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Extracellular vesicles (EVs) are key mediators of communication among cells, and clinical utilities of EVs-

based biomarkers remain limited due to difficulties in isolating EVs from whole blood reliably. We report a

novel inertial-based microfluidic platform for direct isolation of nanoscale EVs (exosomes, 50 to 200 nm)

and medium-sized EVs (microvesicles, 200 nm to 1 μm) from blood with high efficiency (three-fold

increase in EV yield compared to ultracentrifugation). In a pilot clinical study of healthy (n = 5) and type 2

diabetes mellitus (T2DM, n = 9) subjects, we detected higher EV levels in T2DM patients (P < 0.05), and

identified a subset of “high-risk” T2DM subjects with abnormally high (∼10-fold to 50-fold) amounts of

platelet (CD41a+) or leukocyte-derived (CD45+) EVs. Our in vitro endothelial cell assay further revealed that

EVs from “high-risk” T2DM subjects induced significantly higher vascular inflammation (ICAM-1 expression)

(P < 0.05) as compared to healthy and non-“high-risk” T2DM subjects, reflecting a pro-inflammatory

phenotype. Overall, the EV isolation tool is scalable, and requires less manual labour, cost and processing

time. This enables further development of EV-based diagnostics, whereby a combined immunological and

functional phenotyping strategy can potentially be used for rapid vascular risk stratification in T2DM.

Introduction

Extracellular vesicles (EVs) are membrane-bound vehicles
secreted by cells and they contain different types of cargo
such as lipids, nucleic acids and proteins.1 They are key
mediators of intercellular communication, and are implicated
in many biological processes and diseases.2,3 While the
definition and nomenclature of EVs subtypes are constantly
evolving,4,5 EVs are commonly categorized into three main
groups depending on their size and biogenesis: (1) apoptotic
bodies (>1000 nm in size) derived from apoptotic cells, (2)
microvesicles (∼200 to 1000 nm in diameter) shed from

plasma membrane, and (3) nanoscale exosomes (∼50 to 200
nm in diameter) secreted from endosomal pathways.6 EVs
circulating in whole blood form a new class of biomarkers7–9

in liquid biopsy as they are highly stable, abundant (∼1011–12

per mL of blood),10 and may contain functional or disease-
specific proteins or microRNA for disease diagnostics.11

Type 2 diabetes mellitus (T2DM) is a chronic metabolic
disease characterized by hyperglycemia and low-grade
inflammation in blood. The major cause of mortality and
morbidity in T2DM arises from micro- and macro-vascular
complications.12 A serious consequence of such
complications is that T2DM patients are at two to four times
higher risk of developing cardiovascular diseases (CVD)
compared to non-diabetics.13 Circulating microvesicles (or
microparticles) are widely studied in CVD and T2DM as
mediators of endothelial activation and dysfunction.14–17

Exosomes from diabetic patients are also considered to
modulate endothelial and immune functions.18,19 However,
the clinical utilities of blood-borne EVs remain poorly
explored due to the lack of standardization in EVs sample
preparation, and the limited means available today to extract
nanoscale exosomes in sufficient quantities from complex
biofluids such as whole blood.

Currently techniques for EVs isolation involve differential
ultracentrifugation (UC) and density gradient UC which
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isolate EVs by size and density at high centrifugation speeds
(∼200 000 rpm) in a batch processing mode. However, UC is
laborious, time-consuming (up to 5–6 h to complete) and
suffers from low EVs yield (∼5 to 10%).6 Other commercial
EV isolation methods such as polymer-based precipitation,8

tangential flow filtration (TFF),20 and asymmetrical flow field
fractionation (AF4)5,21 can improve EV yield and/or reduce
protein contamination, but are generally limited by their low
throughput and scalability. Size-exclusion chromatography
(SEC) is increasingly used for EV isolation,22,23 and can
achieve high sample throughput by using larger SEC
columns. However, it cannot process whole blood directly
(requires plasma as the starting sample) and involves
numerous manual handling steps during operation (buffer
addition, collection of eluted EV fractions etc.). Microfluidic
technologies are attractive alternatives for isolation of EVs
due to their miniaturized footprint and high potential for
automation and point-of-care applications. Passive
microfluidic EVs isolation methods include membrane
nanofiltration,9,24 deterministic lateral displacement (DLD) in
a nano-pillar array,25 and size-dependent viscoelastic particle
focusing.26 Active microfluidic EVs sorting use acoustic
separation,27,28 or employ electrical forces29 or immuno-
affinity EVs capture30,31 to isolate and detect exosomes
directly from plasma. However, these platforms often entail
complicated steps in fabrication and operation, and they lack
speed, reproducibility, and economies of scale in large-scale
clinical testing. Recent advances in spiral inertial
microfluidics technology, termed Dean flow fractionation
(DFF), enables high throughput sorting of cells (∼10 to 20
μm in diameter),32,33 and this method can be further
exploited for separation34 of small particles (∼1 to 3 μm in
diameter). However, separation of nano-sized particles (<1
μm) is still considered impractical in conventional inertial
microfluidics devices as the size-dependent inertial forces are
negligible for equilibrium focusing of particles.35 Hence,
there exists a critical need to develop novel methods to
isolate EVs which are economical, high-throughput, simple to
use, and readily adaptable in clinical settings.

Here, we report the development of a microfluidics device
(ExoDFF) for direct isolation of circulating EVs from whole
blood (1 : 1 dilution). Unlike conventional inertial
microfluidics devices which achieve size-dependent focusing
of large particles (∼5 to 30 μm) based on the balance of
inertial lift and Dean drag forces,36–38 our technology utilizes
differential Dean-induced lateral migration of small particles
(transient effect) to achieve separation. This label-free
approach enables simultaneous sorting of nanoscale and
medium-sized EVs into different device outlets to facilitate
downstream characterization (Fig. 1A and S1†). We first
demonstrated the performance characteristics and
advantages of ExoDFF with higher eluted concentration and
yield of EVs (both approximately three-fold) when compared
to standard UC methods. We next applied this microfluidic
device as a possible whole-blood-based diagnostic tool to
assess vascular risk in T2DM patients. As a proof-of-concept,

we isolated EVs from healthy individuals (n = 5) and T2DM
subjects (n = 9). Through immunophenotyping of ExoDFF
EVs, we identified a subset of “high-risk” T2DM subjects with
abnormally high (∼10 to 50-fold) levels of platelet (CD41a+)
or leukocyte-derived (CD45+) EVs when compared to the
average values for healthy subjects. In vitro endothelial cell
assays further revealed that EVs from “high-risk” T2DM
subjects induced the highest vascular inflammation (ICAM-1
expression) as compared to healthy and non “high-risk”
T2DM EVs, thus reflecting a pro-inflammatory phenotype.
Comparative studies of different EVs isolation methods also
indicated a significant increase in EV-induced ICAM-1
expression using UC versus ExoDFF and SEC, which points to
the importance of gentle sorting of EVs to assess their
functionality. To further enhance the translational utility, we
have developed a multiplexed high throughput ExoDFF
(ExoDFFHT) device that is capable of processing 5 mL of
whole blood within an hour. These findings presented here
suggest new possibilities for the development of a single-step
and scalable immunophenotyping method whereby rapid
purification of blood-borne EVs can be achieved. This
technique also serves as a unique blood-based, liquid biopsy
testing strategy for vascular risk stratification in T2DM
predicated on vascular inflammation induced by EVs.

