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Emerging evidence indicates that extracellular vesicle (EV) long non-coding ribonucleic acids (IncRNAs) in lung
cancer may be clinically useful biomarkers for early diagnosis using liquid biopsy. However, the extremely low
quantities of EV-IncRNAs in peripheral blood are a major challenge for multi-target detection. In this study, we
developed a new multi-colour fluorescence digital PCR EV-IncRNA (miDER) analysis chip, and then demon-
strated its ability to quickly and accurately analyse the levels of two target genes and one reference gene from
peripheral blood. Under the miDER assay, the limit of detection of the target gene from peripheral blood was 10
copies/pL. Based on multiplex assay, the expression levels of two lung cancer-related genes (SLC9A3-AS1 and
PCAT®6) in patients with lung cancer (n = 32) and healthy controls (n = 30) showed a significant difference
between the two groups (P < 0.001; two-tailed t-test). A receiver operating characteristic (ROC) curve analysis
was used to evaluate the discrimination ability of these IncRNAs. The combination of two IncRNAs in the miDER
assay yielded a higher area under curve (AUC) value of 0.811 (95% CI = 0.705-0.918). Moreover, to determine
the absolute quantitation capacity of the miDER assay, we compared the results to those obtained by quantitative
real-time polymerase chain reaction (QPCR), demonstrating that the miDER assay is more sensitive than qPCR.
The multiplex assay based on the miDER could provide a new solution for the multi-index combined detection of
trace EV-IncRNAs in body fluids and demonstrate the use of EV-IncRNAs as biomarkers for lung tumour biopsy.

1. Introduction (CT) and positron emission tomography can detect tumours with a

diameter of about 2-6 mm. Low-dose spiral CT has high sensitivity and

Lung cancer is the most common malignant tumour with the highest
incidence worldwide, accounting for the largest number of cancer
deaths. Due to the complexity of lung tissues, the absence of obvious
symptoms in the early stage, and the easy spread and metastasis, lung
cancer is typically diagnosed at an intermediate or advanced stage. The
early detection of lung cancer is mainly based on imaging and tumour
protein markers (Hirsch et al., 2001; Wulfkuhle et al., 2003). Advanced
imaging techniques, such as multi-slice spiral computed tomography

avoids other traumatic examinations. However, owing to its high sen-
sitivity, the false positive rate is high, leading to over-diagnosis, false
alarms, and unnecessary examinations, biopsies, and operations
(Stanley, 2001; Swensen et al., 2003). Therefore, the identification of
true positives and false positives after screening by low-dose CT is an
urgent issue.

Lung tissue biopsy can provide high diagnostic accuracy. However,
this approach is inconvenient and invasive and may lead to additional
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complications (Bensard et al., 1993; Yung, 2003). There is thus a cri-
tical need for non-invasive and highly sensitive diagnostic methods to
improve early diagnosis and outcomes. Bodily fluids, such as blood, are
considered ideal samples for disease diagnosis (Goessl et al., 2001;
Johnson and Lo, 2002). Prior research has shown that extracellular
vesicles (EVs), including exosomes and microvesicles, can be readily
harvested from the blood for further analysis and thus represent an
attractive source of tumour-derived materials (Yanez-Mo et al., 2015).

EVs are specialized membranous, nanosized endocytic vesicles that
are secreted by most cells (Colombo et al., 2014). In particular, EVs
secreted from tumour cells are closely related to tumour development,
immune escape, and the tumour microenvironment (Kalluri, 2016).
They are abundant, stable, and contain unique proteins and nucleic
acids (e.g. DNAs, mRNAs, miRNAs, and IncRNAs) reflective of their
cells of origin (Mateescu et al., 2017; Thakur et al., 2014). Emerging
evidence indicates that long non-coding ribonucleic acids (IncRNAs)
from the peripheral blood are potential cancer biomarkers. LncRNAs
are defined as transcripts with a minimum length of 200 nucleotides
and limited protein-coding potential; deregulated expression can not
only differentiate normal populations and patients with lung cancer but
is also associated with the occurrence and development of lung cancer
(Mercer et al., 2009; Ponting et al., 2009). In our previous study, we
screened differentially expressed IncRNAs in early lung cancer tissues
and demonstrated that they may be clinically useful biomarkers for
early diagnosis (Cheng et al., 2017; Wang et al., 2015). However, owing
to the difficulty in obtaining tissue samples from patients suspected to
have lung cancer, the development of a sensitive, accurate, and cost-
effective method using circulating, EV-IncRNAs as biomarkers is needed
for diagnosis.

