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Abstract

High throughput and efficient separation/isolation of nanoparticles such as exosomes remain a
challenge owing to their small size. Elasto-inertial approaches have a new potential to be leveraged
because of the ability to achieve fine control over the forces that act on extremely small particles.
That is, the viscoelasticity of fluid that helps carry biological particles such as extracellular
vesicles (EVs) and cells through microfluidic channels can be tailored to optimize how different-
sized particles move within the chip. In this contribution, we demonstrate through computational
fluid dynamics (CFD) simulations the ability to separate nanoparticles with a size comparable to
exosomes from larger spheres with physical properties comparable to cells and larger EVs. Our
current design makes use of an efficient flow-focusing geometry at the inlet of the device in which
two side channels deliver the sample, while the inner channel injects the sheath flow. Such flow
configuration results in an efficient focusing of all the particles near the sidewalls of the channel at
the inlet. By dissolving a minute amount of polymer in the sample and sheath fluid, the elastic lift
force arises and the initially focused particle adjacent to the wall will gradually migrate towards
the center of the channel. This results in larger particles experiencing larger elastic forces, thereby
migrating faster toward the center of the channel. By adjusting the size and location of the outlets,
nanoparticles comparable to the size of exosomes (30nm to 100nm) will be effectively separated
from other particles. Furthermore, the influence of different parameters such as channel geometry,
flow rate, and fluid rheology on the separation process is evaluated by computational analysis.

Graphical Abstract

Separation of nano-sized vesicles and exosomes from cells and other particulates remains a
challenge, yet is very much needed for many biomedical applications. This work demonstrates
facile separation of nano-sized particles from micron-sized without sample preparation and by use
of a simple microfluidic channel. We show that exploitation of viscoelastic fluid flow facilitates
precise separation at a high throughput.
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II. INTRODUCTION

The isolation and separation of biological particles from heterogeneous mixtures is

of paramount importance for many biomedical applications including drug discovery,
diagnostics, -omics screening, and personalized medicine, to name a few. Significant
engineering efforts have resulted in many chip-based technologies that permit robust
separation/isolation of extremely small particles. Despite significant progress, the separation
of nanoparticles, in particular exosomes, remains challenging owing to their small size.

This study presents a novel microfluidic-based separation approach that demonstrates facile
high throughput separation proven by computational fluid dynamics (CFD) simulations. To
preface this work, we contrast our findings to the conventional methods for the separation of
nanoparticles such as exosomes, discussed below.

Conventional methods for the separation of nanoparticles include ultracentrifugation,

size exclusion chromatography, ultrafiltration, and immunoaffinity-based methods.
Ultracentrifugation is currently considered the gold standard for exosome separation [1,2].
This method is based on the differences in the sedimentation coefficient of exosomes and
other substances in the sample. Ultracentrifugation-based separation techniques can produce
large amounts of exosomes. However, they are not suitable for clinical diagnosis due to

the time required (>4 h), low recovery rate (5-25%), high cost, and poor repeatability
[3-5]. Ultrafiltration is a membrane-based separation technique, which primarily relies

on size and molecular weight. This technique is often used in combination with the
ultracentrifugation technique where large extracellular vesicles (EVs) and cells are first
separated by ultracentrifugation and subsequently, ultrafiltration is used for the purification
of exosomes from proteins [6,7]. However, exosome recovery rates can be low owing to
issues such as clogging and trapping of particles within the filters [8]. Size exclusion
chromatography (SEC) separates particles based on their size, where the separation force is
owing to gravitational acceleration. When contrasting ultracentrifugation to size exclusion
chromatography, ultracentrifugation is higher in throughput yet lower in yield [9-11]. Thus,
it is suggested to use SEC in combination with ultracentrifugation [12]. Immunoaffinity-
based methods rely on antigen-antibody affinity to capture exosomes. Various proteins on
the membrane of exosomes are ideal biomarkers for the immunoaffinity-based separation
of exosomes. Despite the high purity and yield of immunoaffinity-based methods compared
to ultracentrifugation [2,13], its application for large-scale exosome separation is inhibited
due to several drawbacks such as the requirement of cell-free samples and costly reagents
[14-16].

