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Cascaded microfluidic circuits for pulsatile filtration of
extracellular vesicles from whole blood for early cancer
diagnosis

Zhenglin Li"*t, Chao Liu™?t, Yangchang Cheng'*, Yike Li'?, Jinqi Deng'*?, Lixiao Bai?, Lili Qin?,
Huili Mei*, Min Zeng®*, Fei Tian'?*, Shaohua Zhang?*, Jiashu Sun™?*

Tumor-derived extracellular vesicles (EVs) hold the potential to substantially improve noninvasive early diag-
nosis of cancer. However, analysis of nanosized EVs in blood samples has been hampered by lack of effective,
rapid, and standardized methods for isolating and detecting EVs. To address this difficulty, here we use the elec-
tric-hydraulic analogy to design cascaded microfluidic circuits for pulsatile filtration of EVs via integration of a
cell-removal circuit and an EV-isolation circuit. The microfluidic device is solely driven by a pneumatic clock
pulse generator, allowing for preprogrammed, clog-free, gentle, high-yield, and high-purity isolation of EVs di-
rectly from blood within 30 minutes. We demonstrate its clinical utility by detecting protein markers of isolated
EVs from patient blood using a polyethylene glycol-enhanced thermophoretic aptasensor, with 91% accuracy
for diagnosis of early-stage breast cancer. The cascaded microfluidic circuits can have broad applications in the
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field of EV research.

INTRODUCTION

Extracellular vesicles (EVs) are lipid bilayer—enclosed bioparticles
with a diameter of 30 to 250 nm that are actively secreted by most
mammalian cells, particularly tumor cells, into their surrounding
environments and play important roles in cell-to-cell communica-
tions (I1-53). Tumor-derived EV's (tEVs) carry a payload of proteins
and nucleic acids reflecting the molecular characteristics of cell
origin and have been abundantly found in bodily fluids such as
blood. EVs are thus being recognized as a promising source of bio-
markers for liquid biopsies for early cancer diagnosis and real-time
monitoring of tumor development (4-9). However, a major hin-
drance to EV analysis is the lack of standardized, automated, and
reproducible methods to isolate and purify EVs. To isolate EVs
from whole blood samples, sequential centrifugation including ul-
tracentrifugation (UC) is now the gold standard that involves mul-
tiple centrifugation steps to remove blood cells, cellular debris, and
other interfering substances (6, 10, 11). The entire workflow is time-
consuming and labor-intensive and requires the use of several spe-
cialized instruments. In addition, the long UC period might result
in low yield of EVs with coprecipitation of protein aggregates (12,
13). Several other isolation methods, such as polyethylene glycol
(PEG)-based precipitation, size exclusion chromatography, immu-
noaffinity capture, and microfluidic separation, have been applied
for isolating EVs with varied outcomes in terms of morphology,
purity, and yield (14-21). Thus, there is a pressing need to
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develop high-performance, rapid, integrated, and cost-effective
techniques for EV isolation from biological fluids.

Membrane filtration is an alternative strategy for size-selective
separation of EVs by using the micro/nanoporous membranes as
size exclusion filters (22, 23). An exosome total isolation chip inte-
grating several filter modules with different membrane pore sizes
was reported to fractionate EVs in the size range of 30 to 200 nm
from plasma and urine (24). A centrifugal microfluidic device con-
taining two nanofilters allowed automated enrichment of EVs with
size smaller than 600 nm from urine within 30 min (25). For these
dead-end filtration devices, membrane fouling is a major problem
that results in diminished performance with decreased recovery of
EVs. In addition, the high pressure and shear force in dead-end fil-
tration may cause damage to EVs (26, 27). To reduce the filter clog-
ging, a dual-membrane filtration method coupled with harmonic
oscillations was designed for extraction of EVs from urine
samples through periodic resuspension of EVs around the mem-
brane surface (14). However, the application of high-frequency os-
cillation (3 to 7 kHz) for several tens of minutes may alter the size
and integrity of EVs (28, 29). Moreover, the need for complex ex-
ternal control system may limit the broad use of membrane filtra-
tion in clinical applications.

Here, we devise cascaded microfluidic circuits for pulsatile filtra-
tion of EVs directly from whole blood samples (Fig. 1A). The plat-
form consists of a cell-removal circuit mounted with an external
polycarbonate (PC) membrane filter (pore size of 600 nm) and an
EV-isolation circuit with an anodic aluminum oxide (AAO) mem-
brane filter (pore size of 20 nm). On the basis of the electric circuit
analogy, the designed microfluidic circuits can generate pulsatile
flows through the porous membrane to lift particles away from
the surface, thereby inhibiting the filter fouling and particle aggre-
gations (Fig. 1A). The microfluidic pulsatile filtration enables rapid,
high-yield, and high-purity isolation of EVs in blood samples of
nonmetastatic breast cancer (NMBC) within 30 min. The protein
profiles of isolated EV's are measured by a one-step PEG-enhanced
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Fig. 1. Overview of pulsatile filtration of EVs. (A) Schematic of isolating EVs in whole blood samples by cascaded microfluidic circuits. (B) Microfluidic analogs to electric
circuit elements. Elastomeric membrane sandwiched by microchambers is analogous to electronic capacitor, check valve to electronic diode, and microchannel/porous
membrane filter to electronic resistor. (C) Circuit diagram and (D) corresponding microfluidic circuit showing the generation of pulsatile flow by switching on (state a) and
off (state b) the pneumatic clock pulse generator. Red arrows indicate the flow direction of sample liquid, and blue arrows indicate the flow direction of air. P, represents
the outlet pressure that was open to the atmosphere. (E) Isometric view and (F) top view of the microfluidic device with a three-layer structure. Scale bar, 5 mm. Photo
credit: Zhenglin Li, National Center for Nanoscience and Technology. Uy, and Uy, voltages across capacitor; Py, pressure of bottom microchamber; Py, pressure of top
microchamber; Rgjjer, resistance of membrane filter; Ro,, resistance of microchannel connected to filtrate outlet.

thermophoretic aptasensor (pTAS) in less than 15 min for diagnosis
of NMBC.

