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Circulating exosomes have been studied as a promising biomarker for non-invasive cancer diagnosis, as
they are implicated in tumor initiation, progression, and metastasis. However, the clinical significance of
circulating exosomes has not been revealed thoroughly, due to the technical limitation in sensitive and
multiplexed detection of cargoes on exosomes, such as proteins and nucleic acids. Herein we developed
an integrated exosome profiling platform (ExoProfile chip) to afford superior sensitivity and multiplexed
capability for quantitative detection of a panel of surface protein markers on exosomes. To achieve this
goal, we innovatively constructed 3D porous serpentine nanostructures via patterned colloidal self-
assembly to provide enormous reaction sites and improve biosensing efficiency of exosomes.
Meanwhile, the switchable microfluidic design enabled the simultaneous detection of eight markers on
single addition of exosome samples. The ExoProfile chip was validated with purified exosomes from
SKOV3 cells, which yielded a limit of detection of 21 exosomes per uL. We applied the ExoProfile chip to
clinical analysis of circulating exosomes using only 10 plL ovarian cancer plasma and completing the
analysis within 3 h. The diagnostic power of seven markers (EGFR, HER2, CA125, FRa, CD24, EpCAM, and
CD9 plus CD63) were evaluated with receiver operator characteristic curve and heatmap clustering.

Received 25th Feb 2019 . . . .
eceve shruary Compared to single biomarker, the combined assessment of a biomarker panel was demonstrated to

Accepted 19th April 2019
display improved accuracy in distinguishing early and late stage cancer. The results suggested the
DOI: 10.1039/c9sc00961b ExoProfile chip as a promising platform for molecular fingerprinting of circulating exosomes towards

rsc.li/chemical-science early cancer diagnosis.

for ovarian cancer.'®'” However, the discovery of more potential
exosomal protein markers was limited by detection sensitivity of
current exosome assays, especially for low abundance proteins

Introduction

Exosomes of 30-150 nm in size are a distinct population of

extracellular vesicles (EVs) actively secreted by nearly all
eukaryotic cells."” They are released by fusion of multivesicular
endosomes with the plasma membrane, carry a cargo of
proteins, nucleic acids and lipids from their parental cells, and
participate in biological functions such as intercellular
communication and immune response.* Recent studies show
exosomes correlated well with tumor progression, angiogenesis
and metastasis,*® thus hold great potential to act as a liquid
biopsy biomarker for cancer diagnosis.®® Recently, molecular
probing of tumor-derived circulating exosomes has been
demonstrated to aid in non-invasive cancer diagnosis and
monitoring of treatment response,”™ including CD147 for
colorectal cancer,"” NY-ESO-1 for lung cancer,*® glypican-1 for
pancreatic cancer,'* PSA for prostate cancer,' CD24 and CA-125
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on exosomes. Meanwhile, due to the phenotypic heterogeneity
of circulating exosomes, a “biomarker panel” had improved
accuracy and specificity for liquid biopsy diagnosis compared to
single markers."®?® Therefore, the development of innovative
exosome assay with much improved sensitivity and multiplexed
detection capacity was urgently needed to expand the clinical
utility of circulating exosomes on routine diagnosis of cancer.
The conventional exosome  assays consist of
ultracentrifugation-based isolation and downstream Western
blot & ELISA molecular characterization. Ultracentrifugation is
time-consuming and yields low recovery and poor purity.*>*
The benchtop molecular characterization assays also hold poor
sensitivity in the detection of exosomal proteins. As a result,
large amount of biofluid samples (>1 mL plasma) were
consumed for each assay, while most of low-abundance
biomarkers were unable to detect. In the past decades, inte-
grated microfluidic platforms emerged to carry out exosomes
isolation and in situ molecular detection with much improved
efficiency and sensitivity.'*****? Lee's group developed a nano-
plasmonic exosome (nPLEX) assay platform for label-free,
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surface plasmon resonance (SPR) sensing of exosome surface
proteins.” The periodic nanoholes array enabled efficient
capture and sensitive detection of ~3000 exosomes. Stott et al.
reported a sensitive analytical microfluidic platform (*HB-
Chip) with engineered nanointerfaces that enables tumor-
specific EV isolation within 3 h and achieved 94% tumor-EV
specificity and a limit of detection of 100 EVs per pL.** In our
group, we previously used nanomaterials to modify chip inter-
face and developed a GO/PDA based exosome analysis platform
(nano-IMEX).** The 2D GO/PDA nanosheets increased the
surface area and improved the surface binding efficiency, which
endowed the platform with high sensitivity for integrated exo-
some analysis. We recently developed a novel strategy termed
multiscale integration by designed self-assembly (MINDS)* to
overcome the fundamental limits of microfluidic biosensing in
mass transfer, surface reaction and boundary effects simulta-
neously. Using the MINDS strategy, we built a 3D nano-
structured herringbone (nano-HB) chip which immensely
improved the sensitivity for exosome detection.*

