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1 Introduction

Viscoelastic microfluidics for enhanced separation
resolution of submicron particles and extracellular
vesiclest

Samith Hettiarachchi,
Honjie An, 23 Nam-Trung Nguyen

@ Lingxi Ouyang,® Haotian Cha,? Helena H. W. B. Hansen,?
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Manipulation, focusing, and separation of submicron- and nanoparticles such as extracellular vesicles
(EVs), viruses and bacteria have broad applications in disease diagnostics and therapeutics. Viscoelastic
microfluidic technology emerges as a promising technique, and it shows an unparalleled capacity to
manipulate and separate submicron particles in a high resolution based on the elastic effects of non-
Newtonian mediums. The maximum particle separation resolution for the reported state-of-the-art
viscoelastic microfluidics is around 200 nm. To further enhance the reseparation resolution, this work
develops a viscoelastic microfluidic device that can achieve a finer separation resolution up to 100 nm, by
optimising the operating conditions such as flow rate, flow rate ratio and polyethylene oxide (PEO) con-
centration. With these optimised conditions, we separated a ternary mixture of 100 nm, 200 nm and
500 nm polystyrene particles, with purities above 90%, 70% and 82%, respectively. Furthermore, we also
applied the developed viscoelastic microfluidic device for the separation of cancer cell-secreted extra-
cellular vesicles (EVs) into three different size groups. After single processing, the separation efficiencies
for small EVs (sEVs, <150 nm), medium EVs (mEVs, 150-300 nm), and large EVs (>300 nm) were 86%,
80% and 50%, respectively. The enrichment factors for the three EV groups were 2.4, 1.1 and 1.3, respect-
ively. Moreover, we observed an unexpected effect of high PEO concentrations (2000-5000 ppm) on the
lateral migration of nanoparticles where nanoparticles of up to 50 nm surprisingly can migrate and con-
centrate at the middle of the microchannel. This simple and label-free viscoelastic microfluidic device
possesses excellent potential for sorting submicron particles for various chemical, biological, medical and
environmental applications.

ticles, etc.'® Microfluidic techniques can precisely control fluid
flow and particle motion in the microchannels and have

Manipulation, focusing, and sorting of submicron and nano-
particles such as exosomes," extracellular vesicles,” viruses,’
bacteria,” metals® and polymer nanoparticles® are indispens-
able in disease diagnostics and therapeutics, drug discovery
and material synthesis.”® Conventional technologies such as
ultracentrifugation, ultrafiltration, size-exclusion chromato-
graphy, precipitation and immunoaffinity capture have been
developed to manipulate and separate those minuscule par-
ticles. However, these techniques are limited by high cost, low
separation resolution, and potential damage to biological par-
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recently attracted increasing attention for manipulation and
sorting of micro and nanoparticles with a high separation
resolution and efficiency."

Many microfluidic techniques have been developed to
manipulate particles, and they can be categorised as active and
passive techniques based on the source of manipulating
forces. Active techniques utilise external acoustic,” electric,"
magnetic'* and optical'® force fields to manipulate particles.
In contrast, the passive techniques work based on the intrinsic
hydrodynamic forces and microchannel geometry such as iner-
tial microfluidics,'® deterministic lateral displacement,"”
microfluidic filtration,"® pinched flow fractionation'® and
viscoelastic microfluidics.>® Among the microfluidic tech-
niques, viscoelastic microfluidics is a promising technique for
nanoparticle manipulation.

Viscoelastic microfluidics manipulates particles based on
the elastic effects of non-Newtonian mediums. An elastic force
arises due to the imbalance of normal stresses in a viscoelastic
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fluid flow. The elastic force can migrate the suspended par-
ticles laterally with different migration speeds or toward
different lateral equilibrium positions, consequently enabling
particle separation.”® It is label-free, simple and biocompatible
and can offer a high separation resolution. Viscoelastic micro-
fluidics has been applied to focus and sort polystyrene nano-
particles, bacteria,®® DNA,>* tumour cells,* microvesicles>®
and exosomes.>*®*’