Microfluidic methods, on the other hand, have emerged as powerful tools to address the
challenges associated with the aforementioned conventional techniques. The capability of
precisely manipulating vast numbers of particles, working with small-volume samples,
and integrating with downstream detection tools makes such methods suitable alternatives
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to be exploited in different medical applications. Among different approaches, inertial
microfluidic devices received significant attention for particle separation. The passive nature
of such devices significantly increases the portability, simplicity, and durability of such
devices when compared to active methods such as those using magnetic fields, acoustic
streaming, and electric fields. However, the inertial lift force used in these devices is not
strong enough for manipulating submicron particles. The strong dependency of inertial lift

force on particle size (F « a*) results in the deficiency of these devices for separating small
particles (less than~3).

Using viscoelastic fluids in such devices results in an additional lift force, namely the elastic
lift force. The emerging elastic lift force at high flow rates (elasto-inertial flow regime)
pushes all the particles toward the center of the channel, which enables precise 3D focusing
of particles [17]. Furthermore, the elastic lift force in such devices is dependent on the

size of particles, however, proportional to &> which makes it possible to better manipulate
submicron particles [17-19]. Apart from that, the arising elastic lift force in such devices is
strongly dependent on the fluid property. Hence, elasto-inertial approaches enable achieving
fine control over the forces that act on extremely small particles. That is, the viscoelasticity
of fluid that helps carry particles through microfluidic channels can potentially be tailored
for high-resolution focusing and separation of micron/submicron particles without the need
for an external force at low cost and high versatility. Despite several advantages of elasto-
inertial approaches compared to the inertial method, the application of such techniques

for efficient isolation of nanoparticles such as extracellular vesicles is still in its infancy.
Furthermore, using sophisticated computational techniques is essential to predict the flow
field in such devices owing to the inherent complexity of the carrier viscoelastic fluids.

The earliest research on particle migration in viscoelastic fluids was reported by Leshansky
etal. [17]. Using a polyacrylic acid (PAA) solution they observed that particle focusing

in a rectangular channel was better when using dilute PAA solutions. The influence of

shear thinning property on the focusing of particles in a rectangular channel was also
conducted by Seo et a/,[18,19] in which a high molecular weight polyethylene oxide (PEO)
contributed to shear thinning and degraded the focusing of particles at the center of the
channel. Interestingly, by adding a minute amount of polymer (e.g. PEO, PAA, or xanthan
gum (XG)) to a Newtonian fluid, the fluid exhibits viscoelastic behaviors. This is in contrast
to Newtonian fluid flow in which the shear stresses are the dominant stresses. The existence
of long polymer chains in viscoelastic fluids results in the generation of considerable normal
stresses. The emerging normal stresses are responsible for an elastic lift force exerted on the
particles. The distribution and intensity of elastic forces in such devices not only depend on
the flow characteristics but also changes with the fluid properties such as the viscosity of the
solvent, polymer molecular weight, and concentration [22,23].

Therefore, following these early studies, different investigators studied the influence of
polymer molecular weights, relaxation time, and concentrations. Various reported studies
were conducted using straight microchannels, and revealed that particle focusing enhances
as the molecular weight and lengths of the polymer decreased [24-26]. Published studies
reveal the feasibility of particle focusing/separation for different micron-size particles in
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slightly different geometries [27][28][29][30]. Apart from these, curved microchannels were
employed to enhance the focusing of micron and submicron-size particles [22,31-34]. The
Dean drag-induced force in curved channels can potentially enhance the focusing behavior
of particles. However, when using viscoelastic fluids, the curvature of the channel generally
limits the throughput of the device due to the occurrence of flow instabilities [35].

This work introduces a major advance in elasto-inertial microfluidic separation methods

for nano-sized particles. We demonstrate, using computational fluid dynamics (CFD)
simulations, unique geometrical conditions that are shown for the first time to enhance
submicron particle separation. We incorporate spherical particles that range in size from
micron to nano-scale to model heterogeneous samples of cells and extracellular vesicles.
The feasibility of achieving high-throughput separation is demonstrated systematically by
designing and testing with CFD simulations considering different flow-focusing geometries,
identifying the influence of different geometrical parameters and fluid properties, modeling
the flow field, and predicting the separation of particles.

