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Digital PCR: from early developments to its future
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Digital PCR (dPCR) is the third generation of PCR technology, after conventional PCR and real-time
quantitative PCR. It is based on the partitioning of a PCR mixture supplemented with the sample to analyse
into a large number of parallel reactions, so that each partition contains either 0, 1 or a few nucleic acid
targets, according to a Poisson distribution. Following PCR amplification, the fraction of positive partitions
is extracted from an end-point measurement, allowing the computation of the target concentration. This
calibration-free technology presents powerful advantages including high sensitivity, absolute quantification,
high accuracy and reproducibility as well as rapid turnaround time and has therefore rapidly spread. Digital
PCR offers a wide range of applications in research, clinical diagnostics, and biotechnology. Among the first
clinically relevant applications of dPCR was its ability to detect rare genetic mutations within a background
of wild-type genes. This breakthrough paved the way to tumour heterogeneity analysis in oncology and
enabled liquid biopsy applications, such as the monitoring of treatment response. The scope of dPCR
applications has since rapidly extended to include prenatal diagnosis through the detection of aneuploidy
or inherited mutations, as well as pathogen identification via the detection of virus-specific genes or
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antibiotic-resistance genes in bacteria. This review focuses on the clinical applications of dPCR, highlighting

Open Access Article. Published on 21 uztailak 2025. Downloaded on 2026/02/24 18:29:05.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

rsc.li/loc

l. Introduction to dPCR

Modern medicine requires precise and sensitive techniques for
disease diagnosis and patient follow-up. The pathologies should
be detected and identified at the earliest to increase the chances
for finding a cure. Historically, infectious diseases were
diagnosed with serological tests for antibody or antigen
detection, or with sample culture for bacteria identification.
Although they are easy to perform, widely standardised and
inexpensive, these tests can be time consuming and exhibit low
sensitivity. The COVID-19 pandemic has emphasised the urgent
need for highly sensitive and accurate detection methods."

1. History and principle of dPCR

In 1986, Karry Mullis invented the polymerase chain reaction
(PCR), a technique that would become the gold standard for
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its advantages over existing technologies and providing an outlook on future developments.

nucleic acid detection.” This molecular biology method
enables the exponential replication of specific DNA
sequences, through a mix of - at least — two synthetic target-
specific oligonucleotides (primers), a thermostable DNA-
replicative enzyme (DNA polymerase) and deoxyribonucleotide
triphosphate monomers (dNTP).> In its initial development,
the product of the amplification reaction was analysed by gel
electrophoresis, providing semi-quantitative information
based on band intensity. In 1992, Russel Higuchi developed
the second-generation PCR, the quantitative PCR (qPCR, also
known as real-time PCR), where the amplification reaction is
monitored in real-time using for example a fluorescent DNA-
intercalating dye or specific fluorescent probes (TagMan
probes or molecular beacons).” From the fluorescence signal,
the amplification time (i.e. the cycle at which the fluorescence
crosses a given threshold) is extracted and compared to
standard samples of known concentration, allowing for a
relative quantification.

In a precursor work from 1989, Peter Simmonds used
limiting dilution PCR to detect single copies of HIV provirus
in infected cells and concluded that the disease stage
correlates with the proportion of infected Peripheral Blood
Mononuclear Cells (PBMC, ranging from 1 per 5000 to 80 000
cells for asymptomatic patients to 1 per 700 to 3300 cells for
late stage/stage IV patients).* Three years later, Morley and
Sykes combined limiting dilution PCR with Poisson statistics
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to isolate, detect and quantify single nucleic acid molecules,
laying the foundations of digital PCR:’ in their study, sample
dilutions were replicated, PCR-amplified and analysed by gel
electrophoresis, enabling an accurate count of target
molecules based on the fraction of negative partitions. The
authors successfully detected, within bone marrow samples
of leukemia patients, mutated IgH rearranged heavy chain
gene as low as 2 targets in 160000 wild-type sequences. In
1999, the term digital PCR, the third and latest PCR
generation, was coined by Bert Vogelstein and collaborators
(see Fig. 1), who developed a workflow involving limiting
dilution distributed on 96-well plates combined with a
fluorescence readout to detect mutations of RAS oncogene in
the stools of patients with colorectal cancer.®