Viscoelastic microfluidic devices with wavy”” and spiral®®
microchannel structures have been developed to focus larger
submicron particles and filtrate them from their smaller
counterparts. In both works, particles above a certain size (i.e.,
300 nm and 1000 nm) were focused and concentrated at a par-
ticular lateral equilibrium position of the microchannels,
whereas smaller particles of 100 nm and 28 nm were randomly
distributed. Therefore, larger particles were filtrated from the
mixture. They have also used the device for the sorting of
microvesicles and exosomes from the cell culture medium. In
contrast, Liu et al?® proposed a viscoelastic microfluidic
device for the size-based separation of submicron particles
based on the size-dependent migration speed of particles. The
sheath flow confines nanoparticles along the two channel side-
walls at the inlet, and larger particles migrate faster to the
channel centre than the smaller ones. At a proper channel
length, smaller and larger particles are occupied at different
lateral positions. Consequently, particles can be collected by
different outlets and separated completely. Their work demon-
strated the successful separation of 100 nm and 500 nm par-
ticles and the isolation of exosomes from larger EVs. Later, the
team modified the viscoelastic medium by dissolving A-DNA in
Tris-borate-EDTA (TBE) buffer to enhance the separation per-
formance of the viscoelastic microfluidic technique.*® Very
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recently, Meng et al.>® presented a cascaded viscoelastic-based
microfluidic device for the separation of EVs from human
blood. The first stage was used to filtrate and remove blood
cells from the blood plasma, and the second stage continued
to fractionate EVs into two different groups based on size.
Although significant progress has been achieved, the separ-
ation resolution of viscoelastic microfluidics is still limited,
and the finest separation resolution of state-of-the-art visco-
elastic microfluidics is around 200 nm. Moreover, sorting par-
ticle mixtures into three different sizes remains a challenge.

In this work, we present a viscoelastic microfluidic device
that can provide an enhanced separation resolution and
achieve the separation of a ternary particle mixture. First, we
systematically investigate the effects of particle size, flow rate
ratio of sheath to sample flows, total flow rate, and polyethyl-
ene oxide (PEO) concentration on particle migration behav-
iour. This provides us with the optimal operating parameters
of the devices for the separation of specific submicron par-
ticles. Second, we apply the device for the separation of ternary
particle mixture of 100 nm, 200 nm and 500 nm, and charac-
terise the separation performance quantitatively. The separ-
ation purities of 100 nm, 200 nm and 500 nm particles are
over 90%, 70% and 82%, respectively. Finally, we demonstrate
the separation of differently-sized extracellular vesicles using
the viscoelastic microfluidic device. A recovery rate of 86%,
80% and 50% for small EVs (<150 nm), medium EVs
(150-300 nm) and large EVs (>300 nm) were achieved with
enrichment factors of 2.4, 1.1 and 1.3, respectively. This label-
free viscoelastic microfluidic device has shown promising
potential for the precise sorting of submicron particles,
offering valuable utility across a broad spectrum of chemistry,
biology and medicine.

2 Theory
2.1 Elastic lift force

Particles suspended in a viscoelastic fluid experience elastic
lift force due to the imbalance of normal stresses in the fluid
flow. Both the first normal stress (N; = 7y — 7,) and second
normal stress (N, = 7,, — 7;) contribute to the elastic force. 7y,
7y, and 7 are the normal stresses in streamwise, transverse,
and vorticity directions, respectively. Since N; is significantly
larger than N, in a diluted viscoelastic medium, N, can be neg-
lected. Therefore, elastic lift force (Fg) is proportional to the
variation of N; and can be expressed as®°

Fg = Ce,@®VN; = —2Cea’n,AVY? (1)

where C.p is the elastic lift coefficient, a is the particle dia-
meter, 5, is the polymeric contribution to the solution vis-
cosity, 1 is the relaxation time, and y is the average shear rate.

2.2 Viscous drag force

The velocity difference between fluid elements and particles
induces a viscous drag force influencing particle migration.
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For a spherical particle flowing in a uniform Stokes flow, the
drag force (Fp) can be expressed as:*!