RESULTS

Working principle of microfluidic pulsatile filtration

In a manner analogous to electric circuit, the microfluidic pulsatile
filtration circuit consists of fluidic capacitor, diode, and resistors in-
tegrated in a specific configuration. The fluidic capacitor is an elas-
tomeric membrane sandwiched between the top and bottom
microchambers, which can store and release the fluid upon the pres-
sure-induced membrane deformation (Fig. 1B) (30, 31). The fluidic
diode is a check valve composed of a deformable membrane with a
through-hole to permit fluid flow in one direction (32). The fluidic
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resistors are porous membrane (Rgj;) and microchannels (Ryc)
according to the analogy between the Hagen-Poiseuille’s law (Q =
P/Rgyiq, in which Q is flow rate, P is pressure difference, and Rq;q is
fluidic resistance) and Ohm's law (I = U/Rgjcc, in which I is current,
U is voltage difference, and R, is electrical resistance) (33, 34). To
model the microfluidic pulsatile filtration circuit, the electrical re-
sistor—capacitor circuit with a diode is applied, in which an alternat-
ing current is passed through the capacitor and directed by the
diode (Fig. 1C). The microfluidic device mimicking the electric
circuit has a three-layer structure and is actuated by a pneumatic
clock pulse generator (a pneumatic pump controlled by a solenoid
valve). The bottom layer (also termed as the air layer) of microflui-
dic device is composed of an inlet connected to the pulse generator,
a microchamber below the elastomeric membrane (the middle

20of 14



SCIENCE ADVANCES | RESEARCH ARTICLE

layer), a microchannel, and a pressure outlet (the blue section in
Fig. 1D). The top layer (also termed as the liquid layer) has a micro-
chamber above the elastomeric membrane, a check valve, and a fil-
trate outlet. An external porous membrane filter is mounted onto
the top layer (the gray section in Fig. 1D). When the pulse generator
is switched on (state a), the pneumatic pressure in the bottom mi-
crochamber is suddenly increased to induce an upward deflection of
the elastomeric membrane. Consequently, the liquid in the top mi-
crochamber flows to the porous membrane filter (backflow) and the
filtrate outlet (red arrows in Fig. 1D, top). When the pulse generator
is switched off (state b), the liquid flows from the filter to the top
microchamber (forward flow) because of the recovery of the elasto-
meric membrane (red arrow in Fig. 1D, bottom). The pulsatile flow
across the porous membrane filter is generated by periodic switch-
ing of the pulse generator. The check valve within the microfluidic
device ensures that the volume of forward flow is always larger than
that of backflow, leading to a time-averaged pumping flow toward
the filtrate outlet. The microfluidic device with a three-layer struc-
ture is made from polydimethylsiloxane (PDMS) using the master
mold fabricated by three-dimensional (3D) printing, which has a
low surface roughness of <1 um (Fig. 1, E and F, and figs. S1 and S2).

Pulsatile flow generated by the microfluidic circuit

We next used electric-hydraulic analogies to characterize pulsatile
flows produced by the microfluidic circuit using the power electron-
ics software (PLECS, Plexim GmBH, Switzerland). Dictated by the
pneumatic clock pulse generator with an input pressure (Pr) of 35
kPa, an oscillating pressure ranging from 35 to 0 kPa was applied to
the bottom microchamber (Py,) to deform and recover the elasto-
meric membrane at states a and b, respectively (Fig. 2A, top). The
pressure at the top microchamber membrane (Py) was fluctuated
in response to the membrane deformation (Fig. 2A for theoretical
analysis), resulting in the pulsatile flow through the porous mem-
brane filter and the filtrate outlet at the flow rates of Qgjjrer and Qo
(red line in Fig. 2B for theoretical analysis and see the Supplemen-
tary Materials). The experimental results for Qgje; and Qo wWere
shown in fig. S3. In an oscillation cycle, the volume of forward flow
(VEorward> green area in Fig. 2B) through the filter was the sum of
backflow volume at the filter (Vp,, purple area) and outflow
volume at the filtrate outlet (Vo blue area). The ratio of Vo, to
VBack can be controlled by adjusting the hydraulic resistance of filter
(REiiter) and that of the microchannel connected to the filtrate outlet
(Rouy)- The simulation and experimental results showed that
VEorwara and Vg, through the membrane filter with pore size of
600 or 20 nm were decreased with increasing the oscillation fre-
quency of pulse generator (Fig. 2C). Vo, at the filtrate outlet was
also decreased with the increased frequency (Fig. 2D).

We further carried out the computational fluid dynamic (CFD)
simulation to predict the flow field inside the porous membrane
filter at states a and b. Using the AAO membrane with a pore size
of 20 nm as an example, the time-averaged velocity of backflow at
state a was 48 um s~ under the oscillation frequency of 0.5 Hz and
Py of 35 kPa (Fig. 2E). This backflow was sufficient to lift 100-nm
particles away from the AAO membrane, markedly reducing the
particle aggregation and membrane clogging. At state b, the
forward flow with a time-averaged velocity of 95 um s~' pushed
100-nm particles toward the AAO membrane. Notably, the shear
stresses around the membrane were 0.05 Pa at state a and 0.1 Pa
at state b, which were lower than that in human blood vessels
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(>0.3 Pa) (35). The low shear stress during pulsatile filtration is ben-
eficial to preserve both the morphology and function of bioparticles.
These results validate the feasibility of electric-hydraulic analogy to
design the microfluidic circuit for pulsatile flow filtration.

Pulsatile blood filtration by a microfluidic cell-

removal circuit

After having shown the promise of pulsatile filtration, we applied
the microfluidic cell-removal circuit integrated with the PC mem-
brane filter (pore size of 600 nm) to extract plasma-containing EV's
from 10-fold diluted whole blood (Fig. 3A). As shown in Fig. 3B
(blue line), even with the presence of high abundancy of blood
cells (hematocrit of ~4.5%), the flow rate at the filtrate outlet
(Qour) remained >50% of its initial peak value (16 pl s71) after
750 s of pulsatile filtration (oscillation frequency of 0.5 Hz and P;
of 35 kPa). In sharp contrast, Qo,, was substantially decreased by
80% after 14 s of dead-end filtration (without pulsatile flow) and
dropped to ~0 pl s after 150 s (red line in Fig. 3B). To investigate
the optimal oscillating pressure for efficient blood separation, we
tested three input pressures ranging from 35 to 80 kPa with the fre-
quency of 0.5 Hz. As shown in fig. S4, an input pressure of 55 or 80
kPa induced detectable hemolysis during the pulsatile blood filtra-
tion, whereas no hemolysis was observed at the pressure of 35 kPa.
We further optimized the operating frequency in the range of 0.2 to
1 Hz under the input pressure of 35 kPa. The frequency of 0.5 Hz
yielded a maximal filtration volume (VEjjtration) 0f ~600 pl of plasma
after 1000 s (Fig. 3C and fig. S5). To estimate the membrane fouling
under different filtration conditions, the modified fouling index
(MFI) determined as the slope between inverse flow rate (t/
VEiltration) a0d VEiliation Was assessed (36—38). The MFI value of
the dead-end filtration in which blood cells continuously blocked
the pores was higher than that of pulsatile filtration attributed to
the periodical backflows to prevent pore blocking (Fig. 3D). In
the pulsatile filtration, the oscillation frequency of 0.5 Hz showed
the highest Vgijration and the lowest membrane fouling, indicating
an improved antifouling performance. We also analyzed the level of
hemolysis of filtered plasma samples by measuring the absorption
spectra of hemoglobin. As depicted in Fig. 3 (E and F), apparent
hemolysis could be detected in filtered samples from dead-end fil-
tration, whereas no detectable hemolysis was found in plasma
samples from pulsatile filtration at the investigated frequencies
(0.2 to 1 Hz). Bright-field microscope images in Fig. 3G revealed
that blood cells including leukocytes and erythrocytes could be ef-
fectively eliminated at the optimal condition (35 kPa, 0.5 Hz). The
cell enumeration by an automatic cell counter (Countess 3, Invitro-
gen) suggested a >4 orders of magnitude depletion of blood cells,
equivalent to 99.99% removal of cells (Fig. 3H). Thus, pulsatile fil-
tration with the microfluidic cell-removal circuit is a powerful tool
to fractionate plasma from whole blood.