The technology of dPCR was born, but the need for
microtiter plates limited its practicability and some
improvements were therefore needed. In 1997, Olga Kalinina
and collaborators introduced volume miniaturisation by
using microcapillaries (~10 nL) for the partition process,
which reduced the cost of reagents and improved the
amplification efficiency.” In 2003, Bert Vogelstein et al.
reported the BEAMing (beads, emulsion, amplification and

magnetics)  technology,®'®  further  simplifying the
compartmentalisation process by utilising water-in-oil
droplets  parallelising PCR. The method involved

encapsulating individual DNA molecules with magnetic
beads coated with primers, permitting PCR amplification
within the droplet. The amplified products were then
recovered magnetically and analysed by flow cytometry using
DNA probes and/or immunostaining. Some derived protocols
of BEAMing replaced the flow cytometry analysis by the
imaging of planar arrays of hydrogel beads.'* This adaptation
has been used to detect early-stage colorectal cancer by
assessing oncogene expression in tissue and stool samples."”
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Modern dPCR protocols are built upon those foundational
principles and generally follow four key steps: i) partitioning
the PCR mixture that contains the sample into thousands to
millions of compartments. This step implies the random
distribution of the targets among the partitions; ii)
amplifying individual target-containing partitions; iii)
performing end-point fluorescence analysis of the partitions;
iv) computing the target concentration using Poisson
statistics, based on the fraction of positive and negative
partitions (see Fig. 2). This provides PCR with high sensitivity
and calibration-free absolute quantification'® owing to the
single-molecule detection attribute.'® For the past decades,
two major types of partitioning methods have emerged:
water-in-oil droplet emulsification and microchambers.

In droplet digital PCR (ddPCR), the sample is dispersed
into tiny (pL to nL) droplets within an immiscible oil phase.
Monodisperse droplets can be generated at high speed
(typically 1-100 kHz) using a microfluidic chip leveraging
passive forces or actively breaking the aqueous/oil interface
(for an exhaustive review on microfluidic designs for droplet
generation, see Xu et al.'*). It is to be noted that water-in-oil
droplets are prone to coalescence (especially during the harsh
temperature variation of the PCR protocol) and their
stabilisation with an appropriate surfactant is of prime
importance."®

Microchamber-based dPCR uses an array of thousands of
microscopic wells or chambers embedded in a solid chip.
While ddPCR offers greater scalability and cost-effectiveness,
it requires precise emulsification and droplet stability. On
the other hand, microchamber dPCR provides higher
reproducibility and ease of automation but is limited by the
fixed number of partitions and typically higher costs.

As for the droplet-signal reading technology, again, two
primary readout methods are available: in-line detection and
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Fig. 1 Schematic chronology of dPCR focused on historical works and commercial developments. Created with https://Biorender.com.

References cited are Mullis et al.,? Higuchi et al.,* Vogelstein et al.,° Dressman et al.,® Huggett et a

3922 | Lab Chip, 2025, 25, 3921-3961

l 390

This journal is © The Royal Society of Chemistry 2025


https://Biorender.com
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00055f

Open Access Article. Published on 21 uztailak 2025. Downloaded on 2026/02/24 18:29:05.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Lab on a Chip

Sample

Partitioning

Oncology
Prenatal testing
Pathogen detection

emulsification in
microdroplets

filling of
microchambers

View Article Online

Critical review

Amplification Readout and Analysis

%

tube-based or flat-bottom
thermocyling

\ frm—
|

planar imaging

in-line detection

Fig. 2 Principle of dPCR based on limited dilution, distribution in partitions, amplification, fluorescence detection and data analysis.

planar imaging. In in-line detection, commonly used in
ddPCR, the droplets are flowed through a microfluidic
channel or capillary and their fluorescence is measured one
by one using a light source coupled to detectors. This allows
the analysis of a large number of droplets but requires
precise control of the flow. In contrast, planar arrays of
microchambers or microdroplets can be imaged using a
fluorescence microscope or scanner and provide a static
snapshot of the partitions. Note that 3D imaging'® and
analysis'’ techniques have been developed to assay in a
shorter time a larger number of droplets.

2. A path towards commercialisation of dPCR platforms

The rise of dPCR has been driven by significant advances in
microfabrication and  microfluidics, expanding the
possibilities for volume miniaturisation."®'® This progress
has led to the development of various dPCR techniques,
ranging from 96-well plate-compatible protocols®® to
sophisticated lab-on-chip prototypes, potentially suitable for
commercialisation.

