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HIGHLIGHTS

• A bead-based microarray for exosome isolation and multiplexed tumor marker detection was developed.

• The beads are uniformly trapped and queued among the micropillars in the chip, which can avoid optical interference and enable more 
accurate test results.

• The results with different types of lung cancer exosome samples showed distinctive marker expression levels.

ABSTRACT Tumor-derived exosomes are actively involved in cancer 
progression and metastasis and have emerged as a promising marker for 
cancer diagnosis in liquid biopsy. Because of their nanoscale size, complex 
biogenesis, and methodological limitations related to exosome isolation and 
detection, advancements in their analysis remain slow. Microfluidic technol-
ogy offers a better analytic approach compared with conventional methods. 
Here, we developed a bead-based microarray for exosome isolation and mul-
tiplexed tumor marker detection. Using this method, exosomes are isolated 
by binding to antibodies on the bead surface, and tumor markers on the 
exosomes are detected through quantum dot (QD) probes. The beads are then 
uniformly trapped and queued among micropillars in the chip. This design 
benefits fluorescence observation by dispersing the signals into every single 
bead, thereby avoiding optical interference and enabling more accurate test results. We analyzed exosomes in the cell culture supernatant of lung 
cancer and endothelial cell lines, and different lung cancer markers labeled with three QD probes were used to conduct multiplexed detection of 
exosome surface protein markers. Lung cancer-derived samples showed much higher (~ sixfold–tenfold) fluorescence intensity than endothelial 
cell samples, and different types of lung cancer samples showed distinctive marker expression levels. Additionally, using the chip to detect clini-
cal plasma samples from cancer patients showed good diagnostic power and revealed a well consistency with conventional tests for serological 
markers. These results provide insight into a promising method for exosome tumor marker detection and early-stage cancer diagnosis.
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1 Introduction

Exosomes are nanosized membrane-bound vesicles 
(~ 30–150  nm) secreted by most cells through the 
endolysosomal pathway [1] and package of lipids, pro-
teins, mRNAs, microRNAs [2], and mitochondrial DNA 
[3] originating from their parent cells [4]. Exosomes play 
a vital role in intercellular communication [5], especially 
tumor-derived exosomes, which participate in cancer pro-
gression and metastasis actively [6, 7]. Exosomes, together 
with circulating tumor cells (CTCs) and circulating tumor 
DNA (ctDNA), are the three major markers for liquid 
biopsy, which offer a noninvasive solution to early detec-
tion, diagnosis, and prognosis of cancer patients [8–10]. 
Compared with CTCs, ctDNA, and traditional well-studied 
serological protein markers, exosomes show advantages in 
their abundance and stability [11, 12]. Approximately one 
billion exosomes can be detected in one milliliter human 
blood, and exosomes can maintain an intact biological 
structure because of their protective phospholipid bilayer 
[13].

However, studies of exosomes have been severely ham-
pered by difficulties in isolation and detection because of 
their small size and complex origin [14]. The most widely 
adopted isolating method is density-gradient ultracentrif-
ugation, but it requires expensive equipment and exten-
sive time [15]. Additionally, ultracentrifugation cannot 
isolate other vesicles or large protein aggregates similar 
in size to exosomes, resulting in unnecessary contamina-
tion. And traditional detection methods, such as western 
blot, ELISA, and flow cytometry, need large amounts of 
purified exosomes from blood, biological fluids, or cell 
culture supernatant. Therefore, an efficient, reliable, and 
economical method to isolate and detect exosomes is an 
urgently target.

With the development of microfluidic technology, many 
progress in the fields of biology, medicine, and tumor 
diagnosis has been made [16–18]. In particular, it offers 
a promising solution to exosome isolation and detection, 
with advantages including low-volume consumption, high 
sensitivity, and quick reaction time [19, 20]. Several micro-
fluidic methods for exosome research have been reported 
[21]. Briefly, isolating exosomes with microfluidic meth-
ods can be divided into two types: size-based and immuno-
based. Size-based methods physically sort exosomes 