. THEORY AND DEMONSTRATION OF WORKING PRINCIPLE

The theory and demonstration of a novel microfluidic channel that incorporates viscoelastic
fluid flow are described herein with a discussion of the varied simulation parameters. It
was first conceived that a simple, flow-focusing geometry be simulated with two side inlets
and one central inlet. A simple microdevice is ideal for manufacturing, reproducibility, and
cost. Thus we simulated two side inlets to deliver the particulate sample (i.e. cell and EV
mixture) while the inner channel is used to deliver the sheath fluid. The particulate sample
was simulated in the work herein to be dilute and with the particle size ranging from 30
nm-5 um representing the size of different extracellular vesicles. The sheath and sample
fluid are a mixture of a small amount of polymer with phosphate buffered saline to generate
viscoelastic properties of the fluid (concentrations noted later).

Fig. 1-a is a schematic of the device. As shown, as the sample encounters the sheath, an
initial focusing of all the particles occurs near the sidewalls of the channel at the inlet.
However, due to the high shear rate of the carrier viscoelastic fluid, significant elastic

stress is generated further along the length of the main channel. This stress is highest at

the walls and decreases towards the center of the channel. Hence, the initially focused
particles adjacent to the wall experience a stress gradient that exerts a lift force on them.
Fig. 1-b shows the contours of typical elastic stress distribution in the cross-section of the
main channel. The direction of the exerted elastic lift force on the particles is towards the
center of the channel while its magnitude is proportional to their size (F « d°). Hence, larger
particles experience a greater elastic lift force and migrate faster toward the center of the
channel. The different migration speed of particles with different sizes results in a size-based
separation of particles as they move toward the outlet of the main channel. By precisely
adjusting the size and location of the outlets, particles smaller and larger than a certain size
can be separated. This approach effectively results in an efficient focusing of all particles
with different sizes near the side walls at the entrance followed by size-based separation

of particles in the main channel. However, when applying viscoelastic fluids in this flow
regime, elastic instabilities can arise particularly when high flow rates are introduced within
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flow focusing microchannel. Therefore, the work herein first optimizes the flow-focusing
geometry to avoid instabilities at high flow rates. Subsequently, we assess the characteristics
of the flow field and exerted forces for different channels and polymer solutions, perform
particle tracking, and draw conclusions on how our optimized chip design can accurately
and precisely adjust the location and size of the outlets.

i. Computational approach

CFD simulation was employed to predict the separation of nanoparticles of different sizes in
elasto-inertial fluid flow. To this end, governing equations of the flow field are fully resolved
to predict the velocity, pressure, elastic stress, and particle trajectories. Such an approach
not only reveals the performance of the simulated microfluidic device but also sheds light
on the underlying physics necessary for further improvements. The governing equations for
viscoelastic fluid flow in the laminar regime are as follows:

Veu=0 (1)
du
p(5+u-Vu)=—Vp+V-T @)
T=TS+TP=,MS(VL£+ VuT)+TP ©)
/1[601; + Ve urp] + f(Trep)te = ,u,,(Vu + VuT) + /I(Tp e Vu+ Vul e r,,) @
Ae
f(Tre,) =1+ 7Tr(7:p) (5)

The continuity and momentum equations (eq 1,2), contain the velocity v, pressure p, and
stress tensor . The stress tensor for viscoelastic fluids is written as the sum of solvent stress
7, and polymer stress z, (eq 3). The polymer stress in the viscoelastic fluid was taken into
account by using Phan-Thien-Tanner (PTT) model (eq 4,5). 4, u,, and  denote the polymer
relaxation time, polymer viscosity, and material parameter, respectively. Of note, the PTT
model takes into account the finite extensibility of polymers and shear thinning effects
[36,37]. Furthermore, previous studies revealed the accuracy of this model in predicting

the flow field of viscoelastic fluids [37]. The finite volume method (FVM) was used to
numerically solve the transport equations using TransAT 5.6. The pressure velocity coupling
in the CFD model was achieved by using the SIMPLEC algorithm. The spatial derivatives
were discretized using the HLPA scheme. Furthermore, the Log-conformation tensor (LCT)
approach was employed to accurately model the flow field at high Weissenberg numbers.

By adopting the abovementioned numerical approach, the velocity and pressure distribution
along with the distribution of polymer stresses are obtained. Using such information, the
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trajectory of different particles can be simulated by integrating the force balance on particles
via a Lagrangian approach. Hence, the following equation is solved for individual particles:

N —
F=m ®
dt

- — - -

F=F,+ F.+ F, (7)
where, F,, F., and F,indicate the drag force, elastic lift force, and inertial lift force,
respectively.

