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The role of liquid biopsies in prostate cancer management 

Chi-Ju Kima,b,†, Liang Donga,c†, Sarah R. Amenda*, Yoon-Kyoung Chob,d*, Kenneth J. Pientaa* 

Liquid biopsy has emerged as a complement to invasive tissue biopsy to guide cancer diagnosis and treatment. The common 
liquid biopsy biomarkers are circulating tumor cells (CTCs), extracellular vesicles (EVs), and circulating tumor DNA (ctDNA). 
Each biomarker provides specific information based on its intrinsic characteristics. Prostate cancer is the second most common 
cancer in males worldwide. In men with low-grade localized prostate cancer, the disease can often be managed by active 
surveillance. For men who require treatment, the 5-year survival rate of localized prostate cancer is the highest among all 
cancer types, but the metastatic disease remains incurable. Metastatic prostate cancer invariably progresses to involve 
multiple bone sites and develops into a castration-resistant disease that leads to cancer death. The need to appropriately 
diagnose and guide the serial treatment of men with prostate cancer has led to the implementation of many studies to apply 
liquid biopsies to prostate cancer management. This review describes recent advancements in isolation and detection 
technology and the strength and weaknesses of the three circulating biomarkers. The clinical studies based on liquid biopsy 
results are summarized to depict the future perspective in the role of liquid biopsy on prostate cancer management.

Introduction 
Prostate cancer is the second most common cancer 

diagnosed in 2020, accounting for 14.1% of all male cases in 
men and the fifth leading cause of cancer death worldwide.1 
Incidence rates of prostate cancer rapidly increased during the 
early 1990s due to the detection of asymptomatic disease 
through the adoption of the prostate-specific antigen (PSA) 
test.2 The 5-year relative survival rate of prostate cancer is the 
highest (98%) among all cancer types.2 Prostate cancer 
incidence declined from 2007 to 2014 in accordance with 
decreased PSA testing based on the recommendation from the 
US Preventive Services Task Force due to the concerns about 
overdiagnosis and overtreatment along with the high false-
positive rate of the PSA blood test.2 The death rate from 
prostate cancer has dropped in the last decade, but this trend 
had flattened in recent years (2013-2017), likely because of 
declined PSA testing, resulting in diagnosing more men when 
their disease had already metastasized.2  

The 5-year survival rate in the case of distant disease is 
30%.3 Androgen deprivation therapy (ADT) is the standard 
treatment for metastatic hormone-sensitive prostate cancer 
(mHSPC).4 ADT achieves rapid control of metastatic disease but 
invariably fails, and men progress to castrate-resistance 
prostate cancer (CRPC). Despite the recent development of 
systemic therapies for CRPC improving prostate cancer's 
survival rate, CRPC is still regarded as an incurable disease.5 

Liquid biopsy represents a less-invasive method to trace 
cancer. It has emerged as a candidate to substitute an invasive 
tissue biopsy for more frequent and accurate sampling of 

cancer to enable precision medicine for each individual.6, 7 
Many studies have demonstrated that liquid biopsy can help in 
cancer diagnosis and prognosis as well as to monitor cancer 
treatment.8-12 Circulating tumor cells (CTCs), extracellular 
vesicles (EVs), and circulating tumor DNA (ctDNA) are the most 
common circulating biomarkers drawn from a liquid biopsy. 
CTCs are cancer cells that are shed from tumors (primary 
and/or metastatic) into the vasculature. EVs are nano-sized 
vesicles, including exosomes and microvesicles, that play a role 
in intercellular communication through their molecular cargo 
(proteins, mRNA, microRNAs (miRNAs), and DNA). ctDNA is 
tumor-derived, short, fragmented DNA found in the 
bloodstream, reflecting cancer-related genetic changes.  Each 
of these circulating biomarkers has unique characteristics to 
potentially aid cancer management (Figure 1).13-19  

The PSA test has low selectivity to detect prostate cancer 
and monitor the disease progression itself.20-22 Next-generation 
liquid biopsy utilizing various kinds of circulating biomarkers 
may be able to provide additional and complementary 
information to the PSA test and improve the accuracy in cancer 
diagnosis, monitoring of disease status, and providing 
personalized treatment options. This review will address the 
potential implications of liquid biopsy on prostate cancer 
management and delineate the current challenges and 
perspectives for the future. 

Conventional and Microfluidic technologies for 
isolation of circulating biomarkers 

The efficient isolation of circulating biomarkers is often the 
first step to perform a liquid biopsy-based clinical study. This 
section will describe the most widely used and representative 
microfluidic platform-based isolation methods for circulating 
biomarkers regarding their technical significance, limitations, 
and usability in clinical practice. 

 
CTCs 

CTC isolation methods can be categorized into label-
dependent or label-free, as shown in a few examples 
summarized in Table 1. Label-dependent methods rely on 
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affinity-based cell enrichment using tumor-specific antibodies 
such as epithelial cell adhesion molecule (EpCAM). For instance, 
the CellSearch® system enumerated EpCAM-positive tumor 
cells using magnetic nanoparticles, which was first approved by 
the U.S. food and drug administration (FDA) for the liquid 
biopsy in 2004.23, 24 Antibody-conjugated magnetic 
microbeads,23-26 microfluidic chips,27-32 and nanostructured 
substrates32 have also been developed for the efficient capture 
of CTCs. EpCAM capture has been used to develop CTC isolation 
directly from the bloodstream.33 On the other hand, the label-
free CTC isolation method utilizes the physical characteristics of 
CTCs from the other blood cells, such as size, density, and 
dielectric properties. There are various types of label-free CTC 
isolation technologies, including, but not limited to, size-based 
membrane filtration,34-36 size-based microfluidic separation,37-40 
density gradient separation,41  and dielectrophoresis.42, 43 

Overall, label-dependent, affinity-based methods have 
advantages in providing relatively pure CTCs with fewer 
contaminating blood cells. Despite many clinical studies 
performed with these methods, inevitable limitations 
originated from the heterogeneous expression of a cancer-
specific surface marker in CTCs. For example, lower EpCAM 
expressing CTCs may not be isolated as efficiently as CTCs with 
high EpCAM expression, resulting in poor capture efficiency and 
a biased interpretation. A cocktail of antibodies25 or 
combination with hydrodynamics28 has been used to overcome 
the drawbacks with some success. 

In general, the size-based CTC isolation methods provide a 
faster protocol with a higher capture yield and easy-to-use 
platform. However, the sizes of both CTCs and other blood cells 
are heterogeneous, influencing the sensitivity and specificity of 
enumerated CTCs. Tunning the hydrodynamics in a microfluidic 
device may enhance the purity of size-based CTC isolation.36, 37, 

39, 40 The combination with an affinity-based method increases 
both purity and yield.27 A dielectrophoresis (DEP) array chip can 
be added to the workflow for downstream analysis to retrieve 
individual cells among the heterogeneous population of CTCs.42 
On the other hand, a ‘no isolation’ strategy deposits all 
nucleated cells on glass slides for unbiased profiling of rare 
cancer cells.44 

CTC isolation technologies have continuously advanced, 
providing an acceptable level of isolation and analysis 
performance, depending on the needs of investigators and 
physicians. There is still room for improvement. Isolation 
technology for the future needs to be easy to use and 
automated for high throughput sample processing. Complete 
integration from automated sample processing for CTC 
isolation to the final enumeration and analysis would be highly 
desired. Furthermore, the CTC isolation methods with unique 
features (e.g., efficient retrieval of intact live CTCs or sorting 
CTCs depending upon specific marker expression) may further 
discover the clinical utility of CTCs.  
 
EVs 
 Various technologies have been developed to isolate EVs 
from other particles in biofluids. As summarized in Table 2, the 
differences in density,45, 46 size,47-58 surface charge,59-62 water-

solubility,63, 64 and immuno-affinity65-71 have been explored to 
provide EVs in high yield and purity. The most widely used 
method is ultracentrifugation (UC).45 However, it requires high 
G-force and is a labour-intensive operation utilizing expensive 
equipment with a long process time (> 4 hours) and still results 
in low yield, purity, and reproducibility. In the density gradient 
ultracentrifugation (DG-UC) method,46 purity is improved 
because protein contaminants are fractionalized into different 
density layers. However, the density fraction in which EVs 
accumulate is influenced by the gradient materials and the 
sample type. Therefore, the yield and reproducibility are still 
low, and the process is slow and labour-intensive.  

Size-based isolation of EVs has also been exploited by 
combining various kinds of microfluidic technologies. In the size 
exclusion chromatography (SEC) method,47 a column packed 
with porous beads with a pore size smaller than the EVs are 
used. The bigger particles move faster while smaller particles 
exit the column slowly. The sample fractions are sequentially 
eluted, and the faction containing EVs can be collected. The 
yield and purity of EVs are relatively high, but the samples are 
often diluted and require additional concentration. Many size-
based EVs isolation methods such as ultrafiltration (UF),48 
tangential-flow-filtration (TFF),49 Exodisc,50-54 exosome total 
isolation chip (ExoTic),55 exosome detection method via the 
ultrafast-isolation system (EXODUS),56 etc. provide rapid and 
easy-to-use operation with higher yield than UC methods. 
However, contaminating particles of similar size cannot be 
discriminated. 

The differences of the surface charge or dielectric 
properties are exploited in ion-exchange chromatography 
(IEC)59, electrophoresis60, and DEP61 chips. Various methods that 
use hydrophilic polymers,63 salts,62 aqueous two-phase 
solutions,64 organic solvents,72 etc. have been developed for 
easy EV isolation by precipitation. These methods are rapid, 
cost-effective, and the EV recovery yield is higher than UC. 
However, the precipitating reagents and protein contaminants 
often precipitate together and the purity of the EVs samples is 
low. 

The immunoaffinity-based methods can be simple and 
provide EVs with high purity.65-71 Though antibodies specific to 
surface proteins of EVs (e.g., CD9, CD63, CD81) are commonly 
used, the analysis can be biased to the subpopulation of the 
particular EVs with positive expression of the specific proteins. 
Also, antibodies are expensive, and therefore preconcentration 
may be necessary for the analysis of large volume samples. 
Since it is known that EVs are highly heterogeneous, further 
studies are needed to discover the functions of the EV fractions 
with specific surface proteins. 

Recent EV isolation technologies have been developed to 
improve isolation performance, yield, purity, usability, hands-
on procedures, and processing time. The best EV isolation 
method can be selected depending upon the origin of the 
sample and downstream applications.54 Combining EV 
detection technology with an isolation process is being 
explored to provide a robust tool for clinical applications.73 EV 
isolation technology faces several challenges. Isolating pure EVs 
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from blood plasma remains problematic because many blood 
particles are similar in size and density to EVs.50, 67, 74-79 The 
number of lipoproteins in blood plasma makes it difficult to 
isolate pure EVs,80 affecting the downstream analysis. Also, EVs 
are released from all cells in the body.81 Thus, the origin of EVs 
from normal versus cancer cells may be difficult to determine. 
Though recent studies have attempted to isolate tumour-
specific EVs,78, 82, 83 the rare portion of tumour-derived EVs may 
lead to an inaccurate readout in clinical studies. Furthermore, 
clinical setting-friendly operation and automated analysis 
platforms need to be developed for large-scale clinical studies. 

cfDNA 
Cell-free DNA (cfDNA) is short fragmented DNA of 

approximately 180 base pairs,84, 85 which is shed from cells and 
circulates in the bloodstream. The tumour-derived cfDNA is 
called ctDNA, which may contain the tumour’s genetic 
signature, e.g., point mutations, rearrangements, copy number 
variations, and methylation patterns.10, 11, 86 The half-life of 
cfDNA is short, from few minutes to 2.5 hours,87, 88 making it 
difficult to detect a rare target marker. The low concentration 
of ctDNA within abundant wild-type cfDNA released from 
numerous blood cells is an additional challenge. Therefore, 
efficient cfDNA isolation is essential before downstream 
analysis. The isolation technology of ctDNA is relatively 
standardized compared to EVs and CTCs. The most widely used 
method is based on solid-phase DNA extraction89, and the 
concentration of chaotropic agents or the pH of buffer solution 
is optimized to enhance the isolation efficiency of short DNA. 
The widely used commercial kits for cfDNA isolations include 
QIAamp Circulating Nucleic Acid Kit (Qiagen), MagMAXTM Cell-
Free DNA Isolation Kit (Applied Biosystems), and Plasma/Serum 
Cell-Free Circulating DNA Purification (Norgen). 

A few microfluidic approaches for cfDNA isolation based on 
a methodology to separate the short DNA selectively enriched 
cfDNA from longer genomic DNA (gDNA) have recently been 
demonstrated.90-92 The detection of genetic aberration via 
direct hybridization of target sequences in ctDNA is suitable to 
determine tumour progression.93-96 The cfDNA isolation 
workflow has been enhanced to facilitate on-site cfDNA-based 
clinical studies by minimizing manual handling and reducing the 
possibility of sample-to-sample cross-contamination.97-100 
ctDNA-based liquid biopsies for companion diagnostics has 
been adapted in several clinical settings, likely as a result of 
reproducible and established cfDNA isolation methodology. 
The remaining challenges include isolating rare tumour 
alterations in cfDNA as well as reducing background gDNA 
signals. 

Emerging microfluidic technologies in liquid 
biopsy applications 

Each circulating biomarker has its own advantages and 
limitations to be routinely utilized in clinical settings as shown 
in Table 3. In the previous section, we discussed the pros and 
cons of state-of-the-art technologies to isolate various 

circulating biomarkers. Here, we provide our perspectives for 
future research by discussing a few show-case examples of the 
latest microfluidic platform technologies that have attempted 
to address the key remaining challenges in the liquid biopsy 
field. 
 
CTCs 

Tumours are inherently heterogeneous, and the CTCs shed 
from tumour sites may exhibit even more significant 
heterogeneity associated with their dynamic changes from 
epithelial to mesenchymal transition or undergoing therapeutic 
treatment. A single cell-level analysis is highly desired for 
sensitive detection and molecular profiling of rare and 
heterogeneous CTCs. In addition, the current biomarkers such 
as EpCAM do not fully represent the crucial functions of CTCs. 
CTCs may survive better through the alliance with other cells in 
blood circulation, such as immune cells or platelets, which may 
provide better insights for developing novel theragnostic 
options. Furthermore, the continuous real-time monitoring of 
CTCs is beneficial to unveil the dynamic change of CTC 
phenotypes during cancer therapy. Here, we discuss a few 
recent studies in CTC analysis that have investigated to unveil 
tumour heterogeneity using single-cell analysis techniques, to 
understand better the interaction with other blood cells during 
blood circulation, and to have real-time monitoring of CTCs 
undergoing cancer treatment. 

Labib et al. developed single-cell mRNA cytometry that 
enabled isolation and detection of CTCs based on mRNA 
expression using the target mRNA-specific formation of 
magnetic clusters within the cells followed by on-chip magnetic 
cell sorting (Figure 2a)101. A microfluidic chip for multiplexed 
western blotting for single-CTC protein profiling has also been 
developed (Figure 2b)102.  

CTCs in the bloodstream are associated with non-malignant 
cells, and these CTC clusters have been proposed to have more 
significant metastatic potential than single CTCs.103-106 In 
conventional CTC enumeration methods, however, the cells 
expressing epithelial markers such as EpCAM and cytokeratins 
but not CD45 were counted as CTCs. The dual-positive cells 
characterized by double staining for both epithelial and CD45 
were often neglected. Remarkably, a pioneering study by 
Szczerba et al. used single-cell sequencing and demonstrated 
the alliance of CTC clusters with neutrophils leads to more 
efficient metastasis formation in xenograft mouse models 
(Figure 2c).103 

Despite the importance of the in vivo studies using cancer 
mouse models, longitudinal CTC analysis in mice has been 
difficult because of the limited sample volume and rarity of 
CTCs. Hamza and colleagues developed an optofluidic system 
that can continuously collect CTCs from an unanaesthetised 
mouse longitudinally (Figure 2d).107 This continuous monitoring 
system allows the measurement of real-time alteration of 
tumour signatures within CTCs upon tumour progression and 
drug response within the same mouse, facilitating future 
studies on the roles of CTCs in cancer management. 

Overall, we believe the single-cell level omics studies to 
figure out the cellular heterogeneity and inter-cellular 
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communication would provide a good foundation for future 
theranostics. In addition, further development of a more user-
friendly, robust, and standardized operation of CTC analysis 
that can be routinely practiced in clinical settings is highly 
desired. 

 
EVs 
 EVs are highly heterogeneous in their size, source, 
molecular composition, and function. Not only tumour cells but 
also host cells shed EVs of similar size and density. Though the 
number concentration is much higher for EVs than CTCs, the 
tumour-specific EVs markers are often unknown in many 
cancer types. Therefore, there is an unmet need to develop 
breakthrough technologies for the specific detection/isolation 
of tumour-derived EVs (tdEV) among a large population of 
other kinds of nano-sized vesicles. In addition, there is no 
consensus for the minimum sample volume requirement or 
normalization methods, which must be dependent on the 
sample type and isolation methods. As discussed in the 
previous section, the field is fast evolving, and each EVs 
isolation technologies have their own advantages and 
limitations.   

Here, we highlight a few emerging EVs analysis technologies 
that have analyzed single EVs with or without prior EV isolation 
steps. Using droplet microfluidics or highly sensitive sensors 
with tumour-specific surface markers or multifaceted cell-to-
cell interaction, highly sensitive and specific characterization of 
tdEVs could be achieved. In addition, the biological role of tdEVs 
in cancer metastasis was investigated using an organ-on-a-chip.   

Utilizing ultrasensitive nanoplasmonic sensors, Liang et al. 
quantified tdEV directly from a small volume (1 µL) of human 
plasma without an EV isolation step and demonstrated the 
ephrin type-A receptor 2 (EphA2)-positive EVs outperformed 
conventional CA19-9 in pancreatic cancer diagnosis and 
prognosis (Figure 3a).78 Future studies with a larger sample size 
cohort are required to broaden the clinical utility.  