within a certain diameter range. Wang et al. reported a 
method using ciliated micropillars to isolate exosomes in 
biological fluids [22], and Wunsch et al. isolated exosomes 
from other vesicles using a nanoscale lateral displacement 
array [23]. Size-based methods sort exosomes with good 
homogeneity, but cannot exclude similar-sized nanopar-
ticles. Immuno-based methods isolate exosomes through 
antigen–antibody hybridization with common exosome 
markers, such as CD9, CD81, and CD63 [4]. Chen et al. 
developed a microfluidic chip to isolate exosomes using 
an anti-CD63-coated polydimethylsiloxane (PDMS) sur-
face, which involved complicated chip fabrication [24]. 
Zeng et al. applied immuno-magnetic bead-based methods 
for intravesicular protein marker detection in 2014 [25] 
and surface protein marker detection in 2016 [26], and 
the latter can be directly applied for plasma sample detec-
tion and achieve on-chip analysis; however, both methods 
require an external magnetic field, and the polymerized 
immuno-magnetic beads can potentially cause interference 
during fluorescence observation. Yadav et al. developed 
an electrochemical method for the detection of disease-
specific exosomes using the advantages of screen-printed 
electrodes and electrochemical readout [27]; Sina et al. 
presented a simple exosome quantification method using 
surface plasmon resonance (SPR) platform [28]; however, 
both methods require pre-isolation of the exosomes using 
the total exosome isolation reagent (Life Technologies cat 
no #4478359).

Here, we report the immuno-based microfluidic chip for 
rapid exosome isolation and multiplexed surface marker 
detection via queued beads in the microarray. A bead-
based sandwich immunoassay was established, where 
anti-CD9 labeled microbeads capture exosomes and QD 
probes with tumor-specific antibodies bind to exosomes 
on the bead surface. We also designed a micropillar array 
to enable uniform bead distribution, so that the queued 
beads could benefit subsequent fluorescence analysis. 
This chip was employed to analyze exosomes from cell 
culture supernatant and clinical plasma samples, and the 
whole isolation and detection process finished within 1 h. 
We observed distinctive levels of fluorescence intensity 
between lung cancer samples and healthy controls along 
with robust diagnostic power and consistency with conven-
tional tests. The results indicated that this chip can offer 
a novel approach for cancer diagnosis via exosome tumor 
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markers and promote the development of liquid biopsy in 
clinical applications.

2  Materials and Method

2.1  Materials

Sulfo-N-hydroxysulfosuccinimide (NHS), 1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide (EDC), trichloro 
(1H,1H,2H,2H-perfluorooctyl) silane (PFOTS), Tween-20, 
and bovine serum albumin (BSA) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). PDMS was pur-
chased from Dow Corning (NY, USA). Microbeads were 
purchased from BaseLine ChromTech (Tianjin, China). QDs 
were purchased from Jiayuan Quantum Dot (Wuhan, China). 
Anti-CEA and anti-Cyfra21-1 were purchased from Medix 
Biochemica (Kauniainen, Finland). Anti-ProGRP was pur-
chased from Linc-Bio Science (Shanghai, China). Anti-CD9 
was purchased from Ancell (Bayport, USA). Phosphate-
buffered saline (PBS) was purchased from Sangon Biotech 
(Shanghai, China). Fetal bovine serum (FBS), Roswell Park 
Memorial Medium (RPMI) 1640, and penicillin–streptomy-
cin were purchased from Gibco Thermo Fisher Scientific 
(Waltham, MA, USA).

2.2  Preparation of Exosome‑Capture Beads and QD 
Probes

Carboxylic cross-linked polystyrene microbeads were acti-
vated through incubation with sulfo-NHS and EDC under 
acidic conditions (pH 5.0) for 2 h at 25 °C, followed by 
mixing the activated beads with exosome-capture antibod-
ies (anti-CD9) to bind with amine groups on the antibodies. 
After incubation at 37 °C for 2 h, the exosome-capture beads 
were resuspended in 1 × PBS with 1% BSA and stored at 
4 °C until use.

QD probes with detection antibodies were prepared based 
on the coupling of the thiols (–SH) on the antibodies to the 
maleimide-activated surface of the QDs by the method 
described previously [29]. QD probes for carcinoembry-
onic antigen (CEA; excitation: 490 nm, emission: 625 nm), 
fragments of cytokeratin 19 (Cyfra21-1; excitation: 490 nm, 
emission: 525 nm), and pro-gastrin-releasing peptide (Pro-
GRP; excitation: 490 nm, emission: 585 nm) were function-
alized for subsequent analysis.