In this work, we expand the MINDS approach to develop
a multi-channel, integrated exosome profiling platform
(ExoProfile) for multiplexed, sensitive and high-throughput
immunophenotyping of circulating exosomes in plasma
samples. The ExoProfile chip presents three distinctions from
our previous nano-HB chip. First, we expanded the low cost,
lithography-free MINDS approach to 3D nano-engineering of
a classic 2D mixer, serpentine channel that induces
secondary Dean Flow and local vortices to enhance microflow
mixing.** Compared to the 3D mixing microstructures like
HBs, such planar mixers afford structural simplicity and easy
fabrication to devise a robust, integrated lab-on-a-chip
system. Second, the ExoProfile chip pneumatically auto-
mates the entire assay pipeline of exosome capture and
molecular analysis, offering the “sample-in-answer-out”
capability to enhance the rigor and reproducibility. Last, the
new multi-channel microsystem enables high-throughput,
multi-marker immunophenotyping of circulating exosomes
to improve the accuracy of cancer diagnosis. We measured
surface markers of exosomes from ovarian cancer cell line
SKOV3 on ExoProfile chip, using sandwich structured enzy-
matic fluorescent amplification reaction to boost sensitivity.
For exosomal markers such as CD9, CD63 and CD81, the limit
of detection reaches to about 21 exosomes per pL, which is
better than the nano-IMEX chip®** and other published
work.'”** The superior sensitivity and multiplexed property of
ExoProfile chip also enabled us to profile other tumor related
biomarkers quantitatively and simultaneously, such as EGFR,
HER2, CA125, EpCAM, CD24 and FRa. We applied the Exo-
Profile chip for molecular profiling of circulating exosomes
on clinical setting, using only 10 pL ovarian cancer plasma
and completing the analysis within 3 h. The combined
assessment of the seven biomarkers panel on exosomes not
only discriminated patient and benign group on a cohort of
20 samples, but also classified early-stage and late-stage
ovarian cancer patients successfully. The results indicated
that the ExoProfile chip holds great potential for circulating
exosome-based cancer diagnosis.
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Experimental section
Reagents and materials

Silica microbeads (1.0 pm) were ordered from Bangs Labora-
tories Inc. (3-Mercaptopropyl)trimethoxysilane (3-MPS) and 4-
maleimidobutyric acid N-hydroxysuccinimide ester (GMBS)
were purchased from Sigma-Aldrich; streptavidin conjugated p-
galactosidase (SBG), fluorescein di-B-p-galactopyranoside (FDG)
were received from Life Technology. The detailed information
of various capture and detection antibodies in our experiment
was list in Table S1.f The ExoTEST™ Ready-to-Use Kit for
microplate ELISA testing was purchased from HansaBioMed,
Ltd (Tallinn, Estonia). SuperBlock blocking buffer was ordered
from Thermo Scientific; 1x phosphate-buffered saline (PBS)
was from Mediatech, Inc.; all other solutions were prepared
with deionized water (18.2 MQ cm, Thermo Scientific). SBG and
FDG were dissolved in PBS working solution (PBSW) at pH 7.4
PBS which contain 0.5 mM pr-dithiothreitol solution (Sigma-
Aldrich), 2 mM MgCl, (Fluka Analytical), and 0.5% bovine
serum albumin (BSA) (Sigma-Aldrich).

Microfabrication of ExoProfile chip

Standard soft photolithography was used for the micro-
fabrication of ExoProfile chip, which contains several PDMS
layers, such as pneumatic layer, fluidic layer, beads pattern layer
and antibody immobilization layer. The feature of each PDMS
layer was shown in Fig. S11 and parameters were summarized in
Table S2.1 PDMS molds were prepared with SU-8 series photo-
resist, following the manual of products. The whole procedure
consists of spin-coating of photoresist, pre-baking, UV expo-
sure, post-baking, developing and hard baking. After that, the
prepared molds were treated with trimethylchlorosilane under
vacuum for 8 h. To fabricate PDMS chip of pneumatic layer, 30 g
PDMS mixture at a 7 (base material) : 1 (curing agent) ratio was
poured on the mold and cured in the oven at 70 °C for 2 h.
PDMS pieces were cut and peeled off from the mold. Mean-
while, the fluidic layer was prepared by mixing 5 g PDMS at
a ratio of 15 : 1 and spincoating over the mold at 1000 rpm for
45 s, followed by curing on 70 °C hotplate for 30 min. The
pneumatic layer was then manually aligned under a stereomi-
croscope and permanently bonded with the bottom fluidic layer
by baking in the 70 °C oven overnight.

