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A B S T R A C T

In view of their critical function in metastasis, characterization of single circulating tumor cells (CTCs) can
provide important clinical information to monitor tumor progression and guide personal therapy. Single-cell
genetic analysis methods based on microfluidics have some inherent shortcomings such as complicated opera-
tion, low throughput, and expensive equipment requirements. To overcome these barriers, we developed a
simple and open micro-well array containing 26,208 units for either nuclear acids or single-cell genetic analysis.
Through modification of the polydimethylsiloxane surface and optimization of chip packaging, we addressed
protein adsorption and solution evaporation for PCR amplification on a chip. In the detection of epidermal
growth factor receptor (EGFR) exon gene 21, this micro-well array demonstrated good linear correlation at a
DNA concentration from 1×101 to 1×105 copies/μL (R2=0.9877). We then successfully integrated cell
capture, lysis, PCR amplification, and signal read-out on the micro-well array, enabling the rapid and simple
genetic analysis of single cells. This device was used to detect duplex EGFR mutation genes of lung cancer cell
lines (H1975 and A549 cells) and normal leukocytes, demonstrating the ability to perform high-throughput,
massively parallel duplex gene analysis at the single-cell level. Different types of point mutations (EGFR-L858R
mutation or EGFR-T790M mutation) were detected in single H1975 cells, further validating the significance of
single-cell level gene detection. In addition, this method showed a good performance in the heterogeneity de-
tection of individual CTCs from lung cancer patients, required for micro-invasive cancer monitoring and
treatment selection.

1. Introduction

Due to its low sensitivity of early diagnosis and high rates of relapse
(Katanoda et al., 2018; O'Flaherty et al., 2012), lung cancer is the
leading cause of cancer-related deaths worldwide. In recent years, new
molecular targeted therapies have had a significant effect on the pro-
longation of survival in lung cancer patients with specific gene muta-
tions such as epidermal growth factor receptor (EGFR) and anaplastic
lymphoma kinase(Lin et al., 2016; Lu et al., 2018; Rothschild, 2016).
However, certain mutations (such as T790M) lead to the loss of drug
binding and subsequent drug resistance in non-small-cell lung carci-
noma patients (Maheswaran et al., 2008; Wu et al., 2012; Zou et al.,

2017). Gene mutations are commonly detected through gene sequen-
cing of cells from lesion tissue (Alberter et al., 2016; Dancey et al.,
2012). However, tissue biopsy is highly invasive and not suitable in the
evaluation of efficacy of lung cancer treatment or in monitoring the
dynamic changes of tumor cell genotypes.

Given the limitations of tissue biopsy, the liquid biopsy technique
has been developed in recent years as a simple, rapid, and minimally
invasive detection method. Excessively expressed proteins, nucleic
acids, and rare tumor cells in blood are closely related to the devel-
opment of cancer. Circulating tumor cells (CTCs) from cancerous organs
are transferred to other organs through the circulatory system to form
new cancerous sites(Krebs et al., 2014). Therefore, CTC mutational
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gene types may represent the genetic information of local and meta-
static tumor cells. More importantly, CTCs can be obtained through
routine blood collection and are suitable for providing guidance for the
dynamic monitoring of cancer progression (Sundaresan et al., 2016;
Tartarone et al., 2017).

However, most CTC detection platforms currently rely on immune-
histochemical CTC count to characterize the development of tumors,
which obviously cannot provide insight into the potential genetic in-
formation of CTCs(Myung and Hong, 2015; Tang et al., 2016). Previous
studies have detected specific gene mutations by directly analyzing
gene expression in bulk cells, yet these measurements are often con-
taminated by circulating tumor DNA, leukocytes, and other blood
components (Devriese et al., 2012). Additionally, these detection
methods average the differences in single CTCs and hardly recognize
rare mutant genes presenting in individual CTCs. Indeed, the hetero-
geneity of CTCs is an important aspect in studying tumor progression
and metastasis(Haber and Velculescu, 2014). Some multigene detection
systems at the single-cell level have been developed for breast cancer
and metastatic prostate cancer. Lin et al., (2014) designed a PN-Na-
novelcro chip for CTC detection. Following trapping in the chip, single
CTCs were recovered through laser cutting technology and detected by
sequencing. Zhang et al.(Chen et al., 2013; Zhang et al., 2015) devel-
oped a microfluidic chip to detect single-cell genetic mutations of rare
tumor cells. CTCs were trapped in nano-wells and retrieved using a
micropipette for off-chip genome amplification and sequencing.
Nevertheless, these methods are based on the manual selection of cells
and therefore cannot realize high throughput detection, thus hindering
their large-scale clinical application.