2.3  Chip Design and Fabrication

The chip was fabricated according to the standard method 
for rapid prototyping of microfluidic systems in PDMS [30]. 
The structure of the micropillar array depicted via CAD soft-
ware was projected onto a photo-mask and then fabricated 
through photolithography and deep reactive ion etching 
techniques onto the silicon wafer. The wafer was silanized 
via treatment with self-assembled monolayers of PFOTS 
to form an anti-adhesive layer [31]. A 10:1 (w/w) mixture 
of PDMS base and curing agent was vacuumized and then 
poured over the silicon master. After a 2-h incubation at 
95 °C, the PDMS was cured and punched at inlet and outlet 
ports. After air plasma treatment, the PDMS chip was bound 
firmly to a glass slide (Fig. S1).

2.4  Chip Operation

Samples, exosome-capture beads, and QD probes were 
mixed together and incubated under vibration at 37 °C for 
20 min. The mixture was then introduced into the vacu-
umized chip by negative pressure through a syringe pump 
(PHD 2000; Harvard Apparatus, MA, USA). Briefly, 
a blocking buffer (1 × PBS buffer with 0.1% BSA and 
0.05% Tween-20) was first introduced into the chip for 
5 min to minimize non-specific adsorption of the PDMS 
chip. Subsequently, the mixture of samples, beads, and 
QD probes was introduced into the chip, during which 
the beads would distribute uniformly along the micro-
array. Finally, a washing buffer (1 × PBS buffer with 
0.05% Tween-20) was introduced into the chip for 5 min 
to wash out the excessive samples and QD probes. The 
whole injection process was performed under a flow rate 
of 3 µL min−1.

2.5  Cell Culture and Clinical Sample Collection

The A549, H226, H446 (derived from lung adenocarci-
noma, lung squamous carcinoma, small cell lung cancer, 
respectively), and human umbilical vein endothelial cell 
(HUVEC) lines were purchased from Cell Bank (Shanghai 
Institutes for Biological Sciences, Shanghai, China). All 
cells passed tests for mycoplasma contamination and were 
cultured in RPMI 1640 supplemented with 10% FBS, 1% 
(v/v) penicillin–streptomycin in a Forma direct-heat  CO2 
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incubator (Thermo Fisher Scientific, Waltham, MA, USA) 
at 5%  CO2 and 37 °C.

Plasma samples were obtained from 10 patients who had 
not undergone primary surgical resection of lung cancer 
and 10 healthy controls in 2017 at Shanghai Zhongshan 
Hospital. Healthy controls were recruited from people who 
underwent a routine health checkup and showed no dis-
ease. Demographic and clinical characteristics of subjects 
are summarized in Table S1. All subjects gave informed 
consent prior to sample collection. The pathological stage 
of each sample was determined by an experienced pathol-
ogist according to the TNM (Tumor–Node–Metastasis) 
Classification of Malignant Tumors. All aspects of this 
study were approved by the Institutional Review Board of 
Shanghai Zhongshan Hospital, China. Patients with lung 
cancer with incomplete medical records, prior chemo-
therapy 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 centrifuga-
tion protocol, 1900×g for 10 min and 3000×g for 15 min at 
4 °C, followed by further experiment or storage at − 80 °C.

2.6  Model Exosome Isolation by Ultracentrifugation

Model exosome samples were collected from cell culture 
supernatant through ultracentrifugation. The cell culture 
medium was replaced with serum-free medium once the 
cells reached ~ 70–80% density. After 36-h starvation cul-
ture, 10 mL of cell culture supernatant was collected for 
exosome isolation. The isolation process involves a series 
of centrifugation steps at 4 °C [15]. Briefly, the cell culture 
supernatant was initially centrifuged at 2000×g for 20 min 
to eliminate the remaining cells. Subsequently, centrifuga-
tion at 10,000×g for 30 min was conducted to eliminate the 
cell debris. Finally, exosomes were purified through ultra-
centrifugation at 100,000×g for 70 min twice. After that, 
the isolated exosomes were resuspended in 150 µL of PBS.

2.7  Characterization of Exosomes

Nanoparticle tracking analysis (NTA) of exosome samples was 
conducted by the ZetaView Nanoparticle Tracking Analyzer 
(Particle Metrix, Meerbusch, Germany) following the standard 

protocols [32]. Exosomes isolated through ultracentrifuga-
tion were diluted in PBS (1:100) and loaded into the flushed 
chamber. Analyses were automatically carried out, and the 
concentration and diameter of exosomes were then measured 
and analyzed through the corresponding software ZetaView 
8.03.04.01.