Fp = 3nan(us — up) (2)

where 7 is the dynamic viscosity of the fluid, uf and u, are the
velocity vectors of the fluid and particles, respectively.

2.3 Particle migration in a viscoelastic co-flowing system

In the co-flowing system, the sample and sheath flows are the
viscoelastic mediums of the same PEO aqueous solution. The
suspended particles of different diameters in the sample flow
are confined to channel sidewalls by the middle sheath flow at
the inlet, Fig. 1(A). In the straight channel section, the inter-
play between the elastic lift force and viscous drag force deter-
mines the particle migration speed and the final equilibrium
position. The elastic lift force Fg propels particles toward the
channel centre and is balanced by a lateral viscous drag
induced by the velocity difference of fluid (u¢ = 0) and particles
(up) along the lateral direction. Then, we can derive the particle

(A)
Sheath inlet
o® O: @O' ® o

Sample inlet
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lateral ~ migration speed  u, = 2CeLa’,AVy®/3my.  This
expression indicates that the particle lateral migration speed is
proportional to a®. Thus, larger particles migrate faster to the
channel centre than smaller particles. By properly designing
flow speed and channel length, particles or EVs of different
sizes can reach different lateral positions at the end of the
straight channel, consequently enabling particle separation
and respective collection from different outlets, Fig. 1(A).

3 Materials and methods
3.1 Device design and fabrication

The microfluidic device in this work consists of two inlets, a
straight microchannel section, an expansion region, and five
symmetric outlets along the channel centre. The sample flow
is split into two streams and flows into the main channel from
two sidewalls symmetrically, whereas the sheath flow is
infused into the middle stream. The main straight channel
section has a width of 20 pm and a length of 25 mm. The
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Fig. 1 (A) Schematic of the size-based separation of EVs in a viscoelastic microfluidic device. (B) A schematic illustration of the microfluidic device.
(C) A schematic fluorescence trajectories of 100 nm (pseudo-coloured red), 200 nm (pseudo-coloured yellow) and 500 nm (pseudo-coloured

green) polystyrene particles at the expansion region of the channel.
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height of the whole microchannel is uniform at 50 pm. The
microfluidic device was fabricated using the standard photo-
lithography and soft-lithography techniques. Briefly, a polydi-
methylsiloxane (PDMS) mixture was made at the base and
curing agent weight ratio of 10: 1, followed by 20 min vacuum
degassing. Then, the PDMS mixture was poured over the
silicon mould and baked in an oven at 70 °C for over 2 hours.
Inlet and outlet holes were punched after peeling off the
PDMS from the mould. Finally, the PDMS layer was treated
with plasma and bonded to a glass substrate. A three-dimen-
sional illustration and the geometry of the microfluidic device
are shown in Fig. 1(B) and Fig. S1.}

3.2 Particle sample preparation

For the experiments, different concentrations of PEO solutions
were prepared by dissolving PEO (M,, = 600000 Da, Sigma-
Aldrich) powder in Milli-Q water at concentrations of 400 ppm,
800 ppm, 1000 ppm, 2000 ppm, 3000 ppm and 5000 ppm,
respectively. To obtain a solution of uniform concentration,
the mixture was gently swung for 24 hours. Three sets of
spherical fluorescent polystyrene particles with diameters of
100 nm (product no. R100), 200 nm (product no. R200), and
500 nm (product no. G500) were purchased from Thermo
Fisher Scientific, and they were suspended in the above pre-
pared PEO solutions with particle concentrations of 1.8 x 10°
counts per mL, 2.25 x 10% counts per mL and 1.36 x 10” counts
per mL, respectively. Tween 20 was added into the suspension
as a surfactant to prevent particle aggregation. To characterise
the particle separation performance, a mixture of 100 nm,
200 nm, and 500 nm polystyrene particles was prepared with
concentrations of 3 x 10® counts per mL, 3 x 10% counts per
mL and 1.15 x 10® counts per mL, respectively.

