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Abstract
Circulating tumor cells (CTCs) are cells shed from primary or metastatic tumors and spread into the peripheral bloodstream. 
Mutation detection in CTCs can reveal vital genetic information about the tumors and can be used for “liquid biopsy” to 
indicate cancer treatment and targeted medication. However, current methods to measure the mutations in CTCs are based 
on PCR or DNA sequencing which are cumbersome and time-consuming and require sophisticated equipment. These largely 
limited their applications especially in areas with poor healthcare infrastructure. Here we report a simple, convenient, and 
rapid method for mutation detection in CTCs, including an example of a deletion at exon 19 (Del19) of the epidermal growth 
factor receptor (EGFR). CTCs in the peripheral blood of NSCLC patients were first sorted by a double spiral microfluidic 
chip with high sorting efficiency and purity. The sorted cells were then lysed by proteinase K, and the E19del mutation was 
detected via real-time recombinase polymerase amplification (RPA). Combining the advantages of microfluidic sorting and 
real-time RPA, an accurate mutation determination was realized within 2 h without professional operation or complex data 
interpretation. The method detected as few as 3 cells and 1% target variants under a strongly interfering background, thus, 
indicating its great potential in the non-invasive diagnosis of E19del mutation for NSCLC patients. The method can be 
further extended by redesigning the primers and probes to detect other deletion mutations, insertion mutations, and fusion 
genes. It is expected to be a universal molecular diagnostic tool for real-time assessment of relevant mutations and precise 
adjustments in the care of oncology patients.

Keywords Circulating tumor cell · Non-small cell lung cancer · Targeted medication · EGFR mutation detection · 
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Introduction

Circulating tumor cells (CTCs) are tumor cells that leave the 
primary tumor and spread into the peripheral blood circula-
tion [1]. They have been confirmed to be closely related to 
human cancer development, relapse, and metastasis [2–4]. 
CTCs contain detailed biological information about the pri-
mary tumor cells, and thus the mutation profiles in CTCs 

are powerful biomarkers for precision medicine of various 
human carcinomas, including non-small cell lung cancer 
(NSCLC).

NSCLC has high morbidity and mortality. It accounts for 
approximately 80–85% of human lung cancers [5]. Previ-
ous studies have shown that targeted treatments with EGFR-
tyrosine kinase inhibitors (EGFR-TKIs) (e.g., gefitinib, erlo-
tinib) were effective in most NSCLC patients. However, its 
efficacies are closely correlated with the EGFR gene muta-
tion status at exons 18–21 in the tyrosine kinase coding 
domain [6–8]. The most prevalent EGFR kinase domain 
mutations are exon 19 mutations, characterized by in-frame 
deletions of amino acids 747–750, accounting for 45% of 
EGFR mutations in NSCLC. The L858R substitution in exon 
21 comprises another 40–45% [9, 10]. Clinical trials have 
shown that NSCLC patients with exon 19 deletion (E19del) 
mutations responded better to gefitinib and erlotinib than 
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those with L858R point mutations [11]. In clinical prac-
tice, EGFR mutations are often analyzed in tumor tissue 
samples (e.g., tissue biopsy, or surgical operations) from 
NSCLC patients [12, 13]. However, these procedures have 
many disadvantages: they are painful to patients; it is dif-
ficult to obtain histopathological specimens depending on 
lesion location and pathological stage; and longitudinal tis-
sue sampling is impossible. Therefore, this study was per-
formed to analyze the EGFR mutations present in peripheral 
blood CTCs from NSCLC using E19del as an example. This 
approach can overcome the disadvantages described above.

The main strategies used to detect CTC mutations are 
PCR-based methods [14–16]—including amplification 
refractory mutation system (ARMS-PCR), real-time quanti-
tative PCR (RT-qPCR), and droplet digital PCR (ddPCR)—
as well as DNA sequencing [17, 18] (e.g., Sanger sequenc-
ing, pyrosequencing, next-generation sequencing). However, 
as valuable as these methods are, the cumbersome manual 
operation, time-consuming procedures (from hours to days), 
and the requirement for sophisticated equipment (e.g., DNA 
sequencer or thermocycler) have largely limited their appli-
cations [19, 20]. Because of the above-described reasons, 
it is especially problematic in areas with limited resources. 
Therefore, developing a more convenient and simple method 
to break the limitations and benefit more people is particu-
larly important.

Recombinase polymerase amplification (RPA) is a well-
performing isothermal nucleic acid amplification technol-
ogy and a useful tool for nucleic acid amplification. Unlike 
PCR, RPA is based on the synergy of enzymes and proteins 
and does not require template denaturation [21]. The elimi-
nation of thermal cycling steps during gene amplification 
greatly shortens its reaction time (15–30 min) and helps 
it eliminate the need for temperature control [22, 23]. The 
RPA reaction can be performed under different conditions 
at a relatively low and constant temperature (37–42 ℃). It 
can even be initiated by the heat of human bodies [24, 25], 
which is particularly suitable for portable detection devices. 
Compared with other isothermal nucleic acid amplification 
technologies, RPA has advantages in sensitivity, specific-
ity, detection speed, application range, and maneuverability 
[26–28]. For example, compared with the loop-mediated 
isothermal amplification (LAMP), another most commonly 
used isothermal nucleic acid amplification technology, the 
RPA method exhibits advantages with lower reaction tem-
perature (60–65 ℃ for LAMP) and simpler primer design (2 
primers for RPA and 4–6 primers for LAMP) [29]. Thus, the 
RPA technology has been rapidly developed in recent years 
and is widely applied to detect pathogens [30–34].