For the fabrication of serpentine nanostructures, beads
pattern chip was sealed with clean glass slide to guide colloidal
self-assembly. After 10 min sonication, 10% w/v aqueous
suspensions of monodisperse silica beads were added into the
buffer reservoir. The silica colloids filled the serpentine chan-
nels and then the buffer reservoir was sealed with small piece of
PDMS chunk. Water will only evaporate from the other ending
of serpentine channels and thus induce close packing of silica
beads along serpentine channels. After the formation of self-
assembled nanostructures, colloidal suspension in the reser-
voir was then replaced with 5% 3-MPS in ethanol. The silane
reaction between silica beads connected them each other and
thus strengthened the self-assembled structures sufficiently.
After drying, the pattern chip was peeled off carefully.

This journal is © The Royal Society of Chemistry 2019
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A patterning chip was used to define the antibody immobi-
lization area. After aligning and bonding with the self-
assembled nanostructured channel arrays, 5% 3-MPS in anhy-
drous ethanol solution was filled the chip and reacted for 1 h.
Excess silane was washed away with 70% ethanol for three
times. 0.28 mg mL~' GMBS was reacted for 0.5 h and used as
linker to immobilize antibody. After wash with PBS, 0.1 mg
mL~" capture antibody CD81 was flowed through and reacted
for 1 h at room temperature. Afterward, the pattern chip was
removed and ExoProfile chip was aligned eventually. Before use,
the chip was blocked with 5% BSA and stored at 4 °C.

Cell culture and exosome isolation

The ovarian cancer cell line SKOV3 was cultured at 37 °C under
a 5% humidified CO, atmosphere, using RPMI-1640 media
supplemented with 10% (v/v) exosome-depleted FBS, recombi-
nant insulin (7.5 pg mL™"), penicillin (100 U mL™"), and
streptomycin (100 ug mL ™). Cell line was cultured until cellular
sub-confluency of ~70% and then the conditioned media was
collected. Exosomes were isolated by standard ultracentrifuga-
tion following previously report. Briefly, conditioned media
were collected and centrifuged at 2500 x g for 5 min to remove
cellular debris. The supernatant was then ultracentrifuged at
4 °C for 45 minutes at 10 000 x g to remove microvesicles and
again at 100 000 x g for 2 h to pellet exosomes. Exosome pellets
were then resuspended in 10 mL of PBS for a wash step and then
collected again with ultracentrifugation at 4 °C for 60 min at
110 000 x g in Beckman Coulter Quik-Seal Centrifuge Tubes.
After aspiration of the PBS supernatant, the exosome pellet was
resuspended in 100 puL PBS.

Molecular profiling assay of exosomes

The stock solution of isolated SKOV3 exosomes was aliquoted and
stored at —80 °C. NTA was tested to estimate the concentration of
exosomes. For single exosome detection assay, 50 pL of exosomes
solution was pumped through chip by homemade pump system
with a constant flow rate. Non-captured exosomes were washed
away with the Superblock buffer. The on-chip captured exosomes
were then detected by the biotinylated detection antibodies,
which contained a mixture of biotin-CD9 (20 pg mL™"), biotin-
CD63 (20 pg mL™ ") and biotin-CD81 (20 pg mL™"). After attach-
ment of detection antibodies, streptavidin conjugated B-galacto-
sidase (SBG) prepared in PBSW buffer (20 ng mL™') was
introduced as the reporter enzyme for chemifluorescence detec-
tion. Subsequently, the enzyme substrate di-p-p-galactopyranoside
(FDG) (500 uM) was introduced in to the assay chambers. Fluo-
rescence images were taken after 0.5 h using a Zeiss Axiovert A1l
inverted fluorescence microscope equipped with a LED excitation
light source (Thorlabs, Newton, NJ). The digital images were
processed and analyzed using Image] (NIH, http://rsbweb.nih.gov/
ij/) to measure the fluorescence intensity.

SEM characterization

The SEM images of ExoProfile microchips were took in FEI Versa
3D Dual Beam scanning electron microscope. The chip was coated
with 5 nm gold using a high-resolution ion bean coater to enhance
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conductivity. In order to take clear images of captured exosomes,
extra fixing and staining steps were needed. Exosomes were fixed
with 2.5% glutaraldehyde in PBS buffer for 30 minutes and then
rinsed for 3 x 5 minutes. The samples were post-fix for 15 minutes
in 1% osmium tetroxide and rinsed 10 minutes with water. The
samples were dehydrated in a graded series of ethanols (30%,
50%, 70%, 95% and 100%) for 2 x 10 min at each step. After that,
the samples were coated with gold and examined by SEM.