In recent years due to their advantages of having a functional unit
size similar to that of cellular dimensions, their high precision, and fast
detection, microfluidic systems have obvious advantages in rare cell
detection (Shen et al., 2014; Yu et al., 2013). Valve-driven microfluidic
systems(White et al., 2013), emulsion drop PCR systems(Novak et al.,
2011), and micro-well detection systems(Haider et al., 2016) have been
developed for single-cell gene detection. Gong et al., (2010) developed
a micro-well chip for single-cell mRNA detection, relying on gravity to
force single cells to settle in the micro-wells randomly. Nevertheless,
this method is not suitable for detecting rare CTCs due to its high cell
loss. White et al., (2013) developed a valve-controlled single-cell nu-
cleic acid detection device that integrated single-cell trapping, lysing,
reverse transcription, and digital PCR amplification. However, the de-
vice contained multiple valves to control the opening and closing of
each chamber, and therefore its complicated operation and high-cost
equipment represent obstacles for clinical application.

Given the above limitations, we developed a micro-well array-based
method to detect gene mutation in single CTCs. The developed micro-
fluidic chip contains more than 20,000 units for massive parallel duplex
gene detection in a single cell, achieving a high loading rate of cells
through centrifugation without the need for external pumping. Through
the modification of PDMS and optimizing chip sealing, we achieved the
integration of single-cell lysis, nucleic acid amplification, and gene
mutation analysis on this simple chip. The detection platform proposed
herein was then used to detect duplex gene mutation at the single-cell
level for lung cancer cells and its clinical application in CTCs from lung
cancer patients was verified, demonstrating its promising utility for
genetic analysis of single CTCs.

2. Materials and methods

Experimental details and protocols for chip fabrication, micro-well
array modification, cell culture and spiking, single cell loading, lysis,
on-chip RT-PCR, signal readout and data analysis are provided in
Supplementary Information.

3. Results and discussion

3.1. Cell loading and attachment during detection

To achieve high-throughput single-cell detection, we ensured the
existence of a sufficiently high number of micro-wells for target cells.
The cell distribution in the micro-wells was defined as a Poisson
random variable X, given that the number of micro-wells (m) is much
larger than that of cells (n) (Dimov et al., 2014). For a certain number
of micro-wells, the probability of containing at most one cell for the
micro-wells can be expressed as follows:
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In our analysis, each micro-well array contained 26,208 wells and
detected approximately 2000 target cells (CTCs) from 2mL of blood
samples. According to the above formula, the probability of a micro-
well containing either one cell or no cell was 99.7%. Therefore, the
proposed micro-well array method can analyze single cells (approxi-
mately 2000 cells) at a high-throughput level.

The overall workflow of the proposed detection system is shown in
Fig. 1. The whole process of detection involves the addition of a cell
suspension on top of the chip; sealing of the chip with an adhesive film;
heat lysis; removal of the adhesive film; addition of the PCR mix; re-
sealing of the chip with glass and polypropylene film; RT-PCR on chip
and read-out of fluorescence. In order to detect patient samples, the
processed blood was incubated with anti-CD45 antibody-modified
magnetic beads to enrich CTCs (Fig. 1A). The enriched cells were then
processed with the micro-well array (Fig. 1B), loaded randomly in the
micro-well array through centrifugation (Fig. S2). Therefore, the speed
of centrifugation is the key factor to the rate of cell loading. The loading
rate of cells, namely the ratio of the number of loaded cells to that of the
number of cells added, varied with centrifugation speed (Fig. 2A).Three
lung cancer cell lines(H446, A549, and H1975) were stained with DAPI
and loaded in the micro-well array using different centrifugation speed,
respectively. Between 100 and 300 rpm, the loading rate was below
90%, with the cells concentrating at the center of the chip. The chip
reached a maximum recovery rate of 94% for H446 at 500 rpm (91%
for A549, 90% for H1975). While at 700 rpm, some cells were forced
into the gasket wall, resulting in a decrease in the number of loading
cells. Therefore, a centrifugation speed of 500 rpm was used for sub-
sequent cell loading. To verify the trapping of single cells in each micro-
well, we tested the fraction of wells containing zero, single, or multiple
cells for the loading of 2000 cells. The results showed that approxi-
mately 0.4% of all wells had two or more cells (Fig. S3). Therefore, to
ensure single-cell analysis, an operational range of 0 and 2000 cells was
used to fill less than 6% of wells with single cells and exclude multiple
cells per well trapping.