Fig. 1 Microfluidic isolation of EVs using ExoDFF. (A) Schematic
workflow of ExoDFF device for isolation of circulating EVs from diluted
whole blood (1 : 1). Photograph shows the spiral device filled with red dye
for visualization. Figure made with BioRender. (B) Schematic illustration
of ExoDFF separation principle. Under the influence of Dean vortices in
spiral microchannels, EVs and platelets (particle size (ap)/hydraulic
diameter (Dh) < 0.07) migrate laterally toward the channel inner wall
while larger blood cells (∼6 to 15 μm) remain close to the outer wall.
Near the inner wall, smaller particles occupy subtle differences in
innermost transient positions due to size-dependent wall-induced inertial
lift forces (FWL), which result in nanoscale EVs (exosomes, ∼50 to 200
nm) and medium-sized EVs (microvesicles, ∼200 nm to 1000 nm) sorted
into O1 (ExoDFF NV) and O2 (ExoDFF MV), respectively.
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Experimental section
Device operation

For the characterization of beads that served as proxy for
particles, bead samples and sheath buffer (phosphate
buffered saline (PBS; Lonza, Basel, Switzerland)) were
perfused into the device using separate syringe pumps (CX
Fusion 200, Chemyx Inc., Stafford, TX, USA). The setup was
allowed to run for 5 min to stabilize the flow before
collecting the eluents from the outlets. The device was
mounted on a Nikon Eclipse Ti inverted phase-contrast
microscope (Nikon Instruments Inc., Melville, NY, USA)
equipped with Metamorph software (WSN-META-
MMACQMIC, Molecular Devices, Sunnyvale, CA, USA) for
visualizing bead equilibrium flow positions based on
fluorescence imaging. For blood processing, the blood
sample (diluted 1 : 1 with PBS) and sheath buffer were
perfused into the sample inlet at optimized flow rates of 40
μL min−1 and 400 μL min−1 respectively (1 : 10). Outlet
eluents were collected after the flow had stabilized and
phase-contrast high-speed videos (10 000 fps) were captured
using a Phantom V9.1 high-speed camera (Vision Research,
Wayne, NJ, USA).

Ultracentrifugation (UC)

Circulating blood EVs were isolated using an ultracentrifuge
(Optima XE-90, Beckman Coulter, Brea, CA, USA), equipped
with a SW41Ti rotor. Briefly, blood sample were first
centrifuged at 2500 × g for 15 min to remove blood cells and
platelets. The platelet-poor plasma (PPP) was then transferred
to a UC tube (Beckman Coulter) and filled to 11 mL with
filtered PBS. To pellet microvesicles (UC MV), the sample was
centrifuged at 20 000 × g for 60 min at 4 °C and re-suspended
to 300 μL of PBS per 1 mL of whole blood. To pellet exosomes
(UC Exo), the supernatant was filtered through a 0.22 μm
filter prior to UC at 210 000 × g for 70 min at 4 °C, then re-
suspended to 300 μL of PBS per 1 mL of whole blood.

Nanoparticle tracking analysis (NTA)

The size distribution and concentration of EVs were analysed
using NTA with NanoSight system (NS300, Malvern
Panalytical, Malvern, Worcestershire, UK) and Zetaview (PMX-
120, Particle Metrix, Meerbusch, Germany). For both
methods, samples were diluted to the recommended particle
concentration per frame with filtered PBS prior analysis. For
NanoSight, the video segments captured for each
measurement were analysed by NanoSight Software NTA 3.1
(Malvern Panalytical). For Zetaview (Particle Metrix), particle
motion was measured over 11 positions with two repeat
measurements at each position. The following machine
setting was applied: frame rate: 30 fps; number of frames
recorded: 60; sensitivity: 80; exposure: 100; minimum
brightness: 30; minimum pixel size: 10; maximum pixel size:
10 000; trace length: 30; temperature: 25 °C. Measurement

results were exported in .txt format and corrected with
dilution factor using MATLAB (MathWorks).

Flow cytometry analysis

Flow cytometry analysis was performed using a BD LSR flow
cytometer (Fortessa X-20, BD Biosciences, San Jose, CA, USA).
All antibodies were purchased from eBioscience (Thermo
Scientific, MA, USA) and used for staining (1 : 20 dilution) at
4 °C for 30 min. Unstained samples and respective isotype
antibodies were used as negative controls. For HUVEC
inflammatory marker analysis, the cells were stained with PE-
conjugated anti-human CD54 antibody (ICAM-1) and washed
once after staining. For EVs immunophenotyping, UC
isolated microvesicles (UC MV) and microvesicles from
ExoDFF device outlet 2 (ExoDFF MV) samples were stained
with FITC-conjugated anti-human CD41a antibody (platelet-
derived microvesicles) and APC-conjugated anti-human CD45
antibody (leukocytes-derived microvesicles) and quenched
with 5 volumes of PBS after staining. A fixed volume of 3 μm
beads (of known concentration) was added to each sample
prior flow cytometry analysis, and initial microvesicles
concentration from blood was quantified based on the
detection of ∼2000 control beads.

Study approval

Written informed consent was obtained from all subjects
during recruitment for this study. Healthy and T2DM
subjects recruited for clinical comparison were of a fasting
state for accurate measurements of preprandial blood
glucose. Healthy volunteers recruited for supplemental
experiments for comparison of isolation methods were of
non-fasting state. Whole blood samples were collected from
venipuncture into sodium citrate vacutainers (BD
Biosciences), and protocols were approved by the
institutional review boards (IRB) of Nanyang Technological
University (IRB-2019-03-011) and Tan Tock Seng Hospital
(DSRB 2018/00880).

Statistical analysis

All numerical data were expressed as the mean ± s.e.m,
unless otherwise specified. We assessed the statistical
significance of the difference between two sets of data using
the Mann–Whitney U-test (unless otherwise specified) with P
< 0.05 considered to be of significant difference. Clinical
samples with incomplete set of measurements for clinical
comparison (NTA, flow cytometry, endothelial uptake assay)
were excluded from analysis. All analysis was performed
using GraphPad Prism V8.0 (GraphPad Software, San Diego,
CA, USA).

Results
Microfluidic isolation of EVs using Dean flow fractionation

Inertial microfluidics is an area of research dealing with
hydrodynamic manipulation of engineered particles and
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biological entities of different shapes,39,40 dimensions35 and
mechanical properties.41,42 These platforms offer precise
control of particle focusing by tuning channel geometries.43,44

They can also enhance separation resolution for label-free cell
sorting applications33,45 through the introduction of secondary
flows (e.g. Dean flow). In conventional inertial focusing devices,
particles equilibrate at distinct flow positions due to the
balance of inertial and Dean drag forces.36–38 We recently
reported that small particles in DFF devices experience
differential size-dependent wall-induced lift forces (FWL,
directed away from wall) as they migrate along the top and
bottom of the channel due to counter-rotating Dean vortices.34

Near the inner wall, they occupy different innermost distances
(Dinner) due to subtle differences in their z-positions
(orthogonal to the direction of particle flow) during lateral
migration. Note that this phenomenon is transient (non-
steady-state), and it operates at lower flow rate conditions (at
Reynolds number, Re, between 20 and 50) where inertial
focusing effects (that typically occur at Re ∼ 100 to 200) are not
yet established.36,37 Here, we apply the separation principle to
develop a DFF-based fractionation tool (ExoDFF) for EVs by
including a channel expansion region prior to the channel
outlets, and optimizing the outlet elution volumes with non-
uniform fluidic resistances. These enable us to achieve a higher
separation resolution which can be exploited for simultaneous
separation and enrichment of nanoscale EVs (exosomes, ∼50
to 200 nm in diameter) and medium-sized EVs (microvesicles,
∼200 nm to 1 μm in diameter) from diluted whole blood (1 : 1).
The 2-inlet, 4-outlet ExoDFF device is 300 μm in width (w) × 55