Existing IncRNA detection methods include quantitative real-time
polymerase chain reaction (QPCR) (Schmittgen et al., 2008; Shi and
Chiang, 2005), microarray (Akama et al., 2009; Liu et al., 2008), next-
generation sequencing (Chen et al., 2009), and surface-enhanced
Raman spectroscopy (SERS) (Driskell et al., 2008). SERS-based methods
are limited by a lack of spectral reproducibility of the SERS substrate for
early detection. Next-generation sequencing-based molecule counting
relies on complex library preparation schemes, and high sequencing
depths are required to achieve high sensitivity. Using microarray and
qPCR methods, it is difficult to detect targets with low copy numbers. It
has been reported that the content of IncRNAs in EVs is very low; far
lower than their mRNA level (Li et al., 2019). Therefore, there is a need
for a more sensitive, accurate, and convenient quantitative method to
study low-abundance EV-IncRNA.

Digital polymerase chain reaction (dPCR) (Sykes et al., 1992;
Vogelstein and Kinzler, 1999) is a single molecule detection technology.
This end point method does not require standard curves, shows high
precision for the quantification of low-abundance EV-IncRNA targets,
and is resistant to residual PCR inhibitors. However, existing dPCR
systems involve several sophisticated instruments for droplet genera-
tion, PCR cycling, and read-out (Vogelstein and Kinzler, 1999). More-
over, the sensitivity and multiplexing capability of commercial droplet
PCR systems are limited by the total number of droplets that can be
generated and analysed per run (Huggett et al., 2015; Zhong et al.,
2011). Consequently, multiple sophisticated instrumentation, pro-
longed image acquisition, low detection throughput, and high cost limit
their broad implementation.

To address these limitations, in this study, we developed a simple,
sensitive, accurate, high-throughput, and low-cost microfluidic plat-
form termed multi-colour fluorescence digital PCR EV-IncRNA (miDER)
analysis, which enables a fast, on-chip analysis of EV-IncRNA expres-
sion. The sensitivity and specificity for tumour diagnosis using a single
marker are limited, while the combined detection of multiple markers
usually has higher sensitivity and specificity, which can further im-
prove the accuracy of tumour diagnosis. The miDER system uses mul-
tiplex PCR technology combined with a microfluidic chip to partition
and amplify the sequences, which can simultaneously detect multi-
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target EV-IncRNAs present at very low levels, improve detection
throughput, and reduce sample and reagent dosages. We explored the
feasibility of multiplex fluorescent dPCR and determined the lower
limit of detection of the chip. Using the newly developed technology,
we identified two key EV-IncRNA markers in our pre-screened IncRNAs
from early lung cancer tissues (Cheng et al., 2017; Wang et al., 2015)
and compared the results obtained using our chip and qPCR to prove
that our miDER system has higher sensitivity than that of qPCR. Fur-
thermore, we analysed clinical blood samples from patients with con-
firmed lung cancer and showed that EV-IncRNA expression was asso-
ciated with lung tumours, supporting the use of EV-IncRNA as
biomarkers for lung tumour biopsy.

2. Material and methods
2.1. Sample preparation

Samples were obtained from 32 patients who had not undergone
primary surgical resection of lung cancer and 30 healthy controls in
2017 at Shanghai Zhongshan Hospital. Healthy controls were recruited
from people who underwent a routine health check-up and showed no
disease. Demographic and clinical characteristics of subjects are sum-
marized in Tables S-1. All subjects gave informed consent prior to
sample collection. The pathological stage of each sample was de-
termined by an experienced pathologist according to the TNM (Tu-
mour-Node-Metastasis) classification of malignant tumours. All aspects
of this study were approved by the Institutional Review Board of
Shanghai Zhongshan Hospital, China. Medical records, including sex,
age, tumour location, differentiation, tumour size, and local invasion,
were obtained. Patients with lung cancer with incomplete medical re-
cords, prior chemotherapy or radiation, lost to follow-up, or withdrawal
of consent were excluded from this study.

