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Abstract

Diverse (sub)cellular materials are secreted by cells into the systemic 
circulation at different stages of disease progression. These circulating 
biomarkers include whole cells, such as circulating tumour cells, 
subcellular extracellular vesicles and cell-free factors such as DNA,  
RNA and proteins. The biophysical and biomolecular state of circulating 
biomarkers carry a rich repertoire of molecular information that 
can be captured in the form of liquid biopsies for disease detection 
and monitoring. In this Review, we discuss miniaturized platforms 
that allow the minimally invasive and rapid detection and analysis 
of circulating biomarkers, accounting for their differences in size, 
concentration and molecular composition. We examine differently 
scaled materials and devices that can enrich, measure and analyse 
specific circulating biomarkers, outlining their distinct detection 
challenges. Finally, we highlight emerging opportunities in biomarker 
and device integration and provide key future milestones for their 
clinical translation.
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current approaches, such as mass spectrometry and gene expression 
microarrays, lack performance in characterizing and distinguishing 
circulating biomarkers. Owing to mismatches between their mode of 
measurement and the requirements of the different biomarkers (for 
example, in relation to their respective size and concentration), key 
information, such as molecular types and organizational states, is often 
missed, especially against a complex biological background of native 
biofluids. In addition, these approaches require large sample volumes  
and extensive sample processing, are laborious and time-consuming, and  
thus impede clinical application and adoption.

Size-matching device designs and information-revealing assay 
strategies may allow the precise detection of features of circulating 
biomarkers by exploiting distinct signal transduction mechanisms 
for direct detection, even amidst a complex biological background. 
Moreover, modular technology units can be readily integrated into 
miniaturized devices to achieve collaborative functions, enabling the 
monitoring of a multitude of biomarker information at high resolution 
and new clinical opportunities in a variety of diseases (for example, dif-
ferent cancers, cardiovascular diseases, neurodegenerative disorders 
and infectious diseases)8,23,24.

In this Review, we discuss key characteristics of different types of 
circulating biomarkers in various diseases, their respective detection 
challenges and important strategies to overcome these challenges. We 
highlight miniaturized technologies and assay designs for circulating 
biomarkers, with a particular focus on how this field is contributing 
to the development of transformative and informative liquid biopsy 
tests. Finally, we provide an outlook on emerging opportunities in 
biomarker and device integration for pre-clinical development and 
clinical translation.

Circulating biomarkers
Cells secrete diverse (sub)cellular materials into the systemic circu-
lation (Fig. 1a), including CTCs, EVs and cell-free factors. These bio-
markers carry molecular information in their various biophysical 
and biomolecular features, representing multifaceted surrogates for 
disease evaluation.

Circulating tumour cells
CTCs were first discovered in the peripheral blood of a patient with 
metastatic cancer in 1869 (ref. 25). CTCs, which are whole cancer cells 
disseminated from the primary tumour into the systemic circulation 
(Fig. 1a), bear hallmarks of living cells, are relatively large (typical 
diameter >8 μm) compared to cells of blood origin and are intricately 
involved in the metastatic cascade26. During the progression of epithe-
lial cancers, local tumour cells acquire migratory and invasive ability 
through epithelial–mesenchymal transition27, which allows them to 
intravasate into the bloodstream and/or the lymphatic system as CTCs, 
before eventually extravasating at distant organs to seed metastatic 
tumours. Notably, CTCs can circulate as single cells or clusters, both 
of which possess metastatic and invasive potential28,29 (Fig. 1b). Owing 
to the complex blood environment and selection pressure at different 
stages of metastasis, only a small fraction of CTCs (or CTC clusters) pro-
gress, making viable CTCs extremely rare in the peripheral blood, with 
an estimated concentration of ~1–10 cells per 109 haematological cells20.

Despite their low concentration, CTCs can be distinguished from 
blood cells through their biophysical and/or biomolecular properties. 
Single CTCs are typically bigger and stiffer than blood cells20 and com-
monly harbour epithelial markers that are not of blood origin30 (Fig. 1b). 
Importantly, CTCs are heterogeneous in individual patients and across 

Key points

 • Circulating biomarkers (whole cells, extracellular vesicles and  
cell-free factors) exist in various biophysical and biomolecular forms 
and carry a rich repertoire of molecular information.

 • The diversity of circulating biomarkers, that is, differences in size, 
concentration and molecular composition, makes their specific 
detection and clinical application challenging.

 • Miniaturized device designs, nanomaterials and information-
revealing assay strategies can be integrated to detect circulating 
biomarkers in the form of liquid biopsies to reveal disease-reflective 
information.

 • Capturing the dynamic spectrum of circulating biomarkers will 
empower personalized medicine, particularly disease monitoring  
and drug selection.

 • To promote the clinical translation of liquid biopsies, platforms  
and devices should be developed considering specific clinical needs, 
regulatory guidelines and reimbursement models.

Introduction
The monitoring of molecular markers is key to stratifying patients, guid-
ing treatment decisions and monitoring drug efficacy1,2, particularly in 
precision medicine. However, common diagnostic approaches, such as 
imaging and tissue biopsy, are insensitive and often performed at a late 
disease stage, thereby delaying medical decision-making. For example, 
imaging lacks specificity to molecular mechanisms and cannot detect 
early, subtle changes. Although tissue biopsy remains the gold standard 
for cancer molecular diagnostics, it is highly invasive and has limited 
sampling capacity to capture dynamic disease biology such as spatial 
heterogeneity and temporal evolution3–5. Alternatively, liquid biopsies 
allow minimally invasive disease characterization6–8 and monitoring9,10. 
Compared to tissue-based detection, liquid biopsy measures circulat-
ing biomarkers in a variety of bodily fluids (for example, blood, urine, 
saliva and sweat) to enable accessible molecular characterization and 
repeated monitoring.

At different stages of disease progression, cells release (sub)cel-
lular materials into the systemic circulation11–13. These circulating 
biomarkers are secreted in an orchestrated manner, exist in diverse 
forms, and can be broadly classified according to their biogenesis, bio-
physical structure and biomolecular composition. They include whole 
living cells (for example, circulating tumour cells (CTCs)14), nanoscale 
membrane-bound extracellular vesicles (EVs)15 and cell-free factors 
(for example, nucleic acids, proteins, lipids and metabolites)16,17. These 
structurally and molecularly diverse circulating biomarkers carry a rich 
repertoire of molecular information and play active roles in mediating 
pathophysiological processes in a variety of diseases (for example, 
cancer, neurodegenerative disorders and infectious diseases)17–19. 
Capturing this dynamic network of circulating information could 
thus present a transformative approach for precision diagnostics and 
personalized treatment.

Despite their clinical potential, the highly heterogeneous nature 
of circulating biomarkers makes their specific detection and clinical 
translation challenging20–22. In particular, in biomarker discovery, 

http://www.nature.com/NatRevBioeng


Nature Reviews Bioengineering | Volume 1 | July 2023 | 481–498 483

Review article

patients3,31. Comprehensive characterization of CTC quantity and 
biophysical and biomolecular changes can thus provide insight into 
tumour classification, disease progression and treatment evaluation.