μm in height (h) with a radius of ∼0.5 to 0.6 cm. Diluted blood
sample is introduced at channel outer wall, where smaller
blood components (platelets and EV, particle size (ap)/hydraulic
diameter (Dh) < 0.07) migrate laterally toward the inner wall
under the influence of Dean vortices. Near the inner wall, they
occupy different Dinner, which leads to continuous fractionation
of nanoscale EVs into outlet 1 (ExoDFF NV, O1), medium-sized
EVs into outlet 2 (ExoDFF MV, O2), and platelets (∼2 to 3 μm)
into outlet 3 (O3). Larger blood cells (∼6 to 15 μm, RBCs and
WBCs) experience significant Stoke's drag,45 and remain closer
to the outer wall for efficient removal via outlet 4 (O4) (Fig. 1B).

Numerical study of lateral migration of EVs

We first performed computational fluid dynamics (CFD)
simulations to investigate the migration profile of EVs
(Fig. 2). Fluid streamlines were used to represent trajectories
as it is not practical to fully resolve EVs (∼10−7 m) in
microfluidic channels (∼10−4 m). In addition, the
deformation of flow field due to EVs is negligible,36 and
particle–particle interaction is minimal as the particles
(∼109–11 mL−1) comprise less than 0.05% of the fluid by
volume. As shown in Fig. 2A, fluid streamlines (green) were
initiated from the sample inlet at the outer wall. Under the
influence of Dean vortices, the streamlines migrated along
the channel top and bottom toward the inner wall. Prior to
the channel outlets, the streamlines reached the inner wall
and migrated downward to the channel midline in the
direction of Dean vortices. At the optimal flow rate (Re ∼ 40),

Fig. 2 Computational fluid dynamics simulation and bead characterization. (A) Cross sectional views of green fluid streamlines (mimicking flow of
EVs) at different channel positions using CFD. Streamlines initiated from sample inlet (pinched to outer wall at sample to sheath flow rate ratio of
1 : 20 (∼23 μL min−1: ∼457 μL min−1)) migrate across the channel width along the channel top and bottom due to counter rotating Dean vortices
towards the inner wall. (B) Composite cross-sectional view of channel outlet and inlet (red dashed box) with colour coded streamlines based on
different initial positions at the inlet. (C) Average fluorescent intensity line scans indicating the flow position of 50 nm, 200 nm, 1 μm and 2 μm
beads across the channel width at optimal flow condition (Re = 40). Corresponding fluorescent images illustrating bead flow streamlines and their
separation into different outlets. (D) Particle concentration of 200 nm beads at the inlet and at different ExoDFF outlets using nanoparticle tracking
analysis (NTA) (n = 3). (E) Bead separation efficiency in each outlet based on NTA and flow cytometry (n = 3).
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the streamlines were mostly located within 50 μm from the
inner wall with a sample-to-sheath inlet flow rate ratio of 1 :
20. These CFD results were in good agreement with our
experimental characterization of Dean migration profile for
50 nm beads (Fig. S2A–C†). This validation of our CFD model
predictions motivated our design criterion for outlet 1
(ExoDFF NV), and the elution of fluid streamlines between 50
to 100 μm into outlet 2 (ExoDFF MV). We next studied
different sample-to-sheath flow rate ratios and observed that
the streamline distribution remained tightest at higher
sample pinching ratios (1 : 40 to 1 : 10) (Fig. S3†). For better
visualization, fluid streamlines were colour-coded based on
their initial inlet positions. It was evident that the streamline
trajectory was strongly dependent on the initial distance from
the outer wall (Fig. 2B). Taken together, increased sample
pinching at channel inlet (higher sample-sheath flow rate
ratio) is beneficial for ExoDFF as it reduces the streamline
distances from outer wall at the inlet, which leads to a tighter
streamline distribution during lateral migration.

Experimental validation of microparticle separation

We further characterized different flow rates (Re ∼ 3 to 60)
and resultant particle migration (50 nm to 2 μm) induced by
Dean drag forces using fluorescence imaging (Fig. 2C and
S2D†). These bead sizes were chosen to represent the EV size
range based on our definition, with 50 nm and 200 nm beads
representing nanoscale EVs (50–200 nm in diameter) and
1000 nm beads representing medium-sized EVs (200–1000
nm in diameter). As expected, these small particles (ap/Dh <

0.07) migrated completely toward the inner wall at Re ∼ 40
as they were solely affected by the Dean drag forces. The
focusing bands of 50 nm and 200 nm particles were very
close (within a distance of 10 μm) to the inner wall which
corroborated our CFD results (Fig. 2C). By contrast, focusing
bands of 1 μm and 2 μm beads peaked at 10 μm and 30 μm
from inner wall, respectively, and were clearly distinct from
the 50 nm and 200 nm beads. To evaluate particle separation
efficiency in our device, we used NTA for quantify 200 nm
beads and flow cytometry for quantification of 1 to 3 μm
beads to determine different bead outlet concentrations.

Separation efficiency was quantified based on the number
of beads collected from a specific outlet divided by the sum
of beads collected from all outlets. The concentration of 200
nm beads was the highest in O1 (ExoDFF NV) which was
similar to inlet concentration despite a 1 : 20 sheath fluid
dilution on-chip (Fig. 2D, Table S1†). Separation efficiencies
of 50 and 200 nm beads in O1 (ExoDFF NV) were ∼20 to 25%
in O1 with no contamination of 1 μm and 2 μm beads
(Fig. 2E). It should be noted that an overall higher separation
efficiency of 200 nm was observed in O2 (ExoDFF MV) as the
eluted flow rate was higher (∼7 μL min−1 in O1 vs. ∼16 μL
min−1 in O2) due to non-uniform hydraulic channel
resistance, which led to higher total number of beads eluted
in O2 per unit time. Separation efficiency of 1 μm beads was
∼70% at O2 (ExoDFF MV), while 2 and 3 μm beads were

mostly eluted into O3 and O4. Hence, the size cut-off for
outlet 1 (ExoDFF NV) is determined to be 50 to 200 nm, while
outlet 2 (ExoDFF MV) is ∼200 nm to 1 μm. There were also
negligible differences in separation performance when we
varied sample-sheath flow rate ratio (1 : 20 and 1 : 10) (Fig.
S4†). Overall, these results clearly demonstrate that the
current technique could offer an efficient membrane-free tool
to size fractionate microparticles of smaller size range (∼200
nm to 3 μm) which is not achievable in conventional inertial
microfluidic devices (used for sorting ∼5 to 20 μm diameter
cells or particles).35,45