3.3 EV sample preparation

MDA-MB-231 human breast cancer cells (ATCC) were cultured
in an incubator at 37 °C and 5% CO,. The growth DMEM/
F-12 media without glutamine was supplemented with 10%
fetal bovine serum (FBS), 100 U mL™" penicillin and 100 U
mL~" streptomycin. All materials were from Thermo Fisher
Scientific. After four days of incubation, the culture media was
pipetted from the cell culture flasks and centrifuged at 4500g
for 20 min. The supernatant was carefully extracted and
diluted in PBS containing PEO to achieve 1000 ppm
concentration.

3.4 Experimental setup

The microfluidic device was placed on the stage of an inverted
microscope (Olympus IX73 Fluorescence Microscope). Two
syringe pumps were used to infuse the sample and sheath
flows into the device, respectively. To investigate the effect of
total flow rate and flow rate ratio on particle migration and
separation, we varied the total flow rates from 300 pL h™" to
1800 pL h™" and the flow rate ratio of sheath to sample flow
from 1:1 to 5:1. A high-speed camera (Phantom VEO) was
used to capture the fluorescence trajectories of particles at the
expansion region. Then, the images were post-processed and

This journal is © The Royal Society of Chemistry 2024
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analysed using the software Image] (National Institutes of
Health). The fluorescence intensity profile across the channel
width was also measured to characterise the distribution of
particles along the lateral direction. Fig. 1(C) presents a
merged image of fluorescent trajectories of 100 nm (red),
200 nm (yellow) and 500 nm (green) particles at the expansion
region of the channel.

3.5 Characterisation of particles and EVs

Nanoparticle tracking analysis (NanoSight NS300, Malvern
Panalytical Ltd) was used to evaluate the size distribution of
samples of nanoparticles and EVs before and after separation.
This technique utilises light scattering to acquire the size dis-
tribution and concentration of the particles in a dispersed
medium. The hydrodynamic diameter of the particles is evalu-
ated by estimating their speed due to the Brownian motion.
The size distribution data were captured and analysed with an
NTA Analytical Software Suite. All the measurements were con-
ducted at 22.5 °C. The size and morphology of the EVs after
the separation was examined using transmission electron
microscopy (HITACHI HT7700-B). The samples were prepared
by dipping a small volume (~10 pl) of outlet 3 into the copper
grid (230 mesh and coated by formvar carbon film) and
waiting until they were thoroughly dried. The accelerating
voltage is 80 kV, and the emission current is 10 pA.

4 Results and discussion

4.1 Effect of flow rate ratio

We first studied the effect of the flow rate ratio (FRR) of the
sheath flow to sample flow on particle migration. Both sample
and sheath flows were 1000 ppm PEO aqueous solution. The
100 nm, 200 nm and 500 nm fluorescent particles were
respectively dispersed into the sample flow. We varied the flow
rate ratio of the sheath to sample from 1:1 to 5:1, while
keeping the total flow rate constant at 1200 pL h™". The fluo-
rescent trajectories of 100 nm, 200 nm and 500 nm particles at
the end of the straight channel are shown in Fig. 2(A) and the
fluorescence intensities across the channel width of the expan-
sion region at the FRRs of 1:1, 3:1 and 5:1 are plotted in
Fig. 2(B). Generally, the higher the FRR, the tighter the distri-
bution of fluorescent particles at the expansion region. The
narrow distribution of particles is because the sample flow is
confined into a more limited space at the inlet by a high
sheath flow rate. Besides, the higher the FRR, the more dis-
tinguishable distribution of different nanoparticles at the
expansion region can be observed, Fig. 2(B). When FRR is
from 1:1 to 3:1, the distribution of 100 nm, 200 nm and
500 nm particles largely overlaps because of the wide distri-
bution of particles and slight difference in lateral position
among different particles. When increasing FRR to 5:1, the
particle distribution becomes much narrower, and the lateral
distribution difference between various particles becomes
more distinguishable. All three particles have distinct equili-
brium positions due to the size-dependent elastic lift force.