However, RPA has not yet been fully developed for 
human gene mutation detection. Only two related assays 
have been reported to date. The first combined the RPA 
method with an optical quantum sensor to detect point 

mutations in KRAS [35]. The overall construction of the 
assay is complex and time-consuming because the primer 
needs to be fixed on the sensor surface in advance, and the 
surface cleaning is very troublesome. Another assay used the 
RPA method to detect EGFR deletion mutations [36], but 
this is not a one-step detection method. The detection result 
was determined by staining amplified products with SYBR 
Green I dye. The method’s selectivity was only 30–40%, 
which is insufficient in many clinical practices. Therefore, 
it is necessary to promote further RPA-related research to 
detect human gene mutations rapidly. Moreover, no report 
describes the RPA method for mutation detection in CTCs.

Here, a sensitive and rapid real-time RPA system was 
established and used to detect the E19del mutation in CTCs. 
Whole blood was first collected from NSCLC patients and 
diluted to an optimal hematocrit. The diluted blood was 
injected into a double spiral microfluidic chip at an opti-
mized flow rate. After two-stage sorting, CTCs were col-
lected from the target outlet while most of the other cells 
flowed out of the waste outlets. Two methods were used 
to detect the resulting CTCs: one was immunofluorescence 
staining for cell identification, and another one was cell lysis 
for mutation detection. The results showed that the double 
spiral microchip efficiently isolated the CTCs in the clini-
cal blood samples. Furthermore, the CTC E19del mutations 
were successfully detected by the currently developed RPA 
system in all patients with EGFR mutational status known 
from tumor biopsies. Based on our knowledge, it is the first 
time an isothermal nucleic acid amplification technology 
was applied to mutation detection in CTCs. The current 
study offers a rapid, reliable, non-invasive mutation detec-
tion tool for cancer diagnosis, therapy, and prognosis.

Materials and methods

Preparation of samples

Cell line and culture

This work used the human non-small cell lung cancer cell 
line HCC-827 with a homozygous E19del mutation (i.e., 
E746-A750del) as the mutant-type (MT) cell sample. The 
HCC-827 cell was purchased from Procell Life Science & 
Technology Co., Ltd (Wuhan, China) and was maintained 
in RPMI-1640 medium (Gibco, USA) supplemented with 
10% fetal bovine serum (HyClone, USA) and 1% penicil-
lin–streptomycin (HyClone, USA) under standard growth 
conditions of 37 ℃ and 5%  CO2. Prior to the experiment, 
the HCC-827 cells were detached from the surface of the 
culture flask using 0.25% trypsin–EDTA (Gibco, USA) and 
centrifuged at 300 × g for 4 min and then resuspended in 
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phosphate-buffered saline (PBS; HyClone, USA) with 1% 
BSA (v/v; Sigma, USA).

Blood sample collection

This study was approved by the ethics committee of the 
Army Medical Center, and written informed consent was 
obtained from the patients or their family members before 
sample collection. All experiments were performed fol-
lowing relevant guidelines and regulations. The peripheral 
blood from healthy volunteers and carcinoma patients was 
collected in vacutainer tubes coated with EDTA-K2 anti-
coagulant. All carcinoma patients were diagnosed with 
NSCLC according to the International Association for the 
Study of Lung Cancer lung cancer staging protocol. The 
clinical descriptors of the participants are summarized in 
Supplementary Information (see Electronic Supplementary 
Material Table S1).

Lymphocyte separation from the peripheral blood 
of healthy volunteers

According to the manufacturer’s introduction, the lympho-
cytes in the peripheral blood were isolated by using a lym-
phocyte separation medium (Solarbio, China). These cells 
were used as wild-type (WT) cell samples to evaluate the 
performance of the RPA system.

Genomic DNA extraction and quantification

The genomic DNA (gDNA) of the harvested HCC-827 cells 
was extracted using a QIAamp DNA Mini Kit (Qiagen, Ger-
many) according to the manufacturer’s instructions and used 
as MT-gDNA. The gDNA in the peripheral blood of healthy 
volunteers was extracted using QIAamp DNA Blood Mini 
Kit (Qiagen, Germany) and used as WT-gDNA. The gDNA 
concentrations were quantitatively determined using a Nan-
odrop 2000 UV–Vis spectrophotometer (Thermo Fisher Sci-
entific, USA). The samples were stored at − 20 ℃ until use.