Extracellular vesicles
EVs are nanoscale, heterogeneous membrane vesicles secreted by a vari-
ety of cell types15,32. EVs play important roles in mediating inter cellular 
communication and regulating diverse physiological processes,  

for example, homeostasis, vascular biology and the immune system33,34. 
According to their size and biogenesis pathways, EVs can be further 
classified into exosomes (10–200 nm), microvesicles (200–2,000 nm) 
and apoptotic bodies (500–2,000 nm)35,36. Exosomes and microvesicles 
are secreted by living cells, particularly by rapidly dividing cells (Fig. 1a), 
whereas apoptotic bodies are released by dying cells. Microvesicles 
are formed through direct outward budding of cellular plasma mem-
brane, whereas exosomes are created by repeated inward budding 
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Fig. 1 | Characteristics of (sub)cellular circulating biomarkers. a, Cells secrete 
diverse (sub)cellular materials into the systemic circulation. Circulating tumour 
cells (CTCs) are whole cancer cells disseminated from the primary tumour. 
Extracellular vesicles (EVs) are small (10–2,000 nm) vesicles released by a variety 
of cells. Living cells, particularly rapidly dividing cells, secrete exosomes and 
microvesicles. Free-floating molecules (circulating nucleic acids and proteins) 
are released into the bloodstream by different mechanisms such as necrosis and 
apoptosis. b, CTCs can circulate as single cells or clusters, both of which have 
metastatic and invasive potential. CTCs can be distinguished from blood cells 
through their biophysical and biomolecular properties. CTCs are bigger and 

stiffer than blood cells and they contain epithelial markers as well as tumour 
markers. c, EVs carry diverse molecular content (proteins, nucleic acids, lipids 
and their various modifications) inherited from their parent cells. EVs also 
possess acquired markers through surface interactions with different molecules 
(proteins and nucleic acids). As vehicles of intercellular communication, 
EVs deliver molecular cargoes to recipient cells to modulate biological processes. 
d, Changes in the abundance of cell-free factors can serve as a biomarker in 
distinguishing healthy and diseased states. Mutational status, epigenetic and 
post-translational modifications, and interactions with other factors can further 
provide multifaceted information to inform specific disease profiles.
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of the endosomal limiting membrane, leading to the generation of 
multivesicular bodies and exocytosis of exosomes. EVs are found in  
many bodily fluids, including blood, urine, ascites, milk and cerebro-
spinal fluid37,38, with a typical concentration of 1010–1012 vesicles  
per millilitre of blood39,40.

EVs contain diverse molecular content, for example, proteins41,42, 
nucleic acids43,44 and lipids45,46, and various sugar modifications47,48 
reflective of their parent cells and extracellular environment (Fig. 1c). 

The molecular cargo of EVs is either inherited from parental cells49 or 
acquired from extracellular space50 (Fig. 1c) and can thus offer multi-
faceted biological insights. Inherited constituents are sorted and 
packaged into vesicles during EV biogenesis and can therefore serve 
as circulating surrogates of the parent cells to provide cell origin-
specific biomarkers. Alternatively, different molecules, such as pro-
teins and nucleic acids, can associate with the EV membrane through 
various surface interactions (for example, electrostatic interactions, 
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hydrophobic interactions and hydrogen bonding), which can give 
insight into the biophysical properties of the bound molecules and/or  
the EVs to unmask biomarker subpopulations51. As mediators of 
intercellular communication47,52, EVs can readily cross anatomical 
and physio logical barriers, including the highly selective blood–brain 
barrier53, and deliver molecular cargoes to mediate biological pro-
cesses of recipient cells and regulate microenvironments at distant 
sites. Therefore, EVs can also serve as functional biomarkers54 (Fig. 1c).

Cell-free factors
Various molecules, including cell-free DNA (cfDNA), RNA and proteins, 
are also found in blood. These molecules are released through multiple 
mechanisms, including necrosis, apoptosis and secretion6 (Fig. 1a), and 
depending on their biogenesis, they not only vary in abundance but 
also bear heterogeneous modifications (Fig. 1d); for example, cfDNA 
are extracellular fragments of DNA with a typical concentration of 
1–10 ng ml–1 of plasma55,56, which increases in cancer and other physi-
ological conditions such as acute trauma57, cerebral infarction58, exer-
cise59, transplantation60 and infection61. In addition to differences in 
abundance, genetic and epigenetic alterations of cfDNA reflect the cells 
of origin62–64; for example, circulating tumour DNA (ctDNA) is released 
by multiple types of tumours, from different tumour regions and dur-
ing disease progression. Changes in ctDNA (abundance and molecular 
properties) may thus reflect spatiotemporal tumour heterogeneity and 
have been associated with tumour burden and malignant progression65.

Proteins in blood are often the end products of biological pro-
cesses and can thus reflect the physiological and/or pathological state 
of cells to reveal additional disease pathogenicity. Protein abundance 
in bodily fluids and post-translational modifications, which can alter 
protein function66, can serve as biomarkers in many diseases, including 
cancer17 and cardiovascular67 and neurodegenerative diseases18; for 
example, measuring antibody levels in blood allows monitoring of the 
dynamic humoral response to vaccination and pathogen infection68. 
Similarly, the detection of viral proteins in bodily fluids reveals the 
presence of actively replicating viruses19.

Challenges in detecting circulating biomarkers
The diversity of circulating biomarkers, including differences in size, 
concentration and molecular composition, makes their specific detec-
tion and clinical application challenging; for example, micron-sized 
CTCs are rare and exist against a high background of blood cells. By 
contrast, EVs are more abundant in body fluids, but their nanoscale 
dimension makes it challenging to characterize and distinguish them 
from small non-vesicular components (for example, similar-sized 
lipoproteins and identical proteins in free-floating forms)69. More-
over, cell-free factors carry specific epigenetic and post-translational 
modifications and thus require distinct measurement strategies70.

Commonly used purification and analytical approaches face limi-
tations in probing the diversity of circulating biomarkers; for example, 
pre-analytical purification of CTCs typically requires CTC enrichment 
through lysis and centrifugation to deplete blood cells, which may 
lead to loss of viable tumour cells8. Similarly, EV isolation relies on 
ultracentrifugation or size-exclusion chromatography, and purifi-
cation of free-floating molecules is based on immunoprecipitation, 
which requires a large sample amount, may lead to loss of molecules, 
and is time-consuming and laborious. In addition, analytical protein 
assays commonly rely on enzyme-linked immunosorbent assay (ELISA), 
western blotting and/or mass spectrometry to measure purified bio-
markers. These approaches require extensive processing and advanced 
instrumentation, have limited sensitivity for scarce targets, and lack 
capabilities to differentiate biomarker features such as biophysical 
and biomolecular specificity. Similarly, nucleic acid detection (for 
example, PCR) requires complex procedures and is almost exclusively 
performed in large, centralized clinical laboratories.

Furthermore, these techniques lack the resolution to distinguish 
features within individual classes of biomarkers (for example, bio-
physical and biomolecular subpopulations) and cannot be adapted 
for multiparametric profiling across biomarker classes, which hinders 
biomarker discovery. Importantly, laborious and time-consuming 
approaches that require large sample volumes may be difficult to 
translate to the clinic.