Exosomes bonded on the surface of microbeads were 
characterized by scanning electron microscope (SEM) [33]. 
Approximately 1000 beads were mixed with 1 mL of cell 
culture supernatant. After incubation at 37 °C for 20 min, 
the mixture was centrifuged at 1000×g for 10 min and resus-
pended in 100 µL of PBS. The samples were fixed in 4% par-
aformaldehyde for 1 h, dehydrated in a series of increasing 
ethanol concentrations, uniformly spread onto a silica glass, 
and then lyophilized overnight. After that, the silica glass was 
vacuumized and sputter-coated with gold at room temperature 
for 60 s. Finally, the morphology of exosomes on microbeads 
was examined under a field emission scanning electron micro-
scope (JSM-7800F; JEOL, Tokyo, Japan).

2.8  Data Collection and Analysis

Images were obtained using a CCD camera (DP80; Olym-
pus, Tokyo, Japan) on an inverted fluorescence microscope 
(IX51; Olympus, Tokyo, Japan). Bright-field images were 
acquired using a 20 × lens at a 160 ms exposure time. Fluores-
cence images were acquired using a 40 × lens through a filter 
(~ 460–495 nm) at a 3.25 s exposure time and an 1800 black-
balance value. QD probes for CEA, Cyfra21-1, and ProGRP 
were exposed to light from 460 to 495 nm wavelength to emit 
red, green, and yellow fluorescence, respectively. Fluorescence 
intensity was calculated using Image Pro Plus 6.0 software 
(Mediacy Cybernetics, Inc., Rockville, MD, USA), and the 
average optical density of each bead was acquired.

3  Results and Discussion

3.1  Bead‑Based Exosome Microfluidic Chip

To distribute microbeads (15 µm) in the chip uniformly, we 
designed a microfluidic chip (Fig. 1a) comprising a PDMS 
slab bonded with a glass slide. The main structure in the 
PDMS was a microarray containing 604 micropillars, with 
each pillar 90 µm long, 30 µm wide, 18 µm high, and the 
inlet and outlet set at the diagonal of the chip. Figure 1b 
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shows a microscopic image of the chip, where the chan-
nel between the adjacent micropillar lines was 90 µm wide, 
and the gap between adjacent pillars was 14 µm wide. After 
flushing with the blocking buffer, beads were introduced into 
the chip, trapped at the gaps, and queued in lines along the 
microarray (Fig. 1c). Figure 1d shows the device with two 
PDMS chips bonded onto one glass slide and each chip con-
sisting of four microarray structures. The real PDMS chip 
was ~ 150 mm wide.

3.2  Working Principle of the Chip

The two-dimensional structure of the microarray is shown in 
Fig. 2a. The microarray comprised 10 lines of micropillars, 
with two additional micropillars placed on both sides of the 
last line in order to intercept the missing beads, which would 
aggregate at the control district close to the outlet labeled by 
the blue dashed box. This would prevent beads from escap-
ing the chip and avoid data loss. As shown in Fig. 2b, beads 
flowing in the channels were deflected by the pressure differ-
ence in the adjacent channels and trapped at the gaps. Once 
a gap was blocked by a bead, the flow resistance of that gap 
would increase dramatically, and subsequent beads would 
bypass the site and flow to other empty gaps. In this case, 
beads would not aggregate at the same gap, thereby allowing 
uniform distribution.

We observed that the flow rate significantly influenced 
bead interception. Therefore, a flow rate gradient ranging 
from 0.5 to 8 µL min−1 was established to investigate the 
optimal flow rate for bead interception. Two parameters 
were considered: trapping efficiency and clogging rate. 
Trapping efficiency was defined as the proportion of the 
number of beads trapped at the gaps, except that of the 
control district, to the total number of beads injected into 
the chip. The clogging rate was defined as the proportion 
of gaps trapping plural beads relative to the total number 
of gaps, except that of the control district. As shown in 
Fig. 2c, the trapping efficiency remained relatively steady 
(~ 90%) before the flow rate reached 3  µL  min−1 and 
decreased rapidly once the flow rate exceeded 3 µL min−1. 
The clogging rate fluctuated slightly (~ 5%) along with 
the increasing flow rate; therefore, we speculated that the 
clogging rate had no necessary connection with the flow 
rate at higher flow rates. According to our observation, 
the inhomogeneity of the beads and the PDMS fragment 
generated during the punch were more likely to cause bead 
clogging. Therefore, 3 µL min−1 was adopted as the opti-
mal flow rate.