Quality control (QC) plasmid preparation and quantification

Here, E19del WT- and MT-gene fragments containing the 
target sequences were artificially synthesized by Sangon 
Biotech Co., Ltd (Shanghai, China) and cloned into a plas-
mid to prepare WT- and MT-QC plasmids. The sequences of 
all QC plasmids were confirmed by DNA Sanger sequencing 
(see Electronic Supplementary Material Fig. S1). The QC 
plasmids were then serially diluted, and the concentrations 
were quantified by digital PCR (ddPCR) (see Electronic 
Supplementary Material Fig. S2 and S3).

Cell lysis

Mutation detection directly after simple CTC lysis was 
needed to avoid the loss of CTCs during nucleic acid extrac-
tion and purification. Therefore, three different lysis methods 
were tested: ultrasound, proteinase K incubation, and direct 
PCR buffer. In the ultrasound method, a 100 μl cell suspen-
sion was added into an Eppendorf tube and treated with an 
ultrasonicator (Diagenode Bioruptor; Belgium; five 30-s on/
off cycles). In the proteinase K incubation method, protein-
ase K (Qiagen, Germany) and cell suspensions were mixed 
at a ratio of 1:10, incubated in a bath (TIANGEN, China) at 
56 ℃ for 10 min, and then inactivated at 95 ℃ for 10 min. In 
the direct PCR buffer method, 10 μl of the direct PCR buffer 
(Koma BioTech, Korea) was added directly to the RPA reac-
tion system [31]. The cell lysates obtained by the three lysis 
methods were then detected by the real-time RPA method 
developed here. The lysis efficiency was evaluated according 
to the amplification curves.

Design and evaluation of the real‑time RPA system

Design of the real‑time RPA reaction system

A pair of RPA primers to amplify the mutant and wild-
type gene sequences simultaneously were designed based 
on the deletion-mutation site of EGFR exon 19. Fluores-
cence detection used fluorophore/quencher probes specific 
for wild-type and mutations. The primers and probes were 
synthesized by Sangon Biotech (Shanghai, China) and Bei-
jing Genomics Institute (Shenzhen, China), respectively. 
The sequences for the RPA primers and probes are listed 
in Table 1.

An Exo kit (Amplification Future, China) consisting of 
freeze-dried reagent (a mixture of recombinase, polymerase, 
exonuclease, and single-strand binding protein), a rehydra-
tion buffer, and Mg(OAc)2 solution was used for the real-
time detection of the E19del mutation. A mixture containing 
rehydration buffer, forward primer (400 nM), reverse primer 
(400 nM), WT probe (80 nM), MT probe (120 nM), opti-
mized templates, and water was added to the freeze-dried 
reagent pellet. The Mg(OAc)2 solution was then added. 
Finally, the RPA reaction was performed at 39 ℃ for 20 min 
on a Bio-Rad CFX connected real-time PCR detection sys-
tem (Bio-rad, USA).

Performance evaluation of the real‑time RPA method

Sensitivity and selectivity are two of the most important 
property parameters of a mutant detection system [37–39]. 
The sensitivity indicates the lowest amount of the target 
mutant that an assay can detect (also known as the limit of 
detection). The selectivity refers to the capacity to detect 
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MT genes among an excess of WT genes and was defined 
as the ratio of copy number between the MT gene and the 
total gene including both WT and MT genes. The sensitiv-
ity of the real-time RPA method was determined by serially 
diluted MT-QC plasmids (5, 10, 100, 1000, 10,000 copies), 
MT-gDNA (4 pg, 8 pg, 16 pg, 32 pg, 320 pg, 3.2 ng, 32 ng, 
and 320 ng) and MT-cell (2.5, 25, 250, 2500 cells/reaction). 
Furthermore, the selectivity of the real-time RPA method 
was determined by spiking the three different MT samples 
to their corresponding WT samples at different percentages 
(e.g., 90%, 50%, 10%, and 1%).

Structure and principle of the double spiral 
microchip

A double spiral microfluidic chip constructed by our team 
[40] was used to isolate the CTCs of NSCLC patients. The 

chip employs two internally connected single spiral micro-
channels with inverse directions (Fig. 1). The forward flow 
is described as the 1st spiral microchannel (pink arrow and 
pink channel in Fig. 1a), and the backward flow is called 
the 2nd spiral microchannel (blue arrow and blue channel 
in Fig. 1a). The two spiral microchannels are connected to 
three inlets—namely the sample inlet, the 1st sheath inlet, 
and the 2nd sheath inlet (marked i, ii, iii in Fig. 1a, respec-
tively). There are also three outlets: the 1st waste outlet, the 
2nd waste outlet, and the target outlet (marked iv, v, vi in 
Fig. 1a, respectively). All inlets and outlets are extended to 
the periphery of the microchip to facilitate the connection 
with outer tubing and to ensure a better viewing field.