Peripheral blood samples were collected by venipuncture from all
subjects. Cell-free plasma was isolated using a two-step centrifugation
protocol, 1900 X g for 10 min and 3000 x g for 15 min at 4 °C, followed
by EVs extraction or storage at —80 °C. Blood samples with hemolysis
were excluded. EVs from 1.5mL of prefiltered plasma were isolated
using a procedure modified from the exoRNeasy protocol described in
the exoRNeasy Serum/Plasma Handbook, and the isolated EVs were
characterized and analysed as shown in Figure S-1. EV-RNA was ex-
tracted from plasma using the exoRNeasy Serum/Plasma Midi Kit
(QIAGEN, Hilden, Germany) according to the manufacturer's instruc-
tions and evaluated using a NanoDrop spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). Extracted exoRNA (100 ng) was
reverse-transcribed to first-strand complementary DNA (cDNA) using a
SuperScript III First-Strand Synthesis System (Invitrogen, Carlsbad, CA,
USA). Then, the cDNA samples were stored at 4 °C until subsequent
dPCR amplification.

2.2. Gene selection, primers, and probes

The expression levels of two lung cancer-related genes (SLC9A3-AS1
and PCATS6) identified in our previous studies (Cheng et al., 2017; Wang
et al., 2015) were evaluated in EVs samples. GAPDH was used as a
reference gene. Primers and TagMan probes for three RNAs were de-
signed using Primer Premier 6.0. They were synthesized and purified by
high-performance liquid chromatography by Sangon Biotech
(Shanghai, China), resuspended separately at 100 uM in deionized
water, and stored at —20 °C. Sequences of the primers and TagMan
probes are listed in Tables S-2.

2.3. Design and fabrication of the miDER chip
As shown in Fig. 1, a self-partitioning microfluidic chip containing

21,760 independent microchambers was used. To fabricate the chip, a
photoresist (SU-8 3050) was spin-coated onto a 4” silicon wafer to
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Fig. 1. Layout of the microfluidic chip. (A) Thumbnail of the chip structure. (B)
Schematic diagram of microchambers arrangement. (C) Size of the micro-
chamber and the channel. (D) Schematic diagram of the microchambers after
injection.

create approximately 30-um (3500 rpm for 40s) channels. After the
wafer was soft-baked (95 °C for 15 min), the channels were patterned by
ultraviolet (UV) exposure with a photolithography mask. Then, the
wafer was put onto a hotplate for a post-exposure bake (PEB) (94 °C for
5 min). After the completion of the first layer (flow channel), a second
photoresist layer (microchambers) (SU-8 3050) was spin-coated to a
thickness of 120 um (1000 rpm for 40 s) on the wafer. The second layer
was used to fabricate the microchambers. After the second exposure,
PEB, and development of the wafer, the microchamber mould was also
patterned on the wafer. Finally, the mould was baked (180°C for
45 min) on a hotplate to harden it for repeated use (Figure S-2). The
width and height of the channels were 50 and 30 pm, respectively. The
diameter of the cylindrical microchamber was 90 pm, with a height of
120 ym. Based on these dimensions, the volume of the microchamber
was approximately 0.76 nL.

After the preparation of the mould, a 10:1:0.05 (w/w/w) mixture of
Sylgard 184 resin (Polydimethylsiloxane, PDMS), cross-linker, and
Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) was degassed under a
vacuum and poured into the mould to form a 2-mm-thick structured
microfluidic substrate. Triton X-100 was added to prevent reaction
components from being adsorbed during the reaction (Fu et al., 2017).
After baking the mould (70 °C for 50 min), PDMS was gently peeled off
and cut to the appropriate size. Finally, the structured microfluidic
substrate was bonded to a glass microscope slide (1 mm) by thermal
bonding (85 °C for 10 min) after pre-coating with a thin layer of PDMS
(Figure S-3).