The drag force is quantified as follows:
= _ 18uC,Re
" opd;, 64 ©

where, u, p,, and 4, indicate the viscosity, particle density, and particle diameter, respectively.
Drag coefficient C, is calculated according to the Morsi-Alexander model [38], and the
relative Reynolds number (Re) is defined as follows:

— pdplll,, — ul
u

Re (©)]

The arising elastic lift force is proportional to the gradient of the first normal stress
difference N,, and particle diameter 4, and calculated as follows:

- 3
F.=CdVN (10)
N =1,— 1, (11)

The inertial lift force is calculated as follows [39]:

F, = CpUd'IW?> (12)

3-D numerical simulations were carried out using a uniform mesh with a grid size of 1um.
Adoptive time stepping was employed for the transient simulations to ensure the stability of
numerical solutions. The adopted Courant number in all the simulations was 0.2.

ii. Fluid Properties

In these simulations, our carrier fluid is assumed to be phosphate buffered saline (PBS). The
elasticity of the carrier fluid is adjusted by adding PEOs with different molecular weights
and concentrations. Table. 1 shows the property of different solutions examined in this study.
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The total viscosity of the solution is determined as the summation of solvent viscosity and
the polymer viscosity, u = u, + u,. The polymer viscosity is calculated as follows [40]:

u, = 0.072pu,cM,” (13)

Where ¢ and M,, are polymer concentration and molecular weight. The effective relaxation
time of the polymer solution is determined as follows [40]:

0.65
Jear _ 46311 1Mt ’“‘( IOOC)

2 N K,T \ o

for 0.01 <c/c* <1 (14)

where N,, K, and Tare Avogadro’s number, Boltzmann constant, and temperature,
respectively. The critical overlap concentration is

= 1/[u] (15)
where [4] is the intrinsic viscosity and calculated as follows:

(1] = 0.072M," (16)

In viscoelastic flows, the Weissenberg number (Wi) shows the ratio of the elastic force to the
viscous force. The Wi number is calculated as follows:

Wi = iy a7

where 4 and y are the effective relaxation time and shear rate, respectively. The relative
contribution between the inertial and viscous forces is often quantified by using the elasticity
number, El, which is defined as the ratio of the Wi number to the Re number.

Wi

EI_E

(18)

Finally, based on the aforementioned constraints, we simulated the flow field and trajectory
of suspended particles in the microfluidic device shown in Fig. 1-a. It is noteworthy to

add that the geometry indicates sample inlets different from sheath inlets. The color-coded
figure shows regions within the channel (bird’s eye view) where suspended particles in the
sample gradually migrate toward the sheath fluid in the center of the channel. Of note, the
rheological properties of sample and sheath fluids are identical and thus interfacial effects
are absent.

IV. RESULTS AND DISCUSSION

i. Particle focusing variation with microchip geometry

Our results first include a comparison of differing geometries when observing how particles
are focused at the inlet of the main channel. The initial focusing of particles at the entrance
of the main channel depends on the flow rate ratios. Moreover, the size-based separation of
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particles in the main channel requires high total flow rates. This is because the magnitude

of the elastic lift force exerted on the particles is dependent on the total flow rate inside the
main channel. Hence, to achieve efficient and high-throughput separation, a high sheath flow
and total flow rate are required. Yet, by increasing the flow rate, contrary to the Newtonian
fluid flow, viscoelastic fluids undergo instabilities associated with the arising normal
stresses. Supplementary Fig. S2 shows CFD simulation data indicating the formation of

a region of high elastic stress with a flow-focusing geometry that is considered conventional
(i.e. standard rectangular sheath and sample inlet channels). Such flow instabilities (color
scale of Fig. S2 indicates fluctuating stress throughout the channel) result in undesirable
mixing that adversely influences the size-based migration of the particles downstream of the
junction, which in turn results in poor separation performance of the device. We then studied
how an increase in the width of the sheath inlet and curvature in the geometry influences
flow. We simulated streams whereby the sample and sheath flow meet at comparatively low
velocities while the total flow rate and the flow rate ratio remained constant. The widths

of channels delivering the sheath flow and sample are increased to 230 gm and 50 zm,
respectively. Furthermore, the width of the main channel is 30 zm. With curved edges
(radius of 100 gm) we also aimed to avoid the formation of high normal stress regions