Exosome analysis using microplate ELISA

100 pL, 10° uL ™" purified SKOV3 EVs were added into each well of
a 96-well plate. The plate was sealed with parafilm and incubated
at room temperature while shaking for 30 min, then transferred
into a 4 °C fridge for overnight incubation (12 h). 200 uL of
washing buffer was added into each well, mixed by shaking, and
discard by pouring out. The washing step was repeated for 3 times.
The same biotinylated detection antibody as in the chip analysis
was diluted to 2 pg mL~" and 100 pL was added into wells. The
plate was sealed and incubated at room temperature while
shaking for 20 min, then incubated for 2 h at 4 °C. The plate was
washed as above for 3 times, followed by adding 100 pL of 1 : 5000
diluted HRP-streptavidin conjugate, shaking at room temperature
for 15 min, and incubation at 4 °C for 1 h. Excess enzyme was
washed away with the washing buffer for 3 times. Lastly, 100 pL of
chromogenic substrate solution was added to each well and
incubated for 10 min at room temperature in dark. The reactions
were stopped by adding 100 pL of stop solution. Absorbance was
measured at 450 nm on a CYTATION 5 imaging reader (BioTek)
and subtracted by the background measured with PBS.

Statistical analysis

For one-way ANOVA of each biomarker, the fluorescent inten-
sities measured for individual subjects were corrected by the
blank signals and then normalized by the 99th percentile value
of all background-corrected signals. The unweighted sum of
seven markers provides the SUM signature of each plasma
sample. Comparison of the control and cancer groups was
tested by two-tailed Student's ¢-test was used for comparison.
ROC curves were constructed for individual markers and the
SUM signature to evaluate their performance for diagnosis of
ovarian cancer. Linear discriminant analysis was conducted to
assess the six-marker exosomal signature for cancer diagnosis
and staging.”® The 95% CIs were calculated using a binomial
distribution. Non-supervised hierarchical clustering of six
tumor markers was performed with Ward linkage and
Euclidean distance. For all statistical analyses, the significance
level was set at p < 0.05. Statistical comparison, ROC/AUC
analysis, and hierarchical clustering were performed using
Origin 2016 and GraphPad Prism 7.

Results and discussion
Microfluidic design and working principle of ExoProfile chip

Due to the heterogeneity of cancer phenotypes, the expression
level of single protein marker on circulating exosomes is variable
across individual patient. The combined profiling of a panel of
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proteins on circulating exosomes will improve the accuracy of
liquid biopsy-based diagnosis. To achieve this goal, the ExoPro-
file chip was designed to measure up to eight surface markers of
exosomes simultaneously with high sensitivity and minimum
variation. There are two strategies in the microfluidic design for
multiplexed profiling of exosomes. The one is exosomes are
captured in single chamber, and then labelled with a mixture of
unique fluorescent dye conjugated detection antibodies. The
excitation and emission wavelength of each conjugated dye is
different, thus multiplexed detection of exosome surface markers
are carried out simultaneously in single chamber. This strategy is
straightforward and used in our previous study,® while the
throughput of detection is limited, contributing to the wave-
length overlap of fluorescent dyes. The other is that several
parallel channels are integrated on chip simply, and each
channel is assigned to capture exosomes and detect one marker
individually.”” Although the throughput is unlimited theoreti-
cally, it need to consume much more samples and reagents,
which is not compatible with clinical application due to the
limited volume of biofluid samples in liquid biopsy. Meanwhile,
the individual sample loading process leads to large batch-to-
batch variation and affect the accuracy of molecular detection.
To address this issue, the ExoProfile chip takes advantage of both
strategies and harnesses a switchable design, which works in
a single-channel mode for exosomes capture and switches to the
parallel-channel mode for afterward multiplexed molecular
detection. This innovative design endowed the chip with multi-
plexed detection capacity and minimized sample consuming.
As shown in Fig. 1a, the ExoProfile chip consists of two PDMS
layers which are aligned together. The bottom is fluidic layer for
bioassay, consists of pump region, assay chambers and several
sample reservoirs. 3D serpentine nanostructures were con-
structed on eight parallel assay chambers for in situ exosomes
molecular profiling. The top is pneumatic control layer, which
contains three sets of valves. The left three circular pump valves
were used to drive assay solution flow through the channels. We
introduced five-step stop-flow pumping method to actuate the
three circular valves consecutively, thus pump the flow delivery
forward. The flow rate was controlled preciously by adjusting the
time of each actuating step, and flow direction can also be
changed if we reverse the five-step pumping program.*® The
middle and right valves were used to switch the chip from the
single-channel mode to the parallel-channel mode. When middle
valves were closed and right valve open, exosomes were flowed
through whole channels and captured evenly on eight assay
chambers (top of Fig. 1b). After finishing the capture and
washing process, we opened middle valves and closed right valve,
as illustrated in bottom of Fig. 1b. The chip was operated in the
parallel-channel mode, and different detection antibodies were
added in middle reservoirs to react in eight assay chambers for
individual molecular detection of captured exosomes.