Miniaturized detection technologies
Manipulation and detection technologies with dimensions and modes 
of action in the size range of circulating biomarkers can account for 
the heterogeneity in size and concentration (Fig. 2a); for example, 
micron-level manipulation can be achieved using micropatterned 
systems (such as microfluidics71, microelectronics72 and microme-
chanics systems73) or prepared by fabrication approaches (such as 
photolithography74) or by assembly technologies (such as 3D printing75) 
(Fig. 2a). Sub-micron manipulation requires devices and systems at the 
nanoscale; for example, top-down fabricated nanodevices, such as by 
electron-beam lithography76 and nanoimprint lithography77, can be 
tuned to exhibit and exploit size-complementary near-field effects, 
including optical78–80, piezoelectric81 and magnetoelastic82 effects, to 
achieve precise spatial manipulation (Fig. 2a). In addition, bottom-up 
synthesized nanomaterials of different composition, size and shape83,84 
can act as modular units with multimodal capabilities; for example, 
metal–organic frameworks, which can be used for biomarker enrich-
ment, detection and fingerprinting85, or core–shell nanoparticles, 
which have been used in drug delivery, bioimaging, catalysis and optical 
spectroscopy86 (Fig. 2). Finally, direct molecular manipulation, that is, 
nano and sub-nano control, can be achieved using biological building 
blocks such as nucleic acids and proteins; for example, programmable 

Fig. 2 | Complementary device design for circulating biomarkers. a, Size-
matching technologies can cater to the various sizes of circulating biomarkers. 
Micron-scale manipulation can be achieved by micropatterned systems such 
as microfluidics and microelectronics. Sub-micron assessment requires 
nanodevices that exhibit size-complementary near-field effects. In addition, 
nanomaterials with different compositions and hierarchical organizations 
can be synthesized to construct different architectures with multimodal 
capabilities. Molecular control can be achieved using biological building blocks 
such as nucleic acids and proteins. b, Biomarkers can be selectively enriched 
by exploiting their biophysical and/or biomolecular properties; for example, 

a deterministic lateral displacement array allows size-based enrichment, 
cationized polymers enable charge-based enrichment, and functionalized 
nanoparticles and molecular nanostructures allow biochemical enrichment. 
Integrated enrichment strategies are often applied to achieve high-coverage 
biomarker enrichment. c, An analytical platform that integrates enrichment, 
culturing, processing and detection modules can extract multiparametric 
information from diverse circulating biomarkers. The acquired information can 
be processed and modelled using large-scale machine learning algorithms114 
to develop composite signatures and accurate classifications. CTC, circulating 
tumour cell; t-SNE, t-distributed stochastic neighbour embedding.
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DNA origami87,88, hybrid molecular switches89,90 and integrated circuit-
ries91,92 can be assembled exploiting predictable interactions to achieve 
complex architectures and precise spatial and biochemical control 
(Fig. 2a). Moreover, through hybrid assembly with active ingredients, 
for example, with catalytic enzymes, responsive molecular systems 
can be designed that perform specific reactions against a complex 
biological background (Fig. 2a). These size-matching technologies can 
serve as modular components in devices intended for the detection 
and manipulation of circulating biomarkers.

Information-revealing assays
Integrated enrichment
Efficient enrichment is crucial to detecting rare circulating biomark-
ers, particularly amongst a heterogeneous and complex biological 
background of bodily fluids. Biomarkers can be positively or negatively 
enriched. In positive enrichment, targeted biomarkers are isolated from 
heterogeneous background materials; in negative enrichment, back-
ground components are depleted. Various biophysical (for example, 
size and charge) and/or biomolecular (for example, proteins and nucleic 
acids) properties distinguish biomarkers from background compo-
nents, which can be exploited for enrichment (Fig. 2b); for example, 
microfluidics with well-designed flow fields allow size-based biophysi-
cal separation of CTCs from smaller blood cells93 (Fig. 2b). Similarly, 
integrated microfluidics with matching field effects (for example, 
acoustic94,95, thermal96, electric97 and dielectric98) enable the size-
based and/or charge-based detection of small circulating biomarkers,  
including EVs, proteins and cfDNAs (Fig. 2b).

Complementary to biophysical enrichment, biomolecular enrich-
ment provides high-resolution separation (that is, subpopulations 
within the same biomarker type). Biomolecular enrichment systems 
are typically hybrid, that is, at the interface of physical and biologi-
cal technologies, to achieve specific biochemical recognition and 
precise physical manipulation (Fig. 2b); for example, tumour-derived 
EVs with high expression of surface antigens (for example, epidermal 
growth factor receptor (EGFR) and epithelial cell adhesion molecule 
(EpCAM)) can be selectively captured with magnetic nanomaterials 
that are functionalized with the complementary biological recogni-
tion element99,100. Protein enrichment is crucial for the isolation of 
low-abundance proteins and to reduce sample complexity, particularly 
against a complex biological background. Free-floating proteins in 
the circulation can be enriched using surface-anchored antibodies101, 
nanobodies102 or aptamers103.

These different strategies are often combined to improve bio-
marker enrichment (Fig. 2b); for example, the sequential application 
of negative selection (such as depletion of leukocytes through CD45) 
and positive selection (such as size-selection of large CTCs) reduces 
fluidic clogging and improves CTC purity104. Similarly, selection by 
post-translational modifications of circulating proteins, interactions 
with both metal ions and antibodies can be exploited105,106.

Complementary measurement
To extract multiparametric information from diverse circulating bio-
markers, sensors, assays and analytics can be integrated within one 
platform (Fig. 2c). Sensors can be complemented with size-matched 
transduction mechanisms; for example, CTCs can be quantified using 
microfluidic platforms equipped with electrochemical detectors that 
function as cytosensors for single-cell analysis107. By varying the geo-
metric design of nanodevices, the probing depth of plasmonic sen-
sors can be tuned to detect nanoscale EVs108. Responsive molecular 

nanostructures allow the detection of sub-nanoscale features such as 
DNA methylation109. Biomarker activity can be measured in situ and 
in real time using assay mechanisms inspired by microtechnology 
and nanotechnology110–112 that exploit the interplay of molecular and 
physical technologies; for example, biological amplifiers, such as mole-
cular probes and enzymes, can be integrated with responsive physical  
transducers such as electrodes and optical resonators113.

The integration of multiple functional modules in one platform 
(Fig. 2c) is particularly useful to detect rare biomarkers that require 
substantial sample processing and to extract information from a spec-
trum of circulating biomarkers (that is, biomarker combinations). Such 
all-in-one miniaturized systems that incorporate enrichment, sample 
preparation, culture, molecular characterization and functional stud-
ies in one chip simplify sample handling and provide rich biomarker 
information71. In addition, multiparametric information (for example, 
abundance, activities and interactions)114–116 can be collected from dif-
ferent types of circulating biomarkers at different time points in disease 
progression (Fig. 2c). Through clinical evaluation, such complementary 
information may not only refine established clinical biomarkers but 
also reveal new ones.

