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Abstract
Lung cancer is the highest incidence of malignant tumors in the world. Targeted therapy based on gene
mutation detection including epidermal growth factor receptor (EGFR) gene mutation is one of the �rst-
line treatments. In this work, took EGFR gene G719S mutation as a representative object, a large number
hexagonal cavities micro�uidic chip (LHMC) platform based on digital PCR (dPCR) for the absolute
quanti�cation of gene mutation in lung cancer was established. In this chip, 113,137 cavities chip was
designed to increase the number of absolute quantitative, which was 2~5 times higher than the
traditional one. The hexagonal shape of cavities elevates the �lling rate and �lling speed. A set of primers
and probes for G719S with high sensitivity, high speci�city and high reliability were designed and
screened. Then the PCR parameters were optimized. The results demonstrated that the chip platform
shows good performance. The minimum detection concentration of the gene mutant was 3.01 copies/μL,
and a good correlation (Y= 0.725X- 0.581, R2= 0.984) was noted between the measured value and the
expected value. This chip possesses sensitively detect positive mutations in G719S and completely
negative when detecting other substances. The developed LHMC-dPCR chip is a rapid and accurate gene
mutation analysis platform, which has faster speed and lower price than classic detection methods, for
instance, droplet dPCR, DNA sequencing method. Moreover, LHMC-dPCR is not limited by the number of
nucleic acids and droplets and there is no need to estimate the nucleic acid concentration of the sample.
This chip platform could also detect other gene mutations, for example, L858R, exon 19 deletions, in
other tumors including lung cancer.

1. Introduction
Lung cancer is the most prevalent malignancy worldwide and the leading cause of cancer death (18.4%
of all cancers) [1]. Epidermal growth factor receptor (EGFR) mutations in Asian women with lung
adenocarcinoma who have never smoked are up to 60% [2, 3].Several studies have shown that non-small
cell lung cancer tumors and lung adenocarcinoma patients with somatic mutations in EGFR have a good
effect on tyrosine kinase inhibitors (TKIs), such as ge�tinib, erlotinib, and lapatinib [4–10]. However, even
with the same type or even the same subtype, the response of different patients to TKIs is not consistent,
and the different content of mutant molecules may be an important reason for the different responses of
TKIs. And patients with tumors with higher EGFR mutation “abundance” are more responsive to the same
drug. Therefore, the classi�cation heterogeneity of lung cancer and accurate quanti�cation of gene
mutations is the key to improve the e�cacy of targeted therapy and achieve precision medical treatment
of lung cancer.

DNA sequencing is a common method for detecting EGFR mutations in early studies, and this method is
useful for identifying both known and new mutations [4, 11, 12]. However, since DNA sequencing can only
detect mutation sequences that account for more than 30% of the total gene content [13], this is not
useful for detecting EGFR mutations in only a small fraction of the EGFR mutant sequences in the body
�uids. In previous studies, ampli�cation refractory mutation system (ARMS) analysis has been applied to
detect circulating EGFR mutations [14, 15]. However, the ARMS method can only be qualitative and
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cannot measure the concentration of circulating mutations, and the sensitivity of the ARMS method to
detect point mutations at low concentrations may be low when detecting a large number of background
wild-type sequences. Detection and quanti�cation of EGFR low-abundance mutations in tumor tissues
are also valuable. Analysis of EGFR mutations in 22 lung adenocarcinoma specimens by large-scale
parallel sequencing revealed that EGFR mutations may be highly heterogeneous in a single tumor
sample, with some mutations present only within 10% of the total sequence [16]. At present, the
importance of detecting low-abundance mutations in tumor tissues is unclear. This may be due to the low
proportion of tumor cells in tissue samples or may indicate that the mutant allele exists only in a subset
of tumor cells [2], the latter situation may occur during cancer evolution [16]. A recent report demonstrated
the acquired resistant of double mutant G719S/T790M to ge�tinib [17]. However, as a sensitive mutation
and drug-resistant mutation site, G719S is rarely studied due to its low mutation rate, and there are few
available detection reagents. Mutation detection for G719S on the market is often included in G719X
together with G719A and G719C. For example, Super-ARMS kit of Edwards Biology, it is di�cult to
speci�cally detect G719S mutation alone. In this article, to preliminarily evaluate the feasibility and
sensitivity of LHMC-dPCR, G719S, a target with less mutation abundance, and it has both characteristics
of sensitivity and resistance to targeted drugs, was selected for determination.