Characterization of 3D self-assembled serpentine
nanostructures

Surface area and capture probe density are critical factors gov-
erning the performance of on-chip biosensing. In order to
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improve the sensitivity of exosomes profiling, we introduced 3D
porous nanostructures to expand the nanointerface of chip. The
3D serpentine nanostructures were constructed by micro-
channel guided evaporation-driven colloidal self-assembly,
which was illustrated in Fig. 1c. Silica beads with 1 um diam-
eter were closely packed along the pattern microchannels, and
then treated with (3-mercaptopropyl)trimethoxysilane (3-MPS)
to connect the assembled beads and strengthen the nano-
structures. SEM image (Fig. 2a) displays the intact 3D serpen-
tine nanostructures without any crack fabricated by this
bottom-up strategy. The serpentine morphology has been
demonstrated to enhance the flow mixing previously, thus was
used to increase the surface binding efficiency of exosomes. The
magnified images (Fig. 2b and S21) show the highly ordered
crystalline structures and silica necks gluing the contacted
beads. The closely packed beads possess the connected pores
with size of about 150 nm (15% of the beads size), which allows
the penetration of exosomes (<150 nm) and other assay
reagents. The integrated porous network structures provide
sufficient reaction sites for molecular profiling of exosomes.
To verify the huge reaction sites of 3D porous nano-
structures, we measured the probe intensity on ExoProfile chip
firstly. Exosome capture antibodies were immobilized on
nanostructures and adjacent glass surface via silane chemistry,
and then quantitatively detected with fluorescent labelled anti-
IgG antibodies. Compared to the flat glass substrate, the fluo-
rescent signal on nanostructures was much higher (Fig. 2c). The
measured fluorescent intensity indicates the amount of
immobilized antibodies increases about 10 folds, consistent
with theoretical calculation. The nanostructure is 25 pm in
height and consists of 25 beads layers, thus is able to provide
several dozens of more surface area for antibody immobiliza-
tion than flat glass surface. The BSA control testing (Fig. 2d)
demonstrated the minimum non-specific adsorption on nano-
structures, after 3-MPS modification and BSA blocking.

Capture and molecular detection of exosomes on ExoProfile
chip

EVs isolated from ovarian cancer SKOV3 cell culture media by
ultracentrifugation (UC) were used to evaluate the performance
of ExoProfile chip. For immunocapture of exosomes, tetraspa-
nin proteins which are commonly expressed on the surface of
exosomes were chosen as capture antibodies in this study. We
compared three members of tetraspanin family (CD9, CD63,
CD81) and demonstrated that CD81 displays the best perfor-
mance for capture of ovarian cancer exosomes (Fig. S31). The
captured exosomes on ExoProfile chip were confirmed by SEM
imaging. Compared to BSA coated control chip (Fig. 3b), large
amount of exosomes were captured on anti-CD81 antibodies
modified serpentine nanostructures (Fig. 3a). The capture effi-
ciency of the ExoProfile chip was evaluated with DiO stained
SKOV3 cell-derived exosomes, following the approach described
before.* In contrast to ultracentrifugation isolation that yielded
a recovery rate of 17.3%, the capture efficiency of our chip was
measured to be 75.4 £ 3.2% (Fig. S47). This capture efficiency
was slightly lower than that of the nano-HB chip, which can be

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 ExoProfile chip. (a) Schematic illustration and photo of the ExoProfile chip, consists of pneumatic and fluidic layer and 3D serpentine
nanostructures, for in situ immunophenotyping of exosomes. (b) The working principle and flow manipulation of ExoProfile chip in the exosome
immunocapture mode and the multiplexed immunodetection mode. Arrows indicated the flow direction. Blue channel: sample injection; green
channel: injection of monoclonal detection antibodies (mAbs); black valve/channel: closed valve/channel. (c) The workflow for fabrication of an

ExoProfile chip by microfluidic colloidal self-assembly.

attributed to its smaller chip size and less effective flow mixing
by the 2D serpentine channel than a HB-based 3D mixer.
Nonetheless, our nano-engineered ExoProfile chip outperforms
the solid-HB chips for exosome isolation®* and afford sufficient
capture efficiency to ensure high sensitivity of downstream
exosome detection, as demonstrated below. The captured exo-
somes show typical round cup and spherical shapes with a size
of less than 150 nm (inset, Fig. 3a). On the contrast, the UC-
isolated EVs displayed two major peaks on nanoparticle
tracking analysis (Fig. S51), which corresponds to exosomes
(50-150 nm) and microvesicles (200-300 nm). Size is
a commonly acceptable criterion to differentiate exosomes from
other vesicles in biofluid samples. This observed size discrep-
ancy between UC and ExoProfile chip isolation demonstrated
the specificity of immunocapture for exosomes, and ensured
the accuracy of downstream molecular analysis of exosomes.
Exosomes captured on the adjacent glass surface (Fig. 3c) were
obviously less, due to the lower antibody density and capture
efficiency. Notably, exosomes were also observed on silica beads
below the surface layer of serpentine nanostructures (Fig. 3d).