During the sorting process, the sample and the 1st sheath 
fluid flow into the 1st spiral microchannel in a laminar flow 
state. The 2nd sheath fluid was pumped into the 2nd spiral 
microchannel alone. The double spiral microfluidic chip is 

Table 1  Oligonucleotides for 
the RPA reaction system

a Forward primer targeting EGFR gene for RPA, breverse primer targeting EGFR gene for RPA, cmutant-
type probe targeting EGFR gene for RPA, dspacer modifications at the 3′-terminal base, ewild-type probe 
targeting EGFR gene for RPA

Target Oligo ID Description Oligo sequence (5’ > 3’)

EGFR DP-4 R. Ef-primera GGC ACC ATC TCA CAA TTG CCA GTT AAC GTC TTCC 
DP-6 R. Er-primerb GAC ATG AGA AAA GGT GGG CCT GAG GTT CAG AG
DP-9 R.E-probe-MTc CAT CGA GGA TTT CCT TGT TGG CTT TCG GAG 

ATG[FAM-dT][THF][BHQ1-dT]TGA TAG CGA CGG 
GAAT (C3-spacerd)

DP-15 R.E-probe-WTe CAC ATC GAG GAT TTC CTT GTT GGC TTT CGG 
AGA[VIC-dT][THF][BHQ1-dT]TGC TTC TCT TAA 
TTC CTT G (C3-spacer)

Fig. 1  Structure of the double 
spiral microfluidic chip for 
CTCs isolation. a Schematic 
diagram of the double spiral 
microfluidic chip. The 1st spiral 
microchannel and 2nd spiral 
channel are marked in pink and 
blue, respectively. The inlets 
and outlets are marked with 
serial numbers i, ii, iii and iv, v, 
vi respectively. The pink arrows 
and blue arrows represent the 
forward flow in the first and the 
backflow in the second micro-
channel, respectively. The blue 
and pink dashed circles indicate 
the first and the second bifurca-
tion, respectively. b Photograph 
of the double spiral microfluidic 
chip. The microchannels were 
filled with blue ink for better 
observation
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a label-free hydrodynamic size separation method, which is 
based on the initial focusing. Cells in the spiral microchannel 
will obtain a size-dependent equilibrium position according 
to the balance of multiple forces [41]. In the 1st spiral micro-
channel, cells with different sizes are positioned at different 
positions under the interaction of inertial lift force and Dean 
drag force [42]. CTCs (much larger) are focused close to the 
inner wall of the channel and flow into the 2nd spiral micro-
channel at the first bifurcation (blue dashed circle in Fig. 1a). 
Small cells (i.e., RBCs and WBCs) migrated to the outer 
wall along with the Dean vortices and eventually flowed to 
the 1st waste outlet. Most RBCs and WBCs were removed 
after the first stage of spiral inertial sorting, but there were 
still some blood cells of similar size as CTCs entering into 
the second microchannel. In the 2nd spiral microchannel, a 
curved and focused sample flow segment was formed using a 
simple channel geometry with the help of asymmetry sheath 
flow. The results produced a soft inertial deflection effect on 
the particles. The soft inertial particle deflection is a simple 
and size-based method that is especially advantageous for 
separating cells or particles of similar size under which the 
large and small cells are deflected to different degrees in 
streamlines and then eventually separated [43] at the sec-
ond bifurcation (pink dashed circle in Fig. 1a). In this way, 
residual smaller blood cells were again removed for second-
ary purification of CTCs. Finally, the targeted CTCs were 
collected from the inner wall of the 2nd spiral microchannel 
via the target outlet while other cells flowed out of the 2nd 
waste outlet.

Characterization of the double spiral microchip

Preparation of the sample

Firstly, fluorescence staining was performed on the HCC-
827 cells to distinguish tumor cells from the blood cells. 
HCC-827 cells were suspended in Cell Tracker Green 
CMFDA Dye (Invitrogen, USA) at  106 cells/ml and incu-
bated at 37 ℃ and 5%  CO2 for 30 min. After incubation, cells 
were centrifuged at 300 × g for 5 min. The supernatant was 
discarded, and the cells were washed with PBS at least three 
times. Then, the CMFDA-labeled HCC-827 cells  (102–103 
cells/ml) were spiked into the peripheral blood of healthy 
volunteers to simulate clinical NSCLC samples. All pro-
cesses were protected from light.

Experimental setup

The double spiral microchip was mounted on the carrier 
stage of an inverted microscope (Olympus IX73, Japan). 
Videos and images during the sorting process were con-
tinuously acquired with a high-speed camera (FAST-
CAM NOVA S9, USA). The flow rate was controlled by 

a double-channel precision syringe pump (Longer Pump, 
China). During the injection, a magnetic stirrer (V&P Sci-
entific Inc., USA) was used to ensure the sample’s uniform 
distribution of cells. The concentrations of the samples were 
determined using a blood cell counting plate.

Performance evaluation of the microchip

The simulated sample and the 1st and 2nd sheaths were 
pumped into the double spiral microfluidic chip at a flow 
rate of 300 μl/min, 650 μl/min, and 500 μl/min, respec-
tively. The separation efficiency and purity were calculated 
by counting the number of HCC-827 cells and non-tumor 
cells from the target outlet. Then, the flow rate of the 2nd 
sheath was adjusted from 500 to 650 μl/min to investigate 
the separation efficiency and purity under different experi-
mental conditions.