dPCR technology is a new generation of nucleic acid absolute quantitative technology that can detect a
single molecule. It has a very prominent advantage in detecting rare point mutations in wild-type
sequence backgrounds, and its application has spanned a large number of DNA, RNA and epigenetic
applications [18–24]. The method has high sensitivity and high accuracy, and the absolute number of
target molecules can be detected as low as a single copy without reference genes and standard curves.
Compared with real-time �uorescent quantitative PCR (Real-Time PCR), dPCR has the advantages of high
sensitivity, absolute quanti�cation, high tolerance to inhibitors, and single-molecule sequencing [25, 26].
dPCR technology can be divided into ddPCR and chip digital PCR (cdPCR). There are many commercial
ddPCR products in the market, but the detection cost is high. Due to the immature development of chip
technology, cdPCR is rarely used in clinical gene mutation detection. Based on this, to reduce the cost of
dPCR detection and enrich cdPCR technology, LHMC-dPCR is established in this article. The chips in this
article have been improved over 3 generations. In previous studies [27, 28], the speci�c structure and
performance of the previous generations of chips have been veri�ed many times. LHMC has more
microcavity structures and more stable performance than before, as well as faster sample loading speed.
By selecting the EGFR G719S mutation as the target, the application value and performance of the new
chip are evaluated in this article for the �rst time.

2. Experiments

2.1 Reagents
Premix Ex Taq™ (Probe qPCR) and BSA were obtained from TaKaRa Biotechnology (Tokyo, Japan). The
Nucleic acid extraction kit was purchased from Shanghai Biochip Co. (Shanghai, China).The van-clear
environmental transparent agent was purchased from Wuhan Hongzi Biotechnology Co. (Wuhan, China).
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The polydimethylsiloxane (PDMS) (Sylgard 184 kit) was purchased from Dow Corning (Midland, MI,
USA). Triton X-100 was obtained from Sigma-Aldrich China (Shanghai, China). Dimethylsilicone oil was
purchased from Aladdin (Shanghai, China). TE buffer was obtained from Beijing Solarbio Science &
Technology Co. (Beijing, China).

The primers and probes of G719S and standard plasmids including G719S gene mutation, L858R gene
mutation, Codon12 gene mutation and H19-1 gene mutation were synthesized by Sangon Biotech
(Shanghai) Co. (Shanghai, China).

2.2 Apparatus
SLAN-96P Real-Time PCR system was purchased from Shanghai Hongshi Medical Technology Co.
(Shanghai, China). Mastercycler nexus �at was obtained from Eppendorf (Hamburg, German). The Small
vacuum plasma cleaning machine was purchased from Tonson Tech (Shenzhen, China). Nib900 inverted
�uorescence microscope was purchased from Ningbo Yongxin Optical Co. (Ningbo, China). DS-Qi2
Monochrome Microscope Camera was obtained from Nikon Instruments (Tokyo, Japan).

2.3 Clinical samples
Six cases of formalin-�xed para�n-embedded (FFPE) tissue samples were collected from lung cancer
patients with EGFR G719X mutation con�rmed by the AmoyDx gene detection kit (Xiamen, China) in the
Second A�liated Hospital of the Army Medical University (Chongqing, China) from January 2020 to
October 2020, 10 pieces for each case.

Inclusion criteria: (1) Patients with primary lung cancer diagnosed by imaging and signs and symptoms;
(2) ECG, blood routine, the function of the liver, kidney, and bone marrow were basically normal; (3)
Informed consent of patients and their families.

Exclusion criteria: (1) Consciousness disorder, psychiatric; (2) Have other serious basic diseases, such as
diabetes, hypertension, pulmonary heart disease, hyperthyroidism, etc.; (3) Pregnant or lactating women;
(4) Unknown consent or refusal to sign informed consent.

2.4 G719S mutant standard plasmids preparation
The obtained G719S mutant plasmids were diluted with TE buffer to 3.01 × 100 copies/µL, 3.01 × 101

copies/µL, 3.01 × 102 copies/µL, 3.01 × 103 copies/µL, 3.01 × 104 copies/µL, 3.01 × 105 copies/µL, 3.01 × 
106 copies/µL, 3.01 × 107 copies/µL with a 10-fold concentration gradient. The above plasmids diluted by
10-fold gradient were numbered 1–8 as the standard.