Pulsatile filtration of EVs by a microfluidic EV-

isolation circuit

For EV isolation and purification, an AAO membrane filter (pore
size of 20 nm) was integrated with a microfluidic EV-isolation
circuit, which has the same microfluidic architecture as the cell-
removal circuit (Fig. 4A). In addition, a circulating washing
system was combined with the EV-isolation circuit to purify EVs
and prevent the loss of EVs from the drying of membrane filter
(39). The washing system consisted of two serially connected
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Fig. 2. Characterization of pulsatile flow generated by the microfluidic circuit. (A) Pressure profiles of the bottom microchamber (Py,) and the top microchamber
(Pwmy) separated by the elastomeric membrane. (B) Flow rates at the porous membrane filter (Qgiier) and the filtrate outlet (Qo.). The volumes of forward flow (Vionward),
backflow (Vgack), and outflow (Vo) in an oscillation cycle are indicated by green, purple, and blue areas, respectively. (C) Experimental (points) and simulation results
(lines) of Vgack (purple) and Vionward (green) through the membrane filter with pore size of 600 nm (circles) or 20 nm (squares) (n = 3 independent technical replicates,
means + SD). (D) Experimental (points) and simulation results (lines) of Vo, at the filtrate outlet (n = 3 independent technical replicates, means + SD). Red and blue colors
indicate the use of 600 and 20 nm porous membrane filters, respectively. (E) CFD simulation of the flow field across the AAO membrane with pore size of 20 nm. At state a,
the backflow lifts 100-nm particles away from the membrane. At state b, the forward flow pushes 100-nm particles toward the membrane. Yellow circles indicate the 100-
nm particles. Lines and arrows indicate streamlines and flow directions, respectively.

containers: One container was prefilled with phosphate-buffered  to prevent cross contamination, and the circulating washing system

saline (PBS), and the other empty one was for waste filtrate and con-
nected to the outlet of microfluidic circuit. In the process of pulsa-
tile filtration, the waste filtrate was pneumatically pumped into the
empty container, actuating an equal volume of prefilled PBS to drip
onto the membrane filter. The two containers were separated by air

Li et al., Sci. Adv. 9, eade2819 (2023) 21 April 2023

was sealed with tubes and needles.

The microfluidic pulsatile filtration was characterized by isolat-
ing EVs from cell culture medium (CCM) of MCF-7 (breast cancer
cellline), SK-BR-3 (breast cancer cell line), or MCF-10A (mammary
epithelial cell line). The concentrations of MCF-7 EVs, SK-BR-3
EVs, and MCF-10A EVs in CCM ranged from 5.0 x 10° to

40f 14



SCIENCE ADVANCES | RESEARCH ARTICLE

B
16 - 16+
Whole blood Zoom-in 1 Zoom-in 2
Filter: 600-nm A
PC membrane =5 81 8
o
0% - \ 0 - ]
Plasma 0 7 14 580 585 590
16 4|, Zoom-in 1 Zoom-in 2 Pulsatile flow
Dead-end
‘n
2
¢] } |

Cell-removal circuit Filtration time (s)

C D E
Dead-end filtration 41 3 7 Whole blood + Triton
600 - Pulsatile: 0.2 Hz e Dead-end
El Pulsatile: 0.5 Hz = 3 0.2Hz
I K2 <
g 450 - Pulsatile: 1.0 Hz P - 2105Hz
g © g 1.0Hz
g 3 3 PBS
c 300 A o 2
o &= []
= © @ 14
g o £
= 150 1 ) <
. g
0 . : ; . . : 0 : . ‘ ‘
0 300 600 900 0 200 400 600 500 525 550 575 600
Time (s) Filtration volume (pl) Wavelength (nm)
3 G H ,
Dead-end 02Hz  0.5Hz Before filtration After filtration Lty
: S o ’ 10°
€ 107
 10°1
14
10°
10* =
Before After
filtration filtration
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filtration (n = 3 independent technical replicates, means + SD). (D) MFI to estimate the membrane fouling under different filtration conditions (n = 3 independent tech-
nical replicates, means + SD). (E) Absorbance spectra of hemoglobin in filtered samples under pulsatile and dead-end filtration. Whole blood spiked with 0.1% Triton X-
100 for blood cell lysis was used as the positive control. (F) Photographs of the filtered samples under the pulsatile and dead-end filtration. (G) Bright-field microscope
images of diluted whole sample before and after the pulsatile filtration at 0.5 Hz and P, of 35 kPa. Scale bar, 50 um. (H) Cell counting analysis indicating 99.99% depletion
of blood cells after the pulsatile filtration (n = 3 biological replicates, means + SD). The sample diluted by 1000-fold before filtration and the samples after filtration without
dilution were used for cell counting by an automatic cell counter. Photo credit: Zhenglin Li, National Center for Nanoscience and Technology. RBC, red blood cell; a.u.,
arbitrary units.