For subsequent experiments, cells trapped in the micro-wells were
required to stay in place during chip sealing and sampling. To assess
this, H446 cells (approximately 100–2000) were added into the micro-
wells and counted before and after chip sealing. The cells remained
attached in the same micro-well and counts did not change after
sealing. Therefore, chip sealing by PCR film did not affect cell place-
ment. Finally, cells were imaged and analyzed in the micro-well array.
Regression analysis showed that the slope for the line was
0.9301 ± 0.0095 (R2=0.9995) (Fig. 2B), consistent with the max-
imum recovery rate (94%) in the centrifugation speed optimization of
H446 cells. Thus, we speculated that most cell loss resulted from cen-
trifugation for cell loading, while the follow-up processes of sealing
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Fig. 1. Overall workflow of the integrated single-cell detection system. (A) Blood samples were processed fordepletion of white blood cells by CD45 magnetic beads;
the supernatants are mostly all circulating-tumor cells. (B) All eluents were directly loaded onto the micro-well array device, and cells were seeded into individual
compartments by centrifugation. After heating, the PCR mix was applied to the micro-wells, which were then sealed with PCR film and glass. The device was then
placed into a thermocycler for PCR amplification. Multigene expression using up to two off-the-shelf hydrolysis probes with whole chip signals were imaged by
fluorescence microscopy.

Fig. 2. Various conditions for cancer cell loading on micro-well array. (A) The effect of spin speed on the loading rate of H446, A549 and H1975 cells (using
1000 cells). (B) Capture efficiency of H446 cells from 100 to 2000 cells.
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chip and adding PCR mix did not lead to additional cell loss. The results
prove that this micro-well array has a great potential for rare cell de-
tection due to its high rate of single cell loading and low cell loss data.

3.2. Effect of PEG-coated micro-well array

The hydrophobicity of the PDMS surface results in strong adsorption
of proteins, which was the major obstacle for the highly sensitive de-
tection of genes from single cells. The most common hydrophilic
modification of PDMS is oxygen plasma treatment. Nevertheless, this
hydrophilicity is only temporary as the PDMS surface will rapidly re-
cover its hydrophobicity(Kim et al., 2000). Surfactants can be doped
into pre-cured PDMS to modify its surface properties, yet this permits
less nonspecific adsorption of protein. Based on a previous study (Fu
et al., 2017), we chose 0.5% TritonX100-doped PDMS to fabricate the
micro-well array. The contact angle of the surfactant-modified PDMS
surface decreased gradually over time (Fig. 3A), showing strong hy-
drophilicity and stability up to 60min. Conversely, the contact angle of
pure PDMS remained above 100°. Herein, PCR on the TritonX100-
doped PDMS micro-well array chip failed, likely due to TritonX100 not
permitting tight bonding between the chip and glass. In addition, the
volume of each unit in this micro-well array was seven-fold less than

that used in the previous chip(Fu et al., 2017), while the improvement
of PCR efficiency by surfactant modification was not sufficient. There-
fore, the TritonX100 doping method cannot solve the low efficiency of
PCR on this micro-well chip.