Nanoscale, 2024, 16, 3560-3570 | 3563
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Fig. 2 (A) Fluorescent trajectories of 100 nm (pseudo-coloured red), 200 nm (pseudo-coloured yellow) and 500 nm (pseudo-coloured green)
polystyrene particles at the expansion region of the channel under different flow rate ratios (FRR) of the sheath flow to sample flow. (B) Normalised
fluorescence intensity of particle distribution across the yellow dotted line at FRR of (i) 1:1, (ii) 3:1, and (jii) 5: 1. The total flow rate was constant at

1200 pL h~* and PEO concentration 1000 ppm.

Therefore, a complete separation of 100 nm, 200 nm and
500 nm particles based on the differential lateral positions is
possible if we carefully design the bifurcated outlets to collect
the respective nanoparticles. Therefore, in the following, we
chose FRR as 5:1 to study the effects of the total flow rate,
PEO concentration and particle separation.

4.2 Effect of total flow rate

We next investigated the effect of total flow rate on particle
migration in the viscoelastic microfluidic device. Particle sus-
pensions were pumped into the device at different total flow
rates from 300 uL h™" to 1800 pL h™! with an interval of 300 pL
h™', while maintaining the FRR constant at 5:1, Fig. 3(A).
Also, both sample and sheath flows were 1000 ppm PEO
aqueous solution. At a relatively low rate from 300 puL h™" to
600 pL h™ the viscoelastic lift force is very weak, and the
Brownian motion mainly dominates the particle migration.
Besides, particles had enough residence time in the channel
to migrate laterally due to a low primary flow velocity.
Therefore, particles were diffused laterally and spread from the

3564 | Nanoscale, 2024, 16, 3560-3570

sidewall region to the channel middle in a wide area, and no
apparent focusing positions of particles could be observed,
subfigure (i) in Fig. 3(B).

Increasing the flow rate to 1200 pL h™", the viscoelastic lift
force became dominant in the lateral migration of particles,
especially for large 200 nm and 500 nm particles. Since the
viscoelastic lift force is proportional to a* from eqn (1), 500 nm
and 200 nm particles migrated laterally at different velocities.
They reached the distinct lateral positions at the end of the
channel, while 100 nm particles mainly stayed along the side-
walls and diffused minorly due to short residence time. The
fluorescence intensity profile in (ii) of Fig. 3(B) indicates that
three particles occupied distinct lateral positions. Further
increasing the flow rates to 1800 pL h™", the residence time for
particle migration within the straight channel became too
short, so that both 200 nm and 100 nm particles migrated neg-
ligibly and mainly stayed near the sidewalls. Thus, separation
between 100 nm and 200 nm particles became impossible. In
contrast, large 500 nm particles could still migrate signifi-
cantly due to a strong enough viscoelastic lift force and mainly

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (A) Fluorescent trajectories of 100 nm, 200 nm and 500 nm polystyrene particles at the expansion region under total flow rates from 300 pL
h™* to 1800 puL h™. (B) Normalised fluorescence intensity profile across the yellow dotted line at the total flow rate of (i) 600 uL h™2, (ii) 1200 pL h™?,
and (iii) 1800 pL h™%. The FRR was constant at 5: 1 and PEO concentration 1000 ppm.

reached the channel middle area, as shown in subfigure (iii) of
Fig. 3(B). In this case, separating 500 nm and 200 nm or
smaller particles is still possible. In summary, the total flow
rate of 1200 pL h™' is feasible for the separation of a ternary
particle mixture of 100 nm, 200 nm and 500 nm.

4.3 Effect of PEO concentration

We further investigated the influence of PEO concentration on
the lateral migration of ternary particle mixture in the visco-
elastic microfluidic device. PEO solution with concentrations
of 400 ppm, 800 ppm, 1000 ppm, 2000 ppm, 3000 ppm and
5000 ppm were prepared for the experiment. Both the sample
and sheath flows had the same PEO concentration. The total
flow rate was kept constant at 1200 pL h™' and the FRR was
fixed at 5: 1, except for PEO concentrations of 3000 ppm and
5000 ppm. The reason that we used the flow rate ratio of 4:1
for PEO concentrations of 3000 ppm and 5000 ppm is because
the flow oscillations happened at the inlet cross conjunction
area at the flow rate ratio of 5:1 in our experiments, Fig. S2.7
A similar observation was also reported.>* Therefore, we used

This journal is © The Royal Society of Chemistry 2024

the flow rate ratio of 4 :1 for two PEO concentrations to ensure
the viscoelastic flow was stable in our experiments.