This journal is © The Royal Society of Chemistry 2019

This phenomenon confirmed our original hypothesis, the 3D
porous serpentine nanostructures allow exosomes to penetrate
and thus provide ideal reaction sites for sensitive biosensing of
exosomes.

To detect surface protein markers of captured exosomes
quantitatively, we employed an on-chip sandwich ELISA assay
as illustrated in Fig. 4a. Unlike the universal capture of exo-
somes with anti-CD81 antibodies, biotin conjugated detection
antibodies enable the specific recognition of individual marker.
Subsequently, streptavidin conjugated B-galactosidase (SBG)
was introduced to assist fluorescent amplification reaction and
further boost the detection sensitivity of exosomal marker. We
used mixed detection antibodies of three highly expressed
exosomal markers (CD9, CD63, CD81) to access the fluorescent
detection performance of the ExoProfile chip. Intense fluores-
cent signal was measured on representative fluorescent image
(Fig. 4b left) with high concentration of SKOV3 exosomes (10°
uL 1), while low non-specific background was obtained by using
PBS as blank control (Fig. 4b right). The enhanced signal should
attribute to improved exosomes capture and biosensing

Chem. Sci,, 2019, 10, 5495-5504 | 5499
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Fig. 2 Characterization of 3D self-assembled serpentine nanostructures. (a) SEM image of large scale continuous serpentine nanostructures
without any cracks and defects. (b) Amplified SEM image showing the uniform close packing of beads on nanostructures. (c) Quantification of
immobilized anti-CD81 antibodies on ExoProfile chip with FITC-labeled anti-IgG antibody and (d) BSA negative control.

efficiency on 3D porous serpentine nanostructures, indicating
high sensitivity for molecular profiling of exosomes.

To the end of exosomes quantification, we calibrated the
ExoProfile chip by detecting overall expressing of CD9, CD63
and CD81 on 10x diluted SKOV3 standard exosomes. The

obtained calibration curve (Fig. 4c) showed quantitative detec-
tion over a 4-log dynamic range, with a low limit of detection
(LOD) of ~21 exosomes per pL, calculated by dividing three
standard deviations of the background with the slope of the
calibration plot. For comparison, a control chip without 3D

Fig. 3 SEM images of captured exosomes on ExoProfile chip. (a) Large amount of exosomes captured on anti-CD81 antibodies immobilized 3D
beads assembled nanostructures, and (b) minimized non-specific adsorption of exosomes on BSA coated control chip. (c) Less exosomes
captured on the flat glass surface adjacent to the nanostructures. (d) Silica beads beneath the surface layer of nanostructures also captured

exosomes.
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Fig. 4 Molecular profiling of SKOV3 exosomes on ExoProfile chip. (a) Illustration of on-chip sandwiched ELISA detection of exosomes. (b)
Enzymatic amplified fluorescent images of SKOV3 exosomes (left) and PBS control (right) using a mixture of detection antibodies (CD9, CD63
and CD81). (c) log-log calibration curve for quantifying total exosomes on ExoProfile and flat channels chip. LOD was calculated by 34/S, in
which ¢ is the standard deviation (S.D.) of blank control, and S is the slope of standard curve within the linear range. (d) Homogeneity of
fluorescence signal in eight parallel channels. (e) Profiling of seven surface markers SKOV3 exosomes: CD9, CD63, EGFR, HER2, CA125, FRa,
CD24 and EpCAM, using the ExoProfile chip (left) and a commercial microplate ELISA kit (right). (f) Correlation of eight SKOV3 exosomal markers
analyzed by the ExoProfile and commercial microplate ELISA. Error bars: S.D. from three independent measurements.

serpentine nanostructures yielded much lower signal intensity
and a LOD of 2219 exosomes per pL. The direct comparison
demonstrated the advantages of the self-assembled 3D nano-
structures in providing sufficient reaction sites and thus
increasing sensitivity of on-chip biosensing. The superior
sensitivity of ExoProfile chip also make it possible to profile
some low-abundant markers on circulating exosomes.