7.8 x 10° ml™", measured by nanoparticle tracking analysis (NTA;
Fig. 4B). After concentrating 3 ml of CCM into 200 pl via the pul-
satile filtration with circulating washing, the concentrations of EVs
were increased to 5.7 x 10'° to 1.2 x 10" ml™! (35 kPa, 0.5 Hz),
whereas the concentrations of EVs by the dead-end filtration (35
kPa, without pulsatile flow) were in the range from 1.2 x 10'° to
5.0 x 10" ml™". The recovery rate of EVs was from 76.3 to 91.7%
with a low coefficient of variation (CV; 9.4%) by pulsatile filtration,
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as compared with that of 18.5 to 42.8% for dead-end filtration with a
CV of 39.3% (Fig. 4C). Notably, the cell line EVs isolated by UC
showed a recovery rate of 25.1 to 34.4% (CV of 16.6%). Figure 4D
and fig. S6 indicated that the mean sizes of MCF-7 EVs, SK-BR-3
EVs, and MCF-10A EVs after the pulsatile filtration and dead-end
filtration were similar to those in CCM (119 nm for MCF-7 EVs, 94
nm for SK-BR-3 EVs, and 118 nm for MCF-10A EVs). However, the
mean size of cell line EVs was increased by 1.2- to 1.7-fold after UC,
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possibly due to the high gravity of UC that may cause EV loss, ag-
gregates, and fusions (40). To assess the integrity of EVs, we record-
ed the fluorescence images of 3,3-dioctadecyloxacarbocyanine
perchlorate—labeled MCF-7 EVs before and after the pulsatile filtra-
tion. As expected, a large number of fluorescent dots corresponding
to MCF-7 EVs were seen after filtration, while no fluorescent dots
were observed for dimethyl sulfoxide-treated EVs due to the com-
plete membrane disruption (fig. S7). Moreover, the transmission
electron microscope (TEM) images of isolated MCF-7 EVs by pul-
satile filtration showed the characteristic cup-like shape, indicating
that the gentle microscale flow filtration could prevent damage to
EVs (Fig. 4E). We further performed Western blot (WB) to charac-
terize the expression of three protein markers—cluster of differen-
tiation 81 (CD81; a transmembrane protein and an EV marker),
tumor susceptibility gene 101 (TSG101; a cytosolic protein and an
EV marker), and calnexin (protein not enriched in EVs) on CCM
EVs. WB analysis of the enriched EVs by pulsatile filtration demon-
strated the presence of both CD81 (the 25-kDa band) and TSG101
(the 44-kDa band) and the absence of calnexin (the 100-kDa band;
fig. S8). In comparison, no expression of CD81, TSG101, and cal-
nexin was observed before pulsatile filtration due to the low abun-
dance of EVs in CCM.
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Isolation of EVs from blood samples by cascaded
microfluidic circuits

We next integrated the microfluidic cell-removal circuit and the
EV-isolation circuit for pulsatile filtration of EVs directly from
blood samples (Fig. 5). To cascade the two microfluidic circuits,
the filtrate outlet of cell-removal circuit was connected to the inlet
of AAO membrane filter of EV-isolation circuit via a connecting
tube (Fig. 5A). In this manner, the filtered plasma from blood by
the cell-removal circuit was subsequently processed by the EV-iso-
lation circuit. For pulsatile filtration of EVs from plasma, the
optimal frequency was determined to be 0.5 Hz, as indicated by
the highest washing volume of PBS (Fig. 5B). To estimate the
removal efficiency () of soluble proteins by pulsatile filtration
with circulating washing, a theoretical model was developed as

follows

Vioading — V- N

EZ 1— ( Loading Droplet) % 100% (1)
VLoading

where V| g,ding is the volume of sample, Vpqplet is the volume of a
single PBS droplet, and N is the number of droplets dripping onto
the membrane filter. For Vp,opler Of 27 pul measured by a high-pre-
cision pipette, the decrease of V1 gaqing and the increase of N yielded
an increase of the &. To validate the theoretical analysis, we loaded
200 pl of bovine serum albumin (BSA) solution (1.4 mg ml™") into
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(n =3 independent technical replicates, means + SD). Points and lines indicate experimental measurements and theoretical predictions, respectively. Black and red colors
indicate protein removal efficiency and protein concentration, respectively. (D) Concentrations of NPs before and after the cascaded pulsatile filtration of blood samples
from two patients with NMBC and two HDs (n = 3 independent technical replicates, means + SD). (E) Recovery rate of NPs by pulsatile filtration (n = 4 biological replicates,
means + SD). (F) TEM images of isolated EVs from blood. Scale bar, 200 nm. (G) Removal efficiencies of protein (red, n = 4 biological replicates, means + SD), LDL (green,
n =10 biological replicates, means + SD), and VLDL (blue, n = 4 biological replicates, means + SD) from blood samples by cascaded microfluidic circuits. Photo credit:

Zhenglin Li, National Center for Nanoscience and Technology.

the AAO membrane filter and used different volumes of PBS (250,
500, 750, and 1000 pl) to estimate the § of BSA by pulsatile filtration
(35 kPa, 0.5 Hz). As seen in Fig. 5C, increasing the washing volume
of PBS was associated with the increase of & of BSA, and the £ of
>99% was achieved with 1000 ul of PBS (N = 37). Moreover, the
experimental result was consistent with the theoretical analysis of
the &.

To characterize the performance of cascaded microfluidic cir-
cuits, four whole blood samples (10-fold dilution, 200 pl each)
from two patients with NMBC and two healthy donors (HDs)
were tested at the optimal condition (35 kPa and 0.5 Hz for both
circuits, 1000 pl of PBS for circulation washing), and the purified
EVs were concentrated to 100 pl via an additional step of pulsatile
filtration. The entire process of isolation and purification of EVs
from whole blood was completed within 30 min. Figure 5D
showed that the concentrations of bio-nanoparticles (NPs) after

Li et al., Sci. Adv. 9, eade2819 (2023) 21 April 2023

cascaded pulsatile filtration ranged from 3.7 x 10" to
1.5 x 10" mI™". The recovery rate of NPs was determined to be ap-
proximately 10.5% with a CV of 17.6% (Fig. 5E). TEM images sug-
gested that EVs could be successfully isolated from whole blood
samples by cascaded microfluidic circuits (Fig. 5F and fig. S9).
Meanwhile, the microfluidic pulsatile filtration revealed a removal
efficiency of ~95% for protein contents (Fig. 5G). We further inves-
tigated the ability of cascaded microfluidic circuits to deplete low-
and very low—density lipoproteins (LDLs and VLDLs) from blood.
LDL and VLDL are major confounding factors in EV research due
to their overlap in size. As summarized in Fig. 5G, the removal ef-
ficiency of VLDL from 4 blood samples was 90 to 98% (CV of 3.4%)
and that of LDL was 83 to 99% (CV of 5.0%) for 10 blood samples
after microfluidic pulsatile filtration. Note that the low recovery of
NPs from blood may be associated with the effective removal of LDL
and VLDL, indicating a high purity of the isolated EVs. Together,
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the cascaded microfluidic circuits demonstrate a marked enhance-
ment in isolating EVs directly from whole blood samples with high
removal efficiencies of soluble proteins, LDL, and VLDL.