Ko et al. recently reported a sequencing-based single EV 
protein profiling method using droplet microfluidics (Figure 
3b).108 This highly sensitive, antibody-based 
immunosequencing method could unveil specific proteins at 
the single EV level. However, the prior EVs enrichment and 
dilution step are required because of the limitation in sample 
volume that can be analyzed in a microfluidic droplet reactor. 
In addition, clinical samples with an unknown frequency of 
tdEVs were not tested yet.  

Instead of using antibodies targeting specific surface 
proteins, Kumar and colleagues focused on a multifaceted cell-
to-cell interaction to detect tumour-specific EV (Figure 3c).82 
Inspired by the association of CTCs with platelets, they 
developed a microfluidic chip functionalized with a human 
platelet membrane and detected specifically captured tdEVs 
using a small volume (1 µL) of human plasma samples. Although 
this chip provides benefits, including a purification-free 
detection of tumorous EVs from blood plasma and high 
detection sensitivity in a single EV resolution, the 
heterogeneous nature and stability of platelet membranes 
need to be considered for further clinical application. 

Emerging evidence suggests a crucial role of tdEVs in 
organotrophic tumour metastasis.109 Kim et al. developed a 3D 
human liver chip to mimic the premetastatic niche formation 
by breast tdEVs (Figure 3d).110 The EVs isolated from cancer 
patients with liver metastasis induced more adhesion of CTCs 
to the human liver chip than EVs from healthy donors or 
nonmetastatic cancer patients. The in vitro liver-chip model 
demonstrated that tdEVs induce a reconstruction of the 
premetastatic niche. However, the associated physiological 
mechanisms for the roles of tdEVs in organotrophic metastasis 
need further investigation. 

Despite active ongoing research, the currently available EV 
detection methods are impractical in routine clinical practice. 
In addition to the development of clinical-setting-friendly EV 
analysis platforms, novel microfluidic technologies designed to 
test new hypotheses regarding the roles of EVs in cancer 
biology have the potential to expand our knowledge on cancer 
metastasis and drug resistance.  
 
ctDNA 
 The workflow of cfDNA-based liquid biopsy in the clinical 
application has been relatively standardized. Nevertheless, it is 
worthwhile to discuss a few unique approaches related to 
cfDNA analysis. Das et al. developed an electrochemical clamp 
assay that can detect circulating nucleic acids without 
enzymatic amplification directly from blood serum (Figure 
4a).96 Jin and colleagues presented a new strategy of cfDNA 
isolation by using a dimethyl dithiobispropionimidate (DTBP)-
modified chip (Figure 4b).100 Since this method does not use 
chaotropic reagents that may affect DNA release from 
noncancerous cells, it may reduce the background signal. Ou et 
al. developed an integrated system that can combine droplet 
generation, digital polymer chain reaction (digital PCR), and 
rapid droplet counting technology, which could improve the 
detection sensitivity significantly (Figure 4c).111 Perez-Toralla et 
al. developed a droplet digital polymer chain reaction (ddPCR)-
based cfDNA detection system by integrating the microfluidic 
extraction and droplet-emulsification on a chip (Figure 4d).97  

Taken together, the automation and standardization of the 
workflow of cfDNA-based liquid biopsy will be essential criteria 
for large-scale clinical studies. Technologies for specific 
isolation of ctDNA and amplification-free molecular detection 
are highly desired for broader applications. 

Clinical applications of liquid biopsy in prostate 
cancer  
Diagnosis of prostate cancer 

Pathology is the gold standard for all cancer diagnosis. To 
diagnose prostate cancer, though a needle biopsy is inevitable, 
efforts continue to answer the question of who needs a biopsy 
and when it is needed.112 The current diagnostic paradigm for 
prostate cancer is composed of serum PSA-based screening 
followed by ultrasound- or other imaging-guided needle 
biopsies (Figure 5). Unlike many cancer types with high 
mortality, most men who present with prostate cancer are 
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asymptomatic, particularly in the era of PSA testing, which 
detects many cancers long before they are clinically apparent. 
However, about 50% of men who undergo biopsy after PSA 
screening have negative results.113 A new diagnostic 
biomarker/tool that complements or could replace the PSA test 
for prostate cancer diagnosis should improve specificity 
without sacrificing sensitivity. 

Early-stage or localized prostate cancer presents with very 
few CTCs, limiting their application in the diagnosis of prostate 
cancer. Thus, most of the studies of CTCs have focused on 
prognostic or therapeutic applications in later stages of the 
disease. In 2007, Nagrath and colleagues reported a 
microfluidic device, the CTC-chip, that enabled CTC isolation 
from the whole blood.114 CTC-chip was applied to isolate CTCs 
from various cancer types (prostate, lung, pancreatic, breast, 
colon), and it demonstrated its potential diagnostic value since 
CTCs were detected from 100% of prostate cancer cases (7 
localized, 19 aggressive prostate cancer patients), but none of 
the 20 healthy donors. This platform is based on antigen-
specific isolation. Ozkumur et al. demonstrated a microfluidic 
CTC capture platform integrated inertial focusing module that 
enables both antigen-dependent and -independent isolation of 
CTCs continuously.115 In this research, CRPC patients (n=41) 
were distinguished from healthy donors (n=13), incorporating 
to the number of captured CTCs. The median number of CTCs 
was 3.2 CTCs/ml, with 90% of CRPC patient samples having CTCs 
above the threshold set using the data from healthy donors. 
Recently, Ried and colleagues reported a study for prostate-
specific diagnostic testing by combining the ISET®-CTC 
screening blood test and immuno-cyto-chemistry (ICC) with a 
prostate-specific marker.116 Twenty-seven male patients who 
had not undergone cancer diagnosis were selected; among 
them, 25 men were positive for CTC, and two men were 
negative. Of the 25 men with CTCs, the 20 men who had CTC 
with ICC-PSA-positive markers were diagnosed with prostate 
cancer. Especially in this sub-cohort, the CTC-based diagnosis of 
cancer by the cytology-based ISET methodology matched the 
detection of cancer by the standard diagnostic methods. 
Chalfin and colleagues looked for disseminated tumor cells 
(DTCs) in bone marrows of localized patients undergoing radical 
prostatectomy. Evaluation across multiple platforms revealed 
that epithelial markers are non-specifically expressed in the 
bone marrow and DTCs were typically not detected in localized 
prostate cancer patients using prostate-specific markers.117 

In contrast to CTCs, EVs have beneficial properties to be 
useful for diagnosis of cancer, including the abundant amount, 
no biased sampling issue, and well-preserved intravesicular 
content protected by a lipid-bilayer. Many studies have 
demonstrated that the biomolecules contained in EVs, 
including miRNA, mRNA, protein, lipid, were correlated to the 
presence of cancer, and these studies exhibited a diagnostic 
power of EV in PCa.  

Previously, multiple reviews have introduced the 
development of ExoDx Prostate (IntelliScore) (EPI), a urine EV 
RNA expression test, which can predict the likelihood of having 
high-grade PCa118, 119. A prospective phase 1 adaptive utility 
trial demonstrated that EPI performed better than the 

optimized model of standard clinical parameters with an area 
under the curve (AUC) 0.70 versus 0.62. It has been estimated 
that 26% of unnecessary prostate biopsies can be avoided using 
an EPI cut-point of 15.6, with a negative predictive value of 89% 
and missing 7% of Grade group 2 PCa.120 In 2019, it became the 
first EV-based liquid biopsy test granted a Breakthrough Device 
Designation by the US Food and Drug Administration (FDA). It 
is now available for clinical use in the United States. One thing 
to be noted is that this platform utilized the Exosome 
Diagnostics (St Paul, MN) EXOPRO Urine Clinical Sample 
Concentrator Kit to separate EVs. Given the various EV purity 
among different EV separation technologies, further 
exploration of whether the diagnostic molecules are carried by 
EVs or just co-separated with EVs is needed.54, 121 Bhagirath and 
colleagues demonstrated miRNA-1246 might be a potential 
diagnostic biomarker for prostate cancer.122 This study 
demonstrated that the level of urinary exosomal miRNA-1246 
was higher in the group of patients, while the level of miRNA-
1246 extracted from tumor tissues and cell lines was lower. 
Rodriguez et al. performed next-generation sequencing (NGS, 
deep sequencing) and real-time quantitative polymer chain 
reaction (RT-qPCR) with an independent patients cohort using 
miRNA samples extracted from urinary EVs of PCa and healthy 
controls.123 The NGS analysis showed five miRNA (miR-196-5p, 
miR-34a-5p, miR-143-3p, miR-501-3p, and miR-92a-1-5p) were 
significantly less abundant in the group of prostate cancer 
patients (n=20) than healthy donors (n=9). Among five miRNA, 
miR-196-5p ad miR-501-3p were confirmed by RT-qPCR to be 
lower in PCa samples from a different patient cohort, PCa 
(n=28), healthy doner (HD, n=19). Worst et al. also recently 
exhibited the potential utility of exosomal miRNA as a 
diagnostic marker.124 In this research, the miRNA expression 
profile showed miR-10a-5p (p = 0.018) and miR-29b-3p (p = 
0.002), but not miR-99b-5p, were higher in plasma-derived EVs 
from patients with PCa compared with benign prostatic 
hyperplasia (BPH) controls. 

Exosomal miRNA has been widely studied as the diagnostic 
biomarker since EVs are reported to contain more miRNA than 
the other RNA molecules such as mRNA. The application of 
miRNA as a diagnostic marker has been limited due to lack of 
specificity. Thus, many studies have emerged to investigate EV-
mRNA as a diagnostic and prognostic biomarker for prostate 
cancer management. For instance, Woo et al. demonstrated 
the performance of GATA2-mRNA to distinguish PCa patients 
(n=117) from healthy donors (n=48) among GATA2, PCA3, and 
TMPRSS2-ERG (GAPT-E) tested in the cohorts.125 The other 
biomolecules contained in EVs were also investigated to 
determine their value in diagnostics. Sunkara et al. reported 
several protein markers (PSA, PSMA, HSP90, EpCAM, EGFR1) 
that were higher in PCa patients (n=43) compared to healthy 
donors (n=30).51 Among them, HSP90 showed the highest 
correlation to distinguish the patients from the healthy donors. 
Skotland and colleagues performed a lipidomic analysis of 
urinary exosomes in prostate cancer patients (n=15) and 
healthy controls (n=13) and reported the combinations of the 
lipid species, phosphatidylserine (PS) 18:1/18:1, 

Page 5 of 28 Lab on a Chip



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 6  

Please do not adjust margins 

Please do not adjust margins 

lactosylceramide (d18:1/16:0), and PS 18:0-18:2 distinguished 
the two groups with 93% sensitivity and 100% specificity.126  

cfDNA has been widely studied as a potential diagnostic 
marker since it has several benefits from its intrinsic properties, 
such as being less affected by the spatial heterogeneities of 
cancer. Theoretically, cfDNA could enable a diagnosis of cancer 
with a 100% detection rate since tumor cells secrete or release 
cell-free DNA. Particularly, with the detection technologies for 
analyzing cfDNA rapidly advancing, the role of cfDNA in the 
early diagnosis of cancer has the potential to become more 
significant as the detection limit of cfDNA becomes more 
sensitive and specific.  

The clinical study by Constancio and colleagues 
demonstrated that DNA methylation in cfDNA might enable 
less invasive screening of PCa.127 The PCa panel (FOXA1me, 
RARβ2me, RASSF1Ame, and GSTP1me) depicted 72% sensitivity 
and specificity in terms of PCa detection. Brait et al. studied the 
diagnostic power of the selected gene combinations for Pca, 
which resulted in a combination DNA methylation marker panel 
consisting of MCAM, ER𝛼𝛼, ER𝛽𝛽 offered 75% sensitivity and 70% 
specificity.128 Especially, the MCAM marker in cfDNA 
distinguished between early-stage PCa cases (T1C, n= 60) and 
healthy donors (n=30) with 66% sensitivity and 73% specificity, 
suggesting the epigenetic markers exhibited in cfDNA may be 
an early diagnostic marker for PCa.  

Not only blood samples but also urine samples can be used 
for circulating DNA analysis. Brikun and colleagues 
demonstrated the DNA methylation markers in urine cfDNA, 
may be useful for PCa diagnosis.129, 130 The predictive 
performance of 32 positive markers was tested in terms of PCa 
detection sensitivity and selectivity. The result demonstrated 
that the use of 10 of 32 positive markers showed the best 
performance for PCa diagnosis, with yields of 93% of sensitivity 
and 77% of specificity from first voided (FV) urine.  

Besides, a cell-free RNA such as miRNA in blood has also 
been widely studied to find the efficient diagnostic marker for 
PCa. For example, Urabe and colleagues demonstrated that the 
combination of two miRNAs (miR-17-3p and miR-1185-2-3p) 
showed 90% of both sensitivity and specificity.131 In detail, the 
discovery cohort (41 PCa, 41 NPBx (negative prostate biopsy), 
41 HD) was used for identifying 18 candidate miRNAs, and the 
training cohort (384 PCa, 100 NPBx) and the validation cohort 
(384 PCa, 100 NPBx) were used to investigate the best model 
for diagnosis of PCa. 

To summarize, studies utilizing liquid biopsies to improve 
the diagnosis of prostate cancer have mainly focused on 
differentiating cancer from non-cancer, which is the first step 
of developing a diagnostic tool (Table 4). However, biomarkers 
that cost-effectively improve PSA performance are still needed. 

 
Prognosis of prostate cancer 

For any patient who is diagnosed with PCa, clinical 
management decisions are often made based on a 
determination of risk. It is known that some patients with the 
indolent disease may not need any treatment but can be safely 
followed with active surveillance (AS) strategies. Other patients 
may need intervention, but their disease can still be cured by 

local therapy alone (radical prostatectomy or radiotherapy), 
while a small group of patients will inevitably recur despite 
optimal local therapy and eventually die of PCa.132, 133 It the 
ultimate goal of any prognostic model to determine which risk 
group a patient belongs to enable the appropriate treatment of 
patients with aggressive disease as early as possible while 
preventing overtreatment from those with indolent diseases. 
The current risk stratification systems are based on several key 
clinical and pathological features, including clinical tumor stage 
(cT stage), Gleason score (GS), serum PSA, etc.112 However, 
there is still significant heterogeneity in prognosis in the same 
patient population using different published schemes.133, 134 
The potential reasons include, but are not limited to, the 
inherent inaccuracy in determining cT stage and GS, as well as 
the limited volume of tissue samples obtained from a 
conventional biopsy which may be insufficient to reveal the 
tumor heterogeneity.135, 136 In recent years, many efforts have 
been made in the liquid biopsy field to overcome these 
shortages and explore better ways to predict the prognosis of 
PCa (Table 5). 

In PCa, most of the CTC studies have been conducted among 
patients with metastatic disease and/or CRPC with or without 
treatment.137 And CellSearch is still the only FDA-approved test 
for CTCs to monitor treatment in men with PCa. For example, 
de Kruijff and colleagues demonstrated that the baseline CTC 
count was independently associated with poor progression-
free survival (PFS) and overall survival (OS) in metastatic 
castrate-resistance prostate cancer (mCRPC) patients treated 
with cabazitaxel.138 Heller and colleagues evaluated the added 
value of CTC numbers to a standard prognostic model 
containing albumin, lactate dehydrogenase (LDH), PSA, 
hemoglobin, and alkaline phosphatase (ALK) for mCRPC 
patients and found adding CTC enumeration produced a more 
accurate prediction of OS.139 Besides CTC numbers, the RNAs or 
proteins in CTCs have also been widely studied, and several 
CTC-based molecular markers (i.e. EGFR, PSMA, WNT5a, 
AURKA, BMP7, synaptophysin, and EMT phenotypic markers, 
etc.) have been found associated with prognosis of patients 
with mPCa.140-144  

It would be beneficial to determine the prognostic value of 
CTCs in patients without clinical metastasis. Xu and colleagues 
found the presence of CTCs in localized PCa before treatment 
was significantly associated with a higher GS, risk group and 
clinically significant PCa.145 Miyamoto and colleagues 
established a CTCL score by digital quantitation of prostate-
derived transcripts in CTCs, the preoperative elevation of which 
can predict microscopic cancer dissemination to seminal 
vesicles and/or lymph nodes in patients with localized PCa.146 
Pak and colleagues demonstrated that CTCs were detected in 
36% of patients with undetectable serum PSA after surgery and 
the postoperative CTC detection was independently associated 
with an increased risk of biochemical recurrence (BCR).147 
Similarly, Friedlander and colleagues found among patients 
with high-risk localized PCa, the ones with detectable 
postoperative CTCs showed a trend toward shorter recurrence-
free time.148 One common challenge in studying CTCs in non-
metastatic patients is that both the detection rates and 
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detected CTC numbers based on a limited volume of a 
peripheral blood sample could be very low.149, 150 To solve this 
problem, diagnostic leukapheresis has been used as a new 
sampling method, and in vivo CTC capture devices have also 
been developed. Both strategies have made it possible to 
reliably and comprehensively study CTCs in patients with 
relatively low tumor burdens.151-154 

The advantages of EVs as PCa biomarker are that they can 
be released by all living cells, regardless of the disease stage and 
tumor malignancy, and that urine, especially post-digital rectal 
examination (DRE) urine, is an ideal sample type enriched in 
PCa derived EVs.119, 155-157 Connell and colleagues generated 
four prostate urine risk (PUR) signatures based on post-DRE 
urine-derived EV RNA profiles.158 In their validation cohorts, 
PUR-4 status predicted the presence of clinically significant 
intermediate- or high-risk disease (AUC = 0.77, 95% CI 0.70–
0.84). In a separate AS cohort, PUR-4 group had a significant 
association with time to progression (IQR HR 2.86, 95% CI 1.83–
4.47; P < 0.001). The other urine-based EV RNA test that 
received the Breakthrough Device Designation more recently is 
the Sentinel™ Prostate Test, which utilizes the urinary EV small 
non-coding RNAs (sncRNAs) for diagnosis and risk stratification 
with high sensitivity and specificity.159 Besides urine, the 
prognostic value of plasma EVs has also been studied. Joncas 
and colleagues found that detectable levels of AR-V7 mRNA in 
plasma EVs isolated from patients with CRPC were associated 
with a shorter time to progression.160 One thing to be noted is 
that despite satisfactory clinical validation, there is a diversity 
of EV separation methods used in these studies. Given the 
various EV purity among different EV separation technologies, 
further exploration of whether the prognostic molecules are 
carried by EVs or just co-separated with EVs is needed.54, 156 

Similar to CTCs, it is challenging to obtain sufficient ctDNA 
from patients with localized PCa. Hennigan and colleagues 
demonstrated that ultra-low-pass whole-genome sequencing 
(WGS) and targeted resequencing did not detect ctDNA in 
plasma acquired before surgery or before recurrence in 112 
localized PCa patients.161 In metastatic PCa, Choudhury and 
colleagues developed a method using a computational tool to 
estimate tumor fractions in cfDNA through copy number 
alterations detected by sparse WGS.162 They found the tumor 
fraction was associated with metastasis location, positively 
correlated with ALK and negatively correlated with hemoglobin 
in patients with CRPC. Kohli and colleagues found ctDNA-based 
TP53 mutations, RB1 loss, and AR amplification correlated with 
poorer survival in mCRPC, and mutations in multiple DNA repair 
genes (ATM, BRCA1, BRCA2, CHEK2) were associated with 
shorter time to ADT failure and survival in mCSPC.163 Sonpavde 
and colleagues demonstrated a higher number of ctDNA 
alterations, ctDNA-based AR alterations, and amplification of 
MYC and BRAF were associated with worse failure-free survival 
and/or OS.164 Epigenetic changes/markers in ctDNA have also 
been explored.165, 166 Beltran and colleagues demonstrated that 
ctDNA methylation was reflective of methylation patterns 
observed in biopsy tissues and was capable of detecting CRPC 
neuroendocrine differentiation-associated epigenetic 
changes.166 However, even in metastatic PCa, the congruence 

among samples from the same patient tested by different 
platforms has brought up some concerns. Torga and Pienta 
demonstrated very low congruence for same patient-paired 
samples in 2 CLIA-certified commercially available tests, which 
implies that patients could potentially receive different 
treatments depending on the cfDNA platform and patients may 
need a significant tumor burden to have reliable results.167 
Besides cfDNA, cfRNA has also been studied as prognostic 
markers for PCa. Souza and colleagues evaluated the mRNA 
levels of eight genes in preoperative cell-free plasma samples 
from 60 localized PCa patients by RT-qPCR.168 They found the 
combination of GOLM1, NKX3-1 and TRPM8 was able to 
identify high risk PCa cases (sensitivity=85%, specificity=58%), 
yielding a better overall performance compared with the biopsy 
GS and serum PSA. 
 