2.5 Lung cancer tissue nucleic acid extraction
Six cases of FFPE tissue samples were scraped gently from the slides into 1.5 mL EP tubes with surgical
blades and centrifuged at 12,000 rpm for 2 min. 1 mL van-clear environmental transparent agent was
added, vigorously whirled for 10 s, centrifuged at 12,000 rpm for 2 min, and discarded the supernatant.
1 mL absolute ethanol was added to a 1.5 mL centrifuge tube, whirlpool and mixed, centrifuged at
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12,000 rpm for 2 min, and discarded the supernatant. The cap of the tube was opened and stored at room
temperature for 10 minutes until the absolute ethanol in the tube was evaporated. Then, extraction
experiments were carried out according to the instructions of the extraction kit. The 6 cases of samples
were numbered F1-F6 for standby application.

2.6 PCR ampli�cation
The exon 19 with 341 bp of EGFR containing the G719S mutation site was selected. And primer and
probe were designed by Primer premier software version 5.0 (Premier Biosoft International, Palo Alto, CA)
and the highest score pairs were chosen. The sequences of the designed primers and probes are listed in
Table. 1. A total volume of 25 µL of PCR reaction system was prepared using Premix Ex Taq™ (Probe
qPCR) reagents in the following proportions: 12.5 µL PreMix, 6.375 µL ddH2O, 0.625 µL BSA (20 mg/mL),
1 µL of each primer, 1 µL of probe and 2.5 µL template. The ampli�cation conditions were as follows: (1)
Pretreatment with 95 ℃, 30 s; (2) Ampli�ed 45 cycles according to such parameters 95 ℃, 40 s, and 56
℃, 40 s; (3) Heat preservation at 4 ℃.

Table 1
The sequences of the designed primers and probes

Sequence name Sequence (5′- 3′) Modi�cation

Forward primer TGAGGATCTTGAAGGAAACTGA  

Reverse primer CCTTATACACCGTGCCGAAC  

Mutant type probe AAGTGCT + GGGCTC 5′-FAM, 3′-MGB

Wild type probe AGTGCT + GAGCTCC 5′-HEX, 3′-MGB

2.7 Fabrication of LHMC
The fabrication process of LHMC is shown in Fig. 1A. Brie�y, the speci�c process is as follows: (1) PDMS
prepolymer, curing agent were mixed at a ratio of 10:1, which Triton X-100 was added into at �nal
concentration with 0.5%, degassed for 30 min (Fig. 1Aa); (2) The PDMS/Triton X-100 mixture was poured
onto the master molds and smoothly covered with a PET �lm. Glass sheet and weight were added above
the PET �lm to form PDMS thin layer (~ 500 µm) and PDMS cover plate (~ 2 mm), and the PDMS was
cured by heating at 70 ℃ for 1–3 h (Fig. 1Ab); (3) The weight and the covered glass plate were removed,
peeled off the PET/PDMS layers from the master mold. The PDMS pipeline was punched in a speci�c
position with a 2 mm puncher (Fig. 1Ac); (4) The unstructured surface of the PDMS thin layer with
microcavity structure was bond to the clean glass slide through oxygen plasma treatment. Meanwhile,
the structural surface of the PDMS thin layer was attached with the PDMS pipeline to form a reversible
seal (Fig. 1Ad).

As schematically depicted in Fig. 1B, it consists of three layers: a 2-mm thickness PDMS pipeline as a
detachable pumping source, a 500-µm PDMS thin layer as a digitally divided chamber, and a glass slide
as a supporting layer. The PDMS pipeline contains 40 parallel micro�uidic channels (Fig. 1C), and the
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PDMS thin layer contains 113,137 regularly arranged microarrays (Fig. 1D). The structure of the pipeline
layer is slightly larger than that of the �lm layer so that the sample can be digitally divided through the
delivery channel. The depth of each cavity is 40 µm, and the distance between opposite sides is 60 µm.