Protein detection of isolated EVs by pTAS

To measure the surface proteins of EVs isolated by cascaded micro-
fluidic circuits, we developed a one-step pTAS (41, 42). As depicted
in Fig. 6A, EVs were first mixed with Cy5-conjugated aptamer tar-
geting epithelial cellular adhesion molecule (EpCAM; a tumor
marker) or CD63 (a pan-EV marker) and PEG molecules (8 kDa,
7.5%), and the mixture was transferred to a customized microcham-
ber. An infrared laser (1480 nm) was focused on the center of mi-
crochamber to create a temperature gradient and a PEG
concentration gradient, allowing for simultaneous aptamer

binding to EV proteins and size-selective accumulation of EVs at
the laser spot within 10 min (Fig. 6A). The pTAS was first used to
detect the protein expression in different types of cell line EVs.
MCEF-7 EVs and SK-BR-3 EVs that were derived from EpCAM-pos-
itive cell lines with epithelial phenotypes exhibited an ~10-fold in-
crease in the expression of EpCAM as compared to that of MCF-
10A EVs from EpCAM-negative cell line (Fig. 6, B and C). In addi-
tion, the levels of CD63, a widely used marker for EVs, were similar
in three types of EVs measured by pTAS (Fig. 6, B and C). The per-
formance of pTAS for detecting EV EpCAM and CD63 was also ver-
ified by WB, and a good concordance between two methods was
observed (fig. S10). The fluorescence intensity of EpCAM on SK-
BR-3 EVs measured by pTAS was linear over an EV concentration
range of 5 x 10° to 10" ml™" (Fig. 6D). The estimated limit of
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Fig. 6. Detection of EV proteins by pTAS. (A) Schematic illustration of the pTAS for one-step detection of surface proteins of EVs. IR, infrared. (B) Fluorescence images of
pTAS for detecting MCF-7 EVs, SK-BR-3 EVs, and MCF-10A EVs using EpCAM or CD63 aptamers. Scale bar, 10 um. (C) Expression levels of EpCAM and CD63 on cell line EVs
measured by pTAS (n = 3 independent technical replicates, means + SD). (D) Sensitivity and linear range of pTAS for detecting EpCAM on SK-BR-3 EVs (n = 3 independent
technical replicates, means + SD). R?, coefficient of determination. (E) Scatter plots showing the EpCAM and CD63 expression levels of EVs isolated from whole blood
samples by cascaded microfluidic circuits (n = 10 biological replicates for NMBC patients and n = 12 biological replicates for HD). (F) ROC analysis of EV EpCAM and EV
CD63 between NMBC and HD cohorts. (G) Confusion matrix showing the accuracy of EV EpCAM for NMBC versus HD discrimination. The P value in (E) was determined by

two-tailed Mann-Whitney U test.
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detection of 1.3 x 10°* ml™" was sufficient to detect blood EVs
ranging from 10'° to 10"> ml™" (43, 44).

Being able to detect EV proteins, we extended the cascaded mi-
crofluidic circuits and pTAS for isolating and detecting EV's directly
from blood samples (# = 10 for NMBC patients and n = 12 for HD).
The expression levels of EpCAM and CD63 on EVs in the NMBC
cohort were statistically higher than those in the HD cohort
(P < 0.0001 for EpCAM and P = 0.0056 for CD63) (Fig. 6E).
Using receiver operating characteristic (ROC) analysis between
NMBC and HD cohorts, we found that EV EpCAM had a higher
value of area under the ROC curve (AUC; 0.94) than that of
CD63 (AUC of 0.85; Fig. 6F). The confusion matrix in Fig. 6G
showed that EV EpCAM had an accuracy of 91% (20 of 22) for
NMBC versus HD discrimination.

DISCUSSION

Among a wide variety of biomarkers in blood samples, tEV's carry a
rich set of molecular contents from parental cells, emerging as a
more reflective biomarker for cancer diagnosis and prognosis
(45-47). However, the small size of EVs and high quantities of
blood cells, soluble proteins, and lipoproteins in whole blood
pose a challenge in the isolation and analysis of EVs (48, 49).
Current approaches such as UC and advanced sorting methods
rely on extensive and laborious procedures and face the issues of
low recovery rate of EVs and contamination with protein aggre-
gates. For biochemical analysis of EVs, conventional enzyme-
linked immunosorbent assay (ELISA) or WB are performed using
a multistep protocol, impeding the translation of EVs in clinical
setting (50). To fully explore the utility of EVs, there is a clear
need to isolate and analyze EVs from blood samples in a rapid
and integrated manner.

In this work, we used the hydraulic-electric analogy to devise
cascaded microfluidic circuits integrated with a PC membrane
filter (pore size of 600 nm) and an AAO membrane filter (pore
size of 20 nm) for isolation and purification of EVs directly from
blood samples. The microfluidic device required only 60 pl of raw
blood sample, which was diluted by 10-fold before filtration. The
minimal volume that the device can work with was 100 pl. The pe-
riodic pulsatile flow generated by the device repeatedly levitated bi-
oparticles away the membrane filter to reduce membrane fouling
while keeping higher EV yield and purity than gold standard UC
and conventional dead-end filtration. In addition to the field of
EV isolation, the presented approach is readily implemented in
membrane filtration of circulating tumor cells in whole blood
samples by using the cell-removal circuit with a membrane filter
(pore size of 8 to 12 um). Compared with other microfluidic filtra-
tion devices that often require numerous control systems (e.g., flow
control system, electronics, etc.) (14), our microfluidic pulsatile fil-
tration is solely driven by a pneumatic clock pulse generator, elim-
inating the need for complex external equipment. Moreover, the
pulsatile filtration can process whole blood directly with high
throughput, whereas most separation techniques rely on complex
preprocessing steps. In addition, our microfluidic device and filter
holder are reusable after suitable washing (fig. S11), and the archi-
tecture of microfluidic devices is highly modular as the microfluidic
circuits can be flexibly cascaded. Overall, the pulsatile microfluidic
membrane filtration displays efficient and robust isolation and will
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have a distinct improvement in the field of microfluidic membrane
filtration.