One notable example is Slip Chip, a microfabricated chip
composed of a bottom plate with microchambers filled with
PCR solution. This chip slides under a top plate which
contains the samples, enabling interaction and amplification
with an end-point analysis under a fluorescence
microscope.>! Another innovative system, the spinning disk,
uses centrifugation to separate the sample into nanoliter
wells for an end-point fluorescent analysis.>* Although these
systems are technologically advanced, they remain mainly
used as laboratory prototypes.

In contrast, the first compartment-based dPCR
nanofluidic platform was commercialised by Fluidigm in
2006. It is composed of an integrated fluidic controller (IFC)
that loads the samples automatically into microchambers
using on-chip valves; a fluorescence analyser with or without

This journal is © The Royal Society of Chemistry 2025

an integrated thermocycler - that allows real-time PCR
(Biomark) or endpoint (EP1) analysis respectively. Although
no longer commercially available, this platform was proven
to be efficient for the detection of bacterial signatures, for
the measurement of gene expression in tissues,” or gene
copy numbers in breast cancer samples.>> The next
significant commercial dPCR system was the Quantstudio 3D
(QS3D), marketed by Applied Biosystem in 2013. Originally
developed as the Open Array Platform by BioTrove, it was
acquired by Life Technologies in 2009 and replaced by
Absolute Q in 2022. In 2013, Formulatrix introduced its
Constellation dPCR instrument. The company was bought by
Qiagen in 2019 and the same instrument was renamed
QIAcuity in 2020. The system developed by Roche (Digital
LightCycler) followed in 2022 (see Table 1).

In droplet-based dPCR, laboratory prototypes tend towards
fully integrated on chip systems. They usually contain
microfluidic valves*® and/or electrodes and magnets® to
generate the droplets that are thermocycled in either a
chamber®® or in a microchannel that traverses alternating
temperatures areas.>”>° However, at the present time, the use
of a separated 3-step protocol for on-chip droplet generation,
off-chip in-tube thermocycling and on-chip droplet
fluorescence analysis still presents clear advantages such as
reliability and flexibility. Moreover, it permits compliance
with clinical constraints which could imply separate rooms
for pre-PCR, PCR and post-PCR with the aim of avoiding
cross-contaminations. It is thus central to most commercial
systems and has been used in research and clinical
laboratories, for example, to analyse rare mutations of the
KRAS gene.”> An optimised multiplex with fluorescence
intensity encoding (using different green and red probe
concentrations, see also section 2.a) led to a 5-plex assay
capable of the simultaneous identification of the c815A>G
mutation and copy number variation of genes implicated in
spinal muscular atrophy.*’ In the same article, the authors
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mentioned the achievement of a 10-plex assay. Concurrent
developments focused on using a 96-well plate for droplet
collection to parallelise sample thermocycling. It allowed
processing of 8 samples simultaneously and led to the first
droplet-based dPCR commercialised instrument by
Quantalife.*® The American company Bio-Rad bought
Quantalife in 2011 and its other competitor Raindance in
2017, making it the global leader in droplet dPCR.

Since 2011, Bio-Rad has commercialised a 2-color
system based on the 3-step workflow, namely the QX100™
Droplet Digital™ PCR System and its next version the
QX200™ followed by the QX600 6-color version, and the
all-in-one fully automated QX1 system (see Table 1 for
characteristics). In 2016, the French company Stilla
Technologies commercialised a 3-color system (NAICA 3),
replaced by a 6-color system (NAICA 6) and the brand-new
all in one Nio+ system series (7 colors ddPCR). In 2025,
Bio-Rad entered the process of acquiring Stilla
Technologies. From 2019, other competitors emerged
including Rainsure, Targeting One, Forevergen, Sniper or
Pilot Gene Tech, diversifying the market of ddPCR
platforms. Important studies that compared these droplet
dPCR platforms confirmed a high degree of consistency,
as shown in the case of SARS-CoV-2 gene-associated
detection.*>** The calibration of droplet volume remains
recommended to maintain the consistency between
platforms.**—°

