCO 
report. Nonetheless, the general consensus of both trials 
is that widespread PSA- based prostate cancer screening 
leads to prostate cancer overdiagnosis and overtreat-
ment with serious implications on men’s health and 
wellbeing24.

In 2012, on the basis of findings of the aforemen-
tioned PSA screening trials, the United States Preventive 
Services Task Force (USPSTF) recommended against 
population- wide PSA screening for prostate cancer, 
regardless of age33. This recommendation was associated 
with a substantial decline in prostate cancer screening 
and incidence34,35 and might reduce the harmful wide-
spread screening effects36 but simultaneously eliminate 
the known screening benefits for patients with the like-
lihood of developing advanced- stage prostate cancer37. 
As a result of vigorous international debate, the USPSTF 
issued its latest prostate cancer screening guidelines in 
2018, recommending that clinicians inform men aged 
55–69 years about the benefits and harms of PSA screen-
ing and offer PSA testing if they chose it38 to enable per-
sonalized shared decision- making. Thus, an alternative 

approach to prostate cancer screening might not be to 
abandon PSA testing altogether but to design screen-
ing methodologies with improved risk stratification 
capabilities39,40.

Optimal prostate cancer screening risk stratification 
requires molecular subtyping to yield information on dis-
ease biology, prognosis and treatment benefits. However, 
the molecular classification of cancer into disease sub-
types for effective targeted therapies (such as HER2  
(also known as ERBB2)-positive breast cancer subtype  
classification and trastuzumab41) is an ongoing effort 
in prostate cancer42–49. One notable example is the 
Stockholm 3 (STHLM3) study50 of prostate cancer screen-
ing, which is the first proof-of-concept, population- 
based study to examine individualized risk prediction 
of high-grade prostate cancer (Gleason score ≥7).  
The study enrolled participants aged 50–69 years with-
out prostate cancer, and each participant underwent  
STHLM3 and PSA screening. Men with a PSA con-
centration of ≥3 ng/ml or who scored as high risk 
using the STHLM3 model (a combination of plasma  
protein biomarkers (PSA, free PSA (fPSA), intact PSA, 
hK2, MSMB and M1C1), genetic polymorphisms  
(232 single- nucleotide polymorphisms) and clinical 
information (age, family history, previous prostate 
biopsy and prostate examination) were referred for 
prostate cancer examination and biopsy sampling.  
The STHLM3 model showed superior performance 
in predicting aggressive prostate cancer to PSA levels  
alone, with an area under the curve (AUC) of 0.74 com-
pared with 0.56, and resulted in a 32% reduction in 
prostate biopsies. Using the existing data, the STHLM3 
model has been updated using logistic regression 
(removal of intact PSA, inclusion of HOXB13 and model 
fitting to data50 from STHLM3 training and validation 
cohorts) and can reduce biopsies by 34% when used as 
a reflex test for men with PSA ≥3 ng/ml (ref.51). Other 
large- scale studies of primary prostate cancer molecular 
subtyping43–46 and multi- institutional research collabora-
tions into personalized metastatic prostate cancer treat-
ments (such as Stand Up To Cancer–Prostate Cancer 
Foundation Dream Teams) should result in develop-
ment of new biomarker- driven precision prostate cancer  
management approaches52.

In light of the potential translational value of next- 
generation prostate cancer biomarkers, complementary 
cost- effective and easy- to-implement advanced detec-
tion technologies are needed. At present, prostate can-
cer biomarkers are characterized using laboratory- based 
techniques that are appropriate in a research setting or 
individual specialized clinical laboratories but are unsuit-
able for rapid, highly cost- effective and point- of-care 
clinical diagnostics. Nanotechnology has the potential 
to alleviate the current limitations of molecular testing 
in a single reference laboratory or reduce the need for 
expensive proprietary equipment, enabling point- of-care 
development for broad cost- effective cancer diagnostics. 
Furthermore, the use of nanodiagnostics for nucleic 
acid or protein target detection is sensitive at the single- 
molecule level and could be used in liquid biopsies for 
which high analytical sensitivity is required for low target 
copy number genes and protein expression levels.

Key points

•	The accurate identification and personalized treatment of high- grade, clinically 
significant prostate cancer have been ongoing concerns since the outcomes of large 
international prostate cancer screening trials were published.

•	The combination of next- generation prostate cancer biomarker discoveries and the 
emergence of companion nanodiagnostic technologies could lead to a new era of 
precision prostate cancer management.

•	In- depth profiling of prostate cancer has resulted in the discovery of next- generation 
biomarkers such as TMPRSS2–ETS fusion genes, PCA3 and SCHLAP1, which could 
improve molecular subtyping and risk stratification.

•	evolving nanotechnologies such as novel nanomaterials and nanoparticles might 
benefit clinical translation of next- generation prostate cancer biomarkers by 
improving detection speed and sensitivity for development of point- of-care 
diagnostics.

•	Challenges for translating both novel biomarkers and nanotechnology platforms  
into the clinic still need to be overcome by bridging the gap between clinical and 
diagnostic disciplines.
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In this Review, we discuss the progress of biomarker- 
driven prostate cancer molecular subtyping and the 
development of companion nanodiagnostic strategies to 
refine clinical biomarker detection. We also discuss the 
existing challenges of merging both aspects for precision 
prostate cancer management and provide insights into 
possible solutions.

Next- generation biomarkers
Advances in molecular profiling, microarray profiling 
and next- generation sequencing have enabled the dis-
covery of novel prostate cancer- specific biomarkers in 
blood and urine with better disease- informing abilities 
than PSA (next- generation prostate cancer biomark-
ers)53–61 (Tables 1,2). These circulating next- generation 
prostate cancer biomarkers could be rapidly translated 
into the clinic to improve diagnostic, prognostic and 
predictive algorithms.

TMPRSS2–ETS fusion. Chromosomal rearrangements 
are common aberrations in prostate cancer and, through 
the carcinogenic processes of kataegis and chromo-
thripsis, lead to fusions of distant genes62–65. In 2005, 
a novel bioinformatics analysis enabled the discovery 
that recurrent fusions between the 5ʹ promoter sequence 
of androgen- regulated TMPRSS2 and ETS transcrip-
tion factors (particularly the coding sequence of ERG) 
are frequently present in prostate cancer66. TMPRSS2 
encodes a membrane- bound serine protease67 that is 
expressed on prostate cells and is involved in a signal 
transduction pathway associated with prostate cancer 
metastasis and invasion68. ERG encodes an oncogenic 
protein that is overexpressed in prostate cancer and 
drives transition of prostatic intraepithelial neoplasia 
(PIN) to carcinoma69. TMPRSS2–ERG fusion is a result 
of chromosomal translocations or interstitial deletions 
between the two genes, which are approximately 3 Mb 
apart on chromosome 21 (refs70–74). As TMPRSS2 con-
tains androgen- sensitive elements, it was originally 
hypothesized that the fusion event put ERG expression 
under androgen control and caused the overexpression 
of oncogenic ERG protein in tumorigenesis75. However, 
subsequent studies revealed additional layers of  
complexity to this process76–82.