Detection of clinical samples

Isolation of CTCs from the peripheral blood of NSCLC 
patients

The peripheral blood of the patients was diluted to a hema-
tocrit of 4% according to our previous research and then 
injected into the first-stage inlet of the double spiral chip at 
300 μl/min. The 1st and 2nd sheath flows were injected into 
the double spiral chip at 650 μl/min and 550 μl/min, respec-
tively. After cell sorting, CTCs were collected in sample 
tubes connecting the target outlet, and the waste solution 
was discharged from the waste outlet. Isolated cells were 
collected from the outlet (~ 20 ml volume) and divided into 
two parts. One part was taken for immunostaining, and the 
other was for mutation detection.

Immunofluorescence staining of the sorted cells

Immunofluorescence of sorted cells from 10 NSCLC 
patients was first performed at random to verify the pres-
ence of the isolated CTCs. To avoid cell loss, the immuno-
fluorescence staining was performed on a 4 μm membrane 
filter (Merck Millipore Ltd, Ireland). The cell suspensions 
were first dropped on the filter membrane to fix the cells and 
repeated three times. The CTCs were then immunostained 
with FITC-cytokeratin antibody (CK; Miltenyi Biotec, 
Germany) and washed three times with PBS. Cells were 
then incubated with PE-CD45 antibody (Miltenyi Biotec, 
Germany) to identify the white blood cells (WBC). Finally, 
cell nuclei were stained with 4’,6-diamidino-2-phenylindole 
(DAPI; Beyotime, China) for 5–15 min. After immunofluo-
rescence staining, cells were washed with PBS for image 
acquisition and cell counting via a fluorescence microscope.
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Mutation detection of CTCs by RPA and validation 
with clinical diagnostics

After sorting via the double spiral microfluidic chip, the 
cells were centrifuged at 600 × g for 15 min. The super-
natant was then discarded, and the cells were lysed. Cell 
lysates were then added to the RPA reaction mixture as 
crude templates, and the E19del mutation was detected via 
the constructed RPA system. The E19del mutation status 
of all NSCLC patients had already been determined via 
biopsy tissues using a commercially available ARMS-PCR 
kit (AmoyDx, China). The ARMS-PCR was performed fol-
lowing the manufacturer’s instructions and standard clinical 
procedures. Both the RPA and ARMS-PCR reactions were 
performed on a CFX96 Real-Time PCR platform (Bio-Rad, 
USA). The results of the two methods were compared and 
analyzed.

Results and discussion

With the popularity of precision medicine, developing reli-
able biomarkers to guide the selection of the most appro-
priate therapies for individual patients has become increas-
ingly important. Compared to conventional tissue biopsies, 
circulating biomarkers in the peripheral blood, such as cir-
culating tumor cells (CTCs), have enormous potential as 
repeatable, non-invasive, cost-effective “liquid biopsies.” It 
has been confirmed that CTCs are closely related to human 
cancer development, relapse, and metastasis [44, 45]. The 
main clinical applications of CTCs focused on the enumera-
tion of CTCs, which have prognostic value in a wide range 
of malignancies [46]. However, increasing evidence shows 
that moving beyond the enumeration towards more sophis-
ticated molecular analyses may be useful for better patient 
stratification [47, 48]. Genetic mutation is one of the most 
common molecular alterations in tumors that may represent 
drug-targeting opportunities. EGFR-mutated NSCLC is 
a good illustration [49]. The EGFR-mutated NSCLC is a 
genetically heterogeneous disease with more than 200 dis-
tinct mutations. The most common deletion mutation at exon 
19, codons 746–750, predicts sensitivity to EGFR tyrosine 
kinase inhibitors (TKIs) [11, 49]. Detection of the muta-
tion in CTCs may serve as predictive biomarkers to guide 
the use of targeted therapies with selective activity against 
tumors harboring these alterations [48]. The main strategies 
used to detect CTC mutations are PCR-based methods and 
DNA sequencing. However, the cumbersome manual opera-
tion and the requirement of sophisticated apparatus seriously 
hinder their application in areas with poor healthcare infra-
structure. Thus, in this paper, we developed a simple, rapid, 
and specific real-time RPA method to detect the E19del 
mutation in CTCs.

Principle of the E19del mutation detection 
by real‑time RPA

The wild-type and E19del mutant sequences were amplified 
simultaneously via a pair of universal primers in the real-
time RPA system. Two specific Exo probes were designed 
to determine the genotypes of the amplicon. Both probes 
consist of an oligonucleotide with homology to the tar-
get amplicon, a fluorophore, a quencher (e.g., Black Hole 
Quencher, BHQ) to temporarily deter the fluorescent signal, 
and a blocker at the 3’-end (Fig. 2a). They differed in their 
oligonucleotide sequences and labeled fluorophores. The 
WT probe contained a complete wild-type sequence at exon 
19 that can only specifically bind to wild-type samples. The 
sequence of the MT probe crossed the E746-A750 fragment 
and can only specifically bind to the mutant sequence with 
in-frame deletions of E746-A750. The probe can be cleaved 
at the abasic site (e.g., tetrahydrofuran, THF) to produce 
fluorescence only after binding with the target sequence 
(Fig. 2b). Probe cleavage is thus indicative of a specific tar-
get amplification event and can be used to monitor specific 
amplicon accumulation.