Many studies have compared dPCR instruments based
on microchambers versus droplets with the ultimate goal of
calibrating differences (see Table 1) and standardising dPCR
for clinical use. The evaluation of the QX100/QX200 and
QS3D instruments, with different types of partition and
readout, was conducted to assess their ability to detect
mutations in samples in various situations including
prenatal non-invasive testing,*® lung cancer follow-up®” and
HIV follow-up.*® It was demonstrated that both platforms
achieved comparable results with similar sensitivity. The
QX200 platform was also compared to the Absolute Q for
the detection of early-stage breast cancer. These platforms
displayed >90% concordance in ctDNA positivity within 46
plasma samples.>® Further work also compared QX200 and
QIAcuity platforms for the detection of specific
mutations,’®" and both allowed the detection of DNA
quantities as low as 9 picograms,’® although a moderate
agreement was found due to the sampling effect and
threshold settings.*’ To assess the impact of partition
number, the QX200, QS3D and Raindrop (a system with
250-fold more partitions, from Raindance Technologies)
systems were compared for the detection of the BCR-ABL1
fusion gene (leukemia biomarker) and were found to have a
common 4log dynamic range and to correlate only for
frequency >0.1%.** These platforms were also compared to
the QX100, the Constellation, and the Biomark systems for
the detection of mutated KRAS oncogene, taking plasma
mass spectrometry as a reference. It showed a variability in
concentration values less than 1.3-fold.** The QX100, the

This journal is © The Royal Society of Chemistry 2025
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Biomark and the Raindrop systems have also been
compared to the Quantstudio 12K Flex. The analysis
required partition volume correction and indicated
comparable effectiveness for the quantification of a certified
plasmid reference material.**

The numerous advantages of dPCR (high sensitivity*®
reproducibility, absolute quantification, less competition
between DNA targets and so less bias due to PCR efficiency
differences, less sensitivity to PCR inhibitors,’® easy
analysis,*” lower volumes and turnaround times) explain its
rapid expansion, in the last years (see Fig. 3a), as a powerful
tool for potential clinical applications. This is, all the more
true, knowing that the clinical implementation of liquid
biopsies is becoming a standard of care. Liquid biopsy is the
act of sampling biological fluids for the analysis of nucleic
acids, circulating cells or subcellular structures as exosomes.
It is mostly known in the field of oncology, but it is also used
for other disease diagnoses. Despite the minimally invasive
character of liquid biopsy, the minute amount of material
available is still a real challenge.

However, very few applications are, at the present
time, FDA-approved in clinics. Indeed, the FDA validated
the use of dPCR in 3 particular cases: SARS-CoV-2
detection,”® BCR:ABL1 detection to follow up patients
with chronic myelogenous leukemia® and residual host
cell DNA detection in biologic drugs produced in E.
coli® It's worth noting that the FDA has so far decided
not to regulate laboratory-developed tests, such as non-
invasive prenatal testing.”® In order to pave the way of
dPCR for patient diagnosis and follow up, a large range
of clinical trials are comparing its performance to the

gold standard methods currently wused in clinics,
particularly in oncology (see Fig. 3b). This review will
present chosen examples of these studies, referencing

advantages and drawbacks of dPCR. Finally, an overview
of promising improvements will be proposed, although
the list is not exhaustive."
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II. Applications of dPCR in oncology

In 2022, cancer was responsible for approximately 9.7 million
deaths worldwide and remains the second leading cause of
mortality.>> Among the estimated 20 million new cases per
year, the most common are breast cancer (BC), colorectal
cancer (CRC) and lung cancer (LC). According to the National
Cancer Institute, cancer is defined as a disease “in which
some of the body's cells grow uncontrollably and spread to
other parts of the body”.>® This abnormal cell proliferation is
triggered by the accumulation of alterations within cells
implying changes at different key levels including genomic,
transcriptional or epigenomic. All these alterations constitute
potential cancer biomarkers® useful for cancer detection,
disease prognosis, treatment selection or analysis of response
to treatment.>® At the genomic level, somatic molecular
alterations can be fusion gene, point mutations or copy
number variation (CNV) of specific oncogenes or tumour
suppressor genes such as HER2, PIK3CA, KRAS, BRAF, EGFR,
and TP53 (ref. 56) (see Table 2).