Surface modification methods based on covalent binding strive to
combine multiple strategies (Zhang et al., 2011). Herein, oxygen
plasma treatment produced a –OH layer on the surface of pure PDMS,
which was then reacted with PEG-silane, resulting in a hydrophilic
layer (Fig. 3B). Reactive sites on the PDMS surface after plasma treat-
ment are transient, and the length of the PEG chain was a key para-
meter in creating a stable and valid surface modification(Kovach et al.,
2014). To explore the modification effect of different carbon chain
lengths in PEG silane, we compared the dynamic contact angle between
a PDMS chip modified with PEG (6–9)-silane and that with PEG
(21–24)-silane (Fig. 3C). The results showed that the PEG (6–9)-silane-
coated PDMS chip was highly hydrophilic and remained stable over
time. While the contact angle of the PEG (21–24)-silane-modified PDMS
chip was in the range of 70–85° and changed little over time. Therefore,
PEG (6–9)-silane modification was used to process the PDMS chip in
subsequent experiments.

To achieve highly efficient PCR on a PDMS chip at a micro-volume,
the PDMS surface should maintain its hydrophilicity in the long term

Fig. 3. Comparison of different modified methods for PDMS. (A) Dynamic change of water contact angle on pure PDMS and 0.5% TritonX100-doped PDMS. (B)
Schematic of the silanization reaction between a methoxysilane molecule and an oxygen plasma-treated PDMS surface. In this work, a PEG-functional silane was
used. (C) Water contact angle on PDMS modified with PEG (6–9)-silane and PDMS modified with PEG (21–24)-silane. (D) Water contact angle change after heat on
plasma-oxidized pure PDMS, 0.5% TritonX100-doped PDMS (plasma-oxidized), and PDMS modified with PEG (6–9)-silane.
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and during temperature circulation. Therefore, we examined the wett-
ability changes of the modified PDMS chips before and after the PCR
process (Fig. 3D). The PEG-coated PDMS displayed the least change in
contact angle following the high temperature treatment, and retained a
strong hydrophilicity, while the contact angle of pure PDMS and 0.5%
TritonX100-doped PDMS changed significantly and became weakly
hydrophobic. These results indicated that the PEG grafting method can
maintain hydrophilicity and is less affected by high temperatures, thus
providing a good environment for on-chip PCR.

To verify the feasibility of on-chip PCR, we detected DNA of the
same concentration (104 copies/μL) in micro-well arrays fabricated by
unmodified PDMS and PEG-coated PDMS, respectively. There were no
fluorescence signals detected in the unmodified PDMS chip due to in-
hibition. In contrast, the signals in the PEG-coated PDMS chip had a
high signal-to-noise ratio because of the reduced inhibition for PCR
(Fig. S4). Therefore, no complicated protocols are needed, only oxygen
plasma treatment and incubation for 1 h to allow the PDMS chip strong
and stable hydrophilicity. Thus, the PEG (6–9)-silane grafting method
was used for PDMS modification.

3.3. Selective film for chip sealing and optimization of chip thickness

The micro-wells on the chip were open and independent structures
without inlets and micro-channels. After sampling, the chip required
sealing to form closed PCR reaction units. The chip construction is
shown in Fig. 4A. An adhesive film was attached on the top of the chip,
and then UV-curable glues were used to coat above the film and around
the edge of the chip, followed by a glass being placed on the top to form
a ‘sandwich’ structure (Fig. 4B). Compared with PDMS doped with
mineral oil, the UV-curable glue-coated sandwich chip was tighter,
without the appearance of dry micro-wells after PCR (Fig. S5). In ad-
dition to ensuring a firm adhesion between the glass and the film, se-
lecting a suitable sealing film is also of importance for the PDMS chip
package. We compared the chip sealing conditions with three different
adhesive-encapsulating films after PCR. The parameters and sealing

effect of the three films are listed in Table S1. The polypropylene
double-side adhesive film had moderate thickness and strong adhesion,
and allowed close and firm bonding to the PDMS chip. Compared to the
previously reported sealing method (Gong et al., 2010; Wang et al.,
2016), the adhesive film was able to separate every micro-well and
allow extra solutions be removed completely through centrifugation.
Therefore, the polypropylene double-sided adhesive film was selected
to seal the micro-well array herein.