Circulating tumour cell detection
Molecular characterization
CTCs can be genotypically and phenotypically characterized using 
enrichment-based and enrichment-free approaches. Multiple isola-
tion techniques have been developed for enrichment-based detection, 
including biophysical separation, through size and geometry, and bio-
molecular isolation, through CTC surface antigens; for example, label-
free size-based separation of viable CTCs can be achieved by applying 
hydrodynamic forces in a spiral microfluidic device117 (Fig. 3a). The con-
trolled laminar flow within the channels can be manipulated to generate 
size-dependent cell trajectories for high-throughput CTC enrichment. 
Alternatively, acoustofluidics allows contact-free, size-based enrich-
ment of CTCs in complex biofluids using a combination of acoustic 
waves and fluid flows118. As the enrichment is label-free, purified CTCs 
are compatible with downstream biomolecular characterization. In 
addition, high-throughput isolation of CTCs preserves their structural 
and biological integrity119. Geometry-based enrichment exploits the 
distinct geometries of cellular aggregates; for example, a microchip 
with three triangular pillars that act as bifurcating traps enables the 
selective, label-free capture of CTC clusters (down to two-cell clusters) 
under low-shear stress, preserving CTC integrity and thus allowing 
downstream proteomic and transcriptomic profiling120 (Fig. 3b).

Positive biomolecular enrichment of CTCs in blood often relies on 
tumour-enriched molecular markers; for example, cancers of epithelial 
origin are characterized by specific protein markers, such as EpCAM, 
which are used for the characterization of solid tumours (for example, 
breast121 and prostate cancer122). A silicon microfluidic platform that 
contains micropillars coated with antibodies against EpCAM and a 
herringbone structure can capture CTCs without requiring further 
processing or labelling of blood samples123 (Fig. 3c). Its herringbone 
structure enhances interactions between CTCs and the antibody-coated 
chip by creating microvortices that enhance the enrichment of target 
cells through antibody capture124. In addition, nanomaterials have been 
explored to increase CTC capture efficiency ex vivo and in vivo; for 
example, immunomagnetic enrichment of CTCs ex vivo can be achieved 
using on-chip, near-infrared, fluorescence-enhanced detection in blood 
samples125. Alternatively, antibody-functionalized graphene oxide 
nanosheets on a patterned gold surface enable single-digit capture of 
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CTCs per millilitre of blood126. Similarly, a thiolated ligand-exchange 
reaction with gold nanoparticles on a herringbone chip enables the 
release of antibody-captured CTCs without compromising their viabil-
ity127. The metal–thiol interactions can readily be disrupted in the pres-
ence of excess thiol molecules, replacing the immobilized antibodies  
with biocompatible thiol molecules128. CTCs can also be captured in vivo; 
for example, an intravascular magnetic nanowire allows the collection 
of CTCs from the systemic circulation. Inserted through a standard  
intravenous catheter into the auricular vein of a porcine model, the wire 
captures CTCs previously labelled with injected magnetic particles129.

Although EpCAM expression allows positive selection of CTCs 
in several cancer types, it cannot be applied for cancers with low or 
no EpCAM expression (for example, neuroendocrine cancers, blood 
cancers). Alternatively, negative selection (such as targeted removal of 
leukocytes) can be used in conjunction with other enrichment strate-
gies; for example, an inertial separation array and a magnetic sorter 
can be integrated into a single chip for the high-throughput depletion 
of blood cells and separation of CTCs against a complex background 
(for example, leukapheresis product)130 (Fig. 3d).

CTCs can also be directly detected without prior enrichment; 
for example, a miniaturized magnetic sensor leverages the micro-
Hall effect to quantify CTCs131 (Fig. 3e); here, magnetically labelled 
CTCs subjected to an external magnetic field are distinguished from 
unbound magnetic nanoparticles based on their magnetic moment 
associated with biomarker expression, enabling direct CTC detection 
without purification. An automated microfluidic platform with an 
integrated field-effect transistor also allows direct quantification of 
CTCs in blood samples. The platform is equipped with a cell-trapping 
device based on hydrodynamic microstructures for continuous CTC 
trapping and an array of aptamer-bound field-effect transistor sensors 
for specific, molecular detection of CTCs132. Alternatively, CTCs can 
be quantified in vivo using photoacoustic flow cytometry with trans-
cutaneous delivery of a high-pulse-rate laser and focused ultrasound 
transducers in patients with melanoma133 (Fig. 3f).

Functional characterization
Functional characterization of CTCs, which is fundamental to the 
investigation of the biology of metastatic cancers and to devising 
therapeutic strategies, requires isolation of viable CTCs (that is, cells 
that can be expanded) and in-depth characterization (for example, 
of cellular behaviour and drug susceptibility). Understanding CTC 
function at single-cell resolution could give quantitative insights into 
tumour heterogeneity. Based on distinct features of invasive CTCs (for 
example, high motility and weak cell–cell contacts), microfluidic plat-
forms can be applied to sort and isolate specific CTCs for downstream 
analyses; for example, a microfluidic assay comprising two parallel 
seeding and collection channels connected by Y-shaped microchannels 
(Fig. 3g) allows quantification of CTC migration and proliferation134. The 
Y-shaped channels are designed to have a 20 μm-wide feeder channel 
bifurcating to either 10 μm-wide or 3 μm-wide branches depending 
on the migratory potential of cells. This relative abundance of migra-
tory cells and proliferative index (using the protein biomarker Ki-67) 
enable assessment of the metastatic potential of breast cancer cells 
with high accuracy134 and prediction of patient-specific outcomes 
in glioblastoma135. CTC migration dynamics at single-cell resolution 
can be measured on a microchip that contains an array of fibronectin-
coated micropillars designed to confine cells, promoting individual cell 
scattering from a collectively advancing front. Based on the cellular 
dynamics, the cells can be profiled into distinct migration phenotypes;  

this profile is in good agreement with epithelial or mesenchymal bio-
marker expression of cells136. Alternatively, an acoustic tweezer ena-
bles the quantification of CTC–CTC adhesion with high throughput137 
(Fig. 3h) by measuring intercellular adhesion forces.

CTC proteome studies have revealed distinct surface and secreted 
proteins138. Proteomic analysis at single-CTC resolution has been 
demonstrated using rare-cell western blotting on a microfluidic device 
to quantify multiple surface and intracellular signalling proteins in 
individual CTCs139. Here, the microfluidic device comprises an array 
of microwells stippled into a polyacrylamide gel on a glass slide. Inte-
grated with a label-free CTC collection tool that selects based on 
size and deformability, the system can detect variations in protein 
expression and biophysical phenotypes among CTCs. This platform 
has also been optimized for synchronized analyses of general and/or  
specific cytosolic and nuclear proteins from hundreds of single 
CTCs140,141 (Fig. 3i).

Treatment response can also be evaluated by functionally charac-
terizing CTCs. Many drug-screening platforms have been developed 
using cancer cell lines, requiring large quantities of samples and long 
durations142,143. To enable in situ drug screening with minimal process-
ing and small sample volumes, a microfluidic culture platform can be 
applied144 that allows co-culturing of CTCs and immune cells from the 
same patients within specialized tapered microwells, enabling rapid  
and efficient establishment of CTC clusters. With its cost-effectiveness and  
rapid readout, the platform could facilitate clinical prediction of the 
response of a specific patient to various therapeutic strategies, thereby 
bringing precision medicine closer to reality.

Extracellular vesicle detection
Constituent markers
EVs are characterized by their biophysical size and biomolecular com-
position. Through different biogenesis pathways, EVs inherit molecular 
cargoes from their parent cells, including characteristic vesicle mark-
ers, such as tetraspanins and ALG2-interacting protein X (ALIX), as well 
as other proteins and nucleic acids145,146, which can provide valuable 
information about the parent cells (for example, cells of origin and 
pathophysiological states). Enrichment-based and enrichment-free 
approaches enable the detection of both biophysical and biomole-
cular properties of EVs to distinguish EV constituent markers from  
non-vesicular components.