Isolation of circulating EVs from diluted whole blood

Conventional UC based on differential and density gradients
suffers from poor yield of EVs and reproducibility.6 Most
isolation methods also require blood pre-processing
(centrifugation) as they begin with platelet-poor plasma (PPP)
as their starting sample.46 To ensure minimal sample
preparation in the ExoDFF process, diluted whole blood (1 : 1
PBS) and sheath fluid were perfused into the device at an
optimized flow rate (Re ∼ 40) of 40 μL min−1 (sample) and
400 μL min−1 (sheath). As shown by the high-speed images in
Fig. 3A, larger blood cells (∼6 to 15 μm) remained close to
the channel outer wall before reaching outlets and were
efficiently removed via waste outlet (O4). Smaller platelets
(∼2 to 3 μm) migrated further toward the inner wall and were
sorted into both waste outlets (O3 and O4). We next collected
the eluents from O1 and O2 (ExoDFF NV and MV,
respectively) for downstream characterization of size
distribution and particle yield using nanoparticle tracking
analysis (NTA). Results were also compared with multi-step
UC which is a widely used EVs isolation method. Both
nanoscale EVs from ExoDFF and UC (see Experimental
section) exhibited similar size distribution with a dominant
peak at ∼150 nm (Fig. 3B). By contrast, microvesicles isolated
using ExoDFF and UC had a wider size distribution (∼100 to
800 nm). It should be noted that the size distribution plots
were generated by different dilution factors for ExoDFF NV
and UC Exo, as the ExoDFF NV sample was ∼100× more
concentrated (∼1011 mL−1). The concentration of
nanovesicles (NV) was the highest for ExoDFF (Fig. 3C),
which translated to a separation efficiency of ∼15 (±3.8)%,
and was about three times better than for UC (∼4.8 (±4.2)%)
(Fig. 3D). This also led to a significant improvement in EVs
yield (∼3×) (P < 0.01) (Fig. 3E), and thus suggests the ability
of ExoDFF to isolate micro- and sub-micro-scale EVs in a
single-step, as opposed to UC that is highly dependent on
operator skills (more prone to EVs losses). Unlike 200 nm
bead separation in PBS, the device waste outlet (O4) had the
highest recovery (∼50%) of EVs which could be attributed to
the incomplete migration of EVs in a highly concentrated
cellular background (∼20% hematocrit) (Fig. S5A†). While
processing diluted blood samples can improve EV recovery
(Fig. S5B and C†), the trade-off is longer processing time
(lower throughput) and more diluted eluent of sorted EVs.
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Hence, we propose that low blood dilution factors (1 : 1 to 1 :
2) will be more useful for ExoDFF testing in clinical settings
to allow faster isolation and direct downstream analysis of
enriched EVs. Similar EV separation performance was also
observed with platelet-poor plasma (diluted 1 : 1 with PBS)
which will be useful to process biobanked plasma samples
retrospectively (Fig. S6†).

To validate the presence of EVs from ExoDFF and UC
samples, exosomal protein markers TSG101, flotillin and CD9
were characterized using western blot. Consistent with NTA
results, stronger signals were detected in ExoDFF as
compared to UC with equal sample volumes, which
qualitatively suggests higher EV concentrations after

processing (Fig. 3F and S5D†). As lipoproteins are major
contaminants when EVs are isolated from plasma, the ApoA-I
marker which indicates lipoprotein contamination, was
detected in EVs isolated using ExoDFF and UC. Given the
strong signal of protein markers in EVs, quantification of
lipoprotein contamination could not be determined.
Nevertheless, western blot results suggest that lipoprotein
contamination in ExoDFF and UC were at similar levels.

Transmission electron microscopy (TEM) was also used to
visualize EVs which revealed distinctive cup-shaped
morphology of exosomes ∼60 to 120 nm in size47 (Fig. 3G).
We also examined the total RNA content from EVs isolated
using ExoDFF and UC, and examined RNA size distribution
and yield using Bioanalyzer RNA Pico assay. Both ExoDFF
and UC EVs showed short RNA profiles with a dominant peak
below 200 nucleotides, which is representative of exosome-
derived microRNA48 (Fig. 3H). RNA yield from ExoDFF
nanovesicles was the highest, which indicated high exosome
concentration and corroborated both NTA and western blot
results. As expected, ExoDFF waste outlets (O3 and O4)
exhibited a wider size distribution with larger sized
ribosomal RNA (rRNA) peaks due to the contamination of
other blood cells (Fig. S5E†). Taken together, these results
demonstrate that the present device offers efficient isolation
of EVs. It can process diluted whole blood (1 : 1), and offers
superior yield, shorter processing time and ease of use in a
single-step operation.

Circulating EVs in type 2 diabetes mellitus (T2DM)

Recent studies have provided novel mechanistic insights into
circulating exosomes in T2DM.5,19,49 These studies also point
to the need for purifying EVs with higher yield and without
antibodies to elucidate their pathological effects. As a proof-of-
concept for clinical testing, we isolate blood-borne EVs from
healthy (n = 5) and T2DM (n = 9) subjects (Table S2†) using
ExoDFF and UC. While EVs had similar size distribution
regardless of the isolation methods according to nanoparticle
tracking analysis (NTA) (Fig. S7†), EV counts were higher (per
unit volume of whole blood) for T2DM patients as compared to
healthy subjects with ExoDFF NV (P < 0.05) (Fig. 4A). ExoDFF
MV, UC Exo and UC MV, although also showed higher EV
counts for T2DM subjects, did not show any significant
differences in EV count between both groups.

We next quantify the abundance of platelet-derived (CD41a+)
and leukocyte-derived (CD45+) microvesicles in blood of healthy
volunteers (non-fasted) for both ExoDFF MV and UC MV using
flow cytometry. ExoDFF MV had significantly fewer platelet-
derived microvesicles (P < 0.05) and more leukocyte-derived
microvesicles (P < 0.05) than UC MV (Fig. S8A†). Lower
leukocyte-derived microvesicles in UC MV samples could be
attributed to multiple centrifugation steps (more EVs loss
during manual handling) in contrast to the single-step ExoDFF
operation. As UC MV samples had much higher and more
heterogeneous platelet-derived microvesicles than ExoDFF MV,
we performed additional experiments and found that the

Fig. 3 Isolation of circulating EVs from whole blood (1 : 1). (A) High
speed images illustrating separation of RBCs and platelets into O3 and
O4 as waste. Inset (blue box) depicts platelet flow position. (B) Size
distribution plots of ExoDFF NV (1.0 × 1011 mL−1), UC exosomes (9.2 ×
108 mL−1), ExoDFF MV (4.5 × 108 mL−1) and UC MV (8.1 × 107 mL−1).
Original particle concentrations are indicated in brackets. (C) EVs
concentrations in different outlets of ExoDFF after separation (n = 3).
(D) Comparison of EVs separation efficiencies between ExoDFF and UC
(n = 3). (E) EVs yield comparison (fold-change) between UC Exo and
ExoDFF NV (n = 7). **p < 0.01 based on unpaired Mann–Whitney test.
(F) Western blot detection of exosomal markers TSG101, flotillin and
CD9, and ApoA-1 for blood plasma. All samples were loaded with
equal volume (15 μL) except plasma (0.5 μL). (G) TEM images of EVs
with cup-shaped morphology isolated from ExoDFF NV. (H) MicroRNA
analysis of EVs from ExoDFF and UC. Plot shows the size distribution in
nucleotides and fluorescence intensity of total RNA. Peak at 25
nucleotides is an internal standard used as a lower marker in the RNA
Pico assay. Data are presented as mean ± s.d.
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number of intact platelets (∼2 to 3 μm in size) decreased
significantly (by ∼84%) in platelet-rich plasma (PRP) after high
speed centrifugation (∼20000 × g, 45 min) in UC, while the pre-
processed sample and ExoDFF (O3 and O4) platelet
concentrations remained similar (Fig. S8B†). This indicates that
there was minimal shear-induced platelet lysis using ExoDFF.
Consequently, platelet-derived microvesicles (<1 μm) count also
varied greatly after UC in contrast to ExoDFF which showed
negligible changes (Fig. S8C†). Taken together, these results
indicate that ExoDFF is a more consistent method for
immunophenotyping of microvesicles due to its gentle sorting
of blood components (∼maximum of 2000 × g for ExoDFF vs.
∼20000 × g for UC MV). The single-step operation helps to
reduce losses of microvesicles derived from other cell types.