To clarify the mechanism associated with this uni-
form distribution phenomenon, fluid dynamics in the 
chip was analyzed by performing velocity and pressure 
simulation through Multiphysics 5.2 software (COMSOL, 

Fig. 1  Bead-based exosome microfluidic chip. a Schematic diagram of the PDMS chip containing a microarray for uniform distribution of 
microbeads. b Microarray structure in the chip and c microbeads queued in lines along the microarray. Scale bar, 100 µm. d Photograph of the 
prototype microfluidic chip. Scale bar, 50 mm
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Inc., Burlington, MA, USA) [34, 35]. The simulation 
was based on the steady-state Navier–Stokes’ equation 
for incompressible fluid, and two-dimensional laminar 
flow was studied. The model geometry was the same 
size as the actual chip structure, and the flow velocity at 
the inlet was set as 88 mm s−1 according to the calcula-
tion using a high-speed camera under an injection rate of 
3 µL min−1 (Fig. S2). Through the simulation, the flow 
velocity profile (Fig. 2d) and the pressure profile (Fig. 2e) 
were acquired. The micropillar lines from inlet to outlet 
were defined as lines 1 to 10, and the pressure drop at 
the left, middle, and right (the red triangle in Fig. 2e) 
gaps of each line (except the additional micropillars) was 
calculated through point evaluation. Figure 2f shows the 
pressure drop of the target gaps from lines 1 to 10. We 
found that the pressure drop from lines 1 to 9 of the left 
gaps gradually decreased, whereas the pressure drop at 
the middle and right lines increased gradually, but gener-
ally remained at a relatively narrow range (~ 10 Pa) as 
compared with the dramatic increase in pressure drop at 
the last line. The steady state of the pressure drops from 
lines 1 to 9 ensured a stable interception of beads, and the 
dramatic increase in pressure drop at the last line might 

have provided a driving force for the beads flowing to 
the outlet.

3.3  Characterization of the Bead‑Based Exosome 
Immunoassay

We used anti-CD9 labeled microbeads to isolate exosomes 
from cell culture supernatant. Morphological characteriza-
tion of exosomes captured on the beads was conducted by 
SEM (Fig. 3a). To verify the results of bead-based isolation, 
we conducted NTA of exosomes isolated by ultracentrifuga-
tion from the same source in order to measure their diam-
eter distribution. The diameters of exosomes on the bead 
surface were calculated using particle analysis of the SEM 
images. Exosomes isolated using our methods exhibited a 
good consistency in diameter distribution with those isolated 
by ultracentrifugation (Fig. 3b), suggesting our bead-based 
method offered reliable specificity compared with conven-
tional methods.

Exosome tumor markers were detected by sandwich 
immunoassay through microbeads, exosomes, and QD 
probes (Fig. S3). All microbeads needed to be saturated 
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with exosomes (Fig. S4), ensuring the consistent detection 
of different samples. To determine the adequate sample vol-
ume of cell culture supernatant, we evaluated supernatant 
volumes from 10 to 160 µL with ~ 500 microbeads (Fig. S5) 
and excess amounts of CEA-QD probes. Figure 3c shows 
the relationship between fluorescence intensity and sam-
ple volume fitted according to sigmoidal dose–response 
characteristics (R2 > 0.99). The fluorescence intensity of 
A549, H226, and H446 cell culture supernatants initially 
increased rapidly, smoothed gradually along with increased 
volumes, and remained relatively steady at 80 µL. The fluo-
rescence intensity associated with HUVEC culture super-
natant increased slightly, and we speculated that this was 
due to exosomes secreted by non-cancer cells carrying few 
surface CEA markers. Based on these results, 80 µL was 
adopted as the optimal supernatant volume. Because exces-
sive amounts of QD probes might cause unnecessary opti-
cal interference, we further optimized the amount of QD 

probes used for detection. Figure 3d shows the enhanced 
fluorescence intensity obtained using increasing concen-
trations of QD probes, with an optimal concentration of 
2 nM ultimately determined. These data indicated that 
~ 500 beads, 80 µL cell culture supernatant, and 2 nM QD 
probes represented the optimal experimental protocol for 
this immunoassay system.