The fluorescent trajectories of particles are shown in Fig. 4
(A). We observed that the lateral distribution of three particles
varied with the increase in PEO concentration. When the PEO
concentration increased from 400 ppm to 1000 ppm, particles
migrated laterally toward the channel centre from the channel
sidewalls, but could not completely reach the channel central
area. At 1000 ppm PEO concentration, 100 nm, 200 nm and
500 nm particles occupied different lateral positions and
existed from five outlets, respectively. This could enable size-
based sorting of submicron triple particle mixture effectively at
1000 ppm PEO concentration.

When further increasing the PEO concentration from
2000 ppm to 5000 ppm, an intriguing phenomenon happened
that a large portion of all three submicron particles could suc-
cessfully migrate and concentrate at the channel middle area.
We speculate that a high PEO concentration induces a
sufficiently strong elastic force to migrate laterally the small
submicron particles (e.g., 100 nm) to the channel centre. The
fluorescence intensity profiles also clearly illustrated that the

Nanoscale, 2024, 16, 3560-3570 | 3565
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(iii) 500 nm particles. The total flow rate was constant at 1200 pL h™.

trajectories of all three particles moved from the channel side-
walls gradually toward the channel centre when increasing the
PEO concentration from 400 ppm to 5000 ppm, Fig. 4(B).
Furthermore, we tested even smaller nanoparticles (50 nm) in
the viscoelastic microfluidic device with different PEO concen-
trations. We observed a similar behaviour as that of 100 nm.
The 50 nm particles could migrate laterally towards the
channel centre at 3000 ppm and 5000 ppm PEO concen-
trations, Fig. S3.1

To explore this interesting phenomenon, we designed the
microchannel of the exact dimensions without sheath flows
and studied the migration of particles in the high PEO concen-
tration solutions, Fig. S4.f Unexpectedly, we observed that
neither of the 100 nm, 200 nm and 500 nm particles could
migrate and focus at the channel middle area in the 5000 ppm
PEO aqueous solutions but instead randomly distributed,
Fig. S5.1 This phenomenon is in direct contrast to the obser-
vation in the co-flowing system, indicating that the central
sheath flow is essential to facilitate the lateral migration of
particles. Future work is needed to reveal the underlying

3566 | Nanoscale, 2024, 16, 3560-3570

mechanism and to explain why a middle sheath flow can facili-
tate the lateral migration of particles as small as 50 nm.

4.4 Separation of ternary particle mixture of 100 nm,
200 nm, and 500 nm

To characterise the separation performance of the device, we
prepared a ternary particle mixture with diameters of 100 nm,
200 nm and 500 nm in viscoelastic non-Newtonian fluids.
Based on the above results on individual particles, we chose
the total flow rate of 1200 pL h™" and the FRR of 5 : 1. The PEO
concentration of sample and sheath flows was 1000 ppm.

With the aid of the sheath flow, the particle mixture was
confined near the side walls when entering into the straight
section of the microfluidic device. Due to the elastic lift force,
larger particles gradually migrated toward the channel centre
over the length of the straight channel and the smaller par-
ticles remained near the side walls, Fig. 5(A). We observed that
the 500 nm particles migrated to the channel centre and exited
primarily through the middle outlet 1, while 100 nm particles
remained near the channel walls and exited through outlet 3.