 

2.8 LHMC-dPCR detection steps
The detection process of LHMC-dPCR is shown in Fig. 2. Firstly, the prepared LHMC was put into the
vacuum pump and degassed for 20 minutes. Then 25 µl of the prepared PCR premix was added into the
injection hole immediately, and stood for 5–30 s to realize the self-separation and self-distribution of the
liquid sample in 113,137 microcavity arrays. After that, 200 µL dimethylsilicone oil was added and the
PDMS pipeline was peeled off at the same time. Next, the oil seal chip was sealed by covering a glass
slide covered with a thin layer of un-solidi�ed PDMS. Then the sealed chip was placed on the
mastercycler nexus �at for the ampli�cation reaction. Finally, the ampli�ed chip was observed by imaging
with a �uorescence microscope.

2.9 Statistical processing
The number of positive holes in the chip was quanti�ed through the counting function of ImageJ.
According to previous studies [28], the theoretical formula applicable to LHMC can be obtained as
follows:

The formula for calculating sample concentration (C) has been derived by our collaborators according to
the Poisson distribution formula:

Where Np is the number of positive partitions, n is the number of the micro-cavity, and Vd is the volume of
each partition. The results of the calculation were further analyzed by OriginPro software version 8.0
(OriginLab Corporation, Northampton, MA, USA).

3. Results And Discussion

3.1 Chip imaging
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All the images of bright �eld and �uorescent channel were taken by an inverted microscope. As shown in
Fig. 3A, the result of a representative sample ampli�ed in the LHMC was shown in a �uorescent
micrograph: chambers that do not contain target DNA display low �uorescence levels (i.e., "negative
signals"), while chambers that contain target DNA displayed high �uorescence levels (i.e., "positive
signals"). After �uorescence imaging, ImageJ software version 1.53c (National Institutes of Health,
Bethesda, Maryland) was used to analyze the images and quantify the number of positive cavities in
each LHMC. As shown in Fig. 3B, the �uorescence of the representative sample was converted to a gray
level in ImageJ. Then, as shown in Fig. 3C, the number of positive holes in the chip was quanti�ed by
ImageJ with two indicators of diameter and brightness.

The physical image of the LHMC is as shown in Fig. 3D. In this work, the entire chip is the size of a
microscope slide (25 mm * 75 mm * 2.5 mm), and the air permeability of PDMS can be used to quickly �ll
the sample. Compared with the previous design of the chip, the improved chip has many more
advantages than the former. Since the microcavity is redesigned as a regular hexagonal prism instead of
a cylinder, on the microarrays of the same size as the previous ones, the microarrays in the thin �lm layer
of the LHMC are composed of 5 times more microcavities. Besides, the pipelines connecting the
microcavities were removed and designed in a detachable PDMS pipeline, so that the steps of oil �ushing
out excess samples were reduced. Besides, the sample adsorption is reduced and more positive holes are
obtained by adding more appropriate Triton X-100 and BSA.

3.2 PCR ampli�cation system establishment
Due to the detection limit of dPCR technology is affected by the end-point �uorescence value, it is
necessary to optimize the annealing temperature and the concentration of primers and probes. In turn, the
optimal reaction conditions will also increase the e�ciency of the entire reaction. Therefore, the
annealing temperature, the concentration of primer and probe, speci�city and repeatability of the EGFR
G719S ampli�cation system were �rst optimized and veri�ed outside the LHMC.

3.2.1 Optimization of annealing temperature
According to the ampli�cation results (Fig. S1), in the designed EGFR G719S PCR system, the target gene
was ampli�ed correctly and the genotype was accurately identi�ed within the range of 55–58 ℃,
indicating that the speci�city of the primers and probes is good. Moreover, the repeatability was the best
at 56 ℃. Therefore, the optimal annealing temperature was determined to be 56 ℃.