Enrichment-based detection relies on biophysical and biomole-
cular separation approaches; for example, in acoustofluidics, the 
frequency of acoustic waves can be tuned to match the nanoscale 
dimensions of EVs, allowing contact-free EV enrichment from cell 
culture media in a device with standing surface acoustic waves147. This 
device has further been optimized to isolate EVs from saliva and to 
profile small RNAs in purified EVs94. Ultrafast EV purification (in less 
than 10 min) can be achieved by negative pressure oscillation and 
double-coupled harmonic oscillator-enabled membrane vibration; 
here, the transverse waves generated by the oscillators reduce fouling 
effects and particle aggregation, resulting in an improved processing 
speed, yield and purity148 (Fig. 4a). In this automated system, EVs could 
be isolated from urine samples of patients with cancer and validated 
through transcriptomic profiling.

Biomolecular enrichment can be implemented at various scales; 
for example, a microfluidic chip can be fabricated with a 3D nano-
porous herringbone structure by guided colloidal self-assembly of 
silica nanoparticles. The herringbone structure promotes microscale 
mass transfer of bioparticles and increases the surface area and probe 
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density to improve the efficiency and speed of exosome binding, per-
mitting drainage of the boundary fluid to reduce near-surface hydro-
dynamic resistance, thereby promoting particle–surface interactions 
for exosome binding and immunosensing of tumour-derived EVs149 
(Fig. 4b). Magnetic nanoparticles can be applied for solution-phase 
enrichment; for example, by functionalizing magnetic nanomaterials 
with biological recognition elements, such as antibodies and aptamers, 
they can be used to capture and profile EVs. This enrichment approach 
can be integrated, together with electrochemical EV detection, in a 
compact sensor150. In the format of a 96-well setup, this sensor allows 
high-throughput evaluation of colorectal cancer EV markers151 (Fig. 4c). 
Polycore magnetic particles in the size range of EVs can transduce EV 
glycans through EV-induced nanoparticle aggregation, using a built-in 
giant magnetoresistance sensor48 to measure the resultant magnetic 
signals. This assay enables dual-specific measurement of EV size and 
glycan composition to reveal disease signatures.

EVs can also be directly detected without prior enrichment, for 
example, using surface plasmon resonance (SPR). SPR refers to the 
collective oscillation of conduction electrons at the metal–dielectric 
interface when illuminated by incident light152. Plasmonic nanostruc-
tures can be designed with a probing depth matching EV dimensions 
to detect local biomolecular binding. Applying this sensing principle, 
a label-free SPR platform with periodic arrays of gold nanoholes153, each 
functionalized with antibodies, has been designed to detect the specific 
binding of EVs with complementary protein biomarkers, resulting in 
sensitive optical signals for ovarian cancer detection. A solution-phase, 
dual-specific plasmonic assay can simultaneously evaluate biophysical 
and biomolecular properties of EVs154 (Fig. 4d); here, EV protein biomark-
ers are first labelled with fluorescent probes, followed by in situ growth 
of gold nanoshells on the EVs. The EV-templated plasmonic nanoshells 
have distinct spectral properties and quench co-localized fluorescent 
probes on the same EVs, whereas non-EV targets remain unresponsive. 
This platform has been clinically evaluated in patient ascites, dem-
onstrating that, compared to free-floating proteins, EV constituent 
markers show better accuracy in differentiating patient prognosis154.

Acquired markers
EVs interact and associate with various types of biomolecules in the 
circulation, including proteins and nucleic acids. This acquisition of 
biomarkers, that is, EV-bound biomarkers, can reflect additional bio-
physical and biochemical properties of EVs and/or bound molecules, 

allowing the identification of EV subpopulations and other information 
(for example, protein aggregation)155. EV-bound biomarker detection 
has been particularly explored in the context of neurodegenerative 
diseases because EVs associate with pathological amyloid proteins, 
which are enriched in human brain amyloid plaques, suggesting that 
EV–amyloid complexes could contribute to plaque formation in the 
brain156. For example, an analytical platform that contains a size-
matching double-photonic structure (sensor probing depth is less 
than 200 nm and is matched to EV size) enables quantitative detec-
tion of different organizational states of amyloid-β (Aβ) proteins, 
that is, both EV-bound Aβ and circulating free Aβ, directly in blood 
samples of patients with Alzheimer disease51. The platform is further 
coupled with enzymatic amplification of localized optical deposits  
(3,3′-diaminobenzidine tetrahydrochloride) to enhance the plasmonic 
signal. Here, multiplex quantification is achieved because the enzy-
matic deposits are formed only when multiple biomarkers co-localize 
in the same EVs. Using the platform, different subpopulations of Aβ 
could be identified that differ in their organizational states, propensity 
to form fibrillar structures and affinities to associate with EVs. Specifi-
cally, a prefibrillar Aβ population, which shows a high tendency to form 
fibrillar structures, preferentially binds to EVs, particularly to neuronal 
EVs. Therefore, EV association can serve as a measure of Aβ biophysical 
aggregation state, and circulating EV-bound Aβ protein can accurately 
reflect brain amyloid deposition to categorize patients.

Activity markers
EVs can also serve as activity markers; for example, a microfluidic 3D 
nanochip, fabricated by high-resolution colloidal inkjet printing, can 
perform integrative molecular analysis and functional phenotyping of 
EV-bound matrix metalloproteinase 14 (MMP14)157. Using the technol-
ogy, biofunctional signatures of EVs could be established that correlate 
with tumour invasion and metastasis in mouse models and plasma 
samples of patients with breast cancer. An integrated nanotechnology 
platform allows the evaluation of EVs as a functional marker of drug 
dynamics158 (Fig. 4e). Here, EVs are first competitively labelled with bio-
orthogonal drug probes and enzymatically amplified for direct detec-
tion in a nanoring plasmonic resonator. EVs with low drug occupancy 
are labelled with more drug probes, triggering a stronger plasmonic 
signal compared to EVs with high drug occupancy. These molecular 
interactions (EV protein typing and probe amplification) are spatially 
patterned within the most sensitive in-ring region to enable a real-time, 