This journal is © The Royal Society of Chemistry 2024
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(A) Schematics of the size-based separation of 100 nm, 200 nm and 500 nm particles in a viscoelastic microfluidic device. (B) Size distri-

bution of particles measured by NTA for inlet, outlets 1-3. (C) Purity of 100 nm, 200 nm and 500 nm particles at inlet, outlet 1, outlet 2 and outlet 3,
respectively. (D) The enrichment factor of 100 nm, 200 nm and 500 nm particles at outlets 1-3.
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Meanwhile, 200 nm particles exhibited a transition behaviour.
Even though they have migrated slightly along the lateral direc-
tion, their equilibrium position remained between 100 nm
and 500 nm particles due to the relatively weaker lift forces
than the 500 nm particles. This allows them to exit through
outlet 2 mainly. Finally, the differential particle lateral posi-
tions facilitated the successful sorting of 100 nm, 200 nm and
500 nm particles. We collected the separated sample from
three outlets and characterised particle size and concentration
using NTA equipment. The distinct particle distribution bands
were observed with peak concentrations at 419 nm, 218 nm
and 98 nm at outlets 1, 2 and 3, respectively, Fig. 5(B). The sep-
aration performance was calculated, such as the purity and
enrichment factor. The purity is defined as the ratio of specific
particles to the total particle number at the same inlet or
outlet. The enrichment factor is the ratio of particle purity at a
given outlet to the purity of the same particles at the inlet. Due
to the measurement errors of NTA and the size distribution of
commercial nanoparticles, the particle sizes measured by NTA
are not individual peaks, but a relatively wide size distribution.

View Article Online

Nanoscale

To roughly determine the particle numbers of three particle
groups in the ternary particle mixture, we defined the NTA
measured sizes ranging from 0 to 150 nm as the 100 nm par-
ticle group, from 150 nm to 300 nm as the 200 nm particle
group, and above 300 nm as 500 nm particle category. The sep-
aration purity for 500 nm, 200 nm and 100 nm particles are
82%, 70%, and 90%, with enrichment factors of 2.95, 1.67 and
3, respectively, Fig. 5(C) and (D).

4.5 Size-based separation of EVs

Extracellular vesicles are a group of nanoparticles enclosed by
a lipid bilayer present in biofluids such as blood, serum,
plasma, saliva, urine and breast milk.*! Depending on the
sizes, EVs have been classified into exosomes (30-150 nm),
microvesicles (100-1000 nm) and apoptotic bodies (1-4 pm).
EVs play a critical role in intercellular communication, and the
separation of EVs is an essential step to use them as bio-
markers in various diseases and immunotherapies.’>*? In this
work, we employed the developed viscoelastic microfluidic
device to separate EVs depending on their sizes. The migration
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Fig. 6 (A) Size distribution of EVs measured by NTA for inlet and outlets 1-3. (B) The enrichment factor of sEVs, mEVs and large EVs at outlets 1-3.
(C) Recovery rates of three EV groups at outlets 1-3. (D) TEM images of EVs from outlet 3 with magnification of (i) 10k and (ii) 80k.
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behaviour of the EVs is similar to the polystyrene particles
because they have a similar spherical shape and are close in
density.***® Therefore, we used the same operating conditions
of the ternary particle mixture separation to sort EVs based on
their sizes.

The EVs were obtained from cell culture media of
MDA-MB-231 human breast cancer cells. The raw sample was
characterised by NTA and EVs’ sizes ranged from 30 nm to
520 nm with a higher concentration between 150 nm to
300 nm, Fig. 6(A). Then, the EVs were processed through the
microfluidic device and collected respectively from different
outlets. The NTA results of collected samples showed that the
EVs had migrated similarly depending on their sizes. Here, we
defined EVs with sizes ranging from 30 nm to 150 nm as small
EVs (sEVs), 150 nm to 300 nm as medium EVs (mEVs), and
300 nm to 500 nm as large EVs. It showed that most of the
sEVs remained near the channel sidewalls and exited through
side outlets 3. The peak concentrations of particle size were
approximately 154 nm for outlet 3 and 204 nm for outlet 2,
which generally agrees with the particle testing results, Fig. 6
(A). Fig. 6(B) and (C) are purity enrichment factors and recov-
eries of three EV groups. More than 86% of the SEVs were
recovered at outlet 3, with the purity enhanced from 17% to
40%. At outlet 2, mEVs were sorted with both purity and recov-
ery rate of ~80% in a single sorting process. At outlet 3, the
recovery rate of large EVs is ~50%, with purity improved from
9% to 12%. The enrichment factor for large EVs, mEVs and
sEVs are 1.3, 1.1 and 2.4, respectively. Furthermore, consecu-
tive processing of samples from outlets can further purify the
EVs of specific groups. Finally, we used the transmission elec-
tron microscopy (TEM) to EVs after the separation, and TEM
images of EVs from outlet 3 show the intact morphology of
EVs after separation and the consistent size range with the
NTA measurement, Fig. 6(D).