TMPRSS2–ERG is present in ~50% of PSA- screened 
cohorts from Asia, Europe and the USA64, and occur-
rences of fusions involving other ETS family members, 

such as ETV1 or ETV5, are rarer66. Several TMPRSS2–
ERG isoforms exist through alternate splicing and 
differing fusion junctions between the two genes. The 
most common (>90%) isoform is the T1E4 fusion 
between exon 1 of TMPRSS2 and exon 4 of ERG83,84. 
TMPRSS2–ERG has superior prostate cancer specificity 
to PSA, with general absence in non- cancerous pros-
tate tissues64, and can be detected in prostate cancer 
precursor high- grade PIN (HGPIN) in close proximity 
to malignant carcinoma85. Hence, as one of the most 
prostate cancer- specific biomarkers currently available, 
TMPRSS2–ERG is highly attractive as a target for next- 
generation prostate cancer diagnostic development. 
Other studies have also suggested that TMPRSS2–
ERG- positive prostate cancer is a distinct subtype 
that could be targeted by TMPRSS2–ERG- based or  
ERG- based therapeutics86–92.

Since the initial description of TMPRSS2–ERG, 
numerous studies have investigated the clinical utility 
of urinary TMPRSS2–ERG detection93. The prognos-
tic potential of urinary TMPRSS2–ERG is a source of 
debate, with some studies associating TMPRSS2–ERG 
with aggressive prostate cancer94–96 and others showing 
conflicting outcomes with no correlation with worse 
prognosis97. However, as TMPRSS2–ERG is specifically 
expressed by tumour cells, increased urinary levels could 
be linked to increased tumour volume, which is indic-
ative of high- grade prostate cancer98. To improve the 
performance of TMPRSS2–ERG for noninvasive pros-
tate cancer stratification, a strategy using a combination 
of next- generation urinary prostate cancer biomarkers 
such as TMPRSS2–ERG and PCA3 in the Mi Prostate 
Score (MiPS) test99, or ERG with PCA3 in the ExoDx 
Prostate(IntelliScore) assay100, could be explored.

PCA3. PCA3 is a highly prostate cancer- specific long 
non- coding RNA (lncRNA) biomarker that is exclu-
sively overexpressed in cancerous prostate tissues and 
HGPIN101. PCA3 has been postulated to be involved in 
prostate cancer cell survival, in part through modulat-
ing AR signalling102. PCA3 was first described in 1999 
(ref.103) and is one of the first next- generation prostate 
cancer screening biomarkers to be incorporated into 
strategies to improve the diagnostic accuracy of PSA- 
based prostate cancer screening104. PCA3 is detectable 
in urine and prostatic fluid, and many studies have 
investigated the clinical utility of assessing urinary 
PCA3 levels105–107. The clinical sensitivity and specific-
ity of urinary PCA3 for prostate cancer detection are 
58–82% and ~72–79%, respectively104,108,109. The first 
major clinical contribution of PCA3 was in combina-
tion with serum PSA; combined analysis resulted in an 
improvement in prostate cancer detection, with an AUC 
of 0.75 compared with an AUC of 0.58 for PCA3 alone104. 
The FDA approved a quantitative PCA3-based prostate 
cancer assay (Progensa) in 2012 for men with a previous 
negative prostate biopsy53. Subsequently, this assay was 
refined by using combined detection of urinary PCA3 
and TMPRSS2–ERG RNA levels with serum PSA. The 
combined detection achieved an AUC, clinical sensitiv-
ity and specificity of 0.88, 80% and 90%, respectively, and 
performed better than each individual marker alone in 

Table 1 | Molecular biomarkers for precision prostate cancer management

Tools Sample source

Blood and/or urine Prostate tissue

Existing and emerging 
assays

• PHI
• 4Kscore
• Mi Prostate Score
• SelectMDx
• ExoDx Prostate(IntelliScore)

• ConfirmMDx
• Oncotype Dx
• Prolaris
• Decipher

Next- generation 
biomarkers

• PCA3
• SCHL AP1
• TMPRSS2–ETS fusion
• PTEN
• AR- V7

• PCA3
• SCHL AP1
• TMPRSS2–ETS fusion
• PTEN

4Kscore, four- kallikrein; AR- V7 , androgen receptor splice variant 7; PHI, prostate health index.
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predicting prostate cancer110. This observation further 
reinforces the notion of combining next- generation 
prostate cancer biomarkers to improve the accuracy  
of prostate cancer screening111.

SCHLAP1. SCHLAP1 is a lncRNA biomarker that was 
discovered using bioinformatics analysis of a subset 
of cancers to identify selectively upregulated lncRNAs 
associated with prostate cancer recurrence and progres-
sion112. SCHLAP1 is not expressed in other cancers or 
any normal tissue113 and is highly overexpressed in a sub-
set of patients with aggressive prostate cancer relative to 
localized prostate cancer114. SCHLAP1 promotes cancer 
cell invasiveness and metastasis presumably by antago-
nizing the tumour- suppressive functions of the SWI/SNF  
chromatin- modifying complex112. A large, unbiased 
multi- institution analysis of genes related to metastasis 
and mortality after radical prostatectomy for primary 
prostate cancer showed and subsequently validated 
SCHLAP1 to be the top- ranked prognostic biomarker 
for metastasis development113. In this study, SCHLAP1 
was detectable using noninvasive methods in urine sedi-
ments from patients with prostate cancer and found to be 
a viable candidate urinary biomarker for discriminating 
high- risk aggressive prostate cancer from low- risk dis-
ease. The potential utility of SCHLAP1 as a biomarker 
has been further shown in subsequent studies: SCHLAP1 
dysregulation is associated with aggressive intraduc-
tal and cribriform subpathologies of prostate cancer115, 
and noninvasive detection of SCHLAP1 in circulating 
tumour cells (CTCs) from blood is a potential biomarker 
for identifying patients with metastatic prostate cancer116.

PTEN. PTEN is a frequently mutated and deleted 
tumour suppressor gene in 30–60% of high- grade 
prostate cancers117–120. PTEN loss is commonly used as 
a tissue biomarker in immunohistochemical detection 
of prostate cancer and is associated with poor progno-
sis and aggressive metastatic prostate cancer as well 
as rapid development of resistance to hormonal treat-
ment120,121. Inactivation of PTEN results in downstream 
signalling of the PI3K pathway to cause increased 
phosphorylated AKT levels, promoting tumour cell 
growth, proliferation, survival and migration via mul-
tiple downstream pathways122. PTEN deletion has also 
been shown to occur with TMPRSS2–ERG fusion and 
drives prostate cancer progression123–128, and combined 
PTEN loss plus TMPRSS2–ERG fusion is considered to 
reflect a particularly aggressive prostate cancer pheno-
type124. PTEN loss in CTCs and matched tumour  
tissue samples has shown strong positive correlation129, 
illustrating the potential for detecting PTEN loss in 
liquid biopsies.