Fig. 3 | CTC detection. a, Size-based enrichment of circulating tumour cells 
(CTCs) using spiral microfluidics. Larger CTCs and smaller blood cells are 
separated under the combined effects of an inertial lift force and Dean drag force. 
b, Geometry-based enrichment of CTC clusters using microfluidic bifurcating 
traps. CTC clusters are captured at the bifurcation formed by a set of three 
triangular micropillars. Scale bars, 60 μm. c, Positive biomolecular enrichment 
using epithelial cell adhesion molecule (EpCAM)-coated silicon micropillars. 
Scale bar, 50 μm. d, Negative selection through immunomagnetic removal of 
blood cells. e, Direct quantification of CTCs using microfabricated Hall sensors. 
The sensors measure the magnetic moment of magnetically labelled CTCs in 
unprocessed blood. f, In vivo detection of CTCs based on photoacoustic (PA)  
flow cytometry. Laser heating of light-absorbing melanin expressed in melanoma 
CTCs causes acoustic waves to travel to the transducers, enabling label-free and 
in situ quantification of CTCs. g, Evaluation of migratory and proliferative poten-
tial of glioblastoma CTCs using a Y-shape microfluidic channel. The microfluidic 
device contains a series of Y-shaped microchannels. The time-lapse images show 

migrating CTCs with different motilities. h, Quantification of CTC intercellular 
adhesion based on harmonic acoustic manipulation. Single cells are reversibly 
paired or separated by tuning the acoustic wells. i, Single-CTC immunoblotting 
using a miniaturized projection electrophoresis device. The integrated system 
enables cell loading, lysis, protein separation, immunoprobing and data readout. 
AFU, arbitrary fluorescence unit; BSA, bovine serum albumin; CBC, circulating 
blood clot; IgG, immunoglobulin G; OVA, ovalbumin. Part a reprinted from 
ref. 117, Springer Nature Limited. Part b adapted from ref. 120, Springer Nature 
Limited. Part c reprinted from ref. 123, Springer Nature Limited. Panel d reprinted 
with permission from ref. 130, Proceedings of the National Academy of Sciences. 
Part e adapted/reprinted from ref. 131. ©The Authors, some rights reserved; 
exclusive licensee AAAS. Part f reprinted from ref. 133 with permission from 
AAAS. Part g adapted from ref. 135, Springer Nature Limited. Panel h adapted 
from ref. 137, Springer Nature Limited. Part i adapted from ref. 140, Springer 
Nature Limited.
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multiparametric analysis of EV dynamics. This platform can accurately 
reflect disease status and distinguish drug responses within 24 h of 
treatment initiation in blood samples from patients with lung cancer. 
A holographic fluorescence imaging approach can track individual 
EVs inside live cells in 3D159 (Fig. 4f) using a wide-field fluorescence 
microscope with good spatial resolution and high sensitivity. This 
technology allows monitoring of EV uptake, transport and functional 
response in recipient cells in real time.

Cell-free biomarker detection
Cell-free biomarkers, including nucleic acids and proteins with dis-
tinct modifications, such as methylation and phosphorylation, can be 
detected at high resolution using nanodevices and molecular assays.

Direct quantification profiling
Nanomaterials can be applied to directly and sensitively detect cell-
free biomarkers in clinical samples; for example, DNA-functionalized 
magnetic nanoparticles can function as dispersible electrodes for the 
highly sensitive detection of nucleic acids in whole blood160 (Fig. 5a). 
The nanoparticles bind to analytes through nucleic acid hybridization, 
including microRNA160 and ctDNA161, in unprocessed blood samples 
and act as electrochemical transducers, enabling a rapid response 
time. Ultrasensitive protein analysis can be achieved using a digital 
ELISA platform that contains beads functionalized with antibodies to 
capture one or zero target protein molecules per bead162. The immu-
nocomplexes are then labelled with enzymatic fluorescent report-
ers, which allows the isolation of single proteins in individual reaction 
chambers for fluorescence imaging. This ELISA platform can detect 
concentrations of 0.4 fM prostate-specific antigen (PSA) in patient 
sera. Proteins in complex biofluids can also be quantitatively analysed 
using antibody-modified magnetic nanoparticles that block an array 
of solid-state nanopores163. This sensor achieves a detection limit of 
0.8 fM for PSA in whole blood at high throughput and has the potential 
to be miniaturized for point-of-care and mobile use. A sandwich assay 
based on a hybrid mechanical and optoplasmonic nanosensor can 
detect carcinoembryonic antigen and PSA in serum with a detection 
limit of 1 × 10−16 g ml−1 (ref. 101). A CRISPR-based assay can measure anti-
SARS-CoV-2 antibodies in serum samples164, with a detection limit of 
10 aM, enabling the detection of previously undetectable antibodies in 
vaccinated kidney transplant recipients. The assay converts the detec-
tion of anti-SARS-CoV-2 antibodies into the production of a double-
stranded DNA barcode through proximity-based primer extension 

and recombinase polymerase amplification to amplify the signal. The 
double-stranded DNA barcode then activates CRISPR–Cas12a to cleave 
fluorescently quenched DNA probes.

Functional nanostructures can be precisely constructed in a pro-
grammable manner165, for example, to design responsive catalytic 
nanocomplexes. Such molecular switches can be integrated into min-
iaturized portable assays to sensitively detect nucleic acids in native 
biofluids89 (Fig. 5b). Here, each switch contains a DNA–enzyme hybrid 
assembly and an inhibitory DNA complex that binds and inactivates an 
enzyme. Upon binding of specific nucleic acids (DNA or RNA), the DNA 
complex dissociates to activate strong enzymatic activity. Through 
ratiometric tuning of molecular components within individual switches 
and collaborative coupling among multiple catalytic networks, this 
technology can sensitively detect SARS-CoV-2 RNA in clinical swab 
lysates, bypassing the technical requirements and processing steps of 
PCR detection (for example, sample purification, reverse transcription 
and thermal cycling), while achieving comparable sensitivity to PCR 
detection (detection limits as low as single copies)166,167.

Digital assays enable absolute quantification of molecules with 
high sensitivity; however, current technologies (for example, digital 
PCR and digital ELISA) require bulk instrumentation, hindering port-
able use. To achieve portable applications, digital droplet assays can 
be miniaturized168 (Fig. 5c) by parallelizing droplet generation, incuba-
tion and detection of single proteins onto a mobile platform, thereby 
achieving higher throughput than conventional droplet detection, 
while maintaining high sensitivity and a dynamic range. Magnetic nano-
particles coupled to a photonic crystal also allow digital-resolution 
biomolecule detection169. The magneto-plasmonic nanoparticles accel-
erate single-molecule sensing, enabling quantification of microRNA 
directly from unprocessed human serum with a 1-min response time 
and single-base mismatch selectivity.

Multiparametric profiling
Cells and EVs circulate as packaged units, whereas cell-free factors are 
disparately secreted and individually suspended in the circulation. 
This lack of organization makes tracing their origins difficult. Mul-
tiparametric measurements could assess the abundance of a particular 
cell-free factor and its distinct features, such as mutation status and 
epigenetic modification, and synergize complementary information 
such as dynamics monitoring and multi-omics integration.

Mutations, including single-nucleotide differences, play impor-
tant roles in various diseases (for example, cancer, cardiovascular 

Fig. 4 | EV detection. a, Biophysical enrichment of extracellular vesicles 
(EVs) by coupled membrane vibration. The system uses negative pressure 
oscillation and double-coupled harmonic oscillator-enabled membrane 
vibration to enable automated label-free purification of exosomes from varied 
biofluids. b, Biomolecular enrichment using a functionalized, self-assembled 
3D nanoporous herringbone (HB) structure. The nanoHB structures promote 
mass transfer, increase surface area and enhance probe–EV interactions to 
achieve efficient and rapid EV binding. c, Integrated EV analysis technology with 
solution-phase magnetic enrichment and electrochemical detection. A 96-well 
chip enables high-throughput evaluation of colorectal cancer EV markers. 
d, Direct and dual-specific EV detection enables simultaneous evaluation of 
biophysical and biomolecular properties of the same EVs. EVs are labelled 
by immunofluorescent probes and gold nanoparticles that promote the 
formation of EV-templated plasmonic nanoshells; the nanoshells have distinct 
dimensions (and thus optical properties) and locally quench fluorescent probes 
only if they are target-bound on the same EV. e, Activity-based assessment of 