Precision medicine and treatment response monitoring 

Compared to a decade ago when docetaxel was the first and 
only life-prolonging agent for mCRPC, the “armamentarium” 
now holds many new weapons against mPCa. Several next-
generation hormonal agents (abiraterone, enzalutamide, 
apalutamide, etc.), cabazitaxel, and sipuleucel-T have been 
proved to prolong the OS of mPCa.5, 169 Radium-223 dichloride 
(radium-223) is used in symptomatic patients with bone 
metastases but no known visceral metastases.170 More recently, 
poly (adenosine diphosphate ribose) polymerase (PARP) 
inhibitor (olaparib, rucaparib, etc.) and immune checkpoint 
inhibitor (ICI) have been used in selected patients with certain 
genetic features.171-173 However, despite the robust progress in 
therapeutics development, mPCa remains incurable. Due to the 
tumor heterogeneity, which inevitably leads to the primary and 
secondary resistance to all these therapeutics, each of these 
agents can only benefit a certain subgroup of patients for a 
certain period of time.5 In this case, it is critical to predict and 
monitor the treatment response for PCa patients in the 
metastatic phase (Table 6).  

The dynamic changes of CTC quantity have been widely 
adopted as a way to evaluate the treatment response or 
disease progression (“CTC response” and “CTC progression”) in 
clinical trials of new therapeutics for mPCa.174-176 Lorente and 
colleagues found in mCRPC patients with baseline CTCs <5 
treated with abiraterone or chemotherapy, the increase of CTC 
number during the first 12 weeks of treatment was associated 
with significantly worse OS, independent of baseline CTC 
numbers and established clinical variables.177 Similarly, Heller 
and colleagues evaluated the value of CTC number decrease in 
assessing treatment response in five prospective randomized 
phase 3 trials that enrolled a total of 6,081 patients. They found 
both CTC0 (≥1 CTC at baseline, 0 at week 13) and CTC 
conversion (≥5 CTCs at baseline, ≤4 at week 13) are robust and 
meaningful response endpoints for early-phase mCRPC clinical 
trials, and they have higher discriminatory power for OS than 
serum PSA.178 Bono et al. reported that the FDA-approved test 
for CTCs to predict prognosis and monitor treatment response 
in patients with CRPC.137 Patients in unfavorable CTC (≥ 5 
CTC/7.5mL at baseline) group, 125 among 219 (57%) had 
shorter OS (median OS, 11.5 versus 21.7 months; Cox hazard 
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ratio, 3.3; P < 0.0001). While many NGS-based cfDNA tests are 
commercially available, there are system-dependent variability 
and standardization is necessary to ensure clinical benefit of 
personalized medicine. For example, Torga et al. reported very 
low congruence  for the paired samples from the same patients 
in 2 CLIA-certified commercially available test.167 Therefore, 
despite potential benefits of liquid biopsy tools, patient’s 
clinical features (e.g. response evaluation criteria in solid 
tumors [RECIST]) and radiological assessment (e.g. bone scan) 
are still considered much more important. 

Besides monitoring treatment response, since CTC and 
ctDNA are reflective of molecular features of the tumor, they 
have emerged as minimally invasive tools to predict the 
treatment effect, potentially guiding personalized precision 
medicine. Lack and colleagues performed exome sequencing of 
tumor tissue and CTC samples and found 62% of CTC mutations 
were shared with castrate-resistant disease, either alone or 
with treatment-naïve disease.179 Similarly, Faugeroux and 
colleagues also observed shared somatic mutations between 
CTCs and matched metastasis biopsies, and found a small 
number of CTCs were sufficient to represent 1/2 to 1/3 of the 
mutations in the matched metastasis biopsy.180 Wyatt and 
colleagues performed targeted sequencing across 72 clinically 
relevant genes in 45 plasma cfDNA samples and demonstrated 
that 75.6% of cfDNA samples had a ctDNA proportion greater 
than 2%, in which all somatic mutations identified in matched 
metastatic tissues were concurrently present.181  
Vandekerkhove and colleagues conducted a similar ctDNA 
analysis among patients with mCSPC and reported the 
concordance for mutation detection in matched samples was 
80%.182 

Androgen receptor splice variants (AR-Vs) are one of the key 
mechanisms contributing to abiraterone and/or enzalutamide 
resistance. Many alternatively spliced AR-Vs lack the C-terminal 
ligand-binding domain, but retain the transactivating N-
terminal domain, leading to constitutive activation in the 
absence of ligands.183 Since 2014 when Antonarakis and 
colleagues first reported a significantly worse outcome in 
patients treated with abiraterone or enzalutamide who 
harbored AR-V7 in their CTCs, AR-V7 has been the most 
promising and well-studied biomarker in liquid biopsy.184 The 
original assay was based on the  AdnaTest, followed by RT-qPCR. 
In recent years, Scher and colleagues demonstrated CTCs 
expressing AR-V7 protein localized to the nucleus could also 
identify mCRPC patients with an improved OS on taxane-based 
chemotherapy relative to abiraterone and enzalutamide.185 In 
a further multicenter validation study, the authors showed in 
high-risk mCRPC patients with positive nuclear-localized AR-V7 
in CTCs, the patients treated with taxanes had superior OS 
relative to those treated with AR signaling (ARS) inhibitors 
(median OS, 14.3 vs. 7.3 months; hazard ratio, 0.62; 95%CI, 
0.28-1.39; P = .25).186 In a multicenter, prospective blinded 
study (the PROPHECY study), Armstrong and colleagues 
validated the prognostic significance of baseline CTC AR-V7 by 
using both the AdnaTest CTC AR-V7 mRNA assay and the Epic 
Sciences CTC nuclear-specific AR-V7 protein assay. The results 
showed the AR-V7 detection by both assays was independently 

associated with shorter PFS and OS, and the observed 
percentage agreement between the two AR-V7 assays was 
82%.187 Besides CTCs, AR-V7 has also been detected in EVs. Del 
Re and colleagues assessed AR-V7 in plasma-derived EVs by 
highly sensitive ddPCR and found median PFS was significantly 
longer in patients with AR-V7- EVs compared to those with AR-
V7+ EVs (20 vs. 3 mo, p < 0.001).188 Strati and colleagues 
compared the expression patterns of AR-FL, AR-V7, and AR-
567es in CTCs and paired plasma-derived EVs in patients with 
mCRPC and found all AR variants were expressed in higher 
levels in CTCs than in paired EVs (AR-FL: 92.3% in CTCs vs. 76.9% 
in EVs; AR-V7: 49.3% in CTCs vs. 7.7% in EVs; AR-567es: 23.2% 
in CTCs vs. 3.8% in EVs).189, 190 Woo et al. detected higher AR-V7 
and lower AR-FL expression in urinary EVs isolated from 4 mL of 
urine of patients with CRPC (n=14) than patients with hormone-
sensitive prostate cancer (n=22).52 

Recent years have witnessed an increasing and widespread 
valuation of ctDNA in PCa precision medicine. Multiple studies 
demonstrated that a decline in cfDNA concentration was 
independently associated with a better outcome among 
mCRPC patients treated with either taxane-based 
chemotherapy, ARS inhibitor, or PARP inhibitor.191-193 Several 
studies found AR and PIK3CA amplification were associated 
with primary resistance to ARS inhibitors and poor outcome.193, 

194 Somatic alterations in TP53, previously linked to reduced 
tumor dependency on AR signaling, were also independently 
associated with rapid resistance to abiraterone and 
enzalutamide.195 mCRPC patients harboring homologous 
recombination repair (HRR) defects are good candidates for 
PARP inhibitors, and secondary resistance can be associated 
with HRR restoration, including BRCA2 mutation reversion.196, 

197 Multiple studies have demonstrated that many tumor tissue 
somatic DNA repair mutations, as well as post-treatment 
mutation reversion can be detected in cfDNA, supporting the 
role of cfDNA-based liquid biopsies as a predictive and 
resistance monitoring biomarker in mPCa treated with PARP 
inhibitor.192, 198 On the other hand, previous studies have found 
PCa harboring DNA mismatch repair defects (MMRd) and 
mutational loss of cyclin-dependent kinase 12 (CDK12) may 
respond favorably to ICIs.199-201 Recently, multiple studies have 
demonstrated the potential role of ctDNA in reliably detecting 
these genetic features, thus guiding the patient selection for 
immnunotherapy using a minimally invasive liquid biopsy 
tool.202, 203 

Conclusion and outlook 
The current diagnostic paradigm and treatment strategies 

for PCa has been depicted in Figure 5. Though liquid biopsy has 
shown great potential to improve the current practice, there 
are still many unmet needs. To complement the PSA test for 
prostate cancer screening, new assays with high specificity are 
needed. After PSA screening, the key challenge is how to 
further select the best candidates for needle biopsy in order to 
avoid such an invasive test in non-cancer population. Once PCa 
has been diagnosed, new assays for risk stratification are 
needed to complement the current model. For patients with 
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low-risk disease, AS may be the best option, but both physicians 
and patients need more confidence in defining who has “real” 
low risk disease and when to switch to definitive treatment. For 
the patients who receive definitive therapies to treat their 
primary tumors, there is an approximately 70% of chance to be 
cured, while the remaining patients will eventually develop BCR. 
New tests are needed to help predict the 30% who may benefit 
from more intensive early treatment. Even though metastatic 
PCa is still incurable, successful personalized treatment can 
prolong a patient’s life. However, since an increasing number 
of new drugs and reagents have been approved in recent years, 
more precise and detailed assays are needed to help select the 
best treatment and monitor the response for patients with 
mPCa. 

Besides that most of the tests mentioned in this review 
need to be further validated by well-designed clinical trials, 
there are some common limitations need to be aware of. First, 
the sample sizes/patient numbers in many liquid biopsy studies 
are very small (e.g. n<50). It is understandable that it is difficult 
to try a new platform on a large cohort directly, but this reminds 
us that we need to be very cautious when we interpret the data 
and findings. Secondly, though many studies emphasized that 
cfDNA and EVs had a much better application in 
diagnosis/prognosis than CTCs because of their high abundance, 
the real proportion of cancer-derived cfDNA or EVs in the 
circulation remains unknown, which is related to the key 
question, specificity, especially for the diagnosis of prostate 
cancer. For both CTC and EV studies, it is important to mention 
the separation methods when reporting the data, due to the 
huge diversity and a lack of consensus in their separation. 
Several studies have demonstrated that some EpCAM-positive 
cells in the circulation may be irrelevant to cancers, as well as 
that a large proportion of separated “EVs” may be other 
components (e.g. lipoproteins) from the biospecimens54, which, 
to some extent, explains the suboptimal reproducibility of 
liquid biopsy research.  

Despite the fact that a large number of microfluidic devices 
have been developed for the liquid biopsy application, the 
conventional methods are still preferred and used for most 
clinically relevant studies, as described in the clinical 
application sections of this manuscript. The microfluidics field 
should be aware that the clinical field has no choice but to be 
cautious about using a new platform that is not yet fully 
validated and standardized. In addition, CellSearch is still the 
only FDA-approved liquid biopsy test for PCa, though the ExoDx 
Prostate EPI test was granted in 2019 as a Breakthrough Device 
Designation by the FDA. Although emerging microfluidic 
technologies have recently come close on the stage, the 
microfluidic device and clinical fields need to keep closely 
collaborating together toward the same goal, to overcome 
prostate cancer as well as all cancers. 

Author Contributions 
C.-J. Kim and L. Dong contributed equally to this work. C.-J. Kim, 
L. Dong, S. R. Amend, Y.-K. Cho, and K. J. Pienta conceived the 

research and prepared the manuscript. All authors read and 
corrected the manuscript. 

Conflicts of interest 
Y.-K. Cho is an inventor of the patents on CD-CTCTM and Exodisc, 
which are licensed to Clinomics (Ulsan, Korea) and Labspinner 
(Ulsan, Korea), respectively. All other authors have nothing to 
disclose. 

Acknowledgements 
This work was supported by NCI grant nos. U54CA143803, 
CA163124, CA093900, and CA143055 to K.J.P. This research 
was supported by a grant of the Korea Health Technology R&D 
Project through the Korea Health Industry Development 
Institute (KHIDI), funded by the Ministry of Health & Welfare, 
Republic of Korea (grant number: HI19C1122). Work by Y.-K. 
Cho was supported by Institute for Basic Science (IBS-R020-D1) 
funded by the Korean Government. The authors thank the 
current and past members of the Brady Urological Institute, 
especially members of the Pienta-Amend laboratory for critical 
reading of the manuscript. 

Notes and references 

1. H. Sung, J. Ferlay, R. L. Siegel, M. Laversanne, I. 
Soerjomataram, A. Jemal and F. Bray, CA: A Cancer 
Journal for Clinicians, 2021, 2021, 0, 1-41. 

2. R. L. Siegel, K. D. Miller and A. Jemal, CA: A Cancer Journal 
for Clinicians, 2020, 70, 7-30. 

3. K. Ng, S. Smith and J. Shamash, Oncology and Therapy, 
2020, 8, 209-230. 

4. J. Chen, Y. Ni, G. Sun, B. Liao, X. Zhang, J. Zhao, S. Zhu, Z. 
Wang, P. Shen and H. Zeng, Frontiers in Oncology, 2020, 
10:519388. 

5. L. Dong, R. C. Zieren, W. Xue, T. M. De Reijke and K. J. 
Pienta, Asian Journal of Urology, 2019, 6, 26-41. 

6. M. Ignatiadis, G. W. Sledge and S. S. Jeffrey, Nature 
Reviews Clinical Oncology, 2021, 18, 297-312. 

7. R. B. Corcoran, Nature Medicine, 2020, 26, 1815-1816. 
8. A. Pal, R. Shinde, M. S. Miralles, P. Workman and J. De 

Bono, Nature Reviews Clinical Oncology, 2021, 18, 454-
467. 

9. E. Kilgour, D. G. Rothwell, G. Brady and C. Dive, Cancer 
Cell, 2020, 37, 485-495. 

10. D. W. Cescon, S. V. Bratman, S. M. Chan and L. L. Siu, 
Nature Cancer, 2020, 1, 276-290. 

11. G. De Rubis, S. Rajeev Krishnan and M. Bebawy, Trends in 
Pharmacological Sciences, 2019, 40, 172-186. 

12. M. T. Schweizer and E. S. Antonarakis, Science 
Translational Medicine, 2015, 7, 269ra2. 

13. M. Zavridou, A. Strati, E. Bournakis, S. Smilkou, V. Tserpeli 
and E. Lianidou, Cancers, 2021, 13, 780. 

14. H. E. Liu, M. Vuppalapaty, C. Wilkerson, C. Renier, M. 
Chiu, C. Lemaire, J. Che, M. Matsumoto, J. Carroll, S. 
Crouse, V. R. Hanft, S. S. Jeffrey, D. Di Carlo, E. B. Garon, J. 

Page 9 of 28 Lab on a Chip



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 10  

Please do not adjust margins 

Please do not adjust margins 

Goldman and E. Sollier, Frontiers in Oncology, 2020, 10, 
572895. 

15. A. M. Lennon, A. H. Buchanan, I. Kinde, A. Warren, A. 
Honushefsky, A. T. Cohain, D. H. Ledbetter, F. Sanfilippo, 
K. Sheridan, D. Rosica, C. S. Adonizio, H. J. Hwang, K. 
Lahouel, J. D. Cohen, C. Douville, A. A. Patel, L. N. 
Hagmann, D. D. Rolston, N. Malani, S. Zhou, C. 
Bettegowda, D. L. Diehl, B. Urban, C. D. Still, L. Kann, J. I. 
Woods, Z. M. Salvati, J. Vadakara, R. Leeming, P. 
Bhattacharya, C. Walter, A. Parker, C. Lengauer, A. Klein, 
C. Tomasetti, E. K. Fishman, R. H. Hruban, K. W. Kinzler, B. 
Vogelstein and N. Papadopoulos, Science, 2020, 369, 
eabb9601. 