Furthermore, we developed pTAS for rapid, sensitive, and one-
step measurement of the surface proteins of isolated EV's (table S1).
As the recognition probes, merits of aptamers include small steric
hindrance and high thermal stability that favor the binding of pro-
teins on nanoscale EV's for thermophoretic detection (51, 52). Using
an infrared laser irradiation to induce sharp gradients of tempera-
ture and PEG concentration, pTAS leveraged the high level of accu-
mulation of EVs (over 10°-fold) by PEG-enhanced thermophoresis
and fast kinetics of the binding of fluorescent aptamers to EV pro-
teins, resulting in an amplified fluorescence signal proportional to
the expression of target proteins on EVs within 10 min. Besides,
pTAS was carried out under homogenous reaction conditions ben-
efiting from the size-dependent accumulation of EVs by thermo-
phoresis, avoiding multiple washing steps to remove the unbound
aptamers of small sizes (a few nanometers).

Despite these promising results, the cascaded pulsatile filtration
can be further improved from several aspects in future studies. First,
the system currently processes one blood sample per run. By ex-
ploiting the good scalability of microfluidic circuit, efforts can be
drawn to develop compact chips integrating multiple filtration
units. Second, the EV isolation and downstream biomarker analysis
can be streamlined in a single microfluidic device by using the elec-
tric circuit analogy to design a sequential-flow system (31, 53-55),
which may further simplify the personnel operation, improve the
reproducibility, and reduce the assay time. Last, although the micro-
fluidic pulsatile filtration removed ~95% of protein contents, ~92%
of LDL, and ~93% of VLDL from blood samples, there may be still a
considerable amount of proteins and other bioparticles contaminat-
ing the isolated EVs.

In summary, we presented cascaded microfluidic circuits for
rapid isolation of EVs directly from whole blood samples with
high yield and purity (table S2). The protein profiles of isolated
EVs were detected by pTAS for accurate noninvasive diagnosis of
early-stage breast cancer. The entire workflow was completed
within 45 min, showing great potential to improve the cancer diag-
nosis by EV-based liquid biopsy.

MATERIALS AND METHODS

Microfluidic device design and fabrication

The microfluidic device consists of three PDMS layers: a top layer, a
bottom layer, and a 50-pm-thick elastomeric membrane as the
middle layer. The top layer is composed of a microchamber above
the elastomeric membrane, a check valve, a filtrate outlet, and a mi-
crochannel connected to the filtrate outlet. The bottom layer is com-
posed of a microchamber below the elastomeric membrane, an inlet
connected with the pulse generator, a pressure outlet, and T-shaped
microchannels interconnecting the bottom microchamber, the
inlet, and the pressure outlet. The middle layer has a through-
hole allowing for flow along only one direction. The detailed dimen-
sions of key microfluidic components are summarized in table S3.
The top and bottom layers were replicated from a master mold that
was fabricated using a 3D printer (UV Max, Asiga, Australia).
Before 3D printing, a glass slide as the mold substrate was treated
by 3-(trimethoxysilyl)propyl methacrylate (T1601, Innochem,
China) for 30 min. The glass slide was then fixed on the 3D
printer with double-sided tapes. Resins (PlasGray, Asiga, Australia)
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were directly printed onto the glass slide to prevent the resin defor-
mation during heating. After 3D printing, the resultant mold was
irradiated with ultraviolet (UV) light using a UV curing system
(DR-301C, Asiga, Austrilia) for 30 min and then baked in an
oven at 80°C overnight. The degassed mixture of PDMS and
curing agent (Sylgard, USA) at a ratio of 10:1 was cast over the
master mold and baked in an oven at 80°C for 2 hours. The obtained
top and bottom layers were punched with biopsy punches (1.5 and 1
mm; Miltex, Germany) for inlet and outlet ports. The middle layer
of the 50-um-thick elastomeric membrane was purchased (BD Film
KYQ50, Hangzhou Guinie Advanced Materials Company, China).
After oxygen plasma treatment (PDC-002, Harrick Plasma, USA),
these layers were assembled, bonded to a glass substrate, and then
baked on a hot plate (C-MAG HP7, IKA, Germany) at 120°C for 10
min to enhance the bonding. During the plasma treatment, we used
PDMS stamps to cover the check valve seat and corresponding area
on the middle layer to ensure the normal function of check valve.
The schematic illustration of the device fabrication process can be
found in fig. S1.

Porous membrane filter

For the cell-removal circuit, track-etched PC membrane filters (pore
size of 600 nm and membrane diameter of 25 mm; Whatman,
Germany) were used. For the EV-isolation circuit, AAO isotropic
membrane filters (pore size of 20 nm and membrane diameter of
13 mm; Whatman, Germany) were used. Scanning electron micros-
copy characterization of AAO membrane was shown in fig. S12.

Microfluidic circuit operation and flow rate measurement
Before filtration, the liquid layers of the cell-removal and EV-isola-
tion circuits were filled with PBS to prevent the generation of
bubbles during the process of pulsatile blood filtration. The whole
blood sample (10-fold dilution) was loaded onto the PC membrane
filter mounted on the cell-removal circuit, and the extracted plasma
was injected into the AAO membrane filter integrated with the EV-
isolation circuit. On the basis of the current microfluidic design, the
volume of diluted blood sample inside the top microchamber was
less than 150 pl. The cascaded microfluidic circuits were connected
with pneumatic clock pulse generator to generate pulsatile flow at
the membrane filter. The pneumatic clock pulse generator was con-
structed by an oil-free compressor (OTS-550, China) as a source of
constant pneumatic pressure, a controller (OBKZN, Pneumatik
doo, Japan) to adjust the magnitude of pressure, and a solenoid
valve (8003, KUNAG, China) to periodically switch on and off
the pneumatic pressure. Different clock frequencies, including
0.2, 0.5, and 1 Hz, were used with a fixed pneumatic pressure of
35 kPa (table S4). To quantify the time dependence of flow rates
at the membrane filter (Qgie;) and the filtrate outlet (Qpye), a
flow sensor (FS4, Fluidiclab, China) was connected to the top of
membrane filter or the filtrate outlet for flow rate measurement
with a time period up to 1000 s.

Dead-end filtration

To evaluate the filtration performance of dead-end filtration, the
inlet of the membrane filter was connected with a constant pressure
of 35 kPa, and the outlet was open to the atmosphere. For cell
removal from whole blood samples, 600 pl of 10-fold—diluted
whole blood was loaded into the 600-nm PC membrane filter,
and the filtration was driven by the constant pressure until the
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loaded sample was processed. For EV isolation from CCM, 3 ml
of the CCM was loaded into the 20-nm AAO membrane filter,
and the filtration was driven by the constant pressure until the
sample was concentrated to 200 pl.