To test its clinical utility, we evaluated platelet-derived and
leukocyte-derived microvesicles in healthy (n = 5) and T2DM (n
= 9) subjects. For UC MV, we observed an increase in platelet-
derived and leukocyte-derived microvesicles in T2DM subjects
as compared to healthy subjects (Fig. 4B). Similarly, T2DM
subjects also had higher platelet-derived and leukocyte-derived
microvesicles (P < 0.05) for ExoDFF MV (Fig. 4C). We then
defined healthy threshold (mean + 3S.D., 99.9% CI) values for
microvesicles counts based on average and standard deviation
of healthy subjects for ExoDFF MV. These results are
graphically represented as green and blue dashed lines for
CD41a and CD45, respectively. Based on these cut-offs, we
identified two T2DM subjects (green squares) with abnormally
high (>ten-fold) levels of platelet-derived microvesicles, and
four T2DM subjects (blue squares) with abnormally high
(>fifty-fold) levels of leukocyte-derived microvesicles, possibly
indicating severe immune dysfunction. These subjects were
collectively grouped as the “high risk” T2DM group to study
EV-induced vascular inflammation.

Functional effects of healthy and diabetic EVs on vascular
inflammation

To determine if EVs have any pathological effects on
recipient cells, healthy and T2DM EVs (from UC Exo) were
first labelled with PKH67 dye and incubated with human

umbilical vein endothelial cells (HUVEC) at different
concentrations and for different durations (6 h and 24 h) to
optimize treatment conditions (Fig. S9†). Based on flow
cytometry and fluorescence imaging, the uptake of EVs by
HUVEC was ∼95% after 24 h when treated with ∼2.5 × 109

EVs per mL, regardless of their origin (from healthy or T2DM
subjects) and was used as the treatment condition for in vitro
vascular assays (Fig. 5A).

We next studied the functional effects of EVs extracted from
healthy (n = 5), T2DM (n = 3), and “high risk” T2DM (T2DM
high) (n = 6, determined based on results shown in Fig. 4C)
using ExoDFF (ExoDFF NV and ExoDFF MV) and UC (UC Exo
and UC MV) on HUVEC. Following incubation for 24 h, HUVEC
were trypsinized and examined for ICAM-1 expression
(inflammatory adhesion marker) using flow cytometry (Fig. 5B).
“High risk” T2DM EVs induced a significant increase in ICAM-
1 expression on HUVEC as compared to “non high-risk” T2DM
(P < 0.05) and healthy (P < 0.01) EVs, regardless of the EV
isolation method. There were negligible differences in
endothelial ICAM-1 expression between healthy EV and T2DM
EV treatment. Interestingly, there was also a significant
increase in established cardiovascular risk factors including
carotid intima-media thickness (CIMT) (P < 0.01), white blood
cells (WBC) count (P < 0.05), and triglyceride level (P < 0.05)
for “high risk” T2DM subjects as compared to healthy
individuals (Fig. S10†). Hence, these results not only imply that
ExoDFF-isolated EVs were functionally comparable to those
from UC in mediating vascular inflammation, but also that
immunophenotyping of ExoDFF MV could be a viable method
and provide potential novel biomarkers for rapid vascular
health risk stratification of T2DM patients. Secondly, it was
also observed that HUVEC had higher ICAM-1 expression when
treated with EVs from UC as compared to ExoDFF. A possible
explanation could be attributed to the increase of platelet-
derived microvesicles in UC Exo/MV. This observation is in
agreement with prior work50 documenting that platelet-derived
EVs facilitate inflammation by adhering efficiently to EC to
upregulate inflammatory markers.

To further validate this hypothesis, we isolated EVs using
UC, ExoDFF and commercial size exclusion chromatography

Fig. 4 Circulating EVs in T2DM. (A) Comparison of EV concentration (per mL of whole blood (WB)) isolated using ExoDFF and UC in healthy (n =
5) and T2DM subjects (n = 9). Quantification of platelet-derived (CD41a+) and leukocyte-derived (CD45+) microvesicles from healthy (n = 5) and
T2DM (n = 9) subjects in (B) UC MV and (C) ExoDFF MV. For ExoDFF MV plot, dashed lines represent mean values for healthy subjects plus three
standard deviations (CD41a green, CD45 blue). T2DM data points highlighted in green (two) and in blue (four) present abnormally high levels of
platelet-derived and leukocyte-derived microvesicles, respectively. Data are presented using mean ± s.e.m. *p < 0.05 and **p < 0.01.
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(SEC) in a subset of T2DM subjects (n = 5) to test for EVs-
induced vascular inflammation. SEC is a chromatography-
based method which isolates EVs based on size with efficient
plasma protein depletion,51 and we have included this
technique for comparison with ExoDFF and UC. While ExoDFF
NV provided the highest concentration (Fig. 5C) of EVs, both
ExoDFF and SEC were more efficient than UC in terms of EV
yield (Fig. 5D), and EV sizes (Fig. S11†) between ExoDFF and
SEC were also more similar. It should also be noted that SEC
had higher EV yield than ExoDFF (although not statistically
significant). Consistent with our earlier results, EV-induced
ICAM-1 expression on HUVEC remained the highest using UC,
which was significantly higher than ExoDFF (P < 0.05) and SEC
(P < 0.05) (Fig. 5E). Taken together, these results indicate that
both ExoDFF and SEC techniques are gentler than UC on EVs,
which would be important to assess the functionality of EVs in
their native state.

Multiplexed high throughput ExoDFF

Most microfluidic isolation technologies for micro- and
nano-vesicles have limited scalability due to intricate

components that comprise integrated membranes and
electrodes or complex instrumentation.27–29 To demonstrate
increased processing throughput, we directly connected four
ExoDFF subunits in parallel into a high throughput ExoDFF
(ExoDFFHT) multiplexed device (Fig. 6A). The positions of
subunit spiral inlets and outlets were interchanged, and
fluidic inlets from individual subunits were linked to two
master inlets for sample and sheath fluid loading. Similar
separation performance for polystyrene beads was observed
in ExoDFFHT with consistent separation of 50 nm beads into
O1 (ExoDFFHT NV) and 1 μm beads into O2 (waste outlet) in
each spiral subunit (Fig. 6B). As expected, blood cells flow
near the outer wall in each spiral subunit and they were
efficiently sorted into the waste outlet at sample-to-sheath
flow rate of 20 : 400 μL min−1 per spiral device.