The porosity of PDMS will lead to water diffusion and rapid eva-
poration during the thermal cycling process(Christiansen and
Rajasekaran, 2006), presenting a serious problem for micro-wells with a
high surface-to-volume ratio. To reduce water diffusion, the top and
bottom glasses in the packaged chip provided two protection layers for
the micro-wells. However, the side areas of the PDMS chip were ex-
posed to air, resulting in water loss. Water vapor diffusion and diffusion
area are directly proportional to one another, according to on Fick's
laws of diffusion(Fu et al., 2017).Therefore, the thicker the PDMS chip,
the larger the diffusion area. Here, a blue dye solution was used as
sample to facilitate visualization. The degree of evaporation of micro-
wells after PCR was compared between four PDMS chips of varying
thickness (Fig. 4C), showing that water loss decreased with reducing
PDMS thickness. Additionally, applying uncured mineral oil-doped
PDMS around the packaged chip led to further prevention of water
vapor diffusion (Fig. 4D).

3.4. Proof-of-principle: detection of nuclear acids extracted from lung
cancer cells

To verify the PCR efficiency of the developed micro-well array, we
detected EGFR gene exon 21 in a series of H1975 gDNA samples ran-
ging from 101 to 105 copies/μL using the micro-well array. The process
of detecting nuclear acids with this micro-well array is shown in Fig. 5A
and B. It is equivalent to partitioning the DNA template into 26,208
independent micro-wells. The concentration of nuclear acids detected
with the micro-well array can be calculated according the Poisson

Fig. 4. Chip sealing and optimization of chip thickness. (A) Schematic of the layered chip structure. (B) Schematic of sealed chip. In the optimization experiments, a
blue dye solution was used instead of samples in order to observe easily. (C) Comparison of water loss in the middle PDMS layer of different thickness during
thermocycling. (D) Comparison of evaporation on PDMS chip and PDMS chip sealed with oil-saturated PDMS. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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distribution as other chamber-based digital PCR chips (Fu et al., 2017;
Wu et al., 2017). The image results of the 3×102 copy/μL DNA tem-
plate and negative control were shown in Fig. 5C. Based on the amounts
of positive and negative units, a standard curve for nuclear acids de-
tected was draw, with the results showing a good match with the ex-
pected concentrations (R2=0.9877; Fig. 5D). The above measurements
indicate that the chip can perform highly efficient PCR amplification in
a small-volume (Vd=252π×20 μm3=98 pL) PCR reaction system.
The high efficiency of PCR on the chip provides strong support for the
highly sensitive detection of low-copy genes from single cells.

3.5. Cell lysis in situ

The key to single-cell genetic testing on chip is how to release the
target gene from single cells in situ without affecting subsequent PCR.
Commonly used lysis methods for cells include enzymatic catalysis,
heating(White et al., 2013) and chemical lysis(Han et al., 2014). To
verify the effect of single cell lysis on the micro-well array, we loaded
H1975 cells in chip and lysed the cells by proteinase K and heating,
respectively. EGFR exon 21 gene of single cells was subsequently de-
tected in situ. We didn't observe any positive signals in the sample lysed
by proteinase K. While positive signals were detected in the sample
treated by heat lysis (Fig. S6). The nucleic acids released from cells after
proteinase K treatment were lost during adding PCR mix, leading to no
positive signals. The process of lysing cells by heating was first heated
at 75 °C for 7min and then cooled at 4 °C. After this process, blurred cell
contours were also observed, and nucleic acids in the cells were not
released into the solution. Therefore, there was no nucleic acid loss
during adding the PCR master mix. During the process of 50 °C for
30min, the nucleic acids were released and amplified in the subsequent
PCR. The results further demonstrated heat lysis in situ was compatible
with PCR on chip. And the heating temperature for cell lysis was op-
timized (shown in Fig. S7). Under 65 °C, proteins in the cells were not
completely denatured, resulting in incomplete cell lysis and no release
of nucleic acid. Above 85 °C, no fluorescence signals were detected.
75 °C is selected as the optimum temperature to process cells in sub-
sequent experiment.