CFD simulation

To evaluate the particulate flow during the filtration, the fluid field
and particle motion induced by the fluid field were solved by the
governing equations (incompressible Navier-Stokes equations of
fluid flow and Newton's second law of particle motion)

V-u=0
Xy (u-Vu) = —%Vp—kvvzu
my d‘% = i(—pl +1) - ndo (2)
= = xen) % [(=p1 ) - nldo

where u is the fluid velocity, t is time, p is pressure, p is the fluid
density, v is the kinematic viscosity of the fluids, m,, is the particle
mass, U}, is the velocity of particle, (), is the particle rotate speed, 1 is
the unit tensor, T is the deviatoric stress tensor, n is normal vector of
the particle surface, I is the moment of inertia tensor of the particle,
x is the position of particle surface, and x., is the position of the
center of mass of the particle. The no-slip wall boundary conditions
were imposed on the membrane and filter walls and particle surfac-
es. The membrane pore size was 20 nm, and the particles were rep-
resented by holes with a diameter of 100 nm. The averaged velocities
were set to be 45 and 95 um s~ for the backflow and forward flow,
respectively, which were corresponding to the case of a clock fre-
quency of 0.5 Hz and a pneumatic pressure of 35 kPa. The equations
were numerically solved on structured overlapping grids using
Fluent 14.0 (ANSYS Inc., USA).

Calculation of removal efficiency of blood cells

To determine the removal efficiency of blood cells, an automatic cell
counter (Countess 3, Invitrogen, USA) was used to quantify the cell
content in the samples before and after the filtration by the cell-
removal circuit. The samples diluted by 1000-fold (before filtration)
and the extracted plasma without dilution (10 pl for each) were used
for cell counting. The removal efficiency was determined as

__ CanerVager
1 OOOCBefOre VBefore

where Cgefore and Cpge, Were measured cell concentration in the
samples before and after filtration, respectively, and Vgf, and
Vager Were blood sample loading volume and extracted plasma
volume, respectively.

Removal efficiency = 1 x 100%  (3)

Hemolysis analysis

The hemolysis levels of plasma samples obtained by the pulsatile
filtration at various frequencies (0.2 to 1 Hz) and dead-end filtration
were determined by measuring the absorption spectra of hemoglo-
bin. Filtrated plasma samples (100 ul) were loaded to a 96-well plate,
and the absorption spectra were obtained using a microplate reader
(Synergy H1, BioTek, USA) in a range of 500 to 600 nm at 1-nm
intervals. A 10-fold—diluted whole blood sample treated by 0.1%
Triton X-100 and PBS was used as positive and negative controls,
respectively.
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Maximum volume of blood separation
To determine the maximum volume capable of blood separation by
the device, 3.3 ml of diluted whole blood samples (10-fold dilution)
was continuously processed for 120 min, while no notable mem-
brane fouling was observed as determined by the plot of inverse
flow rate against filtration volume (fig. S5).

Membrane replacement

After blood or EV separation, the 25- or 13-mm plastic filter holder
(25 mm, 1214250, GSV Life Sciences, USA; 13 mm, SX0001300,
Swinnex, China) was opened to remove the used PC or AAO mem-
brane. The filter holder was then cleaned by washing and air drying,
and a PC or AAO membrane was mounted into the filter holder for
use (fig. S11A). To clean the microfluidic device, air was first inject-
ed into the microchannel to remove the residual, and PBS was in-
jected for washing the device (fig. S11B).

Cell line

Human breast cancer cell lines (MCF-7 and SK-BR-3) and human
mammary epithelial cell line (MCF-10A) were purchased from the
American Type Culture Collection (USA). MCEF-7 cells were cul-
tured in minimum essential medium (C12571500BT, Gibco,
USA), SK-BR-3 cells were cultured in McCoy's 5A medium
(KGM4892-500, KeyGEN BioTECH, China), and MCF-10A cells
were cultured in mammary epithelium basal medium (CC-3151,
Lonza, Switzerland). All cells were cultured at 37°C with 5% CO,.

EV isolation by UC

For isolation of cell line EVs, the cell culture media were collected
until cells reached a confluency of 70%. The collected media were
centrifuged first at 2000g for 10 min to remove cells and large
debris. The resultant supernatant was centrifuged at 10,000¢ for
60 min, processed by a 0.22-pm membrane filtration (Millipore,
USA), and ultracentrifuged at 100,000¢ for 90 min. The obtained
EVs in each ultracentrifuge tube were recovered in 0.26 ml of
PBS. Before UC, the weight between every pair of tubes was adjusted
to be smaller than 0.05 g (56).

Transmission electron microscopy

MCEF-7 EVs before and after pulsatile filtration were adsorbed on
Formvar/carbon-coated copper grids for 30 min. The absorbed
EVs were stained with five drops of 3% uranyl acetate. To obtain
TEM images before filtration, the 10-fold—diluted whole blood
was centrifuged at 2000g for 10 min to remove blood cells, adsorbed
on Formvar/carbon-coated copper grids for 30 min, and stained
with five drops of 3% uranyl acetate. The sample after filtration
was adsorbed on Formvar/carbon-coated copper grids for 30 min
and stained with five drops of 3% uranyl acetate. After drying by
filter paper, the grids were observed on a TEM (G2 F20 S-TWIN,
Tecnai, USA) at 200 kV.

Nanoparticle tracking analysis

To quantify the concentration and size distribution, samples con-
taining EVs were characterized using NTA (NS300, Malvern Instru-
ment, UK). The concentrations of particles were adjusted to
5% 10® to 1 x 10° ml™" for measurement to achieve optimal count-
ing accuracy. The data of size distribution were captured and ana-
lyzed with the NTA 3.4 Analytical Software Suite.
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Calculation of recovery rate

To determine the recovery rate of cell line EVs and blood plasma,
the particle concentration before (Cpefore) and after (Cager) various
isolation methods (pulsatile filtration, dead-end filtration, and UC)
were measured using NTA. To determine the recovery rate of blood
EVs, the particle concentration before (Cgefore) and after (Cage,) the
cascaded pulsatile filtration was measured using NTA. The whole
blood samples were centrifuged at 2000g for 10 min to remove
blood cells and used as the sample before filtration. The recovery
rate was calculated as follows

CAfter VAfter

Recovery rate = x 100% (4)

CBefore VBefore
where Viefore and Vg, were the sample loading volume and recov-
ered volume, respectively.