16. Z. Ye, C. Wang, S. Wan, Z. Mu, Z. Zhang, M. M. Abu-
Khalaf, F. M. Fellin, D. P. Silver, M. Neupane, R. J. Jaslow, 
S. Bhattacharya, T. N. Tsangaris, I. Chervoneva, A. Berger, 
L. Austin, J. P. Palazzo, R. E. Myers, N. Pancholy, D. 
Toorkey, K. Yao, M. Krall, X. Li, X. Chen, X. Fu, J. Xing, L. 
Hou, Q. Wei, B. Li, M. Cristofanilli and H. Yang, European 
Journal of Cancer, 2019, 106, 133-143. 

17. V. Bernard, D. U. Kim, F. A. San Lucas, J. Castillo, K. 
Allenson, F. C. Mulu, B. M. Stephens, J. Huang, A. 
Semaan, P. A. Guerrero, N. Kamyabi, J. Zhao, M. W. Hurd, 
E. J. Koay, C. M. Taniguchi, J. M. Herman, M. Javle, R. 
Wolff, M. Katz, G. Varadhachary, A. Maitra and H. A. 
Alvarez, Gastroenterology, 2019, 156, 108-118.e104. 

18. J. D. Cohen, L. Li, Y. Wang, C. Thoburn, B. Afsari, L. 
Danilova, C. Douville, A. A. Javed, F. Wong, A. Mattox, R. 
H. Hruban, C. L. Wolfgang, M. G. Goggins, M. Dal Molin, 
T.-L. Wang, R. Roden, A. P. Klein, J. Ptak, L. Dobbyn, J. 
Schaefer, N. Silliman, M. Popoli, J. T. Vogelstein, J. D. 
Browne, R. E. Schoen, R. E. Brand, J. Tie, P. Gibbs, H.-L. 
Wong, A. S. Mansfield, J. Jen, S. M. Hanash, M. Falconi, P. 
J. Allen, S. Zhou, C. Bettegowda, L. A. Diaz, C. Tomasetti, 
K. W. Kinzler, B. Vogelstein, A. M. Lennon and N. 
Papadopoulos, Science, 2018, 359, 926-930. 

19. T. K. Sundaresan, L. V. Sequist, J. V. Heymach, G. J. Riely, 
P. A. Jänne, W. H. Koch, J. P. Sullivan, D. B. Fox, R. Maher, 
A. Muzikansky, A. Webb, H. T. Tran, U. Giri, M. Fleisher, H. 
A. Yu, W. Wei, B. E. Johnson, T. A. Barber, J. R. Walsh, J. A. 
Engelman, S. L. Stott, R. Kapur, S. Maheswaran, M. Toner 
and D. A. Haber, Clinical Cancer Research, 2016, 22, 1103-
1110. 

20. J. Wang, J. Ni, J. Beretov, J. Thompson, P. Graham and Y. 
Li, Critical Reviews in Oncology/Hematology, 2020, 145, 
102860. 

21. K. M. Koo, P. N. Mainwaring, S. A. Tomlins and M. Trau, 
Nature Reviews Urology, 2019, 16, 302-317. 

22. Broncy and B. Paterlini, Cells, 2019, 8, 676. 
23. M. Kagan, D. Howard, T. Bendele, J. Mayes, J. Silvia, M. 

Repollet, J. Doyle, J. Allard, N. Tu, T. Bui, T. Russell, C. Rao, 
M. Hermann, H. Rutner and L. Terstappen, Journal of 
Clinical Ligand Assay, 2002, 25, 104-110. 

24. M. Cristofanilli, G. T. Budd, M. J. Ellis, A. Stopeck, J. 
Matera, M. C. Miller, J. M. Reuben, G. V. Doyle, W. J. 
Allard, L. W. M. M. Terstappen and D. F. Hayes, New 
England Journal of Medicine, 2004, 351, 781-791. 

25. V. Zieglschmid, C. Hollmann, B. Gutierrez, W. Alberti, D. 
Strothoff, E. Gross and O. BÖCher, Anticancer Research, 
2005, 25, 1803-1810. 

26. V. M. Martin, C. Siewert, A. Scharl, T. Harms, R. Heinze, S. 
Ohl, A. Radbruch, S. Miltenyi and J. Schmitz, Exp Hematol, 
1998, 26, 252-264. 

27. N. M. Karabacak, P. S. Spuhler, F. Fachin, E. J. Lim, V. Pai, 
E. Ozkumur, J. M. Martel, N. Kojic, K. Smith, P.-I. Chen, J. 
Yang, H. Hwang, B. Morgan, J. Trautwein, T. A. Barber, S. 
L. Stott, S. Maheswaran, R. Kapur, D. A. Haber and M. 
Toner, Nature Protocols, 2014, 9, 694-710. 

28. W. Harb, A. Fan, T. Tran, D. C. Danila, D. Keys, M. 
Schwartz and C. Ionescu-Zanetti, 2013, 6, 528-IN521. 

29. A. A. Adams, P. I. Okagbare, J. Feng, M. L. Hupert, D. 
Patterson, J. Göttert, R. L. McCarley, D. Nikitopoulos, M. 
C. Murphy and S. A. Soper, Journal of the American 
Chemical Society, 2008, 130, 8633-8641. 

30. C. V. Pecot, F. Z. Bischoff, J. A. Mayer, K. L. Wong, T. 
Pham, J. Bottsford-Miller, R. L. Stone, Y. G. Lin, P. 
Jaladurgam, J. W. Roh, B. W. Goodman, W. M. Merritt, T. 
J. Pircher, S. D. Mikolajczyk, A. M. Nick, J. Celestino, C. 
Eng, L. M. Ellis, M. T. Deavers and A. K. Sood, Cancer 
Discovery, 2011, 1, 580-586. 

31. M. Nora Dickson, P. Tsinberg, Z. Tang, F. Z. Bischoff, T. 
Wilson and E. F. Leonard, Biomicrofluidics, 2011, 5, 
034119. 

32. Y. J. Jan, J.-F. Chen, Y. Zhu, Y.-T. Lu, S. H. Chen, H. Chung, 
M. Smalley, Y.-W. Huang, J. Dong, L.-C. Chen, H.-H. Yu, J. 
S. Tomlinson, S. Hou, V. G. Agopian, E. M. Posadas and H.-
R. Tseng, Advanced Drug Delivery Reviews, 2018, 125, 78-
93. 

33. N. Saucedo-Zeni, S. Mewes, R. Niestroj, L. Gasiorowski, D. 
Murawa, P. Nowaczyk, T. Tomasi, E. Weber, G. Dworacki, 
N. G. Morgenthaler, H. Jansen, C. Propping, K. Sterzynska, 
W. Dyszkiewicz, M. Zabel, M. Kiechle, U. Reuning, M. 
Schmitt and K. Lücke, International journal of oncology, 
2012, 41, 1241-1250. 

34. G. Vona, A. Sabile, M. Louha, V. Sitruk, S. Romana, K. 
Schütze, F. Capron, D. Franco, M. Pazzagli, M. Vekemans, 
B. Lacour, C. Bréchot and P. Paterlini-Bréchot, The 
American Journal of Pathology, 2000, 156, 57-63. 

35. I. Desitter, B. S. Guerrouahen, N. Benali-Furet, J. 
Wechsler, P. A. JÄNne, Y. Kuang, M. Yanagita, L. Wang, J. 
A. Berkowitz, R. J. Distel and Y. E. Cayre, Anticancer 
Research, 2011, 31, 427. 

36. D. L. Adams, P. Zhu, O. V. Makarova, S. S. Martin, M. 
Charpentier, S. Chumsri, S. Li, P. Amstutz and C.-M. Tang, 
RSC Adv., 2014, 4, 4334-4342. 

37. Y. Lee, G. Guan and A. A. Bhagat, Cytometry Part A, 2018, 
93, 1251-1254. 

38. M. C. Miller, P. S. Robinson, C. Wagner and D. J. 
O'Shannessy, Cytometry Part A, 2018, DOI: 
10.1002/cyto.a.23571. 

39. T.-H. Kim, M. Lim, J. Park, J. M. Oh, H. Kim, H. Jeong, S. J. 
Lee, H. C. Park, S. Jung, B. C. Kim, K. Lee, M.-H. Kim, D. Y. 
Park, G. H. Kim and Y.-K. Cho, Analytical Chemistry, 2017, 
89, 1155-1162. 

40. C. A. Lemaire, S. Z. Liu, C. L. Wilkerson, V. C. Ramani, N. A. 
Barzanian, K.-W. Huang, J. Che, M. W. Chiu, M. 
Vuppalapaty, A. M. Dimmick, D. D. Carlo, M. L. 
Kochersperger, S. C. Crouse, S. S. Jeffrey, R. F. Englert, S. 
Hengstler, C. Renier and E. Sollier-Christen, SLAS 
TECHNOLOGY: Translating Life Sciences Innovation, 2018, 
23, 16-29. 

Page 10 of 28Lab on a Chip



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 11  

Please do not adjust margins 

Please do not adjust margins 

41. D. E. Campton, A. B. Ramirez, J. J. Nordberg, N. Drovetto, 
A. C. Clein, P. Varshavskaya, B. H. Friemel, S. Quarre, A. 
Breman, M. Dorschner, S. Blau, C. A. Blau, D. E. Sabath, J. 
L. Stilwell and E. P. Kaldjian, BMC Cancer, 2015, 15, 360-
360. 

42. F. Fabbri, S. Carloni, W. Zoli, P. Ulivi, G. Gallerani, P. Fici, 
E. Chiadini, A. Passardi, G. L. Frassineti, A. Ragazzini and 
D. Amadori, Cancer Letters, 2013, 335, 225-231. 

43. V. Gupta, I. Jafferji, M. Garza, V. O. Melnikova, D. K. 
Hasegawa, R. Pethig and D. W. Davis, Biomicrofluidics, 
2012, 6, 024133. 

44. S. L. Werner, R. P. Graf, M. Landers, D. T. Valenta, M. 
Schroeder, S. B. Greene, N. Bales, R. Dittamore and D. 
Marrinucci, Journal of Circulating Biomarkers, 2015, 4, 3. 

45. A. Cvjetkovic, J. Lötvall and C. Lässer, Journal of 
Extracellular Vesicles, 2014, 3, 23111. 

46. K. Li, D. K. Wong, K. Y. Hong and R. L. Raffai, Springer New 
York, 2018, DOI: 10.1007/978-1-4939-7652-2_7, pp. 69-
83. 

47. A. De Menezes-Neto, M. J. F. Sáez, I. Lozano-Ramos, J. 
Segui-Barber, L. Martin-Jaular, J. M. E. Ullate, C. 
Fernandez-Becerra, F. E. Borrás and H. A. Del Portillo, 
Journal of Extracellular Vesicles, 2015, 4, 27378. 

48. G. Vergauwen, B. Dhondt, J. Van Deun, E. De Smedt, G. 
Berx, E. Timmerman, K. Gevaert, I. Miinalainen, V. 
Cocquyt, G. Braems, R. Van Den Broecke, H. Denys, O. De 
Wever and A. Hendrix, Scientific Reports, 2017, 7, 2704. 

49. D. C. Watson, B. C. Yung, C. Bergamaschi, B. Chowdhury, 
J. Bear, D. Stellas, A. Morales-Kastresana, J. C. Jones, B. K. 
Felber, X. Chen and G. N. Pavlakis, Journal of Extracellular 
Vesicles, 2018, 7, 1442088. 

50. H.-K. Woo, V. Sunkara, J. Park, T.-H. Kim, J.-R. Han, C.-J. 
Kim, H.-I. Choi, Y.-K. Kim and Y.-K. Cho, ACS Nano, 2017, 
11, 1360-1370. 

51. V. Sunkara, C.-J. Kim, J. Park, H.-K. Woo, D. Kim, H. K. Ha, 
M.-H. Kim, Y. Son, J.-R. Kim and Y.-K. Cho, Theranostics, 
2019, 9, 1851-1863. 

52. H.-K. Woo, J. Park, J. Y. Ku, C. H. Lee, V. Sunkara, H. K. Ha 
and Y.-K. Cho, Lab on a Chip, 2019, 19, 87-97. 

53. J. Park, C. Lee, J. S. Eom, M.-H. Kim and Y.-K. Cho, 
Cancers, 2020, 12, 2822. 

54. L. Dong, R. C. Zieren, K. Horie, C. J. Kim, E. Mallick, Y. Jing, 
M. Feng, M. D. Kuczler, J. Green, S. R. Amend, K. W. 
Witwer, T. M. De Reijke, Y. K. Cho, K. J. Pienta and W. 
Xue, Journal of Extracellular Vesicles, 2020, 10, e12044. 

55. F. Liu, O. Vermesh, V. Mani, T. J. Ge, S. J. Madsen, A. 
Sabour, E.-C. Hsu, G. Gowrishankar, M. Kanada, J. V. 
Jokerst, R. G. Sierra, E. Chang, K. Lau, K. Sridhar, A. 
Bermudez, S. J. Pitteri, T. Stoyanova, R. Sinclair, V. S. Nair, 
S. S. Gambhir and U. Demirci, ACS Nano, 2017, 11, 10712-
10723. 

56. Y. Chen, Q. Zhu, L. Cheng, Y. Wang, M. Li, Q. Yang, L. Hu, 
D. Lou, J. Li, X. Dong, L. P. Lee and F. Liu, Nature Methods, 
2021, 18, 212-218. 

57. B. H. Wunsch, J. T. Smith, S. M. Gifford, C. Wang, M. 
Brink, R. L. Bruce, R. H. Austin, G. Stolovitzky and Y. 
Astier, Nature Nanotechnology, 2016, 11, 936-940. 

58. M. Wu, Y. Ouyang, Z. Wang, R. Zhang, P.-H. Huang, C. 
Chen, H. Li, P. Li, D. Quinn, M. Dao, S. Suresh, Y. Sadovsky 
and T. J. Huang, Proceedings of the National Academy of 
Sciences, 2017, 114, 10584-10589. 

59. M. Kosanović, B. Milutinović, S. Goč, N. Mitić and M. 
Janković, BioTechniques, 2017, 63, 65-71. 

60. Y. Zhang, Z. Deng, D. Lou, Y. Wang, R. Wang, R. Hu, X. 
Zhang, Q. Zhu, Y. Chen and F. Liu, Analytical Chemistry, 
2020, 92, 7493-7499. 

61. S. D. Ibsen, J. Wright, J. M. Lewis, S. Kim, S.-Y. Ko, J. Ong, 
S. Manouchehri, A. Vyas, J. Akers, C. C. Chen, B. S. Carter, 
S. C. Esener and M. J. Heller, ACS Nano, 2017, 11, 6641-
6651. 

62. Z. Brownlee, K. D. Lynn, P. E. Thorpe and A. J. Schroit, 
Journal of Immunological Methods, 2014, 407, 120-126. 

63. M. A. Rider, S. N. Hurwitz and D. G. Meckes, Scientific 
Reports, 2016, 6, 23978. 

64. H. Shin, C. Han, J. M. Labuz, J. Kim, J. Kim, S. Cho, Y. S. 
Gho, S. Takayama and J. Park, Scientific Reports, 2015, 5, 
13103. 

65. A. Clayton, J. Court, H. Navabi, M. Adams, M. D. Mason, J. 
A. Hobot, G. R. Newman and B. Jasani, Journal of 
Immunological Methods, 2001, 247, 163-174. 

66. K. Koga, K. Matsumoto, T. Akiyoshi, M. Kubo, N. 
Yamanaka, A. Tasaki, H. Nakashima, M. Nakamura, S. 
Kuroki, M. Tanaka and M. Katano, Anticancer Research, 
2005, 25, 3703. 

67. M. He, J. Crow, M. Roth, Y. Zeng and A. K. Godwin, Lab on 
a Chip, 2014, 14, 3773. 

68. N. Sun, Y.-T. Lee, R. Y. Zhang, R. Kao, P.-C. Teng, Y. Yang, 
P. Yang, J. J. Wang, M. Smalley, P.-J. Chen, M. Kim, S.-J. 
Chou, L. Bao, J. Wang, X. Zhang, D. Qi, J. Palomique, N. 
Nissen, S.-H. B. Han, S. Sadeghi, R. S. Finn, S. Saab, R. W. 
Busuttil, D. Markovic, D. Elashoff, H.-H. Yu, H. Li, A. P. 
Heaney, E. Posadas, S. You, J. D. Yang, R. Pei, V. G. 
Agopian, H.-R. Tseng and Y. Zhu, Nature Communications, 
2020, 11, 4489. 

69. J. Ko, N. Bhagwat, S. S. Yee, N. Ortiz, A. Sahmoud, T. 
Black, N. M. Aiello, L. McKenzie, M. O’Hara, C. Redlinger, 
J. Romeo, E. L. Carpenter, B. Z. Stanger and D. Issadore, 
ACS Nano, 2017, 11, 11182-11193. 

70. T.-W. Lo, Z. Zhu, E. Purcell, D. Watza, J. Wang, Y.-T. Kang, 
S. Jolly, D. Nagrath and S. Nagrath, Lab on a Chip, 2020, 
20, 1762-1770. 

71. E. Reátegui, K. E. Van Der Vos, C. P. Lai, M. Zeinali, N. A. 
Atai, B. Aldikacti, F. P. Floyd, A. H. Khankhel, V. Thapar, F. 
H. Hochberg, L. V. Sequist, B. V. Nahed, B. S. Carter, M. 
Toner, L. Balaj, D. T. Ting, X. O. Breakefield and S. L. Stott, 
Nature Communications, 2018, 9, 175. 

72. X. Gallart-Palau, A. Serra, A. S. W. Wong, S. Sandin, M. K. 
P. Lai, C. P. Chen, O. L. Kon and S. K. Sze, Scientific 
Reports, 2015, 5, 14664. 