2.4. Quantitative real-time PCR

QPCR was performed using a standard TagMan PCR kit protocol on
a LightCycler 480 II (Roche, Basel, Switzerland). The 20-pL PCR volume
included 2 pL of ¢cDNA, 1.5 pL of primer and probe mix, 10 uL of Probes
Master (Roche), and 6.5 pL of deionized water. The reactions were in-
cubated in a 96-well plate at 95 °C for 10 min, followed by 40 cycles of
95 °C for 15s and 60 °C for 45 s. All qPCRs were performed in triplicate
and relative quantification was performed for each sample by normal-
izing with respect to GAPDH expression. No signal amplification was
observed when water was added instead of the sample.

2.5. Quantification and analysis using the miDER chip

To validate the IncRNA expression levels of selected genes, the
cDNA samples (synthesized from IncRNA) were quantitated using a
miDER chip. The 20-uL reaction mixture contained 2 pL of the cDNA
sample, 2 X LightCycler 480 Probes Master (Roche), 250 nM each
primer, 250 nM TagMan probe, 0.3% Triton X-100 (v/v), and deionized
water (Sangon Biotech). Before use, the chip was degassed in a vacuum
system (10kPa) for 60 min. When in use, the reaction mixture was
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dropped onto the inlet of the chip (Fig. 1). The pressure difference of
the air dissolved in PDMS (Hosokawa et al., 2004) would provide inner
power to suck the reaction mixture into the channels and micro-
chambers. When the reaction mixture was completely drawn into the
microchambers, the oil phase (silicone oil, Sylgard 184 resin, and cross-
linker, 4:1:0.1 (w/w/w)) was added to the inlet. The oil phase drained
the reaction mixture from the channel, so that all microchambers were
isolated individually. Finally, a cover glass was attached to the surface
of the chip to complete the package (Figure S-4). Thermocycling was
performed using an Eppendorf Mastercycler’ nexus flat. The amplifi-
cation process included the activation of FastStart Taq DNA polymerase
at 95 °C for 10 min, followed by 40 cycles of amplification (95 °C for
15s and 60 °C for 45 s), and preservation at 10 °C. The miDER chip was
observed using a fluorescence microscope (BX51; OLYMPUS, Tokyo,
Japan) equipped with a 100 W mercury lamp, a 4 X objective lens, a
charge-coupled device (CCD) camera (Olympus DP70), and filters. Two-
dimensional (2D) fluorescence bitmap images were captured using the
CCD camera, and the positive reactions in the microchambers were
counted. The number of target cDNA templates was calculated by
Poisson statistics: A = —In(1 —p), where p is the fraction of positive
reactions and A represents target copies per microchamber. Thus, copy
numbers of target cDNA molecules were easily obtained (Quan et al.,
2013; Zhong et al., 2011). Finally, the IncRNA expression level was
calculated by the following equation: expression level = Copy number
of target gene / Copy number of reference gene.

3. Results and discussion
3.1. Principle of multi-colour fluorescence dPCR EV-IncRNA detection

As shown in Fig. 2A, our technique comprises four key steps, i.e.
sample preparation, mixture partitioning, amplification, and quantifi-
cation. In the first step, cDNA (synthesized from IncRNA), DNA poly-
merases, primers, TagqMan probes, dNTPs, and buffer solution (Mg>™")
were mixed into a PCR mixture. In the second step, the reaction mixture
was partitioned by the miDER chip into many independent micro-
chambers, some of which contained the target cDNA, while others did
not. In the third step, the PCR amplification process was performed on
the miDER chip, consisting of two distinct temperature stages. During
amplification, the reactions containing the target sequence were am-
plified by a million-fold or more and the signals accumulated. However,
there was no signal accumulation without target sequence reactions.
Finally, 2D fluorescence bitmap images were acquired using a CCD
camera and analysed separately to detect the presence (positive reac-
tions) or absence (negative reactions) of an endpoint signal. Con-
sidering that multiple target molecules may be present in a single mi-
crochamber, Poisson model correction was used to determine the copy
number of the target cDNAs, and the IncRNA expression level was
calculated. Multi-target detection was completed by a single amplifi-
cation, and different target cDNAs produced different fluorescence
signals during PCR amplification (schematic diagram shown in Fig. 2B).