Androgen receptor splice variant 7. AR splice vari ants 
lack the ligand- binding domain and are capable of main-
taining AR- regulated transcription in treatment- resistant 
prostate cancer models130–134. Androgen receptor splice 
variant 7 (AR- V7), which has an exon 7 deletion135–137, 
has been implicated in the development of CRPC138.  
A 2014 study suggested that the presence of AR- V7 
transcripts in CTCs from patients with CRPC treated 
with enzalutamide or abiraterone is associated with 
reduced PSA response rates and progression- free and 
overall survival139. In 2018, a correlative study reported 

Table 2 | Next- generation prostate cancer biomarkers

Biomarker Description Biological function Sampling 
source

Potential clinical utility 
and performance

TMPRSS2–
ETS fusion

Chromosomal 
rearrangements of the 
TMPRSS2 gene and ETS 
transcription factors

Drives the overexpression 
of oncogenic ETS family 
transcription factors such 
as ERG protein under 
androgen control in 
tumorigenesis

Tissue, blood 
and urine

• Diagnosis and potential 
prognosis based on 
transcript levels

• AUC = 0.77 for prostate 
cancer prediction upon 
subsequent biopsy110

PCA3 Long non- coding RNA 
exclusively expressed  
in prostate tissue  
and overexpressed  
in prostate cancer

Postulated to be involved 
in prostate cancer cell 
survival, in part through 
modulating AR signalling

Tissue, blood 
and urine

• Diagnosis
• AUC = 0.746 for 

specific prostate cancer 
diagnosis104

SCHL AP1 Long non- coding 
RNA that is highly 
overexpressed in a 
subset of patients with 
aggressive prostate 
cancer

Associated with cancer 
cell invasiveness 
and metastasis by 
antagonizing the 
functions of the SWI/SNF 
chromatin- modifying 
complex

Tissue and 
urine

• Prognosis
• AUC = 0.68 for metastatic 

prostate cancer 
prediction113

PTEN Frequently mutated 
and deleted tumour 
suppressor gene in 
prostate cancer

Activates the PI3K 
pathway to promote 
tumour initiation and 
growth

Tissue and 
blood

• Prognosis
• AUC = 0.749 for 

lethal prostate cancer 
prediction121

AR- V7 Splice variant of AR 
lacking the ligand- 
binding domain

Maintains AR- regulated 
transcription in 
treatment- resistant 
prostate cancer models

Blood (CTCs) Predicts treatment efficacy

AR , androgen receptor ; AR- V7 , androgen receptor splice variant 7; AUC, area under the curve; CTCs, circulating tumour cells.

NATure revIews | Urology

R e v i e w s

  voluMe 16 | MAY 2019 | 305



that patients with positive nuclear AR- V7 expression 
in CTCs have better overall survival when treated with 
taxane therapy than when treated with enzalutamide or 
abiraterone140. Thus, AR- V7 and other splice variants 
are promising biomarkers for predicting the sensitivity 
of prostate cancer to treatment. Moreover, AR aberra-
tions such as chromosomal copy number variations and 
missense exon 8 mutations in circulating cell- free DNA 
have also been linked to enzalutamide and abirater-
one resistance141–143, offering another minimally inva-
sive approach for predicting therapeutic resistance in  
metastatic prostate cancer.

Data from the ongoing SPARTAN144, PROSPER145, 
STAMPEDE146 and LATITUDE147 trials investigating 
different therapeutic options for metastasis- free survival 
are promising; thus, studies into biomarkers that are 
associated with treatment-prediction (such as AR-V7)  
will be invaluable and potentially practice changing for 
high- risk prostate cancer management.

Biomarker- directed screening assays
Apart from the aforementioned prominent examples, 
several other biomarkers are promising, including other 
gene fusion variants involving different ETS genes (such 
as ETV1, ETV4 and ETV5)64; GSTP1-associated148 and 
EZH2-associated149 epigenetic changes; SPINK1 (ref.150); 
AMACR151; and different variations of PSA proteins152.  
A multiomics approach combining the use of these dif-
ferent next- generation prostate cancer biomarkers might 
provide the information needed to guide therapy after 
initial diagnosis and/or help identify patient- specific 
characteristics that are important when determining 
therapy. Several biomarker- based diagnostic assays for 
supporting PSA screening outcomes are available to  
clinicians153,154 (Table 3).

PHI and 4Kscore. Prostate cancer screening blood tests 
such as the prostate health index (PHI) assay (Beckman 
Coulter) and four- kallikrein (4Kscore) test (OPKO 
Laboratory) have been developed owing to the poor 
sensitivity of PSA alone. Both tests use combinations of 
different serum PSA isoforms and/or related proteins to 
increase prostate cancer- specific sensitivity.

PHI is an FDA- approved blood serum assay that 
combines the levels of total PSA, fPSA and p2PSA 
(a prostate cancer- specific fPSA isoform) using the 
formula155:

(p2PSA/fPSA) × PSA0.5

The clinical specificity of PHI (16%) has been shown 
to significantly outperform the use of total PSA and 
fPSA alone (clinical specificity 8.4%; P = 0.015)155. In 
separate multicentre studies PHI has demonstrated 
AUCs of 0.698 (ref.156) and 0.815 (ref.157) for detection of 
aggressive (Gleason score ≥7) prostate cancer.

Similar to PHI, the 4Kscore test is a Clinical 
Laboratory Improvement Amendments (CLIA)-
certified blood test that combines the levels of total 
PSA, fPSA, intact PSA, human kallikrein 2 (KLK2) and 
clinical information158. The test can be administered 
before biopsy for improved individualized prostate can-
cer risk stratification, and several studies have indicated 
that test outcomes could identify aggressive disease 

(Gleason score ≥7) and predict long- term risk of cancer 
metastasis158–161.

ConfirmMDx. The ConfirmMDx test (MDxHealth) is 
a CLIA- certified, tissue- based assay that assesses the 
methylation levels of a multigene panel (GSTP1, APC 
and RASSF1) from biopsy samples148,162,163. The under-
lying biological concept behind the ConfirmMDx test 
is the occurrence of an epigenetic field effect in which 
cells adjacent to cancer foci display DNA methylation 
changes that can be detected by the assay but are unde-
tectable using histopathology techniques164–167. Tumours 
can be missed by initial transrectal ultrasonography- 
guided biopsies, meaning that patients are often sub-
jected to multiple further biopsies168. Using DNA 
methylation analysis, the ConfirmMDx test can pro-
vide information that can be used to decide whether 
repeat biopsy is necessary and identify patients who 
have a true- negative biopsy from those who might 
have occult cancer169–172. In two retrospective studies in 
men with initial histopathologically negative biopsies, 
ConfirmMDx reached an AUC of 0.742 for detection 
of high-grade (Gleason score ≥7) prostate cancer on  
repeat biopsy170.