The multiplexed detection capacity of configurable ExoPro-
file chip was further evaluated. The key concern is that there is
no interference between the eight parallel channels as each
chamber is an independent assay corresponding to unique
marker. When chip was switched into the parallel channel
mode, the outlets of eight channels were still connected
together. For on chip ELISA detection, the fluorescent products
of enzymatic amplification reaction may diffuse into side
channels and cause signal interference. Hence, we added a long
serpentine channel at the end of each assay chamber to delay
the solution diffusion. To validate the effect, we injected red and
green ink into these eight chambers separately and simulated
the on-chip diffusion. We observed from Fig. S61 that there is
no visible color mixing even after 0.5 h. This phenomenon
indicated that the solution diffusion between parallel channels
was under control and will not affect the accuracy of down-
stream fluorescent detection. We also tested the system devia-
tions of these eight parallel on-chip ELISA assays. Using same
detection antibodies (anti-CD9, CD63, CD81) for each channel,

This journal is © The Royal Society of Chemistry 2019

the achieved fluorescent signal was homogenous (Fig. 4d) and
standard deviation of eight channels was measured to be 3.90%,
which owes to the symmetrical channel design and minimized
flow bias. The minimum interference and assay variation
among the eight channels ensure the accuracy of multiplexed
molecular profiling of exosomes.

Eight surface protein markers of SKOV3 exosomes were
quantitatively profiled on ExoProfile chip simultaneously. Tet-
raspanin proteins (CD9 and CD63) were highly abundant on
exosomes, thus held intense fluorescent signal in Fig. 4e. The
other six markers were EGFR, HER2, CA125, FRa, CD24 and
EpCAM, which have been studied as liquid biopsy biomarkers
of ovarian cancer. All the six markers were detected successfully
with variable expressing level on captured exosomes. It's worth
noting that while FRo was relative low abundance,'** our
ExoProfile chip achieved the accurate quantification of FRa on
SKOV3 exosomes, which demonstrated FRa holds great poten-
tial serving as a candidate biomarker on circulating exosomes of
ovarian cancer. The exosomal protein patterns were also
confirmed by commercial microplate chromogenic ELISA,
which consumed much more exosome samples (800 uL, 10’
exosomes per L) than ExoProfile chip (50 pL, 10° exosomes per
pL). The results were highly consistent with our on-chip fluo-
rescent detection, and the regression analysis of all the eight
markers shows a strong linear correlation between the two
methods (Fig. 4f, Pearson's r = 0.981). The successful profiling
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Fig. 5 Molecular diagnosis of circulating exosomes from plasma of ovarian cancer (OvCa) patients. (a) Quantification of six tumor markers
(EGFR, HER2, CA125, FRa, CD24, EpCAM) and exosomal markers (CD9 + CD63) from 15 patients and 5 benign controls plasma samples. Error
bars: S.D. (n = 3). (b) ROC analysis to evaluate the diagnostic power of individual exosomal markers and the SUM signature to detect OvCa cases
from the benign controls. (c) Scatter plots of the seven exosomal markers in the plasma samples from the controls and the early-stage (stage I/11)
and advanced (stage I11/1V) OvCa patients measured by the ExoProfile chip. For each marker, the fluorescent intensities measured for individual
subjects were corrected by the blank signals and then normalized by the 99th percentile value of all background-corrected signals. Error bars are
the mean and one standard error of the mean (s.e.m.). Statistical comparison of three groups was performed by one-way ANOVA with post hoc
Tukey's test. (d) Heatmap of classification probabilities, (e) confusion matrix, and (f) canonical score plot summarizing the results of LDA for
accurate classification of benign control, early stage and late stage OvCa patients. Significance level was set at p < 0.05 for all statistic analyses.

of eight proteins on SKOV3 exosomes paved the way for clinical
diagnosis of ovarian cancer based on molecular profiling of
circulating exosomes on ExoProfile chip.

Multiplexed profiling of circulating exosomes for diagnosis of
ovarian cancer

Ovarian cancer has the highest mortality rate among gyneco-
logic malignancies, because of the lack of early symptoms and
signs. The 5 year survival rate for early-stage ovarian cancer
patients is about 90%, whereas at late stage the survival rate is
less than 20%, underscoring the importance of early diag-
nosis.** A large number of diagnostic biomarkers have been
investigated in the past decades, including CA125 which is the
most commonly used ovarian tumor biomarker.***> However,
there is no single biomarker that can detect early stage ovarian
cancer with desired sensitivity and specificity, due to the
heterogeneity of tumor phenotypes.*” The combination of
biomarker panel was proposed to improve the precision of
tumor diagnosis.**® As circulating exosomes were enriched
resources of tumor biomarkers, we employed ExoProfile chip to

5502 | Chem. Sci., 2019, 10, 5495-5504

detect several surface protein markers of circulating exosomes
for liquid biopsy diagnosis of ovarian cancer. The cohort of
clinical analysis consist of the plasma samples collected from
15 ovarian cancer patients (samples 1-15) and 5 benign controls
(samples 16-20), with detailed information listed in Table S3.}
10 pL of plasma diluted to 50 uL were used for single test and six
ovarian cancer biomarkers (EGFR, HER2, CA125, FRa, CD24
and EpCAM) were profiled simultaneously. The remaining two
channels were assigned to positive control (CD9 + CD63) and
negative control (PBS). Due to the dilution of plasma matrix and
high specificity of our assay, the non-specific signal of free
proteins in plasma was negligible (Fig. S77).