and circulation of flow in the sample close to the corners. Fig. 2-a demonstrates the CFD
simulation result that indicates our ability to achieve stable flow and uniform elastic stress
distributions at a high velocity (0.7 m/s) in the main channel. With the curved geometry, we
investigated how varying flow rate ratios affect the initial focusing of particles at the inlet.
The data show that an appropriate focusing of particles can be achieved when the ratio of
sheath flow to the sample flow rate is equal to or greater than 5 (supplementary Fig.S2). Fig.
2-b shows the predicted particle trajectories at the flow focusing section for the flow rate
ratio of 5. According to the obtained simulation results, for a constant flow rate ratio, the
predicted particle trajectories at the inlet are identical for all PEO solutions irrespective of
the polymer molecular weights and concentrations. To satisfy the minimum flow rate ratio
required for the effective particle focusing the sample and sheath flow rates are chosen to be
42 i _/min (0.035 m/s) and 210 gA_/min, (0.076 m/s) respectively.

ii. Theinfluence of channel aspect ratio and fluid Rheology

The elastic stress distribution in the main channel not only depends on the rheology and
velocity of the fluid but also on the aspect ratio of the channel. Numerical simulations were
performed for channels with different heights while the channel width was kept constant
(W=30 um). According to the CFD simulation results, an increase in channel aspect ratio
slightly decreases the maximum elastic stress while resulting in a more uniform distribution
of elastic stress (supplementary Fig.S3). An increase in the aspect ratio of the channel
ensures that a higher percentage of particles are influenced by the uniform stress region,
thereby, increasing the efficiency of particle separation. Moreover, for a constant mean
velocity in the channel, increasing the aspect ratio results in a higher flow rate, which in
turn, increases the throughput of the particle separation process. In the present study, the
width and height of the channel were chosen to be 30 gm and 200 gm, respectively.

Table 1 lists the rheological properties simulated for different PEO solutions. The viscosity
and density of solvent (PBS) are 9.98E-4 Pa-s and 1000 kg/m?3, respectively. The polymer
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viscosity and relaxation time were changed by varying the polymer molecular weight and
concentration. The maximum PEO concentrations were chosen to be half of the critical
overlap concentration, c/c*=0.5. As seen in Table 1, for a constant c/c*=0.5, by increasing
the polymer molecular weight from 300 kDa to 1 MDa the relaxation time increases from
0.384 msto 1.2 ms.

Fig. 3-a shows the distribution of the first normal stress difference at the cross-section of

a channel with the width and height of 30 zm and 200 zm and for PEO solutions with
different molecular weights. As seen in this figure, for a mean flow velocity of 0.7 m/s
dictated by the flow focusing section, an increase in the polymer molecular weight results
in an increase in the predicted maximum elastic stress inside the channel. Fig. 3-b illustrates
the distribution of first normal stress differences across the width of the channel. As seen,
an increase in polymer molecular weight results in a higher first normal stress difference
gradient that increases the elastic lift force towards the center of the channel.

iii. Predicting particle trajectories in the channel

After identifying ideal geometric and rheological conditions, we performed final CFD
simulations to predict the trajectory of particles and adjust the geometry of the outlet for
efficient particle collection. Extracellular vesicles are generally subdivided into exosomes,
microvesicles, and apoptotic bodies. We used a range of diameters because of the ranges
that exist; i.e. exosome diameters (30-100 nm) are smaller compared to the microvesicles
(100-1000 nm) and apoptotic bodies (0.5-3um) [41]. Initially focused particles at the inlet
experience the elastic lift force. The higher elastic lift force exerted on the large particles
results in a faster migration of larger particles toward the center of the channel compared
to those with small diameters. The trajectory of particles in a certain flow field depends
on the shape, density, and size of particles. The density of EVs slightly varies according
to their size. Previous studies revealed that an increase in the size of EVs results in an
increase in their densities [41]. Table 2 shows the adopted densities for EVs with different
sizes. Considering the maximum stress in our microchannel (22 kPa), and Young’s modulus
of EVs (26-420MPa) [42] the maximum strain/deformation of EVs remains below 0.001.
Hence, all particles were assumed to be spherical.