Oncotype Dx. The Oncotype Dx assay (Genomic 
Health) is a CLIA- certified multigene assay for assess-
ing individualized prostate cancer aggressiveness in 
newly diagnosed men on the basis of a comparison 
between tumour and healthy tissue at biopsy173. The 
assay detects the expression of 12 cancer- associated 
genes (BGN, COL1A1, SFRP4, FLNC, GSN, GSTM2, 
TPM2, AZGP1, FAM13C1, KLK2, SRD5A2 and TPX2) 
representative of 4 different biological pathways (stro-
mal response, cellular organization, androgen signal-
ling and proliferation) and 5 reference genes (ARF1, 
ATP5E (also known as ATP5F1E), CLTC, GPS1 and 
PGK1) and uses an algorithm to calculate a Genomic 
Prostate Score (GPS)173–175. The GPS can risk stratify 
men diagnosed with early- stage prostate cancer via 
prediction of probability of pathological characteris-
tics and assist the selection of appropriate therapy, such 
as active surveillance or definitive treatment176. In an 
independent set of biopsy samples from 431 men, the 
use of GPS resulted in an AUC of 0.72 for prediction of 
adverse pathology174.

Prolaris Molecular Score. The Prolaris Molecular 
Score assay (Myraid) is CLIA certified and directly 
measures cancer cell growth markers in biopsy tissues 
for disease prognosis and risk stratification177. The 
Prolaris Molecular Score assay estimates the prolifera-
tion of cells and predicts the risk of disease progression 
by normalizing measured expression levels of 31 cell 
cycle progression (CCP) genes with 15 housekeeping 
genes. The normalized expression levels were used to 
calculate a mathematical CCP score177, which reflects 
the general expression of cell cycle regulators (low CCP 
score correlates with low disease progression risk)177–179. 
In a cohort of 236 men with low- risk (Gleason score ≤6)  
prostate cancer, the risk stratification utility of the 
CCP score aided in predicting 5-year biochemical- free 
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recurrence (PSA ≥0.2 ng/ml) with an AUC value of 
0.664 (ref.180).

Decipher. The Decipher test (GenomeDx) is a CLIA- 
certified tissue- based assay that predicts the risk of meta-
static disease (independent of Gleason score or PSA 
test results) within 5 years after radical prostatectomy 
surgery181. This prediction is achieved by analysing  
22 RNA markers associated with aggressive prostate can-
cer that were discovered using genome- wide search algo-
rithms of >1 million markers and has been extensively 
validated182–187. These 22 markers are associated with 
cell proliferation, migration, tumour motility, androgen 
signalling and immune system evasion. In the first meta- 
analysis of five separate Decipher studies consisting of a 
total of 975 men after prostatectomy who had individ-
ual, patient- level genomic and clinicopathological data, 
Decipher generated an AUC of 0.81 for prognosticating 
10-year prostate cancer metastasis risk182.

Progensa and Mi- Prostate Score. The Progensa test 
(Hologic), which was approved by the FDA in 2012, is 
the first approved urine- based assay intended to assist 
in making repeat biopsy decisions for men who have 
had a previous negative biopsy. Progensa quantifies the 
PCA3:PSA urinary mRNA copy number ratio (multi-
plied by 1,000) as a PCA3 score188–191. In a study cohort 
of 466 men, men with a PCA3 score <25 were 4.56 times 
more likely to have a negative repeat biopsy than men 
with a PCA3 score ≥25 (ref.192). Although the Progensa 
test has shown promise for detecting prostate cancer 
(including high- grade disease) before initial biopsy, the 
optimal PCA3 score cut- off values are conflicting across 
different studies191,193,194, which has hindered the clinical 
use of Progensa beyond its current FDA- approved repeat 
biopsy application.

PCA3 has also been combined with TMPRSS2–ERG 
to detect early- stage prostate cancer in a CLIA- certified 
urinary test called MiPS provided by the University of 

Table 3 | Biomarker- directed prostate cancer assays to support PSA testing

Prostate cancer 
test

Clinical utility Biomarkers Sampling 
source

Provider Certification Performance

PHI Improves detection of 
aggressive disease

Levels of total PSA , 
fPSA and p2PSA

Blood Beckman 
Coulter

FDA AUC = 0.815 for aggressive 
(GS ≥7) prostate cancer 
detection157

4Kscore Identifies aggressive disease 
and predicts long- term risk 
of cancer metastasis before 
biopsy

Levels of total PSA , 
fPSA , intact PSA 
and human KLK2

Blood OPKO 
Laboratory

CLIA AUC = 0.82 for high- grade 
(GS ≥7) prostate cancer 
detection159

ConfirmMDx Helps guide repeat biopsy 
decisions

Methylation levels 
of GSTP1, APC and 
RASSF1

Tissue MDxHealth CLIA AUC = 0.762 for high- grade 
(GS ≥7) prostate cancer 
detection170

Oncotype Dx Helps decide appropriate 
management such as active 
surveillance or invasive 
treatment during early 
diagnosis

Expression of 12 
cancer- associated 
genes (and 5 
reference genes) 
representative of 4 
different biological 
pathways

Tissue Genomic 
Health

CLIA AUC = 0.72 for adverse 
pathology prediction174

Prolaris Provides disease progression 
risk in biopsy tissues

Expression levels 
of 31 (and 15 
housekeeping 
genes) cell cycle 
progression genes

Tissue Myraid 
Genetics

CLIA AUC = 0.664 for predicting 
biochemical- free 
recurrence180

Decipher Predicts the risk of metastatic 
disease after radical 
prostatectomy

Analysis of 22 
aggressive prostate 
cancer- associated 
RNA markers

Tissue GenomeDx CLIA AUC = 0.81 for predicting 
10-year metastasis risk182

Mi Prostate Score Provides additional 
information relevant to 
repeat biopsy decision and 
predicts risk of high- grade 
disease

Levels of PCA3, 
TMPRSS2–ERG and 
KLK3

Urine MLabs CLIA AUC = 0.77 for predicting 
aggressive (GS ≥7) 
prostate cancer197

SelectMDx Predicts presence of 
high-grade disease and aids 
in biopsy selection decisions

Levels of HOXC6, 
DLX1 and KLK3

Urine MDxHealth CLIA AUC = 0.90 for predicting 
aggressive (GS ≥7) 
prostate cancer200

ExoDx 
Prostate(IntelliScore)

Improves discrimination of 
high- grade versus low- grade 
prostate cancer and benign 
prostatic diseases on an initial 
biopsy

Levels of PCA3, ERG 
and SPDEF

Urinary 
exosomes

Exosome 
Diagnostics

CLIA AUC = 0.73 for 
discriminating GS ≥7 
from GS = 6 and low- risk 
prostate cancer100

4Kscore, four- kallikrein; AUC, area under the curve; CLIA , Clinical Laboratory Improvement Amendments; fPSA , free PSA ; GS, Gleason score; p2PSA , a prostate 
cancer- specific fPSA isoform; PHI, prostate health index.
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Michigan (MLabs) that also incorporates serum PSA. By 
algorithmically combining serum PSA level with urinary 
quantification of KLK3-normalized TMPRSS2–ERG and 
PCA3 mRNA levels, MiPS provides an individualized 
risk estimate of prostate cancer detection upon biopsy 
as well as prediction of the likelihood of the develop-
ment of high- grade prostate cancer99,110,195–198. Among 
516 and 561 eligible participants in developmental and 
validation cohorts, respectively, the AUC value for com-
bining serum PSA, urinary TMPRSS2–ERG and PCA3 
in predicting prostate cancer with Gleason score ≥7  
was 0.77 (ref.197).