As shown in Fig. 5a, the expressing level of these markers
varied significantly across individual patients. Five markers,
EGFR, CA125, FRa, CD24 and EpCAM, showed a significantly
increased level in patients (Fig. S8t). There is no significant
difference between ovarian cancer patients and healthy controls
for HER2 and the generic exosome marker CD9 and CD63
combined, which is consistent with the previous studies
reporting that counting exosomes is insufficient for tumor
diagnosis. Receiver operator characteristic curve (ROC) and the

This journal is © The Royal Society of Chemistry 2019
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area under ROC curve (AUC) were used to assess the diagnostic
power of individual exosomal markers and their unweighted
sum (SUM), as presented in Fig. 5b. It was seen that CD24, FRa
and the SUM signature provide the best diagnosis accuracy
(AUC = 1) to differentiate the patient and control groups. We
assessed the ExoProfile analyses of these markers for early
cancer diagnosis using one-way ANOVA with post hoc Tukey's
test (Fig. 5¢). FRa, CA125, EpCAM, and CD24 was able to indi-
vidually detect at least one of the control (n = 5), early-stage
(stage I/II, n = 5), and advanced OvCa (stage III/IV, n = 10)
groups in the training set. For comparison, the SUM signature
greatly outperformed the individual markers and differentiated
all three groups significantly.

To demonstrate the feasibility of using a multi-marker exo-
somal signature for cancer diagnosis and staging, we conducted
the linear discriminant analysis of the measured exosomal
profile. The LDA on all six markers was seen to correctly classify
each subject in the training cohort into one of the three groups
(Fig. 5d). The classification results were quantitatively summa-
rized in the confusion matrix, which showed an overall accuracy
of 100% (95% CI: 83-100%) for identifying control, early-stage
and advanced cases (Fig. 5e). The canonical score plot
provides a succinct view of clear separation of the subjects using
the first two linear discriminant variables (Fig. 5f). In addition
to the supervised LDA, non-supervised hierarchical clustering
analysis was also employed to assess the diagnostic potential of
the exosomal markers (Fig. S91). Consistently, the combined
panel yielded much improved accuracy than the individual
markers (CD24 and FRa) to detect the OvCa patients and to
cluster them correctly into two disease conditions. It is noted
that a small number of samples was used here for technology
assessment and the clinical promise of these exosomal markers
necessitates large-scale clinical validation. Nonetheless, our
results collectively demonstrated the potential of the ExoProfile
chip for multiplexed immunophenotyping of circulating exo-
somes as a liquid biopsy for non-invasive cancer diagnosis.

Conclusions

Here we demonstrated simple, lithography-free 3D nano-
engineering of a classic serpentine channel micromixer to
devise a robust, automated ExoProfile system for multiplexed
exosome immunophenotyping. The ExoProfile chip affords
highly efficient exosome immunocapture, superior exosome
detection sensitivity, and high-throughput quantitative
profiling of as many as eight biomarkers simultaneously. We
profiled EGFR, HER2, CA125, FRa, CD24, EpCAM and CD9 +
CD63 on circulating exosomes from plasma of 15 ovarian cancer
patients and 5 benign controls. Significant heterogeneity in
exosomal expression was observed for these biomarkers among
patients. Compared to single biomarkers, multiplexed analysis
of a combined biomarker panel was demonstrated to improve
the diagnostic power, enabling classification of early and
advanced-stage tumors. These preclinical validation studies
corroborated the advantages of our technology for highly
sensitive, multiplexed profiling of tumor-derived circulating
exosomes with minimal sample consumption, which are
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particularly compelling for applications in preclinical
screening, early diagnosis, and molecular stratification of
cancer.

In principle, our MINDS approach is applicable to a broad
spectrum of microfluidic mixer structures, opening new
opportunities to developing innovative biosensing microdevices
equipped with 3D nano-engineered sensing elements. We plan
to investigate other 2D mixer geometries that have been re-
ported to improve the mixing performance compared to the
simple serpentine mixer examined here.** The ExoProfile
provides a versatile platform to implement different immuno-
assays to target various cancer types. It was observed by us and
others that patients diagnosed of the same or different cancers
exhibit significant heterogeneity in exosomal phenotype.'”**31%3
Thus, identifying a panel of potent exosomal biomarkers is
crucial to developing a diagnostic kit based on this microfluidic
device for early cancer diagnosis and classification. The current
ExoProfile chip is limited to profiling the surface protein
markers of exosomes. Expanding the technology to measure
both surface and internal protein contents of exosomes can
leverage the adaptability to clinical applications. Finally, in this
proof-of-concept study, our technology was validated with
a small cohort of patient samples. A systematic validation study
using the samples from a large cohort of patients is required to
move the ExoProfile technology towards future clinical utilities.
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