3.2.2 Optimization of primer concentration
To determine the best primer concentration with the highest �uorescence value, a probe of 0.4 µM and a
template of 2.5 µM were added at the optimal annealing temperature of 56 ℃ for PCR ampli�cation. The
experimental results showed (Fig. 4A) that the �uorescence value was proportional to the primer
concentration in the range of 0.1–0.9 µM. Besides, the �uorescence value was the highest when the
primer concentration was 0.9 µM and slightly decreased when the primer concentration was 1 µM.
Therefore, 0.9 µM was determined as the optimal concentration of primer.
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Similarly, to determine the optimal probe concentration with the highest �uorescence value, a template of
2.5 µM was added at the optimal annealing temperature of 56 ℃ and the optimal primer concentration
of 0.9 µM for PCR ampli�cation. The results show that within the concentration range of 0.1–0.5 µM, the
relative �uorescence value of the ampli�cation curve is inverse-proportional to the probe concentration
(Fig. 4B), while the absolute �uorescence value of the original curve is proportional to the probe
concentration (Fig. 4C). The trend of the ampli�ed curve is opposite to that of the original curve because
the more probes were added, the higher the background, the lower the relative increment. Therefore, to
ensure the highest endpoint �uorescence value, 0.5 µM was determined as the optimal probe
concentration.

3.2.3 Repeatability of PCR
According to the results of repeatability experiment (Fig. S2), the target gene in the current system has
been accurately and repeatedly detected.

3.3 Performance of dPCR in LHMC
Figure 5A-H shows the �uorescence microscopy of the ampli�cation results of the standard plasmids No.
1–8 detected by LHMC-dPCR. The positive partitions of mutant plasmids was signi�cantly proportional
to the concentration of the plasmids template in the PCR mixture. Furthermore, the relationship between
the expected concentration value and the actual concentration value of the above linear plasmids was
compared. Figure 5I shows the plot of the measured concentrations against their expected values. From
the linear regression analysis, we obtain a high coe�cient of determination (R2 = 0.984) across a
dynamic range of over 8 orders of magnitude, which reveals a close �t between the concentrations of
measured and expected.

3.4 The detection sensitivity LHMC-dPCR
Different from the previous report, the number of LHMC increased from 20,000 to 113,137, and the Vd
was updated to 0.125 nL. When there is only one positive partition, the minimum detection limit of the
LHMC can be calculated as 0.070 copies/µL. However, due to the in�uence of many factors in practical
nucleic acid testing, the minimum value of chip detection is often higher than the theoretical value. In our
experiment, the sensitivity of LHMC was 3.01 copies/µL, which is much higher than DNA sequencing,
qPCR and ARMS, etc.

3.5 Speci�city for LHMC-PCR
To verify the anti-interference ability of the system on LHMC, we selected various types of substances for
interference experiments 20.5 g/L albumin standard solution (the main substance in serum), 2.88 × 108

copies/µL H19-1 mutant plasmids (mutation of long non-coding RNA), 3.01 × 108 copies/µL Codon12
mutant plasmids, and 3.20 × 108 copies/µL L858R mutant plasmids (the other two mutations of EGFR)
were determined separately. And then the above interfering substances were mixed with equal amounts
of 3.01 × 105 copies/µL G719S mutant plasmids. The mixture and the same concentration of G719S
standard plasmids were tested separately. As is shown in Fig. 6, the results showed that no positive
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partition was found in 20.5 g/L albumin standard solution, 3.01 × 108 copies/µL Codon12 mutant
plasmids, 3.20 × 108 copies/µL L858R mutant plasmids, and 2.88 × 108 copies/µL H19-1 mutant
plasmids. Besides, the number of positive partitions in the mixture system is basically the same as that in
the similarly diluted standard No. 6, indicating that the system has good speci�city and strong anti-
interference ability.

 

3.6 Application in clinical samples
Although tumor tissue is di�cult to obtain, it is still the most used source of DNA templates for tumor
genetic testing. Because in terms of gene mutations, especially for samples with low mutation
abundance, the accuracy of mutation concentration detection results is often greatly affected due to the
low mutation rate and sensitivity limitations of detection technology. To verify the application of LHMC-
dPCR in actual clinical samples, LHMC-dPCR, DNA sequencing and ddPCR were used to detect FFPE
tissue samples from 6 cases of lung cancer patients with EGFR G719X positive mutations to compare
these methods.

The comparison of test results of LHMC-dPCR, DNA sequencing and ddPCR was shown ( Table. 2). In the
detection of LHMC-dPCR and ddPCR (Fig. S3, S4), positive samples can be observed quickly and
intuitively, and the concentration of mutation can be roughly judged. In addition, the concentration of the
mutant nucleic acid in the sample can be calculated by substituting the corresponding formula. However,
as shown in Fig. S5, DNA sequencing can be used to compare and �nd the mutation sites, but the content
of the mutated genes cannot be quanti�ed.