SelectMDx. SelectMDx (MDx Health) is a CLIA- 
certified urinary assay for detecting early- stage prostate 
cancer to aid selecting men for biopsy199. SelectMDx 
consists of analysis of a three- gene panel by reverse 
transcription PCR (RT- PCR) (HOXC6 and DLX1 over-
expression, with KLK3 as an internal control) in com-
bination with risk factors including serum PSA, PSA 
density, digital rectal exam, age and family history of 
prostate cancer. The HOXC6 and DLX1 biomarkers were 
selected from a biomarker discovery study on the basis 
of gene expression profiling of tissue and urinary sedi-
ment samples and have been reported to be good pre-
dictors for detection of high- grade prostate cancer199. In 
two prospective multicentre studies involving an initial 
cohort of 492 men and a validation cohort of 371 men, 
SelectMDx has a reported an AUC of 0.90 for aggressive 
Gleason score ≥7 prostate cancer200.

ExoDx Prostate(IntelliScore). Exosomes are nanometre- 
sized vesicles that are released from cells and can be 
found in different biofluids such as blood or urine201. 
A study in 2009 first reported that prostate cancer cell- 
derived exosomes in urine contain both PCA3 and 
TMPRSS2–ERG mRNA202. Using advances in exosomal 
RNA purification, this original discovery has subse-
quently been developed into the CLIA- certified ExoDx 
Prostate(IntelliScore) assay (Exosome Diagnostics). In a 
study involving a training cohort of 255 men and a vali-
dation cohort of 519 men, ExoDx Prostate(IntelliScore) 
assessed exosomal RNA levels of PCA3, ERG and SPDEF 
by RT- PCR to derive an overall score for improved dis-
crimination of Gleason score ≥7 from Gleason score = 6 
prostate cancer and benign prostatic diseases with an 
AUC of 0.73 when combined with standard- of-care vari-
ables (PSA level, age, race and family prostate cancer  
history)100. Given the increased research into the biomar-
kers contained in urinary exosomes derived from pro-
state cancer, exosomes might be a viable resource for  
prostate cancer diagnosis and clinical management201,203.

Multiparametric MRI
Advanced tissue imaging is emerging as a tool to sup-
plement and enhance molecular biomarker testing for 
identifying aggressive tumour foci204. Specifically, multi-
parametric MRI (mpMRI) is a promising technology 
for prostate cancer screening, localization, staging and 
risk stratification. An mpMRI combines three separate 
parameters (imaging techniques) — T2-weighted imag-
ing, diffusion- weighted imaging and dynamic contrast 

enhancement imaging — to provide detailed anatomical 
and functional prostate imaging204.

In the past 3 years, studies have indicated that 
mpMRI improves discrimination between high- risk and 
low- risk prostate cancer204–206 and enables accurate tar-
geting of tumours for guiding biopsy sampling207–209. In 
the multicentre, randomized PRECISION trial consist-
ing of 500 men210, the use of mpMRI for prebiopsy risk 
assessment and targeted biopsy was found to be superior 
to standard transrectal ultrasonography (TRUS)-guided 
biopsy. Overall, 95 men (38%) who underwent mpMRI- 
targeted biopsy were diagnosed with clinically signifi-
cant prostate cancer compared with 64 men (26%) who 
had TRUS- guided biopsy. Concurrently, overdetection 
of clinically insignificant prostate cancer was reduced 
(9% for mpMRI versus 22% for TRUS- guided biopsy), 
and fewer biopsy cores were required in the mpMRI 
group than in the TRUS- guided biopsy group. Together 
with molecular biomarker- driven approaches, mpMRI 
could aid in minimizing overdiagnosis and overtreat-
ment of clinically insignificant prostate cancer, reducing 
the number of unnecessary prostate biopsies.

Nanotechnology for biomarker detection
Nanotechnology research might yield next- generation 
prostate cancer biomarker detection strategies that have 
the potential to revolutionize precision prostate cancer 
management. Nanotechnology applications in the field 
of cancer require cross- disciplinary research linking bio-
logy, chemistry, physics, engineering and medicine211,212. 
The basic rationale for using nanometre- sized materials 
or structures is to exploit the unique physical proper-
ties (such as optical, magnetic, electronic and structural 
properties) that are evident within the nanoscale range213. 
An example of the application of nanotechnology in 
oncology is the use of synthetic nanovectors, such as 
liposomes for therapeutic drug delivery to cancerous tis-
sues (for example, liposomal doxorubicin)214. In addition 
to cancer drug delivery applications, nanotechnological 
cancer diagnostic approaches have an advantage at the 
nanoscale because the nanosensing elements require only 
the interaction of exceedingly few biotarget molecules of 
similar dimensions to rapidly generate a detection signal.

The emergence of nanotechnology- based approaches 
for prostate cancer screening (Table 4) is extremely prom-
ising owing to their highly sensitive analytical detection 
features, clinical utility and affordability. Essentially 
serving as general nucleic acid, protein or metabolite 
biomarker sensors, nanotechnology strategies impart 
remarkable detection capabilities without any special-
ized sample processing techniques. Many miniaturized 
platforms (such as integrated diagnostics, wearables and 
implantables enabled by nanocomponents) have been 
developed for disease biomarker panel analysis after 
comprehensive genetic screening using next- generation 
sequencers (fig. 1).

Nanostructured materials. Generally, nanostructured 
materials refer to constructions that are nanoscale in 
dimension and their properties211. Particularly, the 
physical properties of nanoscale approaches are able to  
impart considerable improvements in detection speed and  
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sensitivity213. With regards to prostate cancer nanodiag-
nostics, which have been developed from nano-
structured materials over the past decade, developments 
largely focus on PSA as a target for detection in clinical 
specimens215. The pioneering work that enabled the use 
of nanostructured material in prostate cancer detection 
used microcantilevers for PSA protein detection216. The 
binding of PSA proteins to antibodies on a microcan-
tilever surface resulted in a nanomechanical deforma-
tion of the microcantilever structure. This deformation 
could be measured optically to achieve a clinically rele-
vant PSA detection limit of 0.2 ng/ml in a background 
of human serum albumin and human plasminogen at 
1 mg/ml. This development was followed by silicon- 
nanowire field- effect sensors that incorporated nano-
wires and surface PSA receptors into arrays for highly 
sensitive PSA protein detection217. Silicon nanowires are 
1D semiconducting nanostructures that can be arranged 
into arrays, surface modified with capture antibodies 
and incorporated into field- effect transistors for bio-
sensing211. The binding of PSA proteins to antibodies on 
the nanowire surface will result in a real- time electrical 
signal to PSA concentrations of 0.9 pg/ml in undiluted 
serum samples217.