73. J. Stam, S. Bartel, R. Bischoff and J. C. Wolters, Journal of 
Chromatography B, 2021, 1169, 122604. 

74. H. Im, H. Shao, Y. I. Park, V. M. Peterson, C. M. Castro, R. 
Weissleder and H. Lee, Nature Biotechnology, 2014, 32, 
490-495. 

75. Z. Ramshani, C. Zhang, K. Richards, L. Chen, G. Xu, B. L. 
Stiles, R. Hill, S. Senapati, D. B. Go and H.-C. Chang, 
Communications Biology, 2019, 2, 189. 

76. S. Jeong, J. Park, D. Pathania, C. M. Castro, R. Weissleder 
and H. Lee, ACS Nano, 2016, 10, 1802-1809. 

77. J. Hu, Y. Sheng, K. J. Kwak, J. Shi, B. Yu and L. J. Lee, 
Nature Communications, 2017, 8, 1683. 

Page 11 of 28 Lab on a Chip



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 12  

Please do not adjust margins 

Please do not adjust margins 

78. K. Liang, F. Liu, J. Fan, D. Sun, C. Liu, C. J. Lyon, D. W. 
Bernard, Y. Li, K. Yokoi, M. H. Katz, E. J. Koay, Z. Zhao and 
Y. Hu, Nature Biomedical Engineering, 2017, 1, 0021. 

79. K. S. Yang, H. Im, S. Hong, I. Pergolini, A. F. Del Castillo, R. 
Wang, S. Clardy, C.-H. Huang, C. Pille, S. Ferrone, R. Yang, 
C. M. Castro, H. Lee, C. F. Del Castillo and R. Weissleder, 
Science Translational Medicine, 2017, 9, eaal3226. 

80. J. B. Simonsen, Circulation Research, 2017, 121, 920-922. 
81. R. Kalluri and V. S. Lebleu, Science, 2020, 367, eaau6977. 
82. S. Kumar, J. A. Han, I. J. Michael, D. Ki, V. Sunkara, J. Park, 

S. Gautam, H. K. Ha, L. Zhang and Y. K. Cho, Advanced 
Functional Materials, 2019, 29, 1902669. 

83. D. G. Mathew, P. Beekman, S. G. Lemay, H. Zuilhof, S. Le 
Gac and W. G. Van Der Wiel, Nano Letters, 2020, 20, 820-
828. 

84. S. Jahr, H. Hentze, S. Englisch, D. Hardt, F. O. 
Fackelmayer, R.-D. Hesch and R. Knippers, Cancer 
Research, 2001, 61, 1659. 

85. P. Jiang, C. W. M. Chan, K. C. A. Chan, S. H. Cheng, J. 
Wong, V. W.-S. Wong, G. L. H. Wong, S. L. Chan, T. S. K. 
Mok, H. L. Y. Chan, P. B. S. Lai, R. W. K. Chiu and Y. M. D. 
Lo, Proceedings of the National Academy of Sciences, 
2015, 112, E1317-E1325. 

86. G. Siravegna, S. Marsoni, S. Siena and A. Bardelli, Nature 
Reviews Clinical Oncology, 2017, 14, 531-548. 

87. F. Diehl, K. Schmidt, M. A. Choti, K. Romans, S. Goodman, 
M. Li, K. Thornton, N. Agrawal, L. Sokoll, S. A. Szabo, K. W. 
Kinzler, B. Vogelstein and L. A. Diaz Jr, Nature Medicine, 
2008, 14, 985-990. 

88. J. C. M. Wan, C. Massie, J. Garcia-Corbacho, F. Mouliere, 
J. D. Brenton, C. Caldas, S. Pacey, R. Baird and N. 
Rosenfeld, Nature Reviews Cancer, 2017, 17, 223-238. 

89. R. Boom, C. J. Sol, M. M. Salimans, C. L. Jansen, P. M. 
Wertheim-Van Dillen and J. Van Der Noordaa, Journal of 
Clinical Microbiology, 1990, 28, 495-503. 

90. C. D. M. Campos, S. S. T. Gamage, J. M. Jackson, M. A. 
Witek, D. S. Park, M. C. Murphy, A. K. Godwin and S. A. 
Soper, Lab on a Chip, 2018, 18, 3459-3470. 

91. H. Lee, S. Jeon, J.-S. Seo, S.-H. Goh, J.-Y. Han and Y. Cho, 
Biomaterials, 2016, 101, 251-257. 

92. S. Jeon, H. Lee, K. Bae, K.-A. Yoon, E. S. Lee and Y. Cho, 
Theranostics, 2016, 6, 828-836. 

93. K. M. Koo, S. Dey and M. Trau, ACS Sensors, 2018, 3, 
2597-2603. 

94. Q. Zhou, J. Zheng, Z. Qing, M. Zheng, J. Yang, S. Yang, L. 
Ying and R. Yang, Analytical Chemistry, 2016, 88, 4759-
4765. 

95. E. J. H. Wee, Y. Wang, S. C.-H. Tsao and M. Trau, 
Theranostics, 2016, 6, 1506-1513. 

96. J. Das, I. Ivanov, L. Montermini, J. Rak, E. H. Sargent and S. 
O. Kelley, Nature Chemistry, 2015, 7, 569-575. 

97. K. Perez-Toralla, I. Pereiro, S. Garrigou, F. Di Federico, C. 
Proudhon, F.-C. Bidard, J.-L. Viovy, V. Taly and S. Descroix, 
Sensors and Actuators B: Chemical, 2019, 286, 533-539. 

98. H. Gwak, J. Kim, S. Cha, Y. P. Cheon, S.-I. Kim, B. Kwak, K.-
A. Hyun and H.-I. Jung, Biomicrofluidics, 2019, 13, 
024113. 

99. C.-J. Kim, J. Park, V. Sunkara, T.-H. Kim, Y. Lee, K. Lee, M.-
H. Kim and Y.-K. Cho, Lab on a Chip, 2018, 18, 1320-1329. 

100. C. E. Jin, B. Koo, T. Y. Lee, K. Han, S. B. Lim, I. J. Park and Y. 
Shin, Advanced Science, 2018, 5, 1800614. 

101. M. Labib, R. M. Mohamadi, M. Poudineh, S. U. Ahmed, I. 
Ivanov, C.-L. Huang, M. Moosavi, E. H. Sargent and S. O. 
Kelley, Nature Chemistry, 2018, 10, 489-495. 

102. E. Sinkala, E. Sollier-Christen, C. Renier, E. Rosàs-
Canyelles, J. Che, K. Heirich, T. A. Duncombe, J. Vlassakis, 
K. A. Yamauchi, H. Huang, S. S. Jeffrey and A. E. Herr, 
Nature Communications, 2017, 8, 14622. 

103. B. M. Szczerba, F. Castro-Giner, M. Vetter, I. Krol, S. 
Gkountela, J. Landin, M. C. Scheidmann, C. Donato, R. 
Scherrer, J. Singer, C. Beisel, C. Kurzeder, V. Heinzelmann-
Schwarz, C. Rochlitz, W. P. Weber, N. Beerenwinkel and 
N. Aceto, Nature, 2019, 566, 553-557. 

104. S. Gkountela, F. Castro-Giner, B. M. Szczerba, M. Vetter, J. 
Landin, R. Scherrer, I. Krol, M. C. Scheidmann, C. Beisel, C. 
U. Stirnimann, C. Kurzeder, V. Heinzelmann-Schwarz, C. 
Rochlitz, W. P. Weber and N. Aceto, Cell, 2019, 176, 98-
112.e114. 

105. L. Cayrefourcq and C. Alix-Panabières, IntechOpen, 2019, 
DOI: 10.5772/intechopen.84366. 

106. A. F. Sarioglu, N. Aceto, N. Kojic, M. C. Donaldson, M. 
Zeinali, B. Hamza, A. Engstrom, H. Zhu, T. K. Sundaresan, 
D. T. Miyamoto, X. Luo, A. Bardia, B. S. Wittner, S. 
Ramaswamy, T. Shioda, D. T. Ting, S. L. Stott, R. Kapur, S. 
Maheswaran, D. A. Haber and M. Toner, Nature Methods, 
2015, 12, 685-691. 

107. B. Hamza, S. R. Ng, S. M. Prakadan, F. F. Delgado, C. R. 
Chin, E. M. King, L. F. Yang, S. M. Davidson, K. L. 
Degouveia, N. Cermak, A. W. Navia, P. S. Winter, R. S. 
Drake, T. Tammela, C. M.-C. Li, T. Papagiannakopoulos, A. 
J. Gupta, J. Shaw Bagnall, S. M. Knudsen, M. G. Vander 
Heiden, S. C. Wasserman, T. Jacks, A. K. Shalek and S. R. 
Manalis, Proceedings of the National Academy of 
Sciences, 2019, 116, 2232-2236. 

108. J. Ko, Y. Wang, K. Sheng, D. A. Weitz and R. Weissleder, 
ACS Nano, 2021, 15, 5631-5638. 

109. A. Hoshino, B. Costa-Silva, T.-L. Shen, G. Rodrigues, A. 
Hashimoto, M. Tesic Mark, H. Molina, S. Kohsaka, A. Di 
Giannatale, S. Ceder, S. Singh, C. Williams, N. Soplop, K. 
Uryu, L. Pharmer, T. King, L. Bojmar, A. E. Davies, Y. 
Ararso, T. Zhang, H. Zhang, J. Hernandez, J. M. Weiss, V. 
D. Dumont-Cole, K. Kramer, L. H. Wexler, A. Narendran, 
G. K. Schwartz, J. H. Healey, P. Sandstrom, K. Jørgen 
Labori, E. H. Kure, P. M. Grandgenett, M. A. 
Hollingsworth, M. De Sousa, S. Kaur, M. Jain, K. Mallya, S. 
K. Batra, W. R. Jarnagin, M. S. Brady, O. Fodstad, V. 
Muller, K. Pantel, A. J. Minn, M. J. Bissell, B. A. Garcia, Y. 
Kang, V. K. Rajasekhar, C. M. Ghajar, I. Matei, H. Peinado, 
J. Bromberg and D. Lyden, Nature, 2015, 527, 329-335. 

110. J. Kim, C. Lee, I. Kim, J. Ro, J. Kim, Y. Min, J. Park, V. 
Sunkara, Y.-S. Park, I. Michael, Y.-A. Kim, H. J. Lee and Y.-
K. Cho, ACS Nano, 2020, 14, 14971-14988. 

111. C.-Y. Ou, T. Vu, J. T. Grunwald, M. Toledano, J. Zimak, M. 
Toosky, B. Shen, J. A. Zell, E. Gratton, T. J. Abram and W. 
Zhao, Lab on a Chip, 2019, 19, 993-1005. 

112. N. Mottet, R. C. N. Van Den Bergh, E. Briers, T. Van Den 
Broeck, M. G. Cumberbatch, M. De Santis, S. Fanti, N. 
Fossati, G. Gandaglia, S. Gillessen, N. Grivas, J. Grummet, 
A. M. Henry, T. H. Van Der Kwast, T. B. Lam, M. Lardas, M. 
Liew, M. D. Mason, L. Moris, D. E. Oprea-Lager, H. G. Van 
Der Poel, O. Rouvière, I. G. Schoots, D. Tilki, T. Wiegel, P.-
P. M. Willemse and P. Cornford, European Urology, 2021, 
79, 243-262. 

Page 12 of 28Lab on a Chip



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 13  

Please do not adjust margins 

Please do not adjust margins 

113. J. Hugosson, M. J. Roobol, M. Månsson, T. L. J. Tammela, 
M. Zappa, V. Nelen, M. Kwiatkowski, M. Lujan, S. V. 
Carlsson, K. M. Talala, H. Lilja, L. J. Denis, F. Recker, A. 
Paez, D. Puliti, A. Villers, X. Rebillard, T. P. Kilpeläinen, U. 
H. Stenman, R. A. Godtman, K. Stinesen Kollberg, S. M. 
Moss, P. Kujala, K. Taari, A. Huber, T. Van Der Kwast, E. A. 
Heijnsdijk, C. Bangma, H. J. De Koning, F. H. Schröder and 
A. Auvinen, European Urology, 2019, 76, 43-51. 

114. S. Nagrath, L. V. Sequist, S. Maheswaran, D. W. Bell, D. 
Irimia, L. Ulkus, M. R. Smith, E. L. Kwak, S. Digumarthy, A. 
Muzikansky, P. Ryan, U. J. Balis, R. G. Tompkins, D. A. 
Haber and M. Toner, Nature, 2007, 450, 1235-1239. 

115. E. Ozkumur, A. M. Shah, J. C. Ciciliano, B. L. Emmink, D. T. 
Miyamoto, E. Brachtel, M. Yu, P. I. Chen, B. Morgan, J. 
Trautwein, A. Kimura, S. Sengupta, S. L. Stott, N. M. 
Karabacak, T. A. Barber, J. R. Walsh, K. Smith, P. S. 
Spuhler, J. P. Sullivan, R. J. Lee, D. T. Ting, X. Luo, A. T. 
Shaw, A. Bardia, L. V. Sequist, D. N. Louis, S. Maheswaran, 
R. Kapur, D. A. Haber and M. Toner, Science Translational 
Medicine, 2013, 5, 179ra147. 

116. K. Ried, T. Tamanna, S. Matthews, P. Eng and A. Sali, 
Frontiers in Oncology, 2020, 10, 582. 

117. H. J. Chalfin, S. A. Glavaris, P. D. Malihi, J. M. Sperger, M. 
A. Gorin, C. Lu, C. R. Goodwin, Y. Chen, E. A. Caruso, R. 
Dumpit, P. Kuhn, J. M. Lang, P. S. Nelson, J. Luo and K. J. 
Pienta, Journal of Urology, 2018, 199, 1494-1501. 

118. J. McKiernan, M. J. Donovan, V. O’Neill, S. Bentink, M. 
Noerholm, S. Belzer, J. Skog, M. W. Kattan, A. Partin, G. 
Andriole, G. Brown, J. T. Wei, I. M. Thompson and P. 
Carroll, JAMA Oncology, 2016, 2, 882. 

119. L. Dong, R. C. Zieren, Y. Wang, T. M. De Reijke, W. Xue 
and K. J. Pienta, Biochimica et Biophysica Acta (BBA) - 
Reviews on Cancer, 2019, 1871, 342-360. 

120. J. McKiernan, M. J. Donovan, E. Margolis, A. Partin, B. 
Carter, G. Brown, P. Torkler, M. Noerholm, J. Skog, N. 
Shore, G. Andriole, I. Thompson and P. Carroll, European 
Urology, 2018, 74, 731-738. 

121. T. Arab, E. R. Mallick, Y. Huang, L. Dong, Z. Liao, Z. Zhao, 
O. Gololobova, B. Smith, N. J. Haughey, K. J. Pienta, B. S. 
Slusher, P. M. Tarwater, J. P. Tosar, A. M. Zivkovic, W. N. 
Vreeland, M. E. Paulaitis and K. W. Witwer, Journal of 
Extracellular Vesicles, 2021, 10, e12079. 

122. D. Bhagirath, T. L. Yang, N. Bucay, K. Sekhon, S. Majid, V. 
Shahryari, R. Dahiya, Y. Tanaka and S. Saini, Cancer 
Research, 2018, 78, 1833-1844. 

123. M. Rodríguez, C. Bajo-Santos, N. P. Hessvik, S. Lorenz, B. 
Fromm, V. Berge, K. Sandvig, A. Linē and A. Llorente, 
Molecular Cancer, 2017, 16, 156. 

124. T. S. Worst, C. Previti, K. Nitschke, N. Diessl, J. C. Gross, L. 
Hoffmann, L. Frey, V. Thomas, C. Kahlert, K. Bieback, A. 
Torres Crigna, F. Fricke, S. Porubsky, N. Westhoff, J. Von 
Hardenberg, P. Nuhn, P. Erben, M. S. Michel and M. 
Boutros, Cancers, 2019, 12, 43. 

125. J. Woo, S. Santasusagna, J. Banks, S. Pastor-Lopez, K. 
Yadav, M. Carceles-Cordon, A. Dominguez-Andres, R. B. 
Den, L. Languino, R. Pippa, C. D. Lallas, G. Luyao, W. K. 
Kelly, K. E. Knudsen, V. Rodriguez-Bravo, A. Tewari, J. M. 
Prats, B. E. Leiby, L. Gomella and J. Domingo-Domenech, 
Journal of Urology, 2020, 204, 691-700. 

126. T. Skotland, K. Ekroos, D. Kauhanen, H. Simolin, T. 
Seierstad, V. Berge, K. Sandvig and A. Llorente, European 
Journal of Cancer, 2017, 70, 122-132. 

127. V. Constâncio, S. P. Nunes, C. Moreira-Barbosa, R. Freitas, 
J. Oliveira, I. Pousa, J. Oliveira, M. Soares, C. G. Dias, T. 
Dias, L. Antunes, R. Henrique and C. Jerónimo, Clinical 
Epigenetics, 2019, 11, 175. 

128. M. Brait, M. Banerjee, L. Maldonado, A. Ooki, M. Loyo, E. 
Guida, E. Izumchenko, L. Mangold, E. Humphreys, E. 
Rosenbaum, A. Partin, D. Sidransky and M. O. Hoque, 
Oncotarget, 2017, 8, 15431-15440. 

129. I. Brikun, D. Nusskern, A. Decatus, E. Harvey, L. Li and D. 
Freije, Clinical Epigenetics, 2018, 10, 91. 

130. I. Brikun, D. Nusskern and D. Freije, Experimental 
Hematology & Oncology, 2019, 8, 13. 

131. F. Urabe, J. Matsuzaki, Y. Yamamoto, T. Kimura, T. Hara, 
M. Ichikawa, S. Takizawa, Y. Aoki, S. Niida, H. Sakamoto, 
K. Kato, S. Egawa, H. Fujimoto and T. Ochiya, Clinical 
Cancer Research, 2019, 25, 3016-3025. 

132. L. J. Wilkins, J. J. Tosoian, D. Sundi, A. E. Ross, D. 
Grimberg, E. A. Klein, B. F. Chapin and Y. A. Nyame, 
Nature Reviews Urology, 2020, 17, 679-690. 