EV–drug target interactions. Bio-orthogonal probe amplification and spatial 
patterning of molecular reactions within EV size-matched plasmonic nanoring 
resonators enable in situ analysis of EV–drug dynamics. f, 3D tracking of EV 
activity in live cells. A holographic fluorescence imaging technology can recover 
the full electric field of fluorescent light, thereby achieving 3D tracking of 
individual EVs. AP, air pressure; HF, high frequency; HiMEX, high-throughput 
integrated magneto-electrochemical extracellular vesicle; LF, low frequency; 
NP, negative pressure; PCB, printed circuit board; PDMS, polydimethylsiloxane. 
Part a reprinted from ref. 148, Springer Nature Limited. Part b adapted from 
ref. 149, Springer Nature Limited. Part c adapted from ref. 151, Springer Nature 
limited. Part d adapted/reprinted from ref. 154. ©The Authors, some rights 
reserved; exclusive licensee AAAS. Part e adapted from ref. 158, Springer Nature 
Limited. Part f Reprinted with permission of AAAS from ref. 159. © The Authors, 
some right reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 
License (http://creativecommons.org/licenses/by-nc/4.0/).
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diseases and infectious diseases)170. Mutations in circulating nucleic 
acids can be detected using diagnostic technologies with single-
nucleotide specificity; for example, a portable device based on a micro-
array system that is functionalized with fluorescently quenched toehold  
probes, capable of multiplex single-nucleotide discrimination, enables 
single-nucleotide polymorphism (SNP) typing171 (Fig. 5d). This battery-
powered device can be further integrated with a toroidal convection 
chamber for PCR, allowing device miniaturization and point-of-care 
applications. SNPs can also be detected using an electrochemical sen-
sor platform172 that contains DNA-nanostructured probes on the sensor 
surface with high selectivity for single-base mismatches, increasing 
the accessibility of target molecules to surface-immobilized probes.

Protein dynamics can provide important insights into patho-
physiological processes but are difficult to measure in body fluids.  
A protein nanopore-based sensor that enables real-time measurement 
of protein–protein interactions can be integrated into nanofluidic 
devices173 (Fig. 5e). The sensor comprises a truncated outer membrane 
protein pore, a flexible tether, a protein receptor and a peptide adaptor. 
When a target protein ligand binds to the receptor, reversible capture 
and release events of the receptor can be measured as current transi-
tions. Similarly, a microfluidic device-based single-molecule imaging 
technique can reveal conformational properties of proteins in blood174. 
Here, proteins of interest, for example, p53 complexes, are pulled down 
as clusters in an oscillating flow chamber, followed by targeting with 
fluorescently labelled antibodies, enabling the investigation of protein 
aggregation and selection of conformational p53 mutants.

Multimodal information about cfDNA characteristics, including 
DNA methylation, tissue of origin and DNA fragmentation, can assist in 
early cancer detection in clinical plasma samples175. These epigenetic and 
genetic features can be extracted by modified ten-eleven translocation- 
assisted pyridine borane sequencing and analysed in an integrated 
manner for cancer diagnosis. The blood test CancerSEEK combines 
assays for genetic alterations and protein biomarkers176. By integrat-
ing information from different omics technologies, CancerSEEK can 
identify early-stage cancers and localize the cancer organs of origin.

Outlook
The development of new diagnostic technologies should consider the 
requirements and needs of key stakeholders, that is, clinicians and 
patients2,7,18. From a clinical perspective, timely and actionable clini-
cal information is crucial for stratifying patients, guiding treatment 

decisions and monitoring therapeutic response. Therefore, diagnostic 
platforms should demonstrate robust clinical performance, minimal 
sample processing, automated handling and high-throughput meas-
urement to improve their integration with existing clinical workflows. 
From the perspective of a patient, minimally invasive procedures that 
provide rapid outputs at an affordable price are preferred. However, 
although routinely used in clinical practice, imaging modalities (for 
example, CT, MRI and PET) are costly, have limited sensitivity to molecu-
lar mechanisms and can delay detection, in particular, when gross 
abnormalities are present. Alternatively, tissue biopsy can provide 
some molecular information; however, the procedure is invasive, may 
cause complications and cannot be readily repeated. By contrast, liquid 
biopsy of circulating biomarkers offers a minimally invasive diagnostic 
strategy that can provide molecular information at high throughput 
for precise disease characterization, complementing conventional 
diagnostic approaches.

Single biomarkers are typically tested in diagnostic assays; how-
ever, they often lack sufficient discriminatory power18,177. Alternatively, 
assessment of multiple circulating biomarkers may allow early diagno-
sis (for example, stage I cancer detection) and high-coverage charac-
terization of various diseases (for example, CancerSEEK detects breast, 
colorectal, gastric, liver, lung, oesophageal, ovarian and pancreatic  
cancer in a single blood test)176,178. Miniaturized devices in combination 
with information-revealing assays enable the integrated assessment of 
multiple biomarkers in small sample volumes, requiring only microlitres  
of bodily fluids158,175,176 (Box 1).

As more circulating biomarkers are being discovered, a better 
understanding of their release mechanisms and dynamics will guide 
improved biomarker signatures. In particular, different combinations 
of biomarkers are released into body fluids at different stages of disease 
progression6,26,32. Capturing this dynamic spectrum of circulating 
information will empower personalized medicine, including disease 
monitoring and drug selection. Technology platforms at the inter-
face of biological systems, physical engineering and data analytics 
can acquire multiplex information at high resolution and through-
put; for example, simultaneous interrogation of multidimensional 
properties, such as multi-omics and spatiotemporal features, could 
enable comprehensive and synergistic measurements. In addition, 
high-resolution profiling at the single-cell179,180 or single-EV level181,182 
could reveal complex heterogeneity and define biomarker subpopula-
tions. Moreover, big data analytics with artificial intelligence systems 

Fig. 5 | Cell-free factor detection. a, Nanoparticle-based detection of microRNA. 
Gold-coated magnetic nanoparticles are functionalized with DNA probes that act 
as dispersible electrodes. After target hybridization and magnetic collection on the  
surface of a gold microelectrode, stable peak currents are measured to reflect 
the target analyte amount. b, Direct detection of nucleic acids through catalytic 
molecular nanostructures. A DNA–protein hybrid nanocomplex comprising 
an inactivating DNA duplex and a DNA polymerase allows direct and sensitive 
detection of nucleic acid targets in clinical samples. Upon specific binding of 
target nucleic acid, the complex destabilizes and releases active polymerase. 
The signalling element translates polymerase activity into quantifiable optical 
or electrochemical signals. c, Single-molecule measurement of circulating 
proteins using an integrated microdroplet platform. Miniaturized digital droplet 
assays are integrated into a mobile device, allowing sensitive, rapid and low-cost 
measurements. d, Single-nucleotide discrimination of DNA targets using a portable 
device incorporating toroidal convection PCR and a microarray of fluorescently 
quenched probes. By setting a temperature gradient across the device, the reaction  