In the past 10 years, carbon nanotubes218 and 
graphene219 have emerged as new forms of supercon-
ductive nanomaterials and have been used for electro-
chemical PSA protein detection in human tissue and 
serum samples. Terminally carboxylated single- wall 
carbon nanotubes (SWNTs) have been shown to self- 
assemble in upright bundles of 20–100 nm in diam-
eter on conductive surfaces. The SWNT nanostructures  
were linked to PSA antibodies and electrochemically 
active labels for greatly amplified electrochemical 
sensing of concentrations of 4 pg/ml of PSA in human 
serum samples218. Like carbon nanotubes, graphene is a 
nanostructured material with excellent electron transfer 
ability and has been used to modify a glass carbon elec-
trode surface for an electrochemiluminescent detection 
limit of 8 pg/ml of PSA219.

Nanostructured materials have demonstrated 
greatly improved PSA detection limits: a potentially 

useful property for early post- prostatectomy bio-
chemical recurrence monitoring, which necessitates 
ultralow PSA detection220. However, clinical transla-
tion of cutting- edge nanostructured materials has not 
been achieved, probably owing to the lack of academic 
research expertise in adapting the novel nanomaterials 
towards actual clinical usage and slow progress towards 
clinical studies caused by funding issues and/or lack of 
diagnostic commercialization knowledge.

Nanoparticles. The most commonly used nanoparticles 
for molecular diagnostic applications are nanometre- 
sized metallic substrates of various shapes211. The pro-
duction and use of conventional nanoparticles are now 
established and commercially available. Nanoparticles 
are an ideal substrate for maximal loading of intended 
biological molecules onto the nanoparticle surface 
owing to their high surface:volume ratio. Furthermore, 
as electron behaviours are constrained differently 
within nanostructures compared with macrostructure 
counterparts, nanoscale substrates have unique size- 
dependent magnetic, electronic and optical properties 
that are useful for diagnostic applications212. In terms  
of in vitro diagnostics, nanoparticles have been widely 
used in prostate cancer nanodiagnostic applications221–224. 
Particularly, iron oxide core paramagnetic nanoparticles 
have been used for isolation and purification of specific 
molecular targets such as nucleic acids or proteins before 
detection225. This application has been demonstrated for 
the detection of different prostate cancer protein bio-
markers in circulation and on the cell surface226,227. In 
a demonstrative study, magnetic nanoparticles were 
surface modified with fluorescent dyes and monoclonal 
anti- prostate-specific membrane antigen antibodies to 
generate fluorescent magnetic biotargeting multifunc-
tional nanoprobes (FMBMNs)227. The FMBMNs isolated 
prostate cancer cells at a capture efficiency of 97% from 
as low as 0.01% of an artificial cancer and red blood cell 
mix within 25 min.

Aside from PSA detection, progress has been made 
with the use of magnetic particles for detection of next- 
generation prostate cancer RNA biomarkers such as 

Table 4 | Nanomaterials and nanoparticles used in the detection of prostate cancer biomarkers

Nanotechnology Type Prostate cancer biomarker Detection limit Detection 
medium

Silicon nanowires Nanomaterial PSA protein 0.9 pg/ml (ref.217) Serum

Carbon nanotubes Nanomaterial PSA protein 4 pg/ml (ref.218) Serum and 
tissue

Graphene Nanomaterial PSA protein 8 pg/ml (ref.219) Serum

Iron oxide paramagnetic 
nanoparticles

Nanoparticle Whole prostate cancer  
tumour cells; various isoforms 
of PSA protein; and TMPRSS2–
ERG, PCA3 and SCHL AP1 
mRNA

• 0.1 ng/ml (protein)227

• 1,000 copies (RNA)232
Urine

Quantum dots Nanoparticle PSA protein 0.33 ng/ml (ref.237) Serum

Surface- enhanced Raman 
scattering nanoparticles

Nanoparticle Various isoforms of PSA 
protein; and TMPRSS2–ERG 
variants, PCA3 and AR- V7 
mRNA

• 12 pg/ml (protein)242

• 100 copies (RNA)244
Serum and 
urine

AR- V7 , androgen receptor splice variant 7.
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TMPRSS2–ERG, PCA3 and SCHLAP1 (refs228–234). 
In particular, biomolecular purification using mag-
netic nanoparticles has enabled magnetic isolation 
of TMPRSS2–ERG and SCHLAP1 RNA targets from 
urinary RNA for amplification- free electrochemi-
cal target detection. A detection limit of 1,000 target 
copies was obtained within 10 min of capture probe–
target hybridization232. The enhancement in hybridi-
zation speed was achieved using a fluidic nanomixing 
effect (compared with 100  min of static incubation) 
for enhanced concentration and hybridization of cap-
ture probes and RNA targets from bulk solution. In 
addition, magnetic particles have been used for the 
isolation and visual detection of TMPRSS2–ERG RNA 
targets from urine- isolated RNA233. The visual detec-
tion was achieved owing to the ability of TMPRSS2–
ERG amplicons (from as little as 105 initial target 
copies) to initiate crosslinking of magnetic beads and 
flocculate out of an aqueous coloured dispersion to 
produce a colourless solution.

Quantum dots are nanometre- sized semiconduct-
ing particles with better enhanced fluorescence emis-
sions than conventional organic fluorophores owing 
to a quantum- confinement effect of electron energy 
bands235,236. Quantum dots have tuneable, size- dependent 
emission wavelengths and improved photostability com-
pared with organic fluorophores. A quantum dot- based 
immunochromatography test strip was developed for 
rapid and low- concentration PSA protein detection237. 
The platform achieved a detection limit of 0.33 ng/ml 
PSA within a 15 min reaction time, and clinical utility 
was demonstrated with clinical serum specimens. For 
multiplexed prostate cancer target detection, quantum 
dots have been used for the quadruplexed detection 
of ERG and PTEN status in prepared prostate tissue 
specimens238. This in situ hybridization assay featured 
four genomic probes individually labelled with unique 
haptens, which were recognized by distinct anti- hapten 
antibodies conjugated to different quantum dots. This 
labelling enabled efficient simultaneous detection of 
four genomic targets on patient tissue samples, and 
the brightness of the quantum dots enabled each target  

signal to be well- differentiated when viewed under a 
routine fluorescence microscope.

Surface- enhanced Raman scattering (SERS) nano-
particles are a class of nanoparticles that are well suited 
for multiplexed detection of several biomarkers within 
a single reaction. SERS nanoparticles generally consist 
of nanostructured metallic surfaces that enhance the 
Raman scattering signals of surface- adsorbed biomol-
ecules239. Importantly, Raman spectral widths are much 
narrower than those of fluorescence, making SERS ideal 
for multiplexed biomarker detection with minimal spec-
tral overlapping240,241. SERS has been used for multi-
plexed detection of prostate cancer biomarkers such as 
various forms of PSA with excellent detection sensitivity. 
Specifically, a duplexed SERS immunoassay was used for 
the determination of the free:total PSA ratio in clinical 
serum samples with a fPSA detection limit of 0.012 ng/ml  
within an hour242. Additionally, SERS nanoparticles have 
been used in the detection of next- generation prostate 
cancer biomarkers such as TMPRSS2–ERG, PCA3 and 
AR- V7 for potential molecular subtyping purposes243–245. 
For RNA biomarker detection in tumour and urine sam-
ples from patients with prostate cancer, a pentaplexed 
SERS assay was shown to be highly sensitive (100 cop-
ies) and specific in target detection within a short time 
frame of 80 min244. As is evident from the lack of com-
mercially available multiplexed SERS nanoparticles in 
the current market, a drawback of SERS is the lack of 
a synthesis strategy to generate a commercially viable 
output of SERS nanoparticles246. Thus, ongoing research 
efforts into large- scale synthesis methods of SERS 
nanoparticles with high reproducibility and stability  
are required247.