Performance evaluation of the real‑time RPA 
method

The sensitivity and selectivity of the system were evalu-
ated via QC plasmids as a standard sequence control first. 
The results showed that the E19del mutation could be accu-
rately determined with sequence specificity within 20 min 
via a simple step, which is significantly faster and more 
convenient than the traditional PCR and DNA sequencing. 
The detection sensitivity and selectivity of the system were 
shown to be 10 copies and 10%, respectively (Fig. 3a and d).

Then, genomic DNA extracted from cell samples was 
studied to further evaluate the system’s reliability. It was 
shown that the RPA system was exquisitely sensitive and 
could detect as few as 4 pg of MT-gDNA (Fig. 3b), which 
is equivalent to a single copy. Similarly, by spiking MT-
gDNA into excessive WT-gDNA, the system’s selectivity in 
detecting gDNA samples was determined to be 1% (Fig. 3e), 
which can reach the level of PCR kits used in the clinic.

As traditional nucleic acid extraction and purification meth-
ods suffer cumbersome manual operation, CTC loss is inevita-
ble. Direct analysis of cell lysates thus is much preferable. In 
this paper, three lysis methods were tested as described above. 
The results showed that cells lysed with proteinase K had the 
best amplification curve, a more standard sigmoidal charac-
teristic, and the highest fluorescence intensity (see Electronic 
Supplementary Material Fig. S4). These indicated its superior 
lysis efficiency. Therefore, proteinase K was selected as the 
final cell lysis method. The HCC-827 cells were then seri-
ally diluted, lysed by proteinase K, and directly detected by 
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real-time RPA. The system was exquisitely robust to overcome 
the inhibition of cellular contents and the limit of the detec-
tion was 3 cells per 50 ml reaction, which has reached a sin-
gle-cell detection level (Fig. 3c). HCC-827 cells were spiked 
into lymphocytes at different percentages to simulate sorted 
CTCs of different purities. The cell lysate mixture was directly 
detected after being lysed by proteinase K. The RPA method 
can identify the 1% of MT-cells in the WT-cells (Fig. 3f). The 
RPA system was sufficiently sensitive and robust to detect 

the E19del mutation in cell lysates, thus making it possible 
to directly detect the E19del mutation in CTCs via a simple 
isothermal nucleic acid amplification method.

Performance characterization of the double spiral 
chip

CTCs in the peripheral blood are extremely rare that might 
be as low as 1 CTC per ml of whole blood with billions 

Fig. 2  Schematic of the E19del mutation detected by real-time RPA. 
a Construction of the probes. b Binding of the probes with different 
sequences and generating fluorescent signals. During strand exten-

sion, only the specifically bound probe can be cleaved by the E. 
coli exonuclease III at the THF to release the fluorophore from the 
quencher and generate a fluorescent signal
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of red blood cells (RBCs), millions of white blood cells 
(WBCs), and other background components. Efficient iso-
lation of CTCs is necessary and crucial. Currently, there 
are many different methods for CTC isolation, which can 
be roughly divided into two categories based on their prin-
ciples. One is the immune capture based on cell surface 
markers and another is the physical sorting relying on dif-
ferences in the cell’s physical properties [50]. However, 
due to the heterogeneity of tumors, the molecular expres-
sion and phenotype of CTCs showed great differentiation 
[51–53]. Immune capture still has major limitations in the 
efficient sorting of CTCs, and thus in this study a double 
spiral microfluidic chip based on the cell’s physical property 
(size differences) was used. Unlike the other physical sort-
ing methods such as centrifugation [54], dielectrophoresis 
[55], magnetic method [56], and acoustic capture [57], the 
double spiral microfluidic chip utilizes inertial focusing to 
create size-dependent separation of the cells. Hence, it does 
not require additional physical fields, specific geometries, 
and controlled microfabrication, which greatly simplifies the 
structure and fabrication of the devices [58], and a higher 
throughput and a more robust implementation can also be 
obtained. While comparing with other existing techniques 
for inertial sorting of CTCs (e.g., single spiral microfluidic 
chips), the double spiral microfluidic chip combined the 

effects of two-stage inertial focusing and particle deflection. 
The 1st spiral microchannel can remove most RBCs and 
WBCs with obvious size differences with CTCs by the inter-
action of inertial lift force and Dean drag force [42]. The 2nd 
spiral microchannel was designed to produce a soft inertial 
deflection effect on the cells to remove the residual smaller 
blood cells of similar size as CTCs. As a result, a secondary 
purification of CTCs will be obtained. Simple sample pre-
treatment, low sample loss, and high separation efficiency 
are unique advantages of the double spiral microfluidic chip.