We next quantified the separation efficiency of 200 nm
beads in ExoDFF and ExoDFFHT devices using nanoparticle
tracking analysis (NTA). There were negligible differences in
the separation efficiencies for ExoDFF NV and ExoDFFHT NV
for sample-to-sheath flow rate of 20 : 400 (29% and 27.8%,
respectively) as well as 40 : 400 (18% and 14.8%, respectively)
(Fig. 6C). For whole blood characterization, the size

Fig. 5 Functional characterization of healthy and diabetic EVs on vascular inflammation. (A) Representative bright-field and fluorescence overlaid
images of HUVEC monolayer incubated without (control) and with fluorescence-labelled EVs (PKH67) after 24 h. Scale bar: 50 μm. Plot illustrating
the uptake of PKH67-stained EVs by HUVEC at varying concentrations after 24 h (n = 3). (B) Flow cytometry analysis of HUVEC ICAM-1 expressions
after 24 h incubation with EVs isolated from healthy (n = 5), T2DM (n = 3) and “high risk” T2DM subjects (n = 6, T2DM high) using ExoDFF and UC.
“High risk” T2DM data points highlighted in green and blue (determined from Fig. 4C) induced a significant increase in HUVEC ICAM-1 expression.
Comparison of (C) EV concentration, (D) EV yield and (E) EV-induced HUVEC ICAM-1 expressions among three different isolation methods (UC,
ExoDFF and SEC, n = 5). Data are presented as mean ± s.e.m. *p < 0.05 and **p < 0.01.
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distribution profiles of EVs in the outlet (ExoDFFHT NV) of
each spiral subunit were similar (Fig. S12†), and the overall
separation was ∼14% for ExoDFF (40 : 400 μL min−1) and
ExoDFFHT (20 : 400 μL min−1) while efficiency decreased to
8.2% in ExoDFFHT at 40 : 400 μL min−1 (Fig. 6D). A possible
explanation is the stronger streamline dispersion into waste
outlet in ExoDFFHT due to the large channel resistance
differences between EVs and waste outlets. Nevertheless, EV
separation efficiency of ExoDFFHT NV was three-fold higher
than that of UC (∼4%). Taken together, these results
demonstrate the ability of our method to process up to 80 μL
of whole blood per minute with ExoDFFHT, which translates
to processing ∼5 mL of whole blood in an hour.

Discussion

In this work, we have developed a continuous-flow and
scalable microfluidic technology (ExoDFF) for direct isolation

of circulating EVs from whole blood (1 : 1 dilution) based on
the principles of Dean flow fractionation (DFF).34 The spiral
biochip offers unbiased (label-free) isolation of nanovesicles
and microvesicles with its size-based and gentle function,
which imposes an order of magnitude lower centrifugal force
or g-force on the bioparticle than conventional
ultracentrifugation. This method can also potentially
minimize shear-induced damage or aggregation52,53 of EVs
with short channel residence time (∼0.12 s vs. ∼10–15 min
EVs sedimentation time for UC).54 By exploiting the subtle
differences in transient Dean migration effects of the
particles, we demonstrated separation of small micro- and
nanoparticles (ap/Dh ∼ 0.002 to 0.02) which cannot be
achieved otherwise in conventional inertial microfluidics
devices.35 With large channel dimensions (Dh ∼ 86 μm) and
lower operating flow rates (Re ∼ 40), the present method
significantly minimizes clogging issues and pressure-induced
channel deformation.55 Since it is a passive (hydrodynamic)
sorting technique without the need for external force fields
or functionalization with antibodies, the device cost and
system setup (2 syringe pumps) effort are relatively lower.
These advantages, together with the capability of direct
blood-based EV isolation, are likely to render the device
attractive for potential large-scale clinical studies with
portability, automation, reproducibility and faster assay
results.

While ExoDFF has a three-fold higher EV separation
efficiency than UC, it is low compared to other microfluidic
approaches.28,30 Two possible reasons are: the lack of
standardized methods for quantification, and the high
hematocrit in 2× diluted whole blood sample (20–25%). The
latter may affect the Dean migration of small EVs towards
the channel inner wall. Increasing sample blood dilution
(reduced hematocrit) can potentially minimize crowding of
RBCs to improve EV separation efficiency, but the trade-off
would be reduced sample throughput. The current sample
throughput for ExoDFF and ExoDFFHT devices is 20 μL min−1

and 80 μL min−1 of whole blood, respectively, which
translates to ∼1 h processing time for 5 mL of blood. By
simultaneously eluting small and medium-sized EVs into
different outlets, this single-step operation can be automated
to minimize human errors, and facilitate downstream assays
(flow cytometry, nanoparticle tracking analysis (NTA) etc.),
providing results within a few hours. Both ExoDFF and SEC
give similar EV isolation performance, but it should be noted
that plasma proteins or lipoproteins are co-eluted in ExoDFF
NV/MV while SEC can remove proteins efficiently.51

Nevertheless, due to on-chip 10× dilution by sheath buffer,
protein background level in ExoDFF-isolated EVs is
comparable to those of UC. As SEC cannot efficiently remove
lipoproteins including LDL (25–32 nm) and VLDL (20–60
nm),56–58 density gradient UC will be necessary59 although it
is prone to significant losses of EVs. Asymmetrical flow field
fractionation (AF4), a membrane-based crossflow filtration
method, is currently the most sensitive EV sorting method
with superior size resolution.5 However, its sample

Fig. 6 Characterization of high throughput ExoDFF (ExoDFFHT). (A)
Multiplexing four ExoDFF devices into a single 2-inlet-8-outlet
ExoDFFHT device. (B) Fluorescent images indicating flow position and
separation of 50 nm beads into O1 (ExoDFFHT NV) and 1 μm beads into
outlet 2 (waste outlet) at each spiral channel (Re = 42 at each spiral).
High speed stacked images showing blood cells separation into O2
(waste outlet) at each spiral channel (Re = 42 at each spiral). (C)
Quantification of 200 nm beads separation efficiency using ExoDFF
and ExoDFFHT at different sample to sheath flow rate ratio (n = 3). (D)
Comparison of EV separation efficiencies from diluted whole blood (1 :
1) among ExoDFF, ExoDFFHT and ultracentrifugation (UC) (n = 3). Data
are presented as mean ± s.d. *p < 0.05.
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throughput is low, and it is non-trivial to adopt it for large-
scale clinical use. Hence, we envision ExoDFF to provide a
unique first stage EV separation platform (potentially
replacing UC). The present approach can be readily coupled
with other EVs purification methods (Fig. S13†) for 2nd stage
separation or specific EVs assays.

In T2DM, nearly all cell types related to vasculopathy
including endothelial cells, leukocytes and platelets secrete
EVs into the bloodstream to influence T2DM
pathophysiology. Circulating endothelial16,60 and
immune15,17 microvesicles in blood are increased in T2DM
individuals, and are associated with cardiovascular risks.61,62

These studies mostly use high speed centrifugation to isolate
microvesicles whereby the yield and quality are highly
dependent on user operation. A major advantage of the
present method is the direct isolation of circulating
microvesicles from device outlet 2 (ExoDFF MV) without any
centrifugation steps for rapid immunophenotyping by flow
cytometry. This facilitates more accurate analysis of native
microvesicle composition, which led to the identification of
T2DM subjects with abnormal levels of platelet- and
leukocytes-derived microvesicles (Fig. 4C).

In vitro and animal studies have reported that exosomes
from diabetic subjects can modulate immune responses,63

pancreatic B-cells64 and vascular smooth muscle cells
(VSMC).65 Recent clinical efforts have also provided
mechanistic insights into human diabetic exosomes
including modulation of insulin resistance by microRNA
transfer,49,66 upregulation of Exo-arginase I to reduce
endothelial NO production,18 and increased leukocyte
inflammation.19 In our study, we observed that ExoDFF-
isolated EVs were functionally active, and diabetic EVs
induced more vascular inflammation as compared to healthy
EVs. Interestingly, the “high risk” T2DM individuals with
abnormally high CD41a+ or CD45+ microvesicles (identified
using ExoDFF MV) also had the most significant EVs-induced
upregulation of endothelial ICAM-1 expressions, possibly
indicating severe immune and vascular dysfunction (Fig. 5B).
Due to the relatively small sample size in our pilot study,
larger cohort studies are warranted for in-depth analysis of
diabetic EVs and their associations with endothelial
functions and different clinical presentations of diabetes.
Nevertheless, these results provide evidence of EV-induced
vascular inflammation in T2DM and point to the importance
of EVs in diabetes-related vasculopathies, and their potential
as non-traditional CVD biomarkers.