3.6. Duplex EGFR point mutation detection in single tumor cells with micro-
well array

Detection of EGFR mutations for lung cancer is of great importance
to provide guidance for targeted therapy decisions (Lee et al., 2016;
Mohar et al., 2016). Approximately 15% of lung adenocarcinoma pa-
tients worldwide have EGFR mutations, which is twice as high in the
Asian population (Kobayashi et al., 2005). While resistance inevitably
occurs in lung patients with EGFR-driver mutations during treatment.
Currently, the efficacy can only be monitored by extraneous methods,
such as imaging or clinical symptoms. Recent reports suggest that CTCs
may be a new biomarker for monitoring treatment of lung cancer (Gao
et al., 2018; Oulhen et al., 2018; Sundaresan et al., 2016).

Firstly, we tested EGFR exon gene 20 and 21 in the extracts from 106

normal leukocytes, A549, and H1975 cells by real-time quantitative
PCR and the Sanger sequence, respectively. EGFR exon gene 20 and 21
were wild type in A549 cells and normal leukocytes (Fig. S8A). While
EGFR T790M and L858R point mutations occurred in H1975 cells (Fig.
S8B). Then we used micro-well arrays to detect EGFR exon gene at the
single-cell level in normal leukocytes, A549, and H1975 cells. The three
cell types were loaded in a chip and stained with immunofluorescence
antibodies in-situ. Leukocytes were bound to anti-CD45 antibodies
conjugated to phycoerythrin and labeled orange. Anti-CK antibodies
conjugated to isothiocyanate were specifically bound to A549 and
H1975 cells, which were marked as green. Chips were observed with a
fluorescence microscope after immunofluorescence staining. The EGFR
exon gene 20 and 21 in single cells were subsequently measured on the
micro-well array. Normal leukocytes and A549 cells exhibited negative
EGFR L858R and T790M mutation signals. H1975 cells revealed posi-
tive signals for either EGFR L858R or T790M mutation (Fig. 6A).
Average of EGFR exon gene 20 and 21 expression was similar among
white blood cells, A549 and H1975 cells (Fig. S9). Micro-well confirmed
differential EGFR L858R and T790M expression between normal leu-
kocytes, A549 and H1975 cells, with individual leukocytes and
A549 cells only expressing wild-type EGFR(P < 0.01)(Fig. 6B). The
individual-cell level of EGFR expression for leukocytes and A549 cells
was consistent with bulk cells analysis. The majority of H1975 cells
occurred EGFR L858R or T790M mutation. Duplex detection of EGFR
L858R and EGFR T790M in single H1975 cells indicated that not all
H1975 cells had double-point mutations, and some cells had either

Fig. 5. The design and operation of the micro-well array device for digital PCR. (A) Process for detection of nuclear acids with the micro-well chip. Firstly, the PCR
mix with the target template was directly loaded onto the micro-well array device. Secondly, the chip was sealed with polypropylene double-sided adhesive film and
glass. The device was then placed into a thermocycler for PCR amplification. Multigene expression via up to two off-the-shelf hydrolysis probes with whole chip
signals were imaged by fluorescence microscopy. (B) Template loading onto the chip. (C) Image of 3×102 copies/μL of DNA and no DNA detected by this chip. Scale
bars 100 μm. (D) The measured value (copies/μL) in the micro-well array assay against its expected values. The graph is represented in a log-log format. Error bars
depict 95% confidence intervals.
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EGFR L858R mutation or EGFR T790M mutation (Fig. 6C).While in the
bulk cell genetic testing experiment, the point mutation in single
H1975 cells was unclear. In addition, in comparing genetic detection
with protein expression in the same micro-well, some CK-negative cells
had detectable EGFR L858R and T790M mutation (H1975 cell in
Fig. 6A), indicating that this genetic analysis method can provide

complementary information for conventional CTC identification. These
results demonstrate that the micro-well array can undergo duplex gene
detection for single tumor cells in high throughput and be integrated
with the traditional fluorescent immunostaining to provide molecular
characteristics for CTC detection.