We performed a Lagrangian particle tracking simulation to assess the separation
performance of particles within the microfluidic device. Due to the high elasticity, we
simulated 1MDa as well as 600 kDa PEO solutions as the carrier fluid in the respective CFD
simulations. Additionally, to understand the range of possible purities and rate of recovery,
we simulated this for five particle size diameters: 50 nm, 100 nm, 200 nm, 300 nm, and 500
nm. The smallest particles (50 nm and 100nm) represent exosomes while larger ones (200
nm, 300 nm, and 500 nm) represent microvesicles. As mentioned previously, our overall
objective is to demonstrate a facile way to separate exosomes from larger EVs. Hence, the
effective separation of 50 nm and 100 nm particles from those with larger diameters would
demonstrate the feasibility of this microfluidic device.

Fig. 4 shows the result of the Lagrangian particle tracking with the 1MDa PEO (c/c*=0.5).
The arrows indicate the flow direction toward the outlet of the channel, while the colors
indicate the size of the particles. According to Fig. 4-a all particles initially flow near the
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walls of the channel at the inlet. However, a gradual migration and separation of larger
particles toward the center of the channel is observed at a distance of 15 mm downstream
from the inlet (Fig. 4-b). Fig. 4-c shows an even further degree of size-based separation

at a location of 24 mm downstream from the inlet. Hence, if a chip was designed to
collect samples at a location of 24 mm downstream from the sample inlet, particles of
size differences with a resolution of 100 nm can be separately sorted. To ensure that such
segregation happens for all the injected particles at the inlet, we show a snapshot of the
Lagrangian simulation for all particles passing the channel section at 25 mm downstream
from the inlet. Fig. 4-d shows the distribution of particles with different sizes when
passing the channel cross section 25 mm downstream of the inlet. The Reynolds (Re)

and Weissenberg (Wi) numbers for this test were 23.63 and 56, respectively. It is worth
mentioning that a previously reported study in the literature revealed the possibility of
achieving stable elasto-inertial focusing at comparatively similar Re and Wi numbers [43].
Considering the mean flow velocity of the sample in our simulation, the throughput of the
separation process in our microchannel is 45 pL/min.

Lagrangian particle tracking was also performed for the PEO solution with a molecular
weight of 600KDa. However, the obtained results indicate that, due to the lower elastic
force exerted on particles, a proper size-based separation cannot be achieved within channel
lengths of 25mm (supplementary Fig.S4).

The obtained particle tracking simulation results suggest that using a 1MDa PEO solution

as a carrier fluid we can achieve a reasonable separation efficiency 25mm downstream of
the inlet. In the present study, we aimed at isolating the particles representing the size of
exosomes. Hence, the dimensions of the outlets were adjusted to separate particles with a
maximum size of 100 nm from larger ones. Fig. 5-a is a CAD drawing of the dimensions

of the microchannel outlet that might be ideal if located 25 mm downstream of the inlet.

Fig. 5-b shows the trajectory of particles at the outlet as predicted by a CFD simulation. As
seen in Fig. 5-b, particles with diameters larger than 100 nm can be efficiently collected at
the inner outlet, while the smaller particles representing the exosomes are collected via outer
outlets.

Finally, Fig. 6 is a CAD representation of the geometry of an ideal microchannel for this
simulation. As observed in this figure, sample and sheath fluids are injected via inlet 1 and
inlet 2, respectively. The injected sample and sheath fluids meet at the junction with the
geometry shown in Fig. 2. Furthermore, the dimensions of diverging section at the outlet are
shown in Fig. 5. The dimensions of the curved channels at the inlet and outlet were chosen
in a way that tubes with the size of 1/32 inch OD can be safely connected to the microchip to
inject the fluids at the inlets and collect the particles at the outlets.

V. CONCLUSIONS AND FUTURE WORK

A microfluidic chip was designed for the size-based separation of particles representing the
size of extracellular vesicles. A detailed computational study consisting of resolving the
governing equations of viscoelastic flow-field was employed to avoid uncertainties involved
in commonly used empirical models. The microfluidic device in this study makes use of

Cytometry A. Author manuscript; available in PMC 2024 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pouraria et al.