133. A. J. Chang, K. A. Autio, M. Roach and H. I. Scher, Nature 
Reviews Clinical Oncology, 2014, 11, 308-323. 

134. O. Yossepowitch, E. Eggener Scott, J. Bianco Fernando, S. 
Carver Brett, A. Serio, T. Scardino Peter and A. Eastham 
James, Journal of Urology, 2007, 178, 493-499. 

135. C. Gosselaar, R. Kranse, M. J. Roobol, S. Roemeling and F. 
H. Schröder, The Prostate, 2008, 68, 985-993. 

136. A. Di Meo, J. Bartlett, Y. Cheng, M. D. Pasic and G. M. 
Yousef, Molecular Cancer, 2017, 16, 80. 

137. J. S. de Bono, H. I. Scher, R. B. Montgomery, C. Parker, M. 
C. Miller, H. Tissing, G. V. Doyle, L. W. W. M. Terstappen, 
K. J. Pienta and D. Raghavan, Clinical Cancer Research, 
2008, 14, 6302. 

138. I. E. De Kruijff, A. M. Sieuwerts, W. Onstenk, J. Kraan, M. 
Smid, M. N. Van, M. Van Der Vlugt-Daane, E. Oomen-De 
Hoop, R. H. J. Mathijssen, M. P. Lolkema, R. De Wit, P. 
Hamberg, H. J. Meulenbeld, A. Beeker, G.-J. Creemers, J. 
W. M. Martens and S. Sleijfer, Cancers, 2019, 11, 1212. 

139. G. Heller, K. Fizazi, R. McCormack, A. Molina, D. Maclean, 
I. J. Webb, F. Saad, J. S. De Bono and H. I. Scher, Clinical 
Cancer Research, 2017, 23, 1967-1973. 

140. T. Okegawa, N. Itaya, H. Hara, M. Tambo and K. Nutahara, 
International Journal of Molecular Sciences, 2016, 17, 
2008. 

141. S. K. Pal, M. He, L. Chen, L. Yang, R. Pillai, P. Twardowski, 
J. Hsu, M. Kortylewski and J. O. Jones, Urologic Oncology: 
Seminars and Original Investigations, 2018, 36, 162.e1-
162.e6. 

142. U. Singhal, Y. Wang, J. Henderson, Y. S. Niknafs, Y. Qiao, 
A. Gursky, A. Zaslavsky, J.-S. Chung, D. C. Smith, R. J. 
Karnes, S. L. Chang, F. Y. Feng, G. S. Palapattu, R. S. 
Taichman, A. M. Chinnaiyan, S. A. Tomlins and T. M. 
Morgan, Molecular Cancer Research, 2018, 16, 643-654. 

143. Y.-J. Yang, Y.-Y. Kong, G.-X. Li, Y. Wang, D.-W. Ye and B. 
Dai, BJU International, 2019, 124, 258-267. 

144. N. Nagaya, M. Nagata, Y. Lu, M. Kanayama, Q. Hou, Z.-U. 
Hotta, T. China, K. Kitamura, K. Matsushita, S. Isotani, S. 
Muto, Y. Sakamoto and S. Horie, PLOS ONE, 2020, 15, 
e0226219. 

145. L. Xu, X. Mao, A. Grey, G. Scandura, T. Guo, E. Burke, J. 
Marzec, S. Abdu, E. Stankiewicz, C. R. Davies, P. Rajan, K. 
Tipples, J. Hines, P. Y. Chan, D. Campbell, K. Wilkinson, S. 

Page 13 of 28 Lab on a Chip



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 14  

Please do not adjust margins 

Please do not adjust margins 

Kudahetti, J. Shamash, T. Oliver, D. Berney, G. Shaw and 
Y.-J. Lu, Journal of Urology, 2020, 203, 73-82. 

146. D. T. Miyamoto, R. J. Lee, M. Kalinich, J. A. Licausi, Y. 
Zheng, T. Chen, J. D. Milner, E. Emmons, U. Ho, K. 
Broderick, E. Silva, S. Javaid, T. T. Kwan, X. Hong, D. M. 
Dahl, F. J. McGovern, J. A. Efstathiou, M. R. Smith, L. V. 
Sequist, R. Kapur, C.-L. Wu, S. L. Stott, D. T. Ting, A. 
Giobbie-Hurder, M. Toner, S. Maheswaran and D. A. 
Haber, Cancer Discovery, 2018, 8, 288-303. 

147. S. Pak, S. Suh Yoon, D.-E. Lee, H. Kim Sung, Y. Joung Jae, S. 
Park Weon, S.-J. Lee and H. Lee Kang, Journal of Urology, 
2020, 203, 1128-1134. 

148. W. Friedlander Terence, C. Welty, A. Anantharaman, D. 
Schonhoft Joseph, A. Jendrisak, J. Lee, P. Li, J. Hough, A. 
Stromlund, M. Edwards, S. Sangar, Y. Kobayashi, J. Simko, 
N. Farrokhian, K. Lindquist, S. Greene, P. Ontiveros, R. 
Graf, A. Rodriquez, M. Suraneni, Y. Wang, M. Landers, P. 
Carroll, R. Cooperberg Matthew, R. Dittamore and L. Paris 
Pamela, Journal of Urology, 2019, 202, 732-741. 

149. S. Grisanti, A. Antonelli, M. Buglione, C. Almici, C. Foroni, 
M. Sodano, L. Triggiani, D. Greco, C. Palumbo, M. Marini, 
S. M. Magrini, A. Berruti and C. Simeone, Anticancer 
Research, 2016, 36, 2975. 

150. N. H. Stoecklein, J. C. Fischer, D. Niederacher and L. W. M. 
M. Terstappen, Expert Review of Molecular Diagnostics, 
2016, 16, 147-164. 

151. K. C. Andree, A. Mentink, L. L. Zeune, L. W. M. M. 
Terstappen, N. H. Stoecklein, R. P. Neves, C. Driemel, R. 
Lampignano, L. Yang, H. Neubauer, T. Fehm, J. C. Fischer, 
E. Rossi, M. Manicone, U. Basso, P. Marson, R. Zamarchi, 
Y. Loriot, V. Lapierre, V. Faugeroux, M. Oulhen, F. Farace, 
G. Fowler, M. Sousa Fontes, B. Ebbs, M. Lambros, M. 
Crespo, P. Flohr and J. S. Bono, International Journal of 
Cancer, 2018, 143, 2584-2591. 

152. M. B. Lambros, G. Seed, S. Sumanasuriya, V. Gil, M. 
Crespo, M. Fontes, R. Chandler, N. Mehra, G. Fowler, B. 
Ebbs, P. Flohr, S. Miranda, W. Yuan, A. Mackay, A. 
Ferreira, R. Pereira, C. Bertan, I. Figueiredo, R. Riisnaes, D. 
N. Rodrigues, A. Sharp, J. Goodall, G. Boysen, S. Carreira, 
D. Bianchini, P. Rescigno, Z. Zafeiriou, J. Hunt, D. 
Moloney, L. Hamilton, R. P. Neves, J. Swennenhuis, K. 
Andree, N. H. Stoecklein, L. W. M. M. Terstappen and J. S. 
De Bono, Clinical Cancer Research, 2018, 24, 5635-5644. 

153. S. Chen, G. Tauber, T. Langsenlehner, L. M. Schmölzer, M. 
Pötscher, S. Riethdorf, A. Kuske, G. Leitinger, K. Kashofer, 
Z. T. Czyż, B. Polzer, K. Pantel, P. Sedlmayr, T. Kroneis and 
A. El-Heliebi, Cancers, 2019, 11, 933. 

154. W. A. Cieślikowski, J. Budna-Tukan, M. Świerczewska, A. 
Ida, M. Hrab, A. Jankowiak, M. Mazel, M. Nowicki, P. 
Milecki, K. Pantel, C. Alix-Panabières, M. Zabel and A. 
Antczak, Cancers, 2020, 12, 160. 

155. D. Duijvesz, C. Y. L. Versluis, C. A. M. Van Der Fels, M. S. 
Vredenbregt-Van Den Berg, J. Leivo, M. T. Peltola, C. H. 
Bangma, K. S. I. Pettersson and G. Jenster, International 
Journal of Cancer, 2015, 137, 2869-2878. 

156. R. J. Hendriks, S. Dijkstra, S. A. Jannink, M. G. Steffens, I. 
M. van Oort, P. F. A. Mulders and J. A. Schalken, Clinical 
Chemistry and Laboratory Medicine (CCLM), 2016, 54, 
483-492. 

157. K. L. Pellegrini, D. Patil, K. J. S. Douglas, G. Lee, K. 
Wehrmeyer, M. Torlak, J. Clark, C. S. Cooper, C. S. 

Moreno and M. G. Sanda, The Prostate, 2017, 77, 990-
999. 

158. S. P. Connell, M. Yazbek-Hanna, F. McCarthy, R. Hurst, M. 
Webb, H. Curley, H. Walker, R. Mills, R. Y. Ball, M. G. 
Sanda, K. L. Pellegrini, D. Patil, A. S. Perry, J. Schalken, H. 
Pandha, H. Whitaker, N. Dennis, C. Stuttle, I. G. Mills, I. 
Guldvik, C. Parker, D. S. Brewer, C. S. Cooper and J. Clark, 
BJU International, 2019, 124, 609-620. 

159. W.-L. W. Wang, I. Sorokin, I. Aleksic, H. Fisher, R. P. 
Kaufman, A. Winer, B. McNeill, R. Gupta, D. Tilki, N. 
Fleshner, L. Klotz, A. G. Dirienzo and M. Tenniswood, 
Journal of Urology, 2020, 204, 466-475. 

160. F. H. Joncas, F. Lucien, M. Rouleau, F. Morin, H. S. Leong, 
F. Pouliot, Y. Fradet, C. Gilbert and P. Toren, The Prostate, 
2019, 79, 1767-1776. 

161. S. T. Hennigan, S. Y. Trostel, N. T. Terrigino, O. S. 
Voznesensky, R. J. Schaefer, N. C. Whitlock, S. Wilkinson, 
N. V. Carrabba, R. Atway, S. Shema, R. Lake, A. R. Sweet, 
D. J. Einstein, F. Karzai, J. L. Gulley, P. Chang, G. J. Bubley, 
S. P. Balk, H. Ye and A. G. Sowalsky, JCO Precision 
Oncology, 2019, 3, 1-13. 

162. A. D. Choudhury, L. Werner, E. Francini, X. X. Wei, G. Ha, 
S. S. Freeman, J. Rhoades, S. C. Reed, G. Gydush, D. 
Rotem, C. Lo, M.-E. Taplin, L. C. Harshman, Z. Zhang, E. P. 
O’Connor, D. G. Stover, H. A. Parsons, G. Getz, M. 
Meyerson, J. C. Love, W. C. Hahn and V. A. Adalsteinsson, 
JCI Insight, 2018, 3, e122109. 

163. M. Kohli, W. Tan, T. Zheng, A. Wang, C. Montesinos, C. 
Wong, P. Du, S. Jia, S. Yadav, L. G. Horvath, K. L. Mahon, 
E. M. Kwan, H. Fettke, J. Yu and A. A. Azad, EBioMedicine, 
2020, 54, 102728. 

164. G. Sonpavde, N. Agarwal, G. R. Pond, R. J. Nagy, R. H. 
Nussenzveig, A. W. Hahn, O. Sartor, T. S. Gourdin, L. 
Nandagopal, E. M. Ledet, G. Naik, A. J. Armstrong, J. 
Wang, M. A. Bilen, S. Gupta, P. Grivas, S. K. Pal, R. B. 
Lanman, A. Talasaz and M. B. Lilly, Cancer, 2019, 125, 
1459-1469. 

165. R. J. Hendriks, S. Dijkstra, F. P. Smit, J. Vandersmissen, H. 
Van De Voorde, P. F. A. Mulders, I. M. Van Oort, W. Van 
Criekinge and J. A. Schalken, The Prostate, 2018, 78, 336-
342. 

166. H. Beltran, A. Romanel, V. Conteduca, N. Casiraghi, M. 
Sigouros, G. M. Franceschini, F. Orlando, T. Fedrizzi, S.-Y. 
Ku, E. Dann, A. Alonso, J. M. Mosquera, A. Sboner, J. 
Xiang, O. Elemento, D. M. Nanus, S. T. Tagawa, M. Benelli 
and F. Demichelis, Journal of Clinical Investigation, 2020, 
130, 1653-1668. 

167. G. Torga and K. J. Pienta, JAMA Oncology, 2018, 4, 868-
870. 

168. M. F. De Souza, H. Kuasne, M. D. C. Barros-Filho, H. L. 
Cilião, F. A. Marchi, P. E. Fuganti, S. R. Rogatto and I. M. 
D. S. Cólus, Carcinogenesis, 2020, 41, 139-145. 

169. P. Nuhn, J. S. De Bono, K. Fizazi, S. J. Freedland, M. Grilli, 
P. W. Kantoff, G. Sonpavde, C. N. Sternberg, S. 
Yegnasubramanian and E. S. Antonarakis, European 
Urology, 2019, 75, 88-99. 

170. P. Hoskin, O. Sartor, J. M. O'Sullivan, D. C. Johannessen, S. 
I. Helle, J. Logue, D. Bottomley, S. Nilsson, N. J. Vogelzang, 
F. Fang, M. Wahba, A.-K. Aksnes and C. Parker, The Lancet 
Oncology, 2014, 15, 1397-1406. 

171. E. S. Antonarakis, J. M. Piulats, M. Gross-Goupil, J. Goh, K. 
Ojamaa, C. J. Hoimes, U. Vaishampayan, R. Berger, A. 

Page 14 of 28Lab on a Chip



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 15  

Please do not adjust margins 

Please do not adjust margins 

Sezer, T. Alanko, R. De Wit, C. Li, A. Omlin, G. Procopio, S. 
Fukasawa, K.-I. Tabata, S. H. Park, S. Feyerabend, C. G. 
Drake, H. Wu, P. Qiu, J. Kim, C. Poehlein and J. S. De 
Bono, Journal of Clinical Oncology, 2020, 38, 395-405. 

172. J. De Bono, J. Mateo, K. Fizazi, F. Saad, N. Shore, S. 
Sandhu, K. N. Chi, O. Sartor, N. Agarwal, D. Olmos, A. 
Thiery-Vuillemin, P. Twardowski, N. Mehra, C. Goessl, J. 
Kang, J. Burgents, W. Wu, A. Kohlmann, C. A. Adelman 
and M. Hussain, New England Journal of Medicine, 2020, 
382, 2091-2102. 

173. J. Mateo, N. Porta, D. Bianchini, U. McGovern, T. Elliott, R. 
Jones, I. Syndikus, C. Ralph, S. Jain, M. Varughese, O. 
Parikh, S. Crabb, A. Robinson, D. McLaren, A. Birtle, J. 
Tanguay, S. Miranda, I. Figueiredo, G. Seed, C. Bertan, P. 
Flohr, B. Ebbs, P. Rescigno, G. Fowler, A. Ferreira, R. 
Riisnaes, R. Pereira, A. Curcean, R. Chandler, M. Clarke, B. 
Gurel, M. Crespo, D. Nava Rodrigues, S. Sandhu, A. 
Espinasse, P. Chatfield, N. Tunariu, W. Yuan, E. Hall, S. 
Carreira and J. S. De Bono, The Lancet Oncology, 2020, 
21, 162-174. 

174. P. C. Barata, M. Cooney, P. Mendiratta, R. Gupta, R. 
Dreicer and J. A. Garcia, Investigational New Drugs, 2019, 
37, 331-337. 

175. E. S. Antonarakis, S. T. Tagawa, G. Galletti, D. Worroll, K. 
Ballman, M. Vanhuyse, G. Sonpavde, S. North, C. Albany, 
C.-K. Tsao, J. Stewart, A. Zaher, T. Szatrowski, W. Zhou, A. 
Gjyrezi, S. Tasaki, L. Portella, Y. Bai, T. B. Lannin, S. Suri, C. 
N. Gruber, E. D. Pratt, B. J. Kirby, M. A. Eisenberger, D. M. 
Nanus, F. Saad and P. Giannakakou, Journal of Clinical 
Oncology, 2017, 35, 3181-3188. 

176. M. Á. Climent, B. Pérez-Valderrama, B. Mellado, E. M. 
Fernández Parra, O. Fernández Calvo, M. Ochoa de Olza, 
L. Muinelo Romay, U. Anido, M. Domenech, S. Hernando 
Polo, J. Á. Arranz Arija, C. Caballero, M. J. Juan Fita and D. 
Castellano, European Journal of Cancer, 2017, 87, 30-37. 

177. D. Lorente, D. Olmos, J. Mateo, D. Dolling, D. Bianchini, G. 
Seed, P. Flohr, M. Crespo, I. Figueiredo, S. Miranda, H. I. 
Scher, L. W. M. M. Terstappen and J. S. De Bono, Annals 
of Oncology, 2018, 29, 1554-1560. 

178. G. Heller, R. McCormack, T. Kheoh, A. Molina, M. R. 
Smith, R. Dreicer, F. Saad, R. De Wit, D. T. Aftab, M. 
Hirmand, A. Limon, K. Fizazi, M. Fleisher, J. S. De Bono 
and H. I. Scher, Journal of Clinical Oncology, 2018, 36, 
572-580. 

179. J. Lack, M. Gillard, M. Cam, G. P. Paner and D. J. 
Vanderweele, Journal of Translational Medicine, 2017, 
15, 44. 

180. V. Faugeroux, C. Lefebvre, E. Pailler, V. Pierron, C. 
Marcaillou, S. Tourlet, F. Billiot, S. Dogan, M. Oulhen, P. 
Vielh, P. Rameau, M. Ngocamus, C. Massard, C. Laplace-
Builhé, A. Tibbe, M. Taylor, J.-C. Soria, K. Fizazi, Y. Loriot, 
S. Julien and F. Farace, European Urology Oncology, 2020, 
3, 498-508. 

181. A. W. Wyatt, M. Annala, R. Aggarwal, K. Beja, F. Feng, J. 
Youngren, A. Foye, P. Lloyd, M. Nykter, T. M. Beer, J. J. 
Alumkal, G. V. Thomas, R. E. Reiter, M. B. Rettig, C. P. 
Evans, A. C. Gao, K. N. Chi, E. J. Small and M. E. Gleave, 
JNCI: Journal of the National Cancer Institute, 2017, 109, 
djx118. 