To evaluate the detection performance of this micro-well array for

Fig. 6. Validation of our integrated micro-well array-based system with lung cancer cell lines and clinical samples. (A) Images of single-cell analysis from H1975,
A549, and white blood cells. H1975, A549, and white blood cells were stained with immunofluorescence antibodies (CD45-PE and CK-FITC) and then they each
underwent single-cell analysis on the micro-well using both EGFR exon gene 20 and 21 probes in the HEX channel (shown in green), EGFR-L858R in the FAM channel
(shown in green), and EGFR-T790M in the ROX channel (shown in red). A549 and white blood cells exhibited fluorescence only in the HEX channel, indicating the
presence of wild-type EGFR. In contrast, some H1975 cells exhibited fluorescence in both FAM and ROX channels, indicating the presence of EGFR-L858R and EGFR-
T790M. Scale bars 20 μm. (B) Single-cell analysis using micro-well on H1975, A549, and white blood cells by RT-PCR expression analysis of EGFR L858R and T790M
mutant. Micro-wells showed a clear differentiation between H1975 and A549 cells based on EGFR L858R and T790M mutant expression, with high statistical
significance (n = 15, ***P < 0.0001, **P < 0.01), as well as H1975 and white blood cells. (C) Expression levels of EGFR L858R and T790M mutations in a single
H1975 cell. (D) Expression levels of EGFR exon gene in CTCs from six advanced lung patients and white blood cells from two healthy controls. Each CTC was
identified by immunofluorescence staining (CD45-/CK + cells). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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lung CTCs, blood samples from patients with lung cancer and healthy
person were enriched for CTCs with the anti-CD45 antibody-modified
magnetic beads. The cell left after the process, including CTCs, were
fluorescently stained and genetically analyzed using our designed de-
vice. EGFR L858R and T790M mutations were simultaneously detected
in enriched cells from six patients at lung adenocarcinoma stage IV with
known EGFR types and two healthy persons. Each CTCs (CD45-/CK
+/DAPI + cells) were identified based on immunofluorescence assay.
Heterogeneous expression of EGFR exon 20 and 21 mutational genes
were observed in CTCs from five patients (Fig. 6D). No mutational
genes were detected in patient C and two healthy controls. The single-
cell mutational gene types of CTCs from these six patients were con-
sistent with the genetic type of their pathological cells detected in
clinical tests (Table S2). In addition, we found that both EGFR L858R
and T790M were detected in some CK-/CD45-cells from lung cancer
patient A and B, which were not recognized as CTCs by common
identification standard (Fig. S10). Although different levels and types of
EGFR expression in those CTCs were detected, further work focusing on
these patients’ clinical outcomes is necessary for accurate diagnosis and
treatment.

Compared to single-cell genetic mutation detection methods that
rely on the ICC recognition of CTCs and manually retrieving single cells
(Chen et al., 2013; Zhang et al., 2015), our method has the advantage of
high throughput and low cell loss. In addition, the low cost (with re-
agent costs of ∼30 US dollars per test) and simple-performance are
beneficial to clinical application to guide targeted therapy strategies.
We envision that the micro-well array will be used as a practical tool to
rapidly screen important mutations on CTCs discovered by whole-
genome sequencing. But this method reported here still has some lim-
itations. We have only demonstrated duplex mutational EGFR genes in
single lung CTCs. Further assay development with multiple detection
for EGFR exon genes 19, 18, and 21 will be attempted with this method.

4. Conclusions

In this study, we have developed a micro-well array-based detection
platform for high-throughput and simultaneously multiplex genetic
analysis at the single-cell level. This chip can achieve a high loading
rate (over 90%) of cells through centrifugation, eliminating the re-
quirement for external pumping and valves. On the one hand, this
micro-well array with a small PCR reaction unit (98 pL) revealed a
sensitive quantification capability, providing strong support for low
copy nucleic acid detection for CTCs. On the other hand, we success-
fully integrated cell capture, lysis, PCR amplification, and signal read-
out on the PDMS made micro-well array, allowing single-cell gene de-
tection simple and low-cost. Heterogeneous mutations (EGFR-L858R
mutation or EGFR-T790M mutation) were detected in H1975 cells and
CTCs from lung cancer patient samples, which further validated the
significance of CTC single-cell level gene detection. But how CTC ge-
netic heterogeneity relates to patient clinical symptoms and outcome is
an important and valuable research, requiring further inquiry in the
future. Even though, this micro-well array platform has been shown to
be a convenient and accurate tool for CTC genetic analysis at the single-
cell level and is expected to facilitate lung cancer diagnosis and therapy
selection.
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