Separation efficiency (also called the recovery rate) and 
separation purity are the two most important parameters to 
evaluate sorting performance. According to our previous 
research [40], the flow rate of the 2nd sheath has the most 
significant effect on cell deflection and separation. There-
fore, the flow rate of the 2nd sheath was adjusted from 500 
to 650 μl/min. Figure 4a shows that the focus and deflection 
efficiency of the 1st stage spiral microchannel is improved 
with increasing the 2nd sheath flow rate. This result implies 
that fewer blood cells entered the second-stage microchan-
nel, thus resulting in a relatively high sorting purity. It also 
indicates a loss of some smaller tumor cells as they were 
deflected into the 1st waste channel with similar blood cells, 
thus reducing sorting efficiency. By immunofluorescence 
staining, no CTC was observed in the 2nd waste, confirming 

Fig. 3  Sensitivity and selectivity of the real-time RPA system. a 
Amplification curves of MT-QC plasmid at various amounts (i.e., 
10, 20, 200, 2000, 20,000 copies). b Amplification curves of EGFR 
MT gene at various amounts (i.e., 4 pg, 8 pg, 16 pg, 32 pg, 320 pg, 
3.2  ng, 32  ng, and 320  ng) of cell line HCC-827 gDNA. c Ampli-
fication curves of EGFR MT gene in MT-cells at different amounts 

(i.e., 2500, 250, 25, 2.5). d Detection of MT-QC plasmid spiked in 
the WT-QC plasmid at different percentages (i.e., 100%, 90%, 50%, 
10%, and 0%). e Detection of MT-gDNA spiked in the WT-gDNA at 
different percentages (i.e., 90%, 50%, 10%, and 1%). f Detection of 
MT-cells spiked in the WT-cells at different percentages (i.e., 90%, 
50%, 10%, and 1%)
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that the loss of CTCs mainly occurred in the first stage sepa-
ration. Statistical results of three experiments are shown in 
Fig. 4b. When the flow rate of the 2nd sheath was 550 μl/
min, the separation efficiency and purity can both be more 
than 70%. Thus, considering a balance of the two param-
eters, a flow rate of 550 μl/min was selected in this study to 
process clinical blood samples. Moreover, Fig. 4c shows the 
movement trajectories of a tumor cell (HCC-827) (indicated 
by the red arrows) in the 1st spiral microchannel under the 
selected flow rate.

Detection of clinical samples

Peripheral blood samples from human subjects with NSCLC 
were tested next to validate the clinical utility of the work-
flow for identifying the E19del mutation. Here, 4 ml of blood 
was collected from 20 NSCLC patients including 10 posi-
tives and 10 negatives for the E19del mutation. Each blood 
sample was sorted via the double spiral microfluidic chip 
at a flow rate set of 300:650:550 μl/min. The trajectories of 
CTCs during the separation were captured by high-speed 
CCD (see Electronic Supplementary Material Video S1). 
After two-stage sorting, most blood cells were discarded 
from the 1st and 2nd waste outlets, and the sorted CTCs 
were collected from the target outlet.

In order to verify the presence of the isolated CTCs, 
immunofluorescence staining was performed on 10 samples 
at random. The DAPI + -CD45 − -CK + cells were regarded 

as CTCs, and DAPI + -CD45 + -CK - cells were considered 
WBCs (Fig. 5a). The CTCs were detected in all 10 patients 
with counts ranging from 5 to 35 CTCs per 2 ml of blood 
(Fig. 5b). This verified the high sensitivity of the double spi-
ral microchannel for isolating CTCs. The number of CTCs 
should be slightly higher than the counted number due to 
tumor cells’ high phenotypic expression heterogeneity and 
cell loss during centrifugation. Moreover, there were several 
rounds of washing during immunostaining [59]. In addition, 
it should be noted that no bright field image was captured 
as the immunofluorescence staining of the sorted cells was 
performed on a black, opaque membrane filter. However, the 
identification results of CTCs would not be affected.

Then, E19del mutation detection was carried out for the 
collected CTCs using the RPA method. CTCs were directly 
detected using real-time RPA after being lysed by proteinase 
K. The results showed that E19del mutation was detected 
in all 10 positive samples (Fig. 6), but no mutation was 
detected in any of the 10 negative samples (Fig. 7). It can 
be seen that positive samples showed obvious amplifica-
tion curves and fluorescence intensity, while the negative 
samples did not. The results are completely consistent with 
the ARMS-PCR detection results in our hospital. Moreover, 
the conventional ARMS-PCR method takes several hours 
or even several days from sampling to producing results, 
while by combining the double spiral microfluidic chip and 
real-time RPA system, an accurate mutation determina-
tion without invasive sampling can be obtained only within 