Calculation of protein removal

To determine the removal efficiency of BSA using different PBS
volumes for circulating washing, BSA concentrations in samples
before (Cpp) and after (Cp,) pulsatile filtration using EV-isolation
circuit were quantified using a commercial kit (bicinchoninic acid
protein assay kit, Beyotime, China). To determine the removal effi-
ciency of protein contents in whole blood samples, the protein con-
centrations in samples before (Cpg) and after (Cp,) the cascaded
pulsatile filtration were quantified using the same kit. The whole
blood samples were centrifuged at 2000g for 10 min to remove
blood cells and used as the sample before filtration. The protein
removal efficiency was calculated as follows

Cra V After

Protein removal efficiency =1 —
CPB VBefore

x 100%  (5)
where Viefore and Vg, were the sample loading volume and recov-
ered volume, respectively.

Calculation of removal efficiency of lipoproteins

To determine the removal efficiency of lipoproteins from whole
blood, the contents of LDL and VLDL in samples before and after
the cascaded pulsatile filtration were quantified by ELISA kits
(HEB107Hu/SEB847Hu, Cloud-Clone, China). The whole blood
samples were centrifuged at 2000g for 10 min to remove blood
cells and used as the sample before filtration. For LDL quantifica-
tion, the samples before and after filtration were diluted by 10°- and
10*-fold, respectively, for ELISA measurement. For VLDL quantifi-
cation, the samples before and after filtration were diluted by 10*-
and 10°-fold, respectively. The removal efficiency was determined
as follows

i . . _ Crpa VaserDafrer
ipoprotein removal efficiency =1 — ———————
CrpB VBefore DBefore
x 100% (6)

where Cgefore and Cager Were the concentrations of lipoproteins in
samples before and after filtration, respectively, Vpefore and Viger
were the sample loading volume and recovered volume, respectively,
and Dgpegore and D g, Were the dilution folds of samples before and
after filtration, respectively.
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Western blot

Cell culture media (MCF-7, SK-BR-3, and MCF-10A) were concen-
trated to 200 pl and subjected to circulating washing (1 ml of PBS)
using the EV-isolation circuit. Proteins (10 pg) extracted from lysed
samples [by 1 x loading buffer at 100°C for 10 min, native—poly-
acrylamide gel electrophoresis (PAGE) loading buffer for CD63,
and SDS-PAGE loading buffer for EpCAM, CD81, TSG101, and
calnexin] and a standard ladder (PR1910, Solarbio, China) were
separated on a gel (G2043, Servicebio, China) by electrophoresis
(80 V for 30 min and 130 V for 60 min) in ice bath and transferred
onto a polyvinylidene fluoride (PVDF) membrane. The PVDF
membrane was blocked with a 5% BSA solution (A8010, Solarbio,
China) in deionized water for 30 min at room temperature. After
blocking, the membrane was incubated with anti-CD81 antibody
(1000-fold diluted; ab109201, Abcam, UK), anti-TSG101 antibody
(500-fold diluted; 102286-T38, Sino Biological, China), anti-calnex-
in antibody (1000-fold diluted; bsm-52639R, Bioss, China), anti-
EpCAM antibody (1000-fold diluted; ab199521, Abcam, UK), and
anti-CD63 antibody (1000-fold diluted; ab59479, Abcam, UK) at
4°C overnight and washed three times for 10 min using tris-buffered
saline containing 0.5% Tween 20 (TBST) (table S5). The membrane
was then incubated with a 5000-fold—diluted horseradish peroxi-
dase (HRP)-conjugated anti-rabbit immunoglobulin G (IgG;
ab6721, Abcam, UK) or a 5000-fold—diluted HRP-conjugated
anti-mouse IgG (ab205719, Abcam, UK) at room temperature for
1 hour and washed three times for 10 min using TBST. Last, blots
were visualized using chemiluminescence reagent (P0018FS, Beyo-
time, China). Image] (v1.53t, National Institutes of Health, USA)
was used to quantify the protein band intensity. The raw images
of WB films were converted into 8-bit grayscale format and subject-
ed to “Subtract Background” and "Invert” operations in Image]. For
each protein marker (row), a rectangular region of interest was se-
lected to cover the largest band of the row. The protein band inten-
sity was determined by subtracting the integrated gray value of
background.

PEG-enhanced thermophoretic aptasensor

Isolated EV's (5 ul) were mixed with 2 mM MgCl,, 7.5% PEG, and
100 nM aptamers targeting EpCAM or CD63 (Sangon Biotech,
China) (table S6) in a final volume of 10 pl. The samples were im-
mediately loaded in an 80-pum-thick microchamber (made by sand-
wiching an 80-pm-thick spacer between a bottom glass slide and a
top sapphire slide) for pTAS detection without pretreatment. The
microchamber was placed on an inverted fluorescent microscope
(ECLIPSE Ti, Nikon, Japan), and the thermophoretic accumulation
was achieved by focusing an infrared laser (1480 nm, 15 mW,
Changchun Laser Optoelectronics Technology, China) on the
glass slide for 10 min. The images before and after laser irradiation
were captured by a 40x objective and an electron-multiplying
charge-coupled device (Andor, UK).

Clinical cohort

The whole blood samples of patients with NMBC (n = 10) were col-
lected from the Fifth Medical Center, Chinese People's Liberation
Army (PLA) General Hospital and the Second Medical Center,
Chinese PLA General Hospital. The whole blood samples of HD
(n=12) were collected from Beijing Sihui Traditional Chinese Med-
icine Hospital. All relevant ethical regulations were complied with.
The study was approved by the Institutional Review Board of the
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Chinese PLA General Hospital. Informed written consent from
all participants was obtained before the research (ages and molecu-
lar subtypes for patients with NMBC and HDs were summarized in
table S7). A 10-fold—diluted whole blood (600 pl) was processed by
the cascaded microfluidic circuits. The extracted plasma (200 ul)
obtained by the cell-removal circuit was filtrated by the EV-isolation
circuit with circulating washing (1 ml of PBS) and lastly concentrat-
ed to 100 pl (by performing an additional filtration step without cir-
culating washing) for the pTAS assay.

Statistical analysis

The significance of differences in the expression levels from differ-
ent groups of samples was tested using a two-tailed Mann-Whitney
U test. To evaluate the performance in NMBC diagnosis, ROC anal-
ysis was carried out. Significance analyses, construction of ROC
curve, and calculation of AUC were performed using GraphPad
Prism 7 (GraphPad, USA).
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