3.4  Multiplexed Detection of Exosome Tumor Markers 
from Cell Culture Supernatant

Single marker detection for lung cancer was limited in sen-
sitivity and specificity; therefore, we conducted multiplexed 
detection by targeting three lung cancer-related markers: 
CEA, a broad-spectrum tumor protein marker most com-
monly observed in adenocarcinoma [36]; Cyfra21-1, allow-
ing measurement of soluble cytokeratin-19 fragments in 
serum and a useful marker for squamous cancer [37]; and 
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ProGRP, a specific and actively secreted product of small 
cell lung carcinoma cells [38]. Exosomes from A549, H226, 
H446, and HUVEC culture supernatant were isolated using 
anti-CD9-labeled beads, and three QD probes, respectively, 
labeled with corresponding tumor marker antibodies were 
used to detect the isolated exosomes on the bead surface. 
The volume of each component referred to the former part.

We observed a macroscopic difference in fluorescence 
intensity between cancer cells and endothelial cells (Fig. 4a), 
with RPMI 1640 used as the negative control. The aver-
age expression levels of the three lung cancer markers 
were measured and are shown in Fig. 4b. Lung cancer cells 
showed higher (~ 6–10-fold) fluorescence intensity as com-
pared with that of endothelial cells, and interestingly, differ-
ent lung cancer cells showed distinctively different marker 
expression levels, potentially allowing for further tumor 
classification.

3.5  Multiplexed Detection of Exosome Tumor Markers 
from Plasma Samples

We further employed the chip for plasma-based diagnosis 
of lung cancer by multiplexed detection of the three tumor 
markers, with samples from 20 human subjects (10 lung 
cancer patients and 10 healthy controls) used for detection 
(Table S1). As the exosome concentration in cell culture 
supernatant is ~ 107 particles mL−1 according to the NTA 
results, while the exosome concentration in human blood 
is ~ 109 mL−1 [13], 10 µL plasma samples were sufficient 
for our immunoassay system and the concentration of QD 
probes were determined as 8 nM. Box–whisker plots with 
scattering points were derived according to the fluorescence 
intensities associated with the respective marker expression 
levels (Fig. 5a). Lung cancer patients showed increased 
marker expression levels as compared with healthy controls; 
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however, we did not observe distinct marker expression lev-
els associated with different types of lung cancer, which 
might be attributable to the complex components included 
in plasma samples. Receiver operator characteristic (ROC) 
analysis was conducted to evaluate diagnostic accuracy 
(Fig. 5b), and the area under the ROC curve (AUC) was 
obtained to evaluate the overall accuracy of the test. Addi-
tionally, true positives (sensitivity) and false positives (one 
specificity) were analyzed to determine diagnostic power. 
The AUCs obtained for CEA, Cyfra21-1, and ProGRP were 
0.84, 0.85, and 0.84 (Fig. S6), respectively, indicating high 
accuracy in discriminating plasma exosomes from lung can-
cer patients versus healthy individuals (Table S3).

To assess the reliability of the chip results, we compared 
the CEA expression levels of 10 lung cancer patients using 
CEA-QD probes with clinical CEA concentrations obtained 
from blood test using electro-chemiluminescence immu-
noassay. A minimal difference was observed between the 
experiment results and clinical data (Fig. 5c), and Pearson 
correlation coefficient (r = 0.9872) and two-tailed compari-
son (p < 10−4) of the results confirmed statistical signifi-
cance, suggesting the reliability of our detection method.

4  Conclusions

In this study, we described a novel microfluidic immunoas-
say system for exosome isolation and detection using beads 
queued uniformly at gaps among the microarray. Compared 
with existing microfluidic methods, our chip exhibited the 
following advantages: (1) This design was capable of inter-
cepting microbeads at gaps between adjacent micropillars 
without clogging, thereby avoiding interference from dis-
sociative fluorescence signals; (2) the use of QDs for immu-
noassay detection improved fluorescence stability and mul-
tiplexed biomarker measurement; (3) the simple structure, 
rapid isolation and detection, and no requirement of exter-
nal fields makes the chip promising for clinical application. 
Additionally, the total time necessary for reaction, injection, 
and observation was less than 1 h, with all reaction compo-
nents capable of being mixed simultaneously, thereby reduc-
ing tedious manual operations.

There were still some limitations in our study. We noticed 
distinctions between the expression levels of tumor mark-
ers in exosomes from different lung cancer cell lines, but 
failed to obtain similar results in clinical plasma samples. 

Although we speculated that this might be due to the com-
plexity of plasma composition, the statistical limitation 
because of the small sample size represents a non-negligible 
factor. In future work, we will use larger sample sizes to 
assess the potential of the chip for lung cancer classifica-
tion and further validate its diagnostic power. These results 
provide critical insight into the efficacy of this method for 
future application in clinical testing related to cancer, as well 
as other diseases.
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