Miniaturized integrated systems. As well as the syn-
thesis of novel nanomaterials and nanoparticles, nano-
technology has enabled the design of miniaturized 
device- based lab- on-a- chip or solution- based lab- in-a- 
drop systems (fig. 2). These systems downscale and inte-
grate different aspects of biomarker analysis workflow 
(such as patient sample preparation, target copy ampli-
fication and target detection readout) onto a singular 
platform, minimizing patient sample requirement and 
sample- to-outcome turnaround time240.

Lab- on-a- chip systems typically consist of micro-
fluidic channels and various miniaturized components 
such as fluid chambers, valves or electrodes that per-
form a multitude of biomarker analysis tasks such as 
sample processing, fluid mixing, biomarker isolation 
and detection248. For entire sample- to-targeted- gene 
analysis from prostate cancer urine and serum liquid 
biopsies, an integrated biochip has been developed 
for simultaneous detection of TMPRSS2–ERG, PCA3, 
SCHLAP1 and KLK2 RNA within 30 min234. Specifically, 
the biochip uses separate microchambers to enable rapid 
electrical release of cellular contents for parallel target 
capture, isothermal amplification and electrochemical 
readout. The microchambers also contain customized 
microelectrode patterning to induce physical nanoflu-
idic enhancement of solid- phase target amplification. 
This biochip achieved a detection limit of 50 target cop-
ies234. Presently, as is evident from the limited number of 

Rapid
technology

miniaturization

Macro
Laboratory-based

comprehensive genetic
analysis

Micro
Point-of-care portable

handheld systems

Nano
New era of nanoscale diagnostics:

wearables, implantables, lab-on-a-chip,
lab-in-a-drop and multiplex target analysis

Fig. 1 | A potential future of diagnostic miniaturization. 
Continuous innovations in the nanotechnology field have 
resulted in the development of clinical diagnostics from 
next- generation sequencers with massive genetic 
screening capabilities to miniaturized technologies for 
targeted biomarker analysis. New nanoscale diagnostics 
could fundamentally change clinical practice though 
enhanced disease detection, treatment and monitoring.
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successfully commercialized lab- on-a- chip products, the 
translation of such systems into widespread clinical use 
is hampered by costly sophisticated chip engineering249.

Lab- in-a- drop systems are alternative nanodiagnos-
tic tools that miniaturize an entire laboratory- based 
biomarker analysis workflow within a single fluid drop-
let240. The main advantage of lab- in-a- drop systems is 
the removal of the need for costly and specialized pre-
cise engineering associated with lab- on-a- chip systems. 
A key example in prostate cancer is a microtube- based 
assay called FusBLU, which couples isothermal target 
amplification with an enzyme- catalysed readout to 
detect TMPRSS2–ERG RNA231. By performing the target 
amplification and detection readout in a miniaturized 
fluidic format, FusBLU achieves single- cell-level detec-
tion sensitivity in 75 min with flexible colorimetric, 
optical and electrochemical readouts231. By circumvent-
ing the limitations of specialized chip fabrication and 
sophisticated on- chip microfluidic flow associated with 
lab- on-a- chip platforms, lab- in-a- drop systems240 could 
be smoothly translatable into practical commercial 
products for personalized disease applications.

Challenges in clinical translation
The described nanosized platforms for biomarker 
measurement are nanotechnological progress towards 
the optimization of prostate cancer screening. However, 
prostate cancer nanodiagnostics are still at an early 
stage of development, and more work is necessary 
for successful translation into viable precision clinical 
screening tools.

Validation of biomarker panels. The availability of 
high- throughput next- generation sequencing technol-
ogies for whole- exome and transcriptomic sequencing 
of cancer specimens means that the discovery of new 
and improved biomarkers for prostate cancer and other 
cancer types has progressed at an exponential rate but 

may be nearing saturation250. Given the heterogeneity 
of prostate cancer, no single biomarker is likely to be 
sufficient for disease risk stratification56. A panel of 
several biomarkers is probably required, and the main 
challenge is the assembly of such a molecular target 
panel for precision prostate cancer management251. For 
prostate cancer, the ideal biomarker- driven screen-
ing test needs to show superior clinical sensitivity and 
specificity and demonstrate considerable improvement 
to the receiver operating characteristic (ROC) curve in 
comparison with the PSA test and routinely available 
clinicopathological variables. To ensure maximal clini-
cal sensitivity and specificity for clinical use, proper and 
in- depth biomarker validation needs to be performed 
using well- designed and well- conducted clinical trials 
with validation across different institutions. Moreover, 
from a clinical perspective, a prostate cancer diagnostic 
biomarker panel might need to be modified for patients 
with different germline heritage, especially in under- 
represented populations (for example, drivers of pros-
tate cancer are different in men of African descent from 
those in white men)252. For treatment biomarkers, trial 
designs such as adaptive enrichment approaches253,254 
might help identify prostate cancer biomarkers that can 
predict benefit from specific treatments.

Clinical verification of nanodiagnostics. To date, 
nanodiagnostic platforms have achieved only limited 
success in translation from research concept to clinical 
use. The foremost issue is that nanodiagnostic tools are 
currently being evaluated mostly on the basis of their 
analytical performance in research laboratories, with 
lack of continued evaluation in a clinical setting. The 
establishment of analytical detection sensitivity, selectiv-
ity and repeatability is no doubt crucial, but the subse-
quent clinical evaluation of these nanodiagnostics to test 
robustness, reproducibility, standardization and applica-
bility for actual patient use is generally being overlooked.  

Add a drop
of patient sample

a b

Fig. 2 | Miniaturized integrated systems. a | Lab- on-a- chip systems are nanodiagnostic platforms that miniaturize an 
entire laboratory- based biomarker analysis workflow (crude sample preparation, target copy amplification and biomarker 
detection readout)240. b | In lab- in-a- drop systems, different barcoded nanoparticles are used for multiplex quantification 
of various prostate cancer biomarkers within a single fluid droplet.
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The general expertise of academic researchers lies in the  
development of innovative nanotechnologies geared 
towards solving medical challenges. However, techno-
logical transfer into clinical use requires robust technical 
and/or clinical validation using a specific disease model 
and relevant patient cohorts, both of which are outside 
the traditional nanotechnological research domains. 
Thus, in the absence of adequate clinical collaborations 
and commercialization knowledge and funding, which 
have to be externally sourced, promising nanodiagnos-
tic innovations of today will be confined to research  
environments and not translated for patient benefit.