We used the microfluidic chip for multi-colour fluorescence dPCR
EV-IncRNA analyses. For the simultaneous detection of multiple targets,
we initially tested four fluorophores, FAM (excitation: 485, emission:
524), HEX (excitation: 534, emission: 572), ROX (excitation: 550,
emission: 630), and CY5 (excitation: 649, emission: 670) with different
excitation and emission wavelengths for dPCR amplification. In sub-
sequent experiments, however, we detected interference between the
fluorophores HEX and ROX, which was verified in our later PCR ex-
periments (Figure S-5). Finally, we selected three fluorophores, FAM,
HEX, and CYS5, for the single detection of three different EV-RNA targets
using our miDER assay (Fig. 2C).

3.2. Determination of the copy number detection limit by miDER chip

To test the sensitivity of our chip for EV-IncRNA detection, cDNA
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Fig. 3. Determination of the copy number detection limit for the miDER chip. Concentrations of templates (GAPDH) were (A) 2.9 x 10 “copies/uL, (B) 10* copies/|iL,
(C) 10® copies/pL, (D) 102 copies/pL, and (E) 10 copies/pL. (F) No cDNA template was loaded in the control sample, and no positive microchamber was observed. (G)
2D fluorescence bitmap images were acquired using a CCD camera, and the fluorescence intensity of the positive (right) or negative (left) endpoint signal was
analysed using Image-Pro Plus (Media Cybernetics, Rockville, MD, USA). The fluorescence intensity of the positive reaction was significantly higher than that of the
negative reaction. Error bars represent the standard deviation based on the entire chip's microchambers (21,760). (H) The experimentally measured concentrations
were highly consistent with the expected concentrations (R* = 0.999). All experiments were performed in triplicate and the data are shown as means * s.d.

templates ranging from 2.9 x 10* copies/uL to 10 copies/uL were
prepared. The reaction mixture was dispersed by the miDER chip into
many independent microchambers, a portion of which contained the
target cDNA. The results for different concentrations of cDNA templates
after PCR amplification are shown in Fig. 3A-E. Three blank samples
were tested and none of them yielded a positive reaction (Fig. 3F). In
this study, since the cDNA template was partitioned into isolated mi-
crochambers for amplification, only two kinds of endpoint signals
(positive or negative) were produced. Therefore, the number of target
templates in a sample is determined by the number of "positive" mi-
crochambers on the chip. Then, the copy number of target cDNA was
determined by Poisson statistics. As shown in Fig. 3G, the average
fluorescence intensity of the positive microchambers was significantly
higher than that of the negative microchambers (P < 0.0001; two-
tailed t-test). Using k-means clustering, it is convenient to distinguish
between the positive and negative microchambers. As the concentration
of templates decreased, the number of positive reactions also decreased
(R? = 0.999), as shown in Fig. 3H. These results indicate that the de-
tection limit of the chip was 10 copies/uL.

3.3. Quantitative detection of the IncRNA copy number by the miDER chip
and comparison with gPCR results and commercial QX200™ dPCR system
results

The aim of this study was to quantify EV-IncRNA expression; ac-
cordingly, the detection equipment needs to have an accurate quanti-
tative capacity. To determine the absolute quantitation capacity of our
chip, we compared the results to those obtained by qPCR. A series of
cDNA samples (from 10° to 10') was prepared and quantified using our
chip and qPCR (LightCycler 480 II; Roche). The quantitative results
obtained using the chip are shown in Fig. 4A. When the ¢cDNA sample
concentration decreased, the positive reactions also decreased, and a
copy number of 10" could be quantified. The quantitative results ob-
tained by qPCR are shown in Fig. 4B. When the copy number of the
cDNA sample was below 102, the qPCR results were negative (Fig. 4B,
yellow lines, Cp > 35). When we tried to extend the qPCR cycles to 45,
a copy number of 10! could still not get the available Cp value. For copy
numbers of between 10° and 102 there was a linear relationship be-
tween our chip results and the qPCR results (R? = 0.999), as shown in
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Fig. 4C. In addition, a series of cDNA samples with half-gradient dilu-
tion was prepared and quantified using our chip and commercial dPCR
system (QX200 ™; Bio-Rad). Fig. 4D shows that the results were highly
consistent. This indicates that the absolute quantitative capability of
our miDER chip is comparable to that of the commercial dPCR system.
In addition, droplet digital PCR has the problem of droplet burst or
fusion. And the droplet digital system demands higher operational re-
quirements, resulting in a large fluctuation in the number of droplets.
While the lower number of droplets will seriously affect the accuracy of
absolute quantification of digital PCR. Compared to the droplet digital
PCR platform, our chip has the following advantages: (i) The cost of our
miDER chip is much lower than that of the commercial dPCR system;
(ii) Only one fluorescence microscope and one general in-situ PCR in-
strument were needed in the method, while QX200™ requires up to four
special devices; (iii) Our miDER chip could detect more targets than
QX200™ in a single reaction. Therefore, these results demonstrate that
our miDER chip can be used to quantify the expression of EV-IncRNAs.