Fig. 4  Performance charac-
terization of the double spiral 
chip. a Deflection of the cells 
under different flow rates of 
the 2nd sheath (500, 550, and 
600 μl/min, respectively). The 
yellow arrow indicates the cells 
that deflect into the 2nd spiral 
microchannel while the red 
arrow indicates the cells that 
deflect to the 1st waste outlet. 
The blue arrow indicates the 
cells that deflect to the 2nd 
waste outlet while the green 
arrow indicates the cells flow 
to the target outlet. b Recovery 
rates and separation purity of 
HCC-827 cells from mimic 
clinical samples at different flow 
rates of the 2nd sheath. c Move-
ment trajectories of a tumor 
cell (HCC-827) (indicated by 
the red arrows) in the 1st spiral 
microchannel (Stacks process-
ing by Adobe Photoshop 2021). 
Scale bar, 100 μm
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2 h. It not only overcomes the intrinsic limitations of tissue 
biopsies but also breaks through the traditional laboratory 
boundaries by providing nucleic acid replication at constant 
temperatures. Compared with the traditional PCR method, 
the detection setup in this study exhibits advantages with 
low instrument requirements, simple operation, short reac-
tion time, and robust resistance to inhibitors. In addition, 
lots of research have reported that microfluidic technology 
has unique advantages in single-cell gene mutation detec-
tion because of its high integration, portable size, and low 
consumption of reagents [60–62]. However, the high dena-
turation temperature of the PCR method (about 95 ℃) has 
largely limited its application in microfluidic platforms as it 
is very easy to cause chip deformation and reagent evapora-
tion. Therefore, the real-time RPA method constructed in 
this paper is quite suitable for integrating microfluidic chips, 
as the temperature required is relatively mild (about 40 ℃), 
providing a promising simple, rapid, accurate, and sensitive 
mutation detection method in a single cell.

Of course, the currently described method still has some 
limitations. For example, only known specific mutations can 
be detected while unknown mutations would be overlooked. 
Moreover, in the current setup, only the E19del mutation 
was detected while there are multiple clinically relevant 
variations in the EGFR gene. The applicability of the real-
time RPA method in detecting all the mutations needs to 
be further validated because of the inherent defect of the 
RPA method in detecting single-base mutations. Regarding 
this, we have conducted in-depth research and are striving 
to solve it by combining the build real-time RPA method 
with other novel approaches such as chemical and physical 
sensors. We will continue to improve our method to cover 
a wider range of variation types. In addition, unlike classi-
cal real-time PCR (or quantitative PCR), the real-time RPA 
method is not yet suitable for nucleic acid quantification 
as it is chemically initiated by adding magnesium acetate 
rather than being thermally initiated by increasing the reac-
tion temperature to 95 ℃. Hence, the RPA reaction is based 

Fig. 5  Immunofluorescence staining of isolated cells. a Immunofluorescence staining of sorted cells. DAPI + -CD45 + -CK − cells were identi-
fied as WBC while DAPI + -CD45 − -CK + cells were scored as CTCs. Scale bar, 100 μm. b Count of isolated CTCs in 10 patients

Fig. 6  Detection results of 10 positive clinical samples. The real-time RPA amplification curves of 10 NSCLC patients diagnosed with E19del 
mutation in our hospital
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on a time threshold instead of a cycle threshold and this time 
threshold is dictated not only by the initial target concentra-
tion but also by the temperature and mixing step [63]. Thus, 
the reaction starting point cannot be precisely controlled. 
Meanwhile, the annealing occurs constantly at the optimal 
temperature for RPA reaction. This can produce a nonlinear 
calibration curve [22]. Slowing down the RPA reaction rate 
by decreasing the magnesium acetate concentration to have 
better control during the real-time RPA reaction may be a 
proper try. Furthermore, if the mutation detection results of 
the real-time RPA method can be confirmed by an absolute 
quantitative method (e.g., digital PCR), it would be much 
more convincing. However, due to the limited blood vol-
ume, this part of the content was not carried out and would 
be considered in subsequent studies. Moreover, other tumor 
types besides NSCLC could be involved and the clinical 
sample size might be further expanded.

Conclusions

In conclusion, a simple, rapid, and specific real-time RPA 
method was established in the current study. By combining 
with the advantages of microfluidic technology, the E19del 
mutation in CTCs was detected by the RPA method for the 
first time. An accurate determination of sequence specific-
ity was obtained within 20 min, which is significantly faster 
and more convenient than the traditional PCR and DNA 
sequencing methods. The real-time RPA assay does not need 
thermal control equipment and has unique advantages for 
portable mutation detection. Furthermore, unlike most other 
methods, crude cell lysates without purification could be 
used directly here. The real-time RPA method could detect 
down to three cells and identify 1% deletion mutant vari-
ants in the context of strong interference. By redesigning 
the primers and probes, the method can be further extended 
to detect other deletion mutations, insertion mutations, and 

fusion genes. The method constructed here provides a new 
strategy for mutation detection in CTCs and may be adopted 
into rapid molecular diagnosis for people in areas with poor 
healthcare infrastructure.
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