182. G. Vandekerkhove, W. J. Struss, M. Annala, H. M. L. Kallio, 
D. Khalaf, E. W. Warner, C. Herberts, E. Ritch, K. Beja, Y. 
Loktionova, A. Hurtado-Coll, L. Fazli, A. So, P. C. Black, M. 

Nykter, T. Tammela, K. N. Chi, M. E. Gleave and A. W. 
Wyatt, European Urology, 2019, 75, 667-675. 

183. S. M. Dehm and D. J. Tindall, Endocrine-Related Cancer, 
2011, 18, R183-R196. 

184. E. S. Antonarakis, C. Lu, H. Wang, B. Luber, M. Nakazawa, 
J. C. Roeser, Y. Chen, T. A. Mohammad, Y. Chen, H. L. 
Fedor, T. L. Lotan, Q. Zheng, A. M. De Marzo, J. T. Isaacs, 
W. B. Isaacs, R. Nadal, C. J. Paller, S. R. Denmeade, M. A. 
Carducci, M. A. Eisenberger and J. Luo, New England 
Journal of Medicine, 2014, 371, 1028-1038. 

185. H. I. Scher, R. P. Graf, N. A. Schreiber, B. McLaughlin, D. 
Lu, J. Louw, D. C. Danila, L. Dugan, A. Johnson, G. Heller, 
M. Fleisher and R. Dittamore, European Urology, 2017, 
71, 874-882. 

186. H. I. Scher, R. P. Graf, N. A. Schreiber, A. Jayaram, E. 
Winquist, B. McLaughlin, D. Lu, M. Fleisher, S. Orr, L. 
Lowes, A. Anderson, Y. Wang, R. Dittamore, A. L. Allan, G. 
Attard and G. Heller, JAMA Oncology, 2018, 4, 1179. 

187. A. J. Armstrong, S. Halabi, J. Luo, D. M. Nanus, P. 
Giannakakou, R. Z. Szmulewitz, D. C. Danila, P. Healy, M. 
Anand, C. J. Rothwell, J. Rasmussen, B. Thornburg, W. R. 
Berry, R. S. Wilder, C. Lu, Y. Chen, J. L. Silberstein, G. 
Kemeny, G. Galletti, J. A. Somarelli, S. Gupta, S. G. 
Gregory, H. I. Scher, R. Dittamore, S. T. Tagawa, E. S. 
Antonarakis and D. J. George, Journal of Clinical 
Oncology, 2019, 37, 1120-1129. 

188. M. Del Re, E. Biasco, S. Crucitta, L. Derosa, E. Rofi, C. 
Orlandini, M. Miccoli, L. Galli, A. Falcone, G. W. Jenster, R. 
H. Van Schaik and R. Danesi, European Urology, 2017, 71, 
680-687. 

189. M. Nimir, Y. Ma, S. A. Jeffreys, T. Opperman, F. Young, T. 
Khan, P. Ding, W. Chua, B. Balakrishnar, A. Cooper, P. De 
Souza and T. M. Becker, Cells, 2019, 8, 688. 

190. A. Strati, M. Zavridou, E. Bournakis, S. Mastoraki and E. 
Lianidou, The Analyst, 2019, 144, 6671-6680. 

191. N. Mehra, D. Dolling, S. Sumanasuriya, R. Christova, L. 
Pope, S. Carreira, G. Seed, W. Yuan, J. Goodall, E. Hall, P. 
Flohr, G. Boysen, D. Bianchini, O. Sartor, M. A. 
Eisenberger, K. Fizazi, S. Oudard, M. Chadjaa, S. Macé and 
J. S. De Bono, European Urology, 2018, 74, 283-291. 

192. J. Goodall, J. Mateo, W. Yuan, H. Mossop, N. Porta, S. 
Miranda, R. Perez-Lopez, D. Dolling, D. R. Robinson, S. 
Sandhu, G. Fowler, B. Ebbs, P. Flohr, G. Seed, D. N. 
Rodrigues, G. Boysen, C. Bertan, M. Atkin, M. Clarke, M. 
Crespo, I. Figueiredo, R. Riisnaes, S. Sumanasuriya, P. 
Rescigno, Z. Zafeiriou, A. Sharp, N. Tunariu, D. Bianchini, 
A. Gillman, C. J. Lord, E. Hall, A. M. Chinnaiyan, S. Carreira 
and J. S. De Bono, Cancer Discovery, 2017, 7, 1006-1017. 

193. S. Torquato, A. Pallavajjala, A. Goldstein, P. Valda Toro, J. 
L. Silberstein, J. Lee, M. Nakazawa, I. Waters, D. Chu, D. 
Shinn, T. Groginski, R. M. Hughes, B. W. Simons, H. Khan, 
Z. Feng, M. A. Carducci, C. J. Paller, S. R. Denmeade, B. 
Kressel, M. A. Eisenberger, E. S. Antonarakis, B. J. Trock, 
B. H. Park and P. J. Hurley, JCO Precision Oncology, 2019, 
3, 1-14. 

194. M. Du, Y. Tian, W. Tan, L. Wang, L. Wang, D. Kilari, C.-C. 
Huang, L. Wang and M. Kohli, Prostate Cancer and 
Prostatic Diseases, 2020, 23, 705-713. 

195. M. Annala, G. Vandekerkhove, D. Khalaf, S. Taavitsainen, 
K. Beja, E. W. Warner, K. Sunderland, C. Kollmannsberger, 
B. J. Eigl, D. Finch, C. D. Oja, J. Vergidis, M. Zulfiqar, A. A. 

Page 15 of 28 Lab on a Chip



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 16  

Please do not adjust margins 

Please do not adjust margins 

Azad, M. Nykter, M. E. Gleave, A. W. Wyatt and K. N. Chi, 
Cancer Discovery, 2018, 8, 444-457. 

196. E. L. Christie, S. Fereday, K. Doig, S. Pattnaik, S.-J. Dawson 
and D. D. L. Bowtell, Journal of Clinical Oncology, 2017, 
35, 1274-1280. 

197. W. Sakai, E. M. Swisher, B. Y. Karlan, M. K. Agarwal, J. 
Higgins, C. Friedman, E. Villegas, C. Jacquemont, D. J. 
Farrugia, F. J. Couch, N. Urban and T. Taniguchi, Nature, 
2008, 451, 1116-1120. 

198. D. Quigley, J. J. Alumkal, A. W. Wyatt, V. Kothari, A. Foye, 
P. Lloyd, R. Aggarwal, W. Kim, E. Lu, J. Schwartzman, K. 
Beja, M. Annala, R. Das, M. Diolaiti, C. Pritchard, G. 
Thomas, S. Tomlins, K. Knudsen, C. J. Lord, C. Ryan, J. 
Youngren, T. M. Beer, A. Ashworth, E. J. Small and F. Y. 
Feng, Cancer Discovery, 2017, 7, 999-1005. 

199. B. Nguyen, J. M. Mota, S. Nandakumar, K. H. Stopsack, E. 
Weg, D. Rathkopf, M. J. Morris, H. I. Scher, P. W. Kantoff, 
A. Gopalan, D. Zamarin, D. B. Solit, N. Schultz and W. 
Abida, European Urology, 2020, 78, 671-679. 

200. L. Dong, K. V. Myers and K. J. Pienta, Current Opinion in 
Oncology, 2021, 33, 231-237. 

201. T. J. Kim and K. C. Koo, International Journal of Molecular 
Sciences, 2020, 21, 5484. 

202. M. A. Reimers, S. M. Yip, L. Zhang, M. Cieslik, M. Dhawan, 
B. Montgomery, A. W. Wyatt, K. N. Chi, E. J. Small, A. M. 
Chinnaiyan, A. S. Alva, F. Y. Feng and J. Chou, European 
Urology, 2020, 77, 333-341. 

203. P. Barata, N. Agarwal, R. Nussenzveig, B. Gerendash, E. 
Jaeger, W. Hatton, E. Ledet, B. Lewis, J. Layton, H. 
Babiker, A. Bryce, R. Garje, C. Stein, L. Kiedrowski, P. 
Saylor and O. Sartor, Journal for ImmunoTherapy of 
Cancer, 2020, 8, e001065. 

 

 

Page 16 of 28Lab on a Chip



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 17  

Please do not adjust margins 

Please do not adjust margins 

 

 
 
Figure 1. Schematic illustration of the liquid biopsy in prostate cancer management. (A) Circulating tumor cells (CTCs), extracellular 
vesicles (EVs), and circulating tumor DNA (ctDNA) are found in bloodstream and used for liquid biopsy biomarkers. (B) Molecular analysis of 
various kinds of circulating biomarkers can provide precision medicine for highly personalized disease management. 
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Figure 2. Emerging microfluidic technologies in liquid biopsy application. (A) Single-cell mRNA cytometry,101 (B) Multiplexed single-cell 
western blotting on a chip,102 (C) Application of Parsortix® to study the alliance of CTC clusters with neutrophils affecting to metastasis 
formation,103 (D) Optofluidic system to continuous CTC isolation and simultaneous target CTC sorting.107 Panels A,B,C were adapted with 
permission from Springer Nature. Panel D was adapted under the copyright (2019) National Academy of Sciences. 
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Figure 3. Emerging microfluidic technologies in liquid biopsy application. (A) Nanoplasmon-enhanced scattering (nPES) assay for the 
detection of the plasma-derived tdEV,78 (B) Sequencing-based single EV protein profiling method using droplet microfluidics,108 (C) 
Microfluidic chip functionalized with human platelet membrane for the tumour-specific EV detection, 82 (D) Three-dimensional human liver 
chip to mimic the premetastatic niche formation by breast tdEVs.110 Panels A was adapted with permission from Springer Nature. Panel B 
and D were adapted with permission from ACS Publications. Panel C was adapted with permission from John Wiley & Sons. 
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Figure 4. Emerging microfluidic technologies in liquid biopsy application. (A) Electrochemical clamp (PNA clamps) assay using a chip-based 
sensor for circulating nucleic acid detection,96 (B) Dimethyl dithiobispropionimidate (DTBP) based cfDNA isolation,100 (C) Integrated 
comprehensive droplet digital detection (IC3D) digital PCR system,111 (D) ddPCR-based cfDNA detection system by integrating the microfluidic 
cfDNA isolation and droplet-emulsification on a chip.97 Panels A was adapted with permission from Springer Nature. Panel B was adapted 
with permission from John Wiley & Sons. Panel C was adapted with permission from Royal Society of Chemistry. Panel D was adapted with 
permission from Elsevier. 

 

Page 20 of 28Lab on a Chip



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 21  

Please do not adjust margins 

Please do not adjust margins 

 

 

Figure 5. The potential role of liquid biopsy on prostate cancer management. In the diagnostic phase, to complement PSA test for prostate 
cancer screening, new assays with high specificity are needed. After PSA screening, liquid biopsy can potentially help further select the best 
candidates for needle biopsy in order to avoid such an invasive test in non-cancer population. After the prostate cancer has been diagnosed, 
liquid biopsy-based new assays for risk stratification can complement the current model. For patients with low-risk disease, active 
surveillance is the best option. Liquid biopsy can potentially help answer the question of who has “real” low risk disease and when to switch 
from active surveillance to definitive treatment. For the patients who receive definitive therapies to treat their primary tumors, there is an 
approximately 70% of chance to be cured, while the remaining patients will eventually develop biochemical recurrence. Liquid biopsy-based 
assays are needed to help predict that “30%”, thus more intensive or systemic treatment can be given as early as possible. At last but not 
least, metastatic prostate cancer is still incurable, however, successful personalized treatment can largely prolong patient’s life. More precise 
and detailed assays are needed to help select the best treatment and monitor the response for patients with metastatic prostate cancer. 
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Table. 1. Examples of commercially available CTC isolation platforms 
 

Methodology Device (Company) Isolation principle Remarks Ref. 
Label-dependent CTC isolation technologies 

Magnetic 
particles 

CELLSEARCH® (Menarini-
Silicon Biosystems)  Immunomagnetic sorting  EpCAM-coated ferrofluid nanoparticles; FDA 

approved 
23, 24 

AdnaTest (Qiagen)  Immunomagnetic sorting  CTC enrichment by Aba cocktail (EpCAM, MUC-1, etc.) 
coated microbeads followed by RT-PCR  

25 

MACS system (Miltenyi 
Biotec) Immunomagnetic sorting CTC enrichment or depletion of leukocytes using 

Absa-coated microbeads and flow cytometry analysis 
26 

Microfluidic 
chips 

CTC-iChip (Janssen 
Diagnostics, in progress) 

Size + Immunoaffinity (DLDb-inertial 
focusing-magnetophoresis) 

Positive and negative enrichment; High yield (97%) 
and purity (3.8-log depletion of WBC) 

27 

IsoFluxTM (Fluxion) Immunomagnetic sorting Complete kits for enumeration and NGS are available. 28 
Modular Sinusoidal 
Microsystems (BioFluidica) 

Plastic chip with sinusoidally-
shaped-channels coated with Absa 

Can release captured CTCs; electrical sensor for single 
cell counting 

29 

OncoCEE (Biocept) Irregular arrangement of multiple 
sized posts coated with Absa Combinational analysis of CTC and ctDNA 30, 31 

CytoTrapNanoTM 
(CytoLumina) 

Nanostructured substrates coated 
with Absa (NanoVelcro chip) 

High efficiency CTC enumeration when coupled with 
chaotic mixer; can release captured CTCs 

32 

In-vivo GILUPI CellCollector. Medical stainless steel wire with 
Absa-coated polymer tip 

Target cell capture in vivo directly from the 
bloodstream 

33 

Label-free CTC isolation technologies 

Size-based 
membrane 
filtration 

ISET® (Rarecells 
Diagnostics) Micropore membrane filtration 

Immuno-theranostics; Incubation with dilution buffer 
followed by filtration; High detection sensitivity (1 
CTC / 10 mL of blood)  

34 

ScreenCell® Cyto Micropore membrane filtration Incubation with filtration buffer followed by filtration; 
filter can be released onto a glass slide 

35 

CellSieve (Creatv 
MicroTech) Micropore membrane filtration Precise pore size and distribution for high capture 

efficiency and lower background contamination 
36 

Size-based 
microfluidic 
separation 

ClearCell® FX (Clearbridge 
BioMedics) 

Dean flow fractionation in a spiral 
microfluidics system 

Isolation of intact CTCs; After RBC lysis step, 
nucleated cells are loaded on the chip for size-based 
separation  

37 

Parsortix® technology 
(Angle plc) 

Trapping cells in steps with 10 µm 
height Size and compressibility-based separation 38 

CD-CTCTM (Clinomics) 
Tangential flow filtration on a disc 
with fluid-assisted separation 
technology (FAST) 

Whole blood, ultrafast (> 3 mL/min), clog-free, low 
pressure drop  

39 

VTX-1 (Vortex Biosciences) Inertial microfluidics using laminar 
microscale vortices to isolate CTCs 

Fully automated system for CTCs isolation directly 
from whole blood 

40 

Density 
gradient 

separation 

AccuCyte–CyteFinder 
(RareCyte) 

Density-based collection of 
nucleated cells to slides No-wash; no-lysis collection of blood cells to slides 41 

DEP3 

DEPArrayTM system. 
(Menarini-Silicon Biosystems) 

DEPc cages for trapping, 
manipulation, and recovery of 
individual cells 

Individual cells of interest among heterogeneous 
sample can be retrieved  

42 

ApoStream® (Precision 
medicine group) 

DEPc field-flow-fractionation (DEPc-
FFF) in a continuous flow 

Cell levitation is controlled by balancing DEPc, 
hydrodynamic, and sedimentation forces 

43 

Direct imaging Epic (Epic Sciences) No isolation, all nucleated cells are 
analysed 

After RBC lysis step, all nucleated cells are deposited 
on glass slides for immunostaining and scanning 

44 

aAntibody (Ab), bDeterministic lateral displacement (DLD), cDielectrophoresis (DEP). 
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Table. 2. Examples of EVs isolation technologies 
 

Isolation 
principles Technology Requirements (time) Advantages Disadvantages Ref. 

Density 

D-UCh > 100,000 × g (> 4 hr) Most commonly used 
method 

Time-consuming, labour-intensive, requires 
expensive equipment, low yield, protein 
contaminants, low reproducibility 

45 

DG-UCe > 100,000 × g (> 6 hr) 
EV fractionization with 
fewer impurities and 
aggregation 

Time-consuming, labour-intensive and difficult 
handling processes, requires expensive 
equipment, low yield, low reproducibility  

46 

Size 

SECn SECn column (0.5 hr) High yield and purity, EV 
fractionization 

Multiple handling processes, samples are often 
diluted and requires additional concentration 
step, cannot discriminate similar sized other 
particles 

47 

UFp Nanoporous membrane 
(volume dependent) Less hands-on process Membrane clogging, low purity, EV deformation, 

cannot discriminate similar sized other particles 
48 

TFFo Nanoporous membrane 
(volume dependent) 

Large sample volume 
processing 

Not good for small sample volume processing, 
cannot discriminate similar sized other particles 

49 

Exodisc 

Exodisc equipped with 
AAOb membrane and 
operating system (< 0.5 
hr) 

High yield, semi-
automated, high 
reproducibility, gentle (< 
500 × g) and rapid, on-chip 
detection or EV staining 

For small sample volume (< 200 µL plasma, < 4 mL 
urine, < 10 mL CCMd), require specialized 
operation machine, cannot discriminate similar 
sized other particles 

50, 51 

ExoTicj 

A device equipped with 
nanoporous membrane 
and syringe pumps (~ 5 
ml/hr) 

High yield and purity, 
small sample volume, size 
fractionization 

Not commercialized, multiple handling processes, 
cannot discriminate other particles with similar 
size 

55 

EXODUSi 

A catridge with dual-
membrane (AAOb) filter 
coupled with harmonic 
oscillations and 
operating workstation 
(urine 28 ml/hr) 

High speed, high purity, 
high yield 

For small sample volume (1/50 diluted plasma (20 
µL), < 10 mL urine), require specialized operation 
machine, cannot discriminate other particles with 
similar size 

56 

DLDf DLDf pillar array, syringe 
pump (NAl) 

High precision size fraction 
(20 – 110 nm) Slow operation 57 

Acoustofluidic 
device 

Acoustofluidic chip, 
syringe pump (4 hr/ml) 

Full automation from 
whole blood, high purity, 
and yield. 