Furthermore, we have compared the performance of the
conventional and reported microfluidic techniques with our
device, as shown in Table S1.f We can see that conventional
techniques such as ultracentrifugation, ultrafiltration, and size
exclusion chromatography generally have a higher throughput
than microfluidic techniques. However, the separation
efficiency of ultracentrifugation is relatively lower than the
developed viscoelastic microfluidic device. This is because the
centrifugal force on nanoparticles is very weak even at ultra-
high rotational speeds and insufficient settlement of small
nanoparticles leads to considerable loss of small nanoparticles
during centrifugation. Conventional and microfluidic ultrafil-
tration and size exclusion chromatography (SEC) have a separ-
ation efficiency similar to that of our device. However, in ultra-
filtration and microfluidic filtration, nanoparticles experience
high shear stress during the passage through the membrane
nanopores, which is prone to breaking the biological particles.
Moreover, larger particles trapped on the membrane during
the filtration process will eventually cause clogging and mal-
function of the membrane. Size exclusion chromatography
uses stationary porous beads with defined pore sizes to separ-
ate nanoparticles depending on their travelling speeds. SEC
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needs specialised equipment, and irreversible adsorption of
nanoparticles to the stationary phase is also a drawback.'**¢

Microfluidic techniques such as acoustophoresis, electro-
phoresis, magnetophoresis, inertial and pinched flow fraction-
ation suffer from two to eight times lower separation resolu-
tion than our work. Deterministic lateral displacement (DLD)
is limited by its lower separation efficiency and smaller
throughput than our device, although it has a comparable sep-
aration resolution. Moreover, the fabrication cost for the DLD
devices with nanoscale pillar arrays is more costly than ours,
where channels are in tens of micrometres. Compared to the
reported viscoelastic microfluidic techniques, our works
achieved enhanced separation resolution and simultaneous
fractionation of samples into three size groups. The above ana-
lysis shows that our device is advantageous for higher separ-
ation resolution, a simple device design, lower device costs,
and easier operation. We also acknowledge that the reported
throughput of the developed device is much lower compared
to inertial microfluidics and conventional techniques. The par-
allelisation design for the microfluidic device with parallel
straight channels will be a promising strategy to enhance the
overall throughput, Fig. S6.f To fabricate the parallelised
device, the multi-layer stacking method can be used. This will
be one of the future research works.

5 Conclusions

In this work, we systematically investigated the sorting of sub-
micron particles in a viscoelastic co-flow microfluidic device.
We studied the effects of particle size, flow rate ratio of sheath
to sample flows, total flow rate, and polyethylene oxide (PEO)
concentration on the particle migration behaviour. To demon-
strate the potential of the microfluidic device to sort submi-
cron particles, the viscoelastic microfluidic devices were
applied to separate a ternary mixture of polystyrene beads
(100 nm, 200 nm and 500 nm). The separation purities of
100 nm, 200 nm and 500 nm particles are over 90%, 70% and
82%, respectively. Besides, we applied the device for the separ-
ation of differently-sized extracellular vesicles. The results
showed a recovery rate of 86%, 80% and 50% for small EVs
(<150 nm), medium EVs (150-300 nm) and large EVs
(>300 nm), with purity enrichment of 2.4, 1.1 and 1.3, respect-
ively. In conclusion, viscoelastic microfluidics offers a promis-
ing platform to separate submicron particles with a simple
device design and higher separation resolution, indicating
broad biomedical and clinical applications.
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