Table 2
Comparison of the detection results of LHMC-dPCR, ddPCR,

and DNA sequencing
Samples Methods

DNA sequencing ddPCR

(copies/µL)

LHMC-dPCR

(copies/µL)

F1 Q. (-) 0 0

F2 Q. (+) 1822.4 1581.8

F3 Q. (-) 0 0

F4 Q. (-) 0 0

F5 Q. (+) 218.3 451.7

F6 Q. (-) 0 0

Q.: only qualitative
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Moreover, in the actual detection process, the total number of droplets detected by ddPCR is limited. And
to determine the appropriate sample volume that should be added, the total nucleic acid concentration of
the sample usually needs to be measured before this. If the total nucleic acid concentration of the sample
exceeds the total number of droplets, the sample needs to be diluted to different degrees before detection.
Therefore, in addition to unnecessary errors caused by the increase in operating steps, the test results
may also appear false negatives when the content of wild-type genes is far greater than the content of
mutations. In contrast to this, the LHMC-dPCR we established can directly detect samples without other
processing of nucleic acids, because the number of nucleic acids and the number of droplets does not
affect the detection results of LHMC-dPCR. At the same time, LHMC can be made in batches in advance
by copying many master models to save the entire inspection time.

4. Conclusions
In summary, the LHMC-dPCR established could achieve real-time and absolute quantitative detection for
samples without standard curves and reference control genes. It has the advantages of low cost, simple
operation, fast speed, strong anti-interference ability and high repeatability. According to the results, EGFR
G719S could be accurately and quickly detected by LHMC-dPCR. And other gene mutations of lung
cancer may also be accurately detected by LHMC-dPCR as long as speci�c probes and primers are
designed. In our follow-up research, more gene mutations and even bacteria would be used in LHMC
detection. The establishment of LHMC-dPCR not only enriches cdPCR technology but also provides
another good choice for the clinical application and scienti�c research of other sample detection.
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Figure 1

A: Diagram of chip preparation. B: Explosive view of LHMC. C: Top view of the PDMS pipeline. D: Top
view of the PDMS thin layer.
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A: Diagram of chip preparation. B: Explosive view of LHMC. C: Top view of the PDMS pipeline. D: Top
view of the PDMS thin layer.
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Figure 2

Schematic diagram of the LHMC-dPCR detection
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Schematic diagram of the LHMC-dPCR detection
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Figure 3

Diagram of �uorescence counting and physical image of the LHMC. A: Fluorescence image of the chip
under the microscope. B: Grayscale image of �uorescence image processed by ImageJ. C: Figure of
statistical results by ImageJ. D: The physical image of the LHMC.
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Figure 3

Diagram of �uorescence counting and physical image of the LHMC. A: Fluorescence image of the chip
under the microscope. B: Grayscale image of �uorescence image processed by ImageJ. C: Figure of
statistical results by ImageJ. D: The physical image of the LHMC.
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Figure 4

The graphs of optimized primer and probe concentration. A: The ampli�cation curve with optimized
primer concentration. B: The ampli�cation curve with optimized probe concentration. C: The original
curve with optimized probe concentration.
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The graphs of optimized primer and probe concentration. A: The ampli�cation curve with optimized
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Figure 5

The �uorescence and linear graphs of 8 mutant plasmids with 10-fold gradient concentration. A-H: The
�uorescence microscopy of standard plasmids No. 1-8 in sequence. I: The linear relationship between the
measured value (copies/μL) in the LHMC and the expected one (copies/μL).
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Figure 5

The �uorescence and linear graphs of 8 mutant plasmids with 10-fold gradient concentration. A-H: The
�uorescence microscopy of standard plasmids No. 1-8 in sequence. I: The linear relationship between the
measured value (copies/μL) in the LHMC and the expected one (copies/μL).
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Figure 6

Fluorescence microscope image of speci�city analysis. A: 20.5 g/L albumin standard solution; B:
3.01×108 copies/μL Codon12 mutant plasmids; C: 3.20×108 copies/μL L858R mutant plasmids; D:
2.88×108 copies/μL H19-1 mutant plasmids; E: The mixture of the above interfering substances and
3.01×105 copies/μL G719S mutant plasmids; F: The similarly diluted standard No. 6.
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