In summary, ExoDFF not only improves EV yield, but also
reduces cost and processing time through automation and
better accuracy. As endothelial dysfunction may precede the
diagnosis of diabetes,67 there is an unmet need to quantify
vascular profile in healthy and T2DM individuals at early
disease onset. We envision that the platform presented here
will have numerous applications as a versatile research and
clinical tool for EVs, and for combined immunological and
functional phenotyping to formulate a novel blood-based
testing strategy for vascular risk stratification in T2DM.
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Direct Isolation of Circulating Extracellular Vesicles from Blood for Vascular 
Risk Profiling in Type 2 Diabetes Mellitus  

Hui Min Tay, Sheng Yuan Leong, Xiaohan Xu, Fang Kong, Megha Upadya, Rinkoo Dalan, Chor Yong Tay, Ming 
Dao, Subra Suresh*and Han Wei Hou*

Materials and Methods

Microfluidic Device Fabrication 

The 2-inlet, 4-outlet ExoDFF device, shown in Figure 1, was fabricated with poly-dimethylsiloxane (PDMS; Dow Corning, 

Midland, MI, USA) using standard soft lithography methods. PDMS prepolymer was mixed well with the curing agent in a 

ratio of 10:1 (w/w) and poured over a silicon wafer patterned with ExoDFF design. The mixture was de-gassed before curing 

in an oven at 80 °C for 2 h. The cured PDMS slab was carefully peeled from the wafer, and inlets and outlet holes were 

punched out with a 1.5 mm biopsy puncher. The PDMS slab was cleaned thoroughly with isopropanol and bonded to a 1 mm 

thick glass slide (70 mm × 50 mm) using an air plasma machine (PDC-002, Harrick Plasma Inc, Ithaca, NY, USA).

Computational Fluid Dynamics (CFD) Simulation

Computation fluid dynamics simulation was conducted using ANSYS FLUENT (Canonsburg, PA, USA). Steady state pressure-

based laminar flow was analyzed using SIMPLE scheme. Fluid is modelled as water to mimic PBS. A complete hexahedral 

discretization mesh was built using ANSYS ICEM CFD (Canonsburg, PA, USA) with maximum element dimension of 2 μm along 

height and width directions, 25 μm along length direction. Determinant, maximum orthogonality and maximum warpage of 

element was set to minimum value of 0.3. Only upper half of the channel was modelled due to symmetry in height direction. 

Boundary conditions were set to velocity inlet, zero gauge pressure outlet, and no slip at channel walls. 1000 fluid streamlines 

were initiated from sample inlet using discrete phase model (DPM) without interaction with the continuous phase. 

Coordinates of streamlines were then exported and processed with MATLAB (MathWorks, Natick, MA, USA). Total flow rate 

was set to 480 µL/min with different sample to sheath flow rate ratio ranging from 1:3 to 1:40.

Western Blot 

Equal volume (15 μL) of ExoDFF outlets, UC microvesicles (UC MV) and UC exosomes (UC Exo) and a reduced volume (0.5 μL) 

of plasma were lysed in Radioimmunoprecipitation assay (RIPA) buffer (Pierce, Thermo Scientific) containing protease 

inhibitor cocktail (Thermo Scientific) with the samples chilled on ice. The   samples   were   mixed   with   loading   buffer   

containing β-mercaptoethanol (Merck, Darmstadt, Germany), heated to 70 C for 10 min, loaded on 15% SDS-PAGE gels and 

electrophoresed to detect exosome markers CD9, Flotillin-1 and TSG101. Proteins were transferred to 0.45 μm nitrocellulose 

membranes (Bio-rad, Feldkirchen, Germany) and   stained   with   REVERT   total   protein   stain (Li-COR Biosciences, Lincoln, 

NE, USA) for normalisation. Membranes were blocked for 1 h with Odyssey blocking buffer TBS (Li-COR Biosciences, Lincoln, 

NE, USA) at room temperature, and incubated with 1:1000 of the following antibodies - Rabbit monoclonal [EPR2949] anti-

CD9 (Abcam ab92726); mouse monoclonal anti-Flotillin-1 (C2) (Santa Cruz Biotechnology, sc-74566, Dallas, TX, USA) and 

mouse monoclonal [4A10] anti-TSG101 (Abcam, ab83, Cambridge, MA, USA) overnight at 4 C. The membranes were next 

washed using 1X Tris Buffered Saline (TBS) 0.1% Tween 20 (TBS-T), and incubated with 1:15,000 each of IRDye 800CW anti-

mouse IgG secondary antibody (Li-COR Biosciences, Lincoln, NE, USA) and IRDye 680LT anti-rabbit IgG secondary antibody 

(Li-COR Biosciences, Lincoln, NE, USA) for 1 h at room temperature. Membranes were washed again with 1X TBS-T and 
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scanned with an Odyssey CLx imaging system (Li-COR Biosciences) using 700- and 800-nm channels and visualized using 

ImageStudio software version 5.2 (LI-COR Biosciences).

RNA Isolation and Measurement

Total RNA was extracted from extracellular vesicles using miRNeasy Mini Kit (Qiagen, Venlo, Netherlands) according to the 

manufacturer’s protocol. The purity and concentration of the isolated RNA were measured using NanoDrop One 

Microvolume UV-Vis Spectrophotometer (ND-ONE-W, Thermo Scientific) and RNA size distribution was analysed using 2100 

Bioanalyzer System (Agilent, Santa Clara, CA, USA) with the RNA 6000 Pico Kit according to the manufacturer’s protocol.

Cell Culture

Human umbilical vein endothelial cells (HUVEC; Lonza) were cultured in endothelial cell growth medium (EGM-2; Lonza) 

supplemented with 1% penicillin-streptomycin (P/S; Gibco, Grand Island, NY, USA) in a T75 flask. The cells were maintained 

at 37 °C in a humidified 5% CO2 incubator and medium was changed thrice weekly. For EVs uptake assay, confluent HUVEC 

was dissociated using 0.25% trypsin with 1 mM EDTA (Gibco) and seeded in a 24-well plate at 8 × 104 cells per well with 400 

L EGM-2 and grown to confluency prior use.

Platelet Count and Platelet-derived Microvesicles

To examine the platelet shearing effects of centrifugation, whole blood was first centrifuged at 1,000 g for 5 min to obtain 

platelet rich plasma (PRP). The PRP was then either subjected to high speed centrifugation at 20,000 x g for 45 min or 

perfused into ExoDFF device for sorting. Pre-processed PRP sample, pellet from high speed centrifugation and ExoDFF 

fractions (O2 for platelet-derived microvesicles, O3 – O4 for platelets) were then stained with FITC-conjugated anti-human 

CD41a antibody to detect and compare intact residual platelets and CD41a+ microvesicles using flow cytometry.