solution moves circularly through convection, achieving thermal cycling. Specific 
detection of targets is achieved through strand displacement reactions of 
microarrayed toehold probes. e, Real-time analysis of protein–protein interactions 
using a genetically encoded protein nanopore sensor. The sensor comprises a 
truncated ferric hydroxamate uptake component A (t-FhuA) protein pore scaffold, 
a flexible hexapeptide glycine-glycine-serine-glycine-glycine-serine ((GGS)2) 
tether, a barnase (Bn) protein receptor and a peptide adaptor (O). Reversible 
protein interaction events are captured electrochemically as current transitions. 
Oon represents the Bn-released open substate; Ooff represents the Bn-captured 
open substate; τon represents the interevent duration; τoff represents the dwell time. 
Bs, barstar; dNTP, deoxynucleoside triphosphate; HRP, horseradish peroxidase; 
ssDNA, single-stranded DNA. Part a reprinted from ref. 160, Springer Nature 
Limited. Part b reprinted from ref. 89, Springer Nature Limited. Part c adapted 
with permission from ref. 168, Proceedings of the National Academy of Sciences. 
Part d adapted from ref. 171, Springer Nature Limited. Part e adapted from ref. 173, 
Springer Nature Limited.
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could enable rapid modelling, reveal refined signatures and improve  
classification accuracy178,183.

In addition to these advances in biomarker understanding, vari-
ous technological hurdles need to be overcome for these analytical 
devices to progress to the clinic. At different stages of technology 

development, multiple considerations should be made with respect 
to its intended clinical use and platform performance. For example, 
when prototyping the technology, the system should be designed with 
functional modules, such as target enrichment, biomarker detection  
and data analysis, to promote its eventual integration with the clinical 
workflow. As compatibility with existing workflows and system auto-
mation are key considerations to promote clinical adoption, such inte-
gration will not only enhance analytical performance but also improve 
clinical uptake. Likewise, during the scaling-up of development to 
enable high-throughput manufacturing, reproducible and consistent 
analytical performance needs to be ensured, while achieving scalable 
production at low cost.

To promote the clinical translation of liquid biopsy tests, the spe-
cific clinical needs, regulatory guidelines and reimbursement models, 
among others184,185, should also be considered. In particular, translating 
pre-clinical prototypes into clinical platforms requires careful product 
development strategies. Depending on the development complexity of 
liquid biopsy technologies as well as relevant market demands, these 
technologies can be either deployed as laboratory-developed tests, 
for example, FoundationOne Liquid CDx, which are run in dedicated 
Clinically Laboratory Improvement Amendment (CLIA)-certified or 
equivalent clinical laboratories, or as in vitro diagnostic tests, for 
example, CELLSEARCH Circulating Tumour Cell Kit186, which represent 
higher-volume tests and have broader market potential. This decision 
has important regulatory implications187. For example, laboratory-
developed tests are designed based on in-house protocols, can only be 
used in a single CLIA-certified laboratory and thus are exempted from 
extensive regulatory oversight. By contrast, in vitro diagnostic tests 
are marketed as standalone assay kits (and/or devices), can be used in 
multiple laboratories and are subjected to stringent regulatory clear-
ance. Specific regulatory clearance requires the technology platforms 
to ensure analytical validity (analytical performance in terms of assay 
sensitivity, specificity, reliability and robustness), clinical validity 
(accuracy and reliability of the assay in achieving a defined clinical 
outcome) and clinical utility (clinical benefit by the assay as compared 
to standard methods in disease management). Importantly, clinical util-
ity is a key consideration by reimbursement authorities in determining 

Table 1 | Clinically approved liquid biopsy assays

FDA-approved assay Target 
biomarkers

Marker characteristics Approved indications Refs.

CELLSEARCH Circulating Tumour Cell Kit 
(Menarini Silicon Biosystems)

CTC Quantification based on marker selection (CD45−, EpCAM+, 
CK8+, CK18+ and/or CK19+)

Breast, prostate and 
colorectal cancer

190–193

ExoDx Prostate Test (ExosomeDx) Exosome Exosomal RNA profiling (ERG, PCA3, SPDEF) Prostate cancer 194–196

Epi proColon (epigenomics) cfDNA Methylated SEPT9 Colorectal cancer 197

Cobas EGFR Mutation Test v2 (Roche) cfDNA EGFR mutation NSCLC 198

Therascreen PIK3CA RGQ PCR Kit (QIAGEN) cfDNA PIK3CA mutation Breast cancer 199

Guardant360 CDx (Guardant Health) cfDNA Tumour mutation profiling of 74 genes (for example, BRAF, 
EGFR, KRAS, MET), including point mutations, insertions, 
deletions, amplifications and fusions

All solid tumours 200, 201

FoundationOne Liquid CDx (Foundation 
Medicine)

cfDNA Tumour mutation profiling of over 300 genes (for example, 
ALK, EGFR, BRCA1/2), including substitutions, insertions, 
deletions, copy number alterations and rearrangements

NSCLC, prostate, 
ovarian and breast 
cancer

202

ALK, anaplastic lymphoma kinase; BRAF, B-Raf proto-oncogene; BRCA1/2, breast cancer gene 1/2; cfDNA, cell-free DNA; CK, cytokeratin; CTC, circulating tumour cell; EGFR, epidermal growth 
factor receptor; EpCAM, epithelial cell adhesion molecule; ERG, erythroblast transformation specific (ETS)-related gene; FDA, US Food and Drug Administration; KRAS, Kirsten rat sarcoma viral 
proto-oncogene; MET, mesenchymal-epithelial transition; NSCLC, non-small-cell lung cancer; PCA3, prostate cancer antigen 3; PIK3CA, phosphatidylinositol 3-kinase catalytic subunit alpha; 
SEPT9, septin 9; SPDEF, sterile alpha motif (SAM) pointed domain-containing ETS transcription factor.

Box 1

Clinical translation of liquid 
biopsy tests
The clinical translation of liquid biopsy tests requires multi-step 
developments.

 • Prototype development of the analytical assay and device 
platform. The intended clinical application is typically defined 
early on, with specific considerations for a variety of technical 
and business development factors, such as impact on clinical 
decision-making and market demand, that help determine  
the form factor of the prototype.

 • Comprehensive and robust scaling-up strategies. These 
developments are multifaceted and iterative. They include 
optimization of assay procedures and reagents to ensure 
reproducibility, standardization of pre-analytical processing 
(such as sample handling and storage) as well as cost-effective 
and quality-managed device manufacturing.

 • Characterization of the analytical performance of the integrated 
system (for example, analytical specificity, linearity and detection 
limit).

 • Characterization of the clinical performance of the system in the 
intended patient population (for example, sensitivity, specificity, 
diagnostic accuracy, and positive and negative predictive value).

 • Regulatory filing and approval for adoption and integration into 
the clinical workflow.
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cost-effectiveness188,189. Reimbursement and clinical adoption of liquid 
biopsy tests require a value proposition weighing the incremental test 
costs against the clinical benefit.

Encouragingly, several liquid biopsy tests have already received 
FDA clearance and are commercially available (Table 1). These assays 
will serve as predicates and motivate the development of new liq-
uid biopsy tests across multiple indications. To continue the clinical 
deployment of liquid biopsy tests, collaborations across multiple key 
stakeholders, including the scientific and medical community, patient 
organizations, commercial developers, policy-makers and funders, are 
important. Such efforts will not only nurture the translation of liquid 
biopsy technologies but also transform the way we practice medicine.
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