3.4. Analysis of clinical samples

To test the utility of the miDER assay in lung biopsy, we conducted a
clinical feasibility study. Gene product levels in EVs from clinical per-
ipheral blood samples exhibited heterogeneity. Although we tried to
maintain a consistent starting volume of clinical peripheral blood
samples, there were still substantial fluctuations in the target gene le-
vels of healthy controls. Therefore, we used the reference gene GAPDH
for normalization. The average levels of SLC9A3-AS1 and PCAT6 were
significantly higher (P = 0.0008 and P = 0.0069; two-tailed t-test) in

lung cancer samples (n = 32) than in healthy controls (n = 30)
(Fig. 5A-B). A receiver operating characteristic (ROC) curve analysis
was used to evaluate the discrimination ability of these IncRNAs. Using
a single marker, EV SLC9A3-AS1 and PCAT6 yielded area under curve
(AUC) values of 0.760 (95% CI = 0.643-0.878) and 0.705 (95%
CI = 0.575-0.835), respectively, for identifying patients with lung
cancers (Fig. 5C). The combination of these IncRNAs in the miDER
assay yielded a higher AUC value of 0.811 (95% CI = 0.705-0.918)
(Fig. 5D).

4. Conclusion

We developed a new chip, miDER, which enables high-sensitivity,
multi-target (GAPDH, SLC9A3-AS1, PCAT6) detection in a single PCR
amplification of a single microfluidic chip. The newly developed tech-
nology has many advantages, including its simplicity, high sensitivity,
and low cost. It can effectively detect EV-IncRNA in clinical blood
samples. With the miDER, we demonstrated (i) the feasibility of the EV-
IncRNA multiplex fluorescent digital PCR microfluidic chip, (ii) the
reliable detection of EV-IncRNAs in patient blood, and (iii) the ability to
effectively distinguish lung cancer cases from healthy controls by de-
tecting the EV-IncRNA expression levels of SLC9A3-AS1 and PCAT6. In
addition, detection could be extended to other tumour types by iden-
tifying target genes. Large data sets are needed to validate the clinical
utility of miDER. Although we originally developed the miDER tech-
nology for early diagnosis, it could be adapted for tumour prognosis and
recurrence monitoring, e.g. the long-term directional monitoring of EV-
IncRNA. If used in conjunction with chest X-ray, CT, and other ancillary
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Fig. 5. Quantitative analyses of EV-IncRNAs in clinical samples and ROC curve analysis. (A-B) The expression level of two IncRNAs in 32 lung cancer samples (CT)
and 30 healthy controls (NT). All differences in IncRNAs between CT and NT were significant. ROC curves for the detection of lung cancer using EV SLC9A3-AS1 (C
blue line), PCAT6 (C green line), and their combination by miDER assays (D), as assessed by AUC. AUC: area under the curve. **P < 0.01 (two-tailed t-test);
%P < 0.001 (two-tailed t-test). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

tests, the EV-IncRNA test could obviate or reduce the need for biopsy in
a population of patients with lung cancer. We propose that if validated
using a larger cohort, our multi-colour fluorescence digital PCR chip
approach can provide a new solution for the combined detection of
trace EV-IncRNAs in body fluids, thereby providing a new strategy for
the early diagnosis and treatment of lung cancer.
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