Page 11

a flow-focusing geometry to initially focus all the particles with different diameters near
the side walls of the channel. Then, the elastic lift force is used to gradually separate

the initially focused particles based on their sizes. A special design of a flow-focusing
section was presented to ensure the stability of flow and efficient particle focusing at high
flow rates. The influence of different polymer molecular weights and aspect ratios on the
distribution of elastic stress across the channel section was investigated. According to the
CFD simulation results an increase in polymer molecular weight and channel aspect ratio
results in stronger and more uniform stress distribution, respectively. Finally, Lagrangian
particle tracking with a 1IMDa PEO solution indicates the possibility of achieving exosome
separation at a throughput as high as 454L/min.

While our simulations suggest a novel approach to separate small particles by exploitation
of viscoelastic fluid properties, we note that experimental work must be accomplished for a
holistic proof of concept. This will be the focus of future work. However, as a preliminary
step towards this goal, we sought out recent experimental approaches reported in the
literature that demonstrate the sorting of micron-size particles [44] under similar viscoelastic
conditions. We employed a CFD simulation to model the published experimental results of
particle separation. A comparison of our CFD simulation result to the published experiment
is provided in a supplementary attachment. We find that our CFD model accurately predicts
the trajectory of particles with different sizes, which was demonstrated experimentally. It

is important to note that the work by Zhang et a/. presents the separation of micron-size
particles. Whereas the novelty of our work is the separation of nanoparticles, which would
not be possible under the experimental conditions (i.e., requires significantly higher elastic
stresses, which in turn, provokes the occurrence of elastic instabilities). The chip we design
herein can achieve high elastic stresses as well as the throughput important for biomedical
applications while preventing the occurrence of elastic instability.

Overall, we present a unique and optimized microfluidic chip, using computational fluid
dynamics simulations. The chip, when combined with viscoelastic flow can remarkably
facilitate the separation of nano-sized particles at a high purity and throughput. Moreover,
the significance of this is that a simple channel can be designed, without the need for
over-engineered shapes or external focusing systems. Moreover, several biological fluids
(blood, plasma, saliva) have inherent viscoelastic properties [20,21], therefore we envision
the possibility of separation of vesicles from samples taken directly from patients without
the need for purification or sample preparation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
A schematic of the flow focusing geometry and size-based separation of particles (a) and

stress distribution in the cross-section of channel (b)
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Fig. 2.

Formation of stable flow and uniform elastic stress distribution (a) and initial focusing of
particles (b) in the revised flow focusing geometry for 600kDa PEO solution at total flow
rate and flow rate ratio of 252 z4_/min and 5.
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—8— Mw=1MDa
—6— Mw=600kDa
=—d— Mw=300kDa

width of channel (um)

The influence of polymer molecular weight on first normal stress difference (»,). Contours

of predicted N, in channel section (left), distribution of N, in the width of the channel

(right), V=0.7 m/s, c/c* = 0.5.
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Fig. 4.
Trajectory of particles suspended in 1IMDa PEO solution as moving towards the outlet: (a)1

mm downstream the inlet, (b) 15 mm downstream the inlet, (c) 24 mm downstream the inlet,
(d) trapped particles 25 mm from the inlet
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1,3: outer outlet E>
2: inner outlet

Fig. 5.
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Particle separation at the outlet. (a) geometry and dimensions of the outlet (b) trajectory of

particles as predicted by CFD simulation at the outlet.
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1:inlet for sample

2:inlet for sheath fluid
3:outlet for large particles
4:outlet for exosomes

L=25mm

Fig. 6.
Full design of the microchip showing the inlet and outlet where particles can be collected

after separation occurs along the length of the main channel
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Property of PEO solutions with different molecular weights and concentrations.

Table. 1

M, c* (Wt%) c(Wit%) c/c* u,(Pas) A(9)
300 kDa 0.3571 0.03571 0.1 0.000105 0.000135
300 kDa 0.3571 0.08927 0.25 0.000262 0.000245
300 kDa 0.3571 0.1786 0.5 0.000524  0.000385
600 kDa  0.2266 0.02266 0.1 0.000143 0.00015
600 kDa  0.2266 0.05665 0.25 0.000261  0.000274
600 kDa  0.2266 0.1133 0.5 0.0005216  0.00043
1 MDa 0.1613 0.01613 0.1 0.0001035 0.000422
1MDa  0.1613 0.04033  0.25 0.000259  0.000765
1 MDa 0.1613 0.08065 0.5 0.000517 0.0012
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Table. 2

Density of particles with different diameters.

Particlesize(nm) 50 100 200 300 500 800

Density (kg/m®) 1085 1160 1090 1110 1130 1250
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