Long process time, samples are often diluted and 
requires additional concentration step, cannot 
discriminate similar sized other particles 

58 

Charge 

IECk IECk column (2 ml/min) Extremely fast, large 
sample volume Low yield, requires further purification 59 

Electrophoresis Electrophoresis 
apparatus (3 hrs) 

Available to separate EV 
from lipoprotein, high 
recovery 

Not commercialized, long time, sample to sample 
variation 

60 

DEPg ACEa microarray (< 0.25 
hr) Fast, small sample volume Low purity, scale-up is difficult 61 

Precipitation NaAc Simple, low cost Low yield, low purity, long process time 62 

Water 
solubility 

Precipitation Hydrophilic polymers 
(PEGm) 

Simple, low cost, high 
yield 

Low purity, contamination with precipitation 
reagents 

63 

Phase-
separation ATPSc (PEGm/Dextran) Simple, low cost, gentle 

condition, high yield 
Low purity, contamination with precipitation 
reagents 

64 

Immuno- 
affinity 

Magnetic 
beads Antibody-coated beads Simple, high purity Antigen-dependence, requires pre-concentration 

for large volume sample, binding is not reversible 
65-67 

Click Chip Click chip, syringe pump 
(1 ml/hr) 

High selectivity, retrieval, 
on-chip detection Long process time, antigen-dependence 68 

ExoTENPO 

ExoTENPO chip, 
antibody-coated 
magnetic beads, syringe 
pump (10 ml/hr) 

High selectivity, high 
throughput Antigen-dependence, binding is not reversible 69 

OncoBean Chip OncoBean chip, syringe 
pump (0.05 ml/min) High throughput, retrieval  Antigen-dependence, For small sample volume (< 

1.2 ml for plasma, <10 ml for CCM) 
70 

EVHB-Chip 
EVHB-Chip, syringe 
pump (3 hrs) High yield and specificity,  Long process time, antigen-dependence 71 

aAlternating current electrokinetic (ACE), bAnodic aluminum oxide (AAO), cAquous two phase system (ATPS), dCell culture media (CCM), eDensity gradient 
ultracentrifugation (DG-UC), fDeterministic lateral displacement (DLD),  gDielectrophoresis (DEP), hDifferential-Ultracentrifugation (D-UC), iExosome detection 
method via the ultrafast-isolation system (EXODUS), jExosome total isolation chip (ExoTic), kIon-exchange chromatography (IEC), lNot available (NA), mPoly 
ethylene glycol (PEG), nSize exclusion chromatography (SEC), oTangential-flow-filtration (TFF), pUltrafiltration (UF). 
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Table. 3. Comparison of various circulating biomarkers in liquid biopsy applications 
 
Circulating 
biomarkers Pros Cons 

CTCs 

• Cell phenotype studies (morphology, 
immunostaining, FISHa) 

• Comprehensive downstream analysis (DNA, RNA, 
protein) 

• Single cell analysis 
• Functional studies (PDXb) 

• Extremely rare and fragile 
• Heterogeneity of CTCs 
• No standard isolation method 
• Enumeration method dependent results 
• Not for biobanked samples  

EVs 

• Relatively stable and abundant 
• Comprehensive downstream analysis (DNA, RNA, 

protein) 
• Biobanked samples with minimum freeze and 

thaw 
• Potential for therapeutics 

• No standard isolation and detection method 
• Difficult to isolate tumour-specific EVs 
• Contamination with EVs from normal cells and 

other proteins 
• Heterogeneity of EVs (size, density, surface protein) 
• Lack of cancer-specific EVs marker 

cfDNA 

• Relatively simple isolation method available 
• High sensitivity detection method available 
• Overcome spatial and temporal tumour 

heterogeneity 
• Sensitive to disease status (diagnosis, treatment 

monitoring, and drug resistance detection) 

• Rare and fragile 
• Limited downstream analysis (DNA only) 
• Difficult to isolate tumour-specific DNA 
• Contamination with DNA from normal cells. 
• No functional assays 

aFluorescent in situ hybridization (FISH), bPatient-derived xenograft (PDX). 
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 Table. 4. Diagnosis of prostate cancer using liquid biopsy 
 

Circulating 
biomarkers Patient cohort 

Sample 
type/ 

Volume  

Detection 
marker 

Readout to 
diagnosis 

Isolation 
method 

Detection 
method Year[Ref.] 

CTC 

9 PCao, 1 KCah, 
17 HDe 

WBu/ 
NAl CTCs counts per 1 mL Present ISET® Immunofluorescent 

imaging 2020116 

41 CRPCb, 13 
HDe 

WBu/ 
6 – 12 mL CTC counts per 7.5 mL Present CTC-iChip, 

CellSearch 
Immunofluorescent 

imaging 2013115 

19 PCao, 20 
HDe 

WBu/ 
0.9 – 5.1 mL CTC counts per 1 mL Present CTC-Chip Immunofluorescent 

imaging 2007114 

EV 

269 PCao, 234 
Benign 

Us/ 
15-20 mL EPI (EGRt, SPDEFq, PCA3) Increased 

EXOPRO Urine 
Clinical Sample 

Concentrator Kit 
RT-qPCR 2016118, 

2018120 

44 PCao, 4 
BPHa, 4 HDe 

Sr/ 
0.25 mL miRNA (miR-1246) Increased 

Total Exosome 
Isolation 
Reagent 

NanoString 2018122 

20 PCao, 9 HDe 
for NGS; 28 

PCao, 19 HDe 
for RT-qPCR 

Us/ 
50-150 mL 

miRNA (miR-196a-5p, miR-
501-3p) Decreased UC NGS/ 

RT-qPCR 2017123 

18 PCao, 7 
BPHa 

Pn/ 
1 mL 

miRNA (miR-10a-5p, miR-
29b-3p) Increased ExoRNeasy midi 

kit RT-qPCR 2019124 

117 PCao, 48 
HDe 

Us/ 
15-40 mL 

mRNA (GATA2, PCA3, 
TMPRSS2-ERG) Increased UC RT-qPCR 2020125 

43 PCao, 30 
HDe 

WBu/ 0.03 – 
0.6 mL 

Proteins (PSA, PSMA, 
HSP90, EpCAM, EGFR1) Increased ExoDisc-P ELISA 201951 

15 PCao, 13 
HDe 

Us/ 
50 - 150 mL 

Lipids: Phosphatidylserine 
(PS) (18:1/18:1), 

Lactosylceramide (LacCer) 
(d18:1/16:0) 

PS: descreased 
LacCer: increased UC MSi 2017126 

cfDNA/ 
cfRNA 

121 PCao, 136 
HDe 

Pn/ 
2-3 mL 

DNA methylations (FOXA1, 
GSTP1, HOXD3, RAR𝛽𝛽2, 
RASSF1A, SEPT9, SOX17) 

Increased QIAmp MinElute 
ccfDNA Met-PCR (RT-qPCR)j 2019127 

84 PCao, 7 
HGPINf, 30 

HDe 

Sr/ 
1 mL 

Promoter DNA 
methylations (MCAM, ERα 

and ERβ) 
Increased Phe/chl Ext.m, 

EtOH Precip.c 
QMet-PCRp (RT-

qPCR) 2017128 

42 PCao, 52 
HDe 

Us/ 
20 – 90 mL 

DNA methylations (32 
markers) Increased Chl. Ext., IPA 

precip.g RT-qPCR 2018129, 
2019130 

809 PCao, 241 
NPBxk, 41 HDe 

Sr/ 
0.3 mL 

Circulating miRNA (miR-17-
3p, miR-1185-2-3p) Increased 

3D Gene RNA 
Extraction 
Reagent 

miRNA microarray 2019131 

aBenign prostatic hyperplasia (BPH), bCastration resistant prostate cancer (CRPC), cEthanol precipitation (EtOH Precip.), dExoDx Prostate (IntelliScore) 
(EPI), eHealthy donor (HD), fHigh grade prostate intraepithelial neoplasia (HGPIN), gIsopropanol precipitation (IPA precip.), hKidney cancer (KCa), 
iMass spectrometry (MS), jMethylation specific-PCR (Met-PCR), kNegative prostate biopsy (NPBx), lNot available (NA), mPhenol/chloroform 
extraction (Phe/Chl Ext.), nPlasma (P), oProstate cancer (PCa), pQuantitative methylation specific-PCR (QMet-PCR), qSAM pointed domain-containing 
Ets transcription factor (SPDEF), rSerum (S), sUrine (U), tV-ets erythroblastosis virus E26 oncogene homologs  (EGR), uWhole blood (WB) 
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Table 5. Prognosis of prostate cancer using liquid biopsy  

Circulating 
biomarkers Patient cohort Sample type/ 

Volume Prognostic marker Outcome Isolation method Detection 
method Year[ref] 

CTC 

120 mCRPCl patients 
treated with carbazitaxal WBs/7.5 mL Baseline CTC number PFSp and OSo CellSearch IF imagingk 2019138 

949 mCRPCl patients 
treated with AAa plus 

prednisone or 
prednisone alone 

WBs /7.5 mL 

Baseline and relative 
change in CTC number, 
together with ALPHA 

model 

OSo CellSearch IF imagingk 2017139 

41 mCRPCl patients WBs /5 mL WNT5a, AURKA, BMP7 
expression on CTCs OSo 

Anti-EpCAM 
antibody-

conjugated 
microbeads 

RT-qPCR 2018142 

79 CRPCf patients WBs /5 mL PSMA expression on CTCs PFSp and OSo AdnaTest RT-qPCR 2020144 

44 CRPCf patients WBs /7.5 mL 
Baseline CTC number and 
synaptophysin expression 

on CTCs 
PFSp CellSearch IF imagingk 2018141 

108 mCSPCm patients WBs /5 mL 
Mesenchymal markers 

(Vimentin, Twist) 
expression on CTCs 

Castration-sensitive 
prostate cancer  

to CRPCf 
CanPatrol 

Multiplex in 
situ 

hybridization 
2019143 

40 mCRPCl patients 
treated with docetaxel WBs /7.5 mL Baseline CTC number and 

EGFR expression on CTCs OSo CellSearch IF imagingk 2016140 

155 treatment-naïve 
patients with localized 

PCaq 
WBs /7.5 mL The presence of CTCs 

Higher GSi, risk 
group and clinically 

significant PCaq 
Parsortix 

Multiplex in 
situ 

hybridization 
2020145 

34 patients with 
localized PCaq WBs /20 mL Preoperative CTCL score 

Microscopic cancer 
dissemination to 
seminal vesicles 

and/or lymph nodes 

Microfluidic CTC-
iChip ddPCRg 2018146 

203 post-RP patients 
with undetectable 

serum PSA 
WBs /5 mL The presence of CTCs after 

RP BCRe Ad5/35E1aPSESE4 
infection IF imagingk 2020147 

37 high-risk localized 
PCaq WBs /8 mL The presence of CTCs after 

RP BCRe Epic Sciences IF imagingk 2019148 

EV 

535 PCaq patients for 
development, 264 

patients for validation 

Post-DREh 
urine/- 

Four prostate urine risk 
(PUR) signatures based on 

urine EV RNAs 

Intermediate- or 
high-risk disease 

and time to 
progression in ASb 

Microfiltration NanoString 2019156, 

158 

235 PCaq patients for 
development, 1436 

patients for validation 

None-DREh 
urine/- 

The miR Sentinel CS Test 
and the miR Sentinel HG 
Test based on urine EV 
small non-coding RNAs 

Grade Group 2 or 
greater cancer (CS 
Test); Grade Group 
3 or greater cancer 

(HG test) 

Exosome RNA 
Isolation Kits Microarray 2020159 

35 CRPCf patients Plasma/- AR-V7 mRNA level in 
plasma EVs Time to progression ExoQuick ddPCRg 2019160 

cfDNA/ 
cfRNA 

140 CRPCf patients Plasma from 10 
mL WB 

Estimated tumor fractions 
in cfDNA 

Metastasis location, 
high ALPc and low 

Hbj 

Qiagen Circulating 
DNA kit WGSu 2018162 

250 mPCan patients Plasma/1-5 mL  

TP53 mutations, RB1 loss, 
AR amplifications and 

mutations in multiple DNA 
repair genes (ATM, BRCA1, 

BRCA2, CHEK2) 

OSo and time to 
ADTd failure 

QIAamp 
Circulating 

Nucleic Acid Kit 
NGS 2020163 

514 mCRPCl patients Plasma/5-30 ng 
cfDNA 

Higher number of ctDNA 
alterations, AR alterations 
and amplifications of MYC 

and BRAF 

Treatment failure-
free survival and OSo 

Guardant360 
platform NGS 2019164 

50 CRPCl patients Plasma/1.5 mL 
Pre-treatment 

hypermethylation patterns 
of GSTP1 and APC in cfDNA 

OSo 
Quick-cfDNA 

Serum&Plasma 
kit 

Methylation-
specific PCR 2018165 

62 mPCan patients Plasma/2 mL ctDNA methylation 
CRPCf 

neuroendocrine 
differentiation 

NeoGeneStar 
Cell-Free DNA 
Purification kit 

WESt 2020166 

60 patients with 
localized PCaq Plasma/1 mL 

Preoperative cfRNA 
expression (GOLM1, NKX3-

1 and TRPM8) 
High risk disease miRNeasy Mini kit RT-qPCR 2020168 
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aAbiraterone acetate (AA), bActive surveillance (AS), cAlkaline phosphatase (ALP), dAndrogen deprivation therapy (ADT), eBiochemical recurrence 
(BCR), fCastration-resistant prostate cancer (CRPC), gDigital droplet PCR (ddPCR), hDigital rectal examination (DRE), iGleason score (GS), 
jHaemoglobin (Hb), kImmunofluorescent imaging (IF imaging), lMetastatic castration-resistant prostate cancer (mCRPC), mMetastatic castration-
sensitive prostate cancer (mCSPC), nMetastatic prostate cancer (mPCa), oOverall survival (OS), pProgression-free survival (PFS), qProstate cancer 
(PCa), rRadical prostatectomy (RP), sWhole blood (WB), tWhole exon sequencing (WES), uWhole genome sequencing (WGS).  
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Table 6. Precision medicine and treatment response monitoring using liquid biopsy 

Circulating 
biomarkers Patient cohort Sample type/ 

Volume Predictive marker Outcome Isolation method Detection method Year[ref] 

CTC 

511 mCRPCg patients with 
baseline CTC <5/7.5 mL WBi/7.5 mL The increase of CTC number during the 

first 12 weeks of treatment Response to AAa or chemotherapy CellSearch IF imagingf 2018177 

6081 mCRPCg patients WBi/7.5 mL 

CTC0 (≥1 CTC at baseline, 0 at week 

13) and CTC conversion (≥5 CTCs at 

baseline, ≤4 at week 13) 

Response to AAa or ENZe or orteronel or 
carbozantinib CellSearch IF imagingf 2018178 

161 mCRPCg patients WBi/7.5 mL Nuclear-localized AR-V7 in CTCs Response to taxane-based 
chemotherapy Epic Sciences IF imagingf 2017185 

142 mCRPCg patients WBi/10 mL Nuclear-localized AR-V7 in CTCs 
Treatment decision between ARSb 

inhibitor and taxane-based 
chemotherapy 

Epic Sciences IF imagingf 2018186 

118 mCRPCg patients WBi/5 mL 
WBi/7.5 mL 

AR-V7 positive CTCs (Epic Sciences or 
AdnaTest) Response to AAa or ENZe Epic Sciences, 

AdnaTest 
IF imagingf, 

RT-qPCR 2019187 

EV 36 CRPCd patients Plasma from 3 mL 
WBi AR-V7 mRNA level in plasma EVs Response to AAa or ENZe ExoRNeasy kit ddPCRc 2017188 

cfDNA/ 
cfRNA 

62 mCRPCg patients Plasma/3 mL  cfDNA concentration, TP53 loss and 
PI3K pathway defects Response to ENZe and/or AAa 

QIAamp 
Circulating 

Nucleic Acid Kit 
NGS 2019193 

49 mCRPCg patients Plasma/4-8 mL  cfDNA concentration and DNA repair 
mutations Response to PARPh inhibitor 

QIAsymphony 
and the 

Circulating DNA 
Kit 

Targeted and WESj 2017192 

571 mCRPCg patients Plasma/1 mL cfDNA concentration Response to taxane-based 
chemotherapy 

QIAamp 
Circulating 

Nucleic Acid Kit 

Quant-IT Picogreen 
HS DNA kit 2018191 

88 mCRPCg patients Plasma/0.5 mL 
AR and AR enhancer amplification, 

ZFHX3 deletion and PIK3CA 
amplification 

Response to AAa QIAmp DNA 
Blood Mini Kits WGSk 2020194 

202 mCRPCg patients Plasma/- Defects in BRCA2 and ATM, and 
somatic alterations in TP53 Response to AAa or ENZe 

NimbleGen 
SeqCap EZ Choice 

target capture 
panel 

Targeted and WESj 2018195 

2 mCRPCg patients Plasma/6 mL BRCA2 reversion mutations Response to PARPh inhibitor Circulating 
Nucleic Acids Kit NGS 2017198 

14 mCRPCg patients Plasma/- Microsatellite instability high in ctDNA Response to pembrolizumab Guardant360 NGS 2020203 
aAbiraterone acetate (AA), bAndrogen receptor signalling (ARS), cDigital droplet PCR (ddPCR), dCastration-resistant prostate cancer (CRPC), eEnzalutamide (ENZ), fImmunofluorescent imaging (IF imaging), 
gMetastatic castration-resistant prostate cancer (mCRPC), hPoly (adenosine diphosphate ribose) polymerase (PARP), iWhole blood (WB), jWhole exon sequencing (WES), kWhole genome sequencing 
(WGS). 
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