Clinical evaluation involves the testing of novel nano-
technological tools on a cohort of patient samples (of 
appropriate size and context) to establish clinical sen-
sitivity, specificity, positive predictive value, negative 
predictive value and AUC to demonstrate clinical util-
ity. Lately, progress has been made in clinical evaluation 
of prostate cancer nanodiagnostics by using a clinically 
effective MiPS biomarker model (which has been inde-
pendently shown to provide individualized prostate can-
cer risk stratification197) to comprehensively verify the 
clinical performance of a SERS nanodiagnostic technol-
ogy255. This study enabled a urinary risk scoring system 
to be established by relating the SERS nanodiagnostic 
detection signals to gold- standard patient biopsy find-
ings. The risk scoring system exhibited clinical sensitiv-
ity, specificity and AUC values of 0.91, 0.87 and 0.94, 
respectively, as well as 0.87, 0.90, 0.84, respectively, in 
independent training (n = 80) and validation (n = 40) 
human sample cohorts for differentiating high- risk 
(Gleason score ≥7) and low- risk (Gleason score <7) 
prostate cancer. The evaluation of these clinical param-
eters will enable the generation of clinically relevant 
biomarker detection limits, which are notably different 
from their analytical counterparts. For instance, a detec-
tion limit of a single molecule is an outstanding limit 
of detection analytically; however, this detection level 
might not be of great clinical utility if no implication 
for disease management exists (that is, no clinical action 
is required) when an oncogenic biomarker is present at 
a single copy. The determination of clinically relevant 
detection limits might be especially pertinent in prostate 
cancer, in which indolent disease is extremely common 
and overtreatment needs to be avoided24.

Acceleration of validation processes. The time frame 
for comprehensive clinical validation and translation of 
novel prostate cancer biomarkers and new biomarker- 
based nanotechnologies needs to be effectively accel-
erated to provide faster patient benefit — it currently 
typically takes 5–10 years for each biomarker and nano-
technology to be translated. A feasible way to streamline 
this process might be the simultaneous combined evalu-
ation of new nanodiagnostic technologies and novel bio-
markers to investigate potential clinical benefits, leading 
to a reduced overall time frame for validation. This 
change could be realized using carefully designed clin-
ical studies with well- established prospectively defined 
research objectives regarding the choice of nanotechnol-
ogy platform and biomarker panel and relevant patient 
cohorts and samples.

Standardization of protocols. Protocols related to 
prostate cancer biomarker analysis and nanodiag-
nostic development are now varied across different 
research institutions owing to diverse practices within 
the sample- to-outcome pathway, such as human sample 
collection and handling approaches, biomarker extrac-
tion techniques and biomarker analysis parameters. This 
lack of protocol standardization is concerning, as it will 
hinder direct comparison and validation of study out-
comes, resulting in inaccurate conclusions. In collabora-
tive biomarker studies within large consortia, care must 
be taken to minimize systematic and random variation 
with proper control conditions to enable head- to-head 
comparisons and cross- validation of related studies. For 
the development of nanodiagnostic technology, stand-
ardization of nanocomponent synthesis processes and 
storage conditions is needed to minimize batch- to-batch 
variability and ensure optimal functions during appli-
cations. Particularly, the standardization of patient 
sample processing and molecular testing processes in 
biomarker analysis is pivotal. In 2017, a combination of 
a standardized whole- urine sample collection protocol, 
an automated urinary RNA extraction and a PCR plat-
form contributed to robust analytical validation of an 
RNA- based urinary assay (for DLX1, HOXC6 and KLK3) 
across two independent laboratories256. The analysis of 
99 whole- urine samples at both laboratories indicated a 
highly positive correlation (r = 0.997; P < 0.001) in assay 
analytical performance, and the detection outcome in 
terms of absolute likelihood difference for high- grade 
prostate cancer upon biopsy was <2%.

Multidisciplinary collaboration. The successful reali-
zation of novel clinical prostate cancer diagnostic tests 
involving next- generation prostate cancer biomarker 
detection requires complementary cutting- edge detec-
tion approaches. In this regard, the role of nanotech-
nology in enabling rapid, highly sensitive, accurate and  
affordable biomolecular target sensing is greatly encour-
aging. Many innovative nanotechnology-based bio-
sensing techniques have focused on only improving PSA  
detection as a prostate cancer diagnosis model owing 
to relatively poor awareness of next- generation prostate 
cancer biomarkers in the nanotechnology research field. 
Thus, improved interaction between the fields of clinical 
and nanodiagnostic research in the form of multidisci-
plinary conferences and fora are required so that nano-
technology researchers are kept up to date with the most 
relevant clinical information on biomarkers and clini-
cians are updated with nanodiagnostic advances. This 
interaction will enable state- of-the- art diagnostic nano-
technologies to be designed for the most promising and 
exciting cancer biomarkers available, directing efforts  
to address the most relevant and pressing need in clinics.

Conclusions
A single biomarker is unlikely to be sufficient to achieve  
the required diagnostic sensitivity and specificity to ena-
ble accurate prostate cancer risk stratification. Emerging  
evidence using various next- generation prostate cancer 
biomarkers shows that effective prostate cancer classi-
fication into different molecular subtypes is potentially 
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amenable for precision treatment strategies. As well as 
detection of early- stage disease, the use of prostate can-
cer molecular subtyping could extend to the guidance 
of treatment decisions. Research efforts in the next 
decade will probably focus on the clinical evaluation 
and translation of different combinations of next- 
generation prostate cancer biomarkers in order to  
elucidate a comprehensive multiomics panel that can 
identify clinically significant prostate cancer subtypes 
with high accuracy.

The importance of developing improved detection 
technologies to target these biomarkers in human spec-
imens is as equally essential as translation of biomarkers 
into clinical use in order to justify changing clinical and 
regulatory screening paradigms. Thus, the unique ben-
efits of nanotechnological approaches could be exploited 
for increased detection sensitivity, accuracy and speed 
at a reduced cost. The urinary detection of prostate can-
cer biomarkers could offer a truly noninvasive form of 
prostate cancer liquid biopsy that could overcome the 
challenges of tumour heterogeneity associated with 
surgical tissue biopsies. Preliminary results of several 
urine- based prostate cancer tests in the clinic have 
been promising, but the possibility of more powerful 

urine- based diagnostics that could provide an accurate 
overall disease molecular snapshot requires further clin-
ical evaluation before clinical translation. With the many 
innovative developments in nanodiagnostic tools, the 
potential of cancer nanotechnology in improving pros-
tate cancer care is highly optimistic. To translate these 
nanotechnologies into clinical use in the near future, 
researchers must properly evaluate their methodologies 
in relevant patient cohorts, establish clinically relevant 
detection limits and comprehensively evaluate clinical 
performance parameters.

Lastly, optimal precision outcomes for patients with 
prostate cancer will probably be derived from a syn-
ergy of ideas and knowledge brought together under 
an umbrella of cross- disciplinary collaborations. This 
Review bridges the knowledge gap between the prostate 
cancer clinical and nanodiagnostic research fields by 
informing clinicians about future possibilities and ben-
efits of prostate cancer nanotechnology- based screening 
and alerting nanotechnology researchers to the availa-
bility of next- generation prostate cancer biomarkers for 
integration into their nanodiagnostic research.
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