Transmission Electron Microscopy (TEM)

EVs isolated from ExoDFF were subjected to SEC to remove plasma proteins before TEM analysis. For TEM analysis, a carbon-

coated grid (CF300-CU, Electron Microscopy Sciences, Hatfield, PA, USA) was glow-discharged for 1 min. A 4 µL of sample 

solution was then placed on the grid to adsorb for 1 min. After blotting, 4 µL of 2% uranyl acetate was added to the grid to 

negatively stain the sample for 1 min. The grid was then blotted and air-dried. Grids were imaged using a T12 Icorr 

transmission electron microscope operating at 120 kV. Images were captured by an Eagle 4k HS camera.

EV Uptake Assay

To optimize EV concentration for cell uptake assay, UC isolated exosomes (UC Exo) and microvesicles (UC MV) were first 

stained with 2 µM PKH67 dye in Diluent C (Sigma Aldrich, St. Louis, MO, USA), washed, and incubated separately with HUVEC 

at varying concentration and duration. The stained EV uptake was examined using fluorescent microscopy and flow 

cytometry, and optimal uptake condition is determined to be 2.5 × 109 EVs per mL for 24 h. EVs isolated  from clinical samples 

with UC and ExoDFF were then directly incubated with HUVEC as previously described, and the treated HUVEC were 

trypsinized and examined for inflammatory marker ICAM-1 expression using flow cytometry analysis.

Size Exclusion Chromatography (SEC)

To isolate EVs from plasma by SEC, PURE-EVs columns (HBM-PEV, HansaBioMed Life Sciences, Tallinn, Estonia) were used 

according to the manufacturer’s instructions. The column was first washed three times with 10 mL PBS to eliminate 

preservative buffer residues and then 500 µL of platelet poor plasma (PPP) was applied onto the column. During the elution, 



the column was loaded with PBS (the mobile phase of the SEC column). Fifteen fractions of 500 µL volume each were 

collected. The first six fractions (3 mL) were discarded as void volume, whereas the rest of the nine fractions were analysed 

by NTA. EV-rich fractions were pooled together and used to test for EV-induced vascular inflammation. 

Figure S1. Workflow comparison between the single-step ExoDFF and conventional ultracentrifugation (UC) for isolation of 
circulating EVs from whole blood. Figure made with BioRender. Photograph shows the spiral device filled with red dye for 
visualization. 

Figure S2. Experimental validation of CFD and flow rate optimization of ExoDFF. (A) Cross sectional views of fluid 
streamlines (mimicking nanoscale EVs) at different channel positions using CFD. (B) Top view fluorescent images of 50 nm 
beads at inlet and prior to channel outlet. (C) Comparison between average intensity linescans of 50 nm beads and 
streamlines at inlet and prior to channel outlet. Streamlines generated from two mesh sizes show similar intensity profile, 
indicating mesh independence of CFD solution. (D) Average intensity linescans of 50 nm beads at different Re indicating 
optimum flow rate at Re = 42.



Figure S3. Cross sectional views of fluid streamlines (mimicking EVs) at device inlet and prior channel outlet at different 
sample to sheath flow rate (FR) ratio using CFD. 

200 nm beads Bead concentration (/mL) Sample or Eluted 
volume (μL) Final EV count Separation 

efficiency

Inlet 5.10E+09 1000 5.1E+12 -

O1 4.60E+09 299 1.37554E+12 29%

O2 3.00E+09 757 2.27124E+12 47%

O3 7.37E+08 760 5.59813E+11 12%

O4 3.33E+07 17754 5.91803E+11 12%

Table S1. 200 nm beads concentration, sample elution volume and separation efficiency after ExoDFF isolation.

Figure S4. (A) Schematic illustration of ExoDFF sorting of different sized beads. (B) Corresponding fluorescent images 
illustrating flow streamlines of the different sized beads (50 nm to 2 μm) at optimized flow rate (Re 42). Beads separation 
efficiency of (A) 50 nm and (B) 200 nm beads at different sample:sheath flow rate ratio.



Figure S5. (A) EV separation efficiency from whole blood using ExoDFF (O1 – O4) and UC (n = 3, normalized to sample 
volume). B) High speed images captured at the device outlet illustrating flow of RBCs at different blood dilutions. (C) EV yield 
from ExoDFF NV (O1) from undiluted and diluted (1:1, 1:2 and 1:5) blood samples (n=2). (D) Western blot detection of 
exosomal markers TSG101, flotillin and CD9 from UC and ExoDFF (O1 – O4) isolated EVs. All samples were loaded with equal 
volume (15 μL) except plasma (0.5 μL). (E) Bioanalyzer electropherograms showing the size distribution in nucleotides (nt) 
and fluorescence intensity (FU) of total RNA from ExoDFF outlets (O1 – O4).

Figure S6: (A) Composite high speed image of platelet-poor plasma (PPP) processing using ExoDFF with platelets (~2-3 um 
appearing black dots) separating into outlet 3 (O3) and 4 (O4). (B) Separation efficiency comparison between diluted whole 
blood (1:1) and PPP (1:1) using ExoDFF (n=2).



Figure S7. Representative NTA plots of EVs from healthy (n = 1) and T2DM (n = 2) subjects isolated using ultracentrifugation 
(UC) and ExoDFF. 

Figure S8. (A) Quantification of platelet-derived (CD41a+) and leukocyte-derived (CD45+) microvesicles isolated from UC MV 
and ExoDFF MV. (B) Significant platelet loss after high speed centrifugation (20,000 g, 45 min) in PRP samples as compared 
to ExoDFF (O3 – O4). (C) Significant variations in platelet-derived microvesicles in PPP samples after high speed centrifugation 
(20,000 g, 45 min) as compared to ExoDFF MV.

Characteristics Healthy (n = 5) T2DM (n = 9)
Age* (Range) 35 (27 - 41) 53 (47 - 65)
HbA1c, % 5.340 (0.107) 7.278 (0.292)
Fasting glucose, mmol/L 5.160 (0.087) 7.667 (0.824)
BP Systolic, mmHg 104.500 (2.118) 125.000 (4.484)
CRP, mg/L 2.260 (0.822) 2.511 (0.686)
Total-C, mmol/L 4.580 (0.331) 3.756 (0.228)
HDL-C, mmol/L 1.240 (0.073) 1.122 (0.047)
LDL-C, mmol/L 3.020 (0.272) 2.1 (0.204)
Triglyceride, mmol/L 0.700 (0.071) 1.167 (0.121)
Average value shown with SEM in parentheses, unless otherwise indicated.

Table S2. Clinical characteristics of healthy (n = 5) and type 2 diabetic mellitus (T2DM) subjects (n = 9).



Figure S9. Representative bright-field and fluorescence overlaid images of HUVEC monolayer incubated without (control) 
and with fluorescence-labelled EVs (PKH67) after 6 and 24 h. Flow cytometry analysis of EVs uptake by HUVEC after 6 and 
24 h.

Figure S10. Clinical characteristics comparison of healthy (n = 5), T2DM (n = 3) and high risk T2DM (n = 6) subjects in terms 
of (A) HbA1C, (B) C-reactive proteins (CRP), (C) carotid intima-media thickness (CIMT), (D) platelet count, (E) white blood cell 
(WBC) count and (F) triglyceride levels.



Figure S11. NTA size distribution profile (left) and EV size comparison (right, n = 5) of EVs isolated using ultracentrifugation 
(UC), ExoDFF and size exclusion chromatography (SEC).

Figure S12. Representative NTA plots of EVs from each spiral of high throughput ExoDFF (ExoDFFHT NV) and UC as control. 



Figure S13. Conventional methods for isolation of EVs. (A) Schematic overview and (B) table comparison on separation 
principles and various performance metrices for different methods. 
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