1. Solid tissue analysis

Tissue biopsies are used by the pathologist to confirm the
diagnosis of cancer by direct observation of the cells and
tissues' morphologic features. This observation is combined
with other analyses such as immunohistochemistry (IHC)
and/or fluorescent in situ hybridisation (FISH) and/or
traditional molecular analysis. These methods are both
expensive and time-consuming and could introduce a
subjective dimension into the diagnosis.”® Complementary
analysis by dPCR can deliver interesting information on
DNA extracted from solid tumour tissue. As an example, it
is possible to analyse the CNV of genes of interest (using a
gene of reference) to discriminate the tumour from the
normal tissue. For instance, the matrix metalloproteinase-9
gene (MMP-9) CNV was found only in tumour tissue and
not in adjacent tissues. Coupled to mMRNA expression

b
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Fig. 3 a) Number of yearly publications on digital PCR and digital PCR in clinics. b) Applications of dPCR in different fields in general and in clinics.

Source: Scopus [data assessed: 27/11/2024].

This journal is © The Royal Society of Chemistry 2025

Lab Chip, 2025, 25, 3921-3961 | 3927


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00055f

Open Access Article. Published on 21 uztailak 2025. Downloaded on 2026/02/24 18:29:05.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Critical review

View Article Online

Lab on a Chip

Table 2 Most prevalent cancer types and their main biomarkers. Abbreviations: CRC: colorectal cancer, NSCLC: non-small cell lung cancer

Gene of interest Type of alteration Biomarker type

Type of cancer

References

HER2 CNV Tissue, ctDNA  Breast cancer, gastric cancer, NSCLC 12, 61, 79, 96, 97
RAS Point mutation Tissue, ctDNA, CRC, pancreatic cancer, melanoma 41, 55, 72-75, 82, 86, 100, 102, 109, 157,
CTC 341-343, 347, 348, 392-394
BRAF Point mutation Tissue, ctDNA  CRC, melanoma 55, 68, 73, 75, 85, 86, 95, 99, 101, 102, 341,
347, 393, 394
EGFR Point mutation  Tissue, ctDNA, NSCLC 37, 41, 55, 68, 70, 71, 78, 84, 88, 90-94,
CTC 106, 125, 150, 151, 153, 158, 395-397
TP53 Point mutation Tissue, ctDNA  Ovarian cancer, breast cancer, NSCLC, 39, 65, 80, 106, 109, 122, 398
pancreatic cancer, hepatocellular carcinoma,
melanoma
PIK3CA Point mutation Tissue, ctDNA, Breast cancer, CRC, NSCLC 39, 75, 81, 100, 102, 106, 110, 147, 148,
CTC 347, 399, 400
TERT CNV, point Tissue, ctDNA  Lung cancer, bladder cancer, 58, 120, 122-124, 398, 401
mutation hepatocellular carcinoma
MYC CNV Tissue, ctDNA  Lung cancer 58, 402
ESR1 Point mutation ctDNA, CTC, Breast cancer 147, 149, 346
EV
BCR::ABL1 Fusion gene ctDNA Leukemia 34,42, 49, 87, 113-117
ALK Fusion gene Tissue, ctDNA, NSCLC 63, 119, 165, 166, 169
CTC
MET CNV, point Tissue, ctDNA, Lung cancer, ovarian cancer 55, 59, 62, 150, 169
mutation CTC
PD-L1 Transcript CTC Head and neck squamous 154
cell carcinoma
WIF1 Hypermethylation ctDNA CRC 127
NPY Hypermethylation ctDNA CRC 127

analysis, it showed a potential value as a diagnostic
biomarker in hepatocellular carcinoma (HCC) samples (P <
0.0001, AUC = 0.76).>” Similarly, the CNV analysis of
tumour and non-tumour tissues has enabled the diagnosis
of lung cancers with a pre-defined specificity of 99% and a
sensitivity of 41% for MYC and 51% for TERT individually,
whereas the combination of both genes gave an improved
sensitivity of 60%,”® highlighting that targeting several
genes can improve clinical sensitivity. The MET polysomy
detection by dPCR indicated a 100% concordance with
FISH in non-small cell lung cancer (NSCLC) samples.”® The
determination of HER2 CNV is particularly interesting: if
upregulated, HER2 is a treatment target in several solid
tumours including breast and gastric cancers. The
traditional analysis of HER2 CNV by FISH uses a reference
gene, often CEP17 (centromere of chromosome 17). Up to
20% of false negative results have been reported with FISH,
especially in the case of polysomy of chromosome 17.°° In
BC,*" a strategy based on a 3 duplex dPCR with 3 different
reference genes has been developed, resulting in the same
HER2 CNV detected as with ITHC and FISH combined,
without the use of CEP17. Thereby using several reference
genes can significantly improve the sensitivity, making it
competitive ~ with  standard  methods. @ The CNV
determination by sequencing analysis is also feasible, but
dPCR has been suggested as a pertinent validation for
unambiguous results.®

For the analysis of point mutations, dPCR is often
challenged against sequencing methods (Sanger or next-
generation sequencing).®*®” Indeed, dPCR had a similar

3928 | Lab Chip, 2025, 25, 3921-3961

sensitivity and a faster turnaround time than NGS for testing
DNA and RNA biomarker panels in samples from patients
with NSCLC®® or acute myeloid leukemia (AML).** In NSCLC,
the treatment with EGFR (endothelial growth factor receptor)
tyrosine kinase inhibitor (TKI) is inefficient in patients with
EGFR resistance mutations. It has been shown that the
presence of T790M EGFR mutation correlates with a faster
rate of disease progression in the first five months.”® In
contrast, dPCR offers quantitative analysis of the EGFR
mutation and revealed that low-level T790M does not impact
the treatment response or the survival, indicating that a
threshold is needed to determine who will benefit from EGFR-
TKL’® Thus, the impact of mutations on treatment resistance
can be studied by dPCR.”" In the case of CRC, resistance to
anti-EGFR therapies arises from mutations of the RAS gene and
BRAF. As for NSCLC, highly sensitive dPCR revealed the need
for a threshold in the mutant allele frequency (MAF) detection
for prognosis. The clinically relevant threshold analysed by
extended pathway genotyping of RAS and BRAF in large patient
populations seemed comprised between 1% (ref. 72-74) and
5% of RAS/BRAF mutant.”” Unfortunately, solid biopsies are
invasive and therefore not suitable for regular patient
monitoring. Moreover, solid biopsies only provide information
from a limited area of the tumour in a disease known to be
highly heterogeneous.

2. Liquid biopsy analysis

In recent years, liquid biopsy in oncology, consisting of the
analysis of tumour-specific components released in bodily

This journal is © The Royal Society of Chemistry 2025
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fluids such as blood, urine, saliva, pleural, peritoneal or
cerebrospinal fluids, has shown to be pertinent to
overcome the limitations of tissue biopsy. The concept of
liquid biopsy was first coined by Catherine Alix-Panabieres
and Klaus Pantel by detecting, in blood, -circulating
tumour cells (CTCs) - intact cells that detached from a
primary tumour and entered the bloodstream.”® Liquid
biopsies are non or minimally invasive and their analysis
offers several benefits in comparison with solid biopsies,
including real-time analysis and reflection of tumour
heterogeneity. Moreover, liquid biopsy analyses present
applications for detection of early cancer, cancer
progression and minimal residual disease (MRD) as well
as for the real-time monitoring of treatment response. The
FDA approved the Cell Search CTC system, for monitoring
breast cancer via CTC isolation/enumeration in 2004,
metastatic CRC in 2007 and metastatic prostate cancer in
2008. Many other biomarkers can be analysed in liquid
biopsies including exosomes, microRNAs (miRNAs), and
cell-free circulating tumour DNA (ctDNA). ctDNA consists
of fragments of DNA released into bloodstream by tumour
cells, allowing the search for tumour specific molecular
changes in real-time.

5 colors
differences

a) 2 fluorescences targeting 4
mutations and wild-type
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a) dPCR for circulating tumour DNA detection and
monitoring. In cancer diagnosis, ctDNA is particularly
interesting. Many studies have challenged the efficiency of
dPCR for mutation detection in paired tissue and ctDNA
samples from patients with metastatic or advanced cancer.
DNA extracted from tissues and plasma presents low
correlation in early-stage cancer,”””® probably related to the
low tumour DNA level, proven to be associated to tumour
burden.”” However, in the metastatic setting, good
concordance has been found, for example: 62.5% for TP53
mutations in patients with ovarian cancer,®® 83.1% for
PIK3CA mutations detected in 89 patients with BC,*" 74% in
multiplex dPCR (see Fig. 4, multiplexing strategy) or 84% in
multiple duplex dPCR for KRAS mutations in 50 patients with
CRC®* and 86.3% in the case of EGFR mutations detected in
106 patients with NSCLC.”® The analysis of HER2 CNV in
NSCLC patients revealed a concordance between tissue and
blood oscillating between 66.7% (low CNV) to 98.9% (high
CNV).% When compared to other detection methods, dPCR
has proven to be more sensitive for ctDNA EGFR p.T790M
mutation detection than ADx-ARMS PCR with a sensitivity
improved from 30.77% to 53.85% for a specificity over 90%
on paired samples in NSCLC.** Performances of dPCR have
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Fig. 4 Multiplex assay with two fluorescent probes labelling wild-type and mutations of KRAS gene for ctDNA analysis in CRC patients. a)
Multiplexing strategy for a 5-plex assay and b) representative data from 2 available panels including the 7 frequently seen mutations in KRAS codon
12 and 13. Reproduced from ref. 82 with permission from Oxford University Press, copyright 2013.
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also been assessed for HER2 CNV detection””® in a mix of
various stages of BC, and HER2 amplification was detected in
plasma samples with an overall concordance of 66.96% with
a sensitivity of 43.75% and a specificity of 84.38%, when
compared to tissue analysis by FISH/IHC. Interestingly, the
subgroup analysis of samples from stage IV and recurrent
patients indicated a decreasing concordance between blood
and tissue of 69.47% and 59.32% respectively. These findings
correlate with the tumour burden and the intra/inter-tumoral
heterogeneity rising.”

These comparative studies encourage considering the use
of molecular analysis in liquid biopsy as companion
diagnostic for routine analysis.

As already discussed, the performances of various
commercially available dPCR platforms are regularly
analysed. A conclusion would be that dPCR is generally more
sensitive than the fully automated qPCR-based method.*>®”
Nevertheless, some levels of standardisation have become
mandatory, particularly when so many dPCR platforms are
available. In the case of NSCLC, the ctDNA detection of EGFR
mutations was first FDA-approved in 2016 with a qPCR assay
for clinical use (COBAS assay).*®®° Indeed, the efficacy of the
EGFR inhibitor depends on the EGFR-signalling activation
with EGFR-sensitising mutations (exon 19 and 21) and EGFR-
resistant mutation (T790M substitution in exon 20).°>%!
Provencio et al. described that patients with sensitising
mutations detected by dPCR at a mutant allele frequency
(MAF) <7% had lower risk of death (60%). During the follow-
up, plasma samples, taken while under EGFR inhibition
treatment, revealed the emergence of T790M in 52.8% of
patients subjected to disease progression.”> Another study
that used dPCR correlates the absence of mutated EGFR, at
baseline and/or at 4 weeks of iconitib therapy (TKI), with
longer progression-free survival (PFS).>* In a different study,
undetectable levels of sensitising mutation, during
osimertinib therapy (TKI), were associated with higher PFS,
whereas its re-emergence alone or together with p.T790M was
associated with shorter PFS. Surprisingly, patients with the
triplet molecular pattern (sensitising+/T790M+/C797S+) had
12.3 months of median time to progression compared to 4.9
months for patients with sensitising mutation only and 2.17
months for patients also presenting p.T790M mutation.’*
Similarly, the FIRE-4.5 study concluded that liquid biopsy
evaluating ctDNA is informative and relevant to guide
treatment choices in patients with BRAF V600E-mutated
metastatic CRC,”> in which case a clear superiority of
FOLFOXIRI plus bevacizumab was demonstrated. During the
follow-up of patients with HER2+ BC, a decrease of HER2
CNV (15% (ref. 96)) in plasma was correlated with better
prognostics and could predict clinical benefit.”®®” In AML,
dPCR has proven to be suitable for FLT3-TKD mutation
detection, but more clinical studies are needed to conclude
about a clinical value.”® These discoveries highlight the
importance of treatment response monitoring and the
pertinence of the use of liquid biopsy for this purpose.
Moreover, the rapid turnaround time and the quantitative

3930 | Lab Chip, 2025, 25, 3921-3961

View Article Online

Lab on a Chip

character of dPCR associated with the low invasiveness of
liquid biopsy make it an outstanding tool for therapy
monitoring for daily clinical practice.

Apart from the metastatic setting, dPCR has also been
evaluated in the perioperative period, particularly for MRD
detection. After surgery of patients with CRC, the ctDNA
monitoring for BRAFV600E mutation by dPCR revealed a
correlation of the detected MAF with tumour diameter but
not with tumour recurrence.’® In contrast, after liver
resection in patients with CRC liver metastases, KRAS and
PIK3CA mutations were associated with a shorter overall
survival (0S).’*° Similarly, in patients with resected cutaneous
mel