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Scaling of deterministic lateral displacement
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devices to a single column of bumping obstacles
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We describe a deterministic lateral displacement (DLD) for particle separation with only a single column of
bumping features. The bifurcation of fluid streams at obstacles is not set by the “tilt” of columns with
respect to macroscopic current flow, but rather by the fluidic resistances for lateral flow at each obstacle.
With one column of 14 bumping features and corresponding inlet/outlet channels, the single-column DLD
can separate particles with diameters of 4.8 pm and 9.9 pm at 30 uL min™%, with an area of only 0.37 mm x
1.5 mm (0.55 mm?). The large-cell output contains over 99% of the 9.9 um particles and only 0.2% of the
4.8 m particles. The throughput per area of 54 uL min™* per mm? represents a 10x increase over previous
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1 Introduction

Cell separation for clinical applications, such as T cell
harvesting for gene therapy,' requires high-throughput and a
compact design for low cost. Microfluidic technologies for
separating particles in 1 to 10 pm range can be classified into
two types, “active” and “passive”. The active technologies
include dielectrophoretic,” magnetic,’ acoustic,*
thermophoretic> mechanisms, etc.; passive technologies
include pinched flow, inertial focusing, hydrodynamic
filtration, viscoelastic separation,® surface affinity,’ and
deterministic lateral displacement (DLD).® Active technologies
are attractive because they are more configurable and/or
tunable. For example, fluorescence-activated cell sorting via a
traveling surface acoustic beam enables antigen-based on-
chip cell sorting.” However, active approaches are also more
complicated to implement than passive technologies, since
the latter are based solely on the behavior of particles in flow
patterns created by microstructures.

DLD technology has been widely studied and is attractive
because of its simplicity, robustness and high-resolution. It
has been demonstrated over an extremely large range of
particle sizes (over 1000x), with critical particle sizes for
separation from exosomes at 20 nm'" up to circulating tumor
cells at 30 pum.'> Because the physical mechanism is
deterministic, not random like that of devices based on
diffusion, the limit on the demonstrated resolving power of
the device is at worst 1-2% of the particle size, or less than
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selective harvesting reports for microfluidic devices in a similar particle size range.

20 nm for micron-sized particles.® This compares favorably to
even non-microfluidic methods such as hydrodynamic
chromatography and quasi-elastic laser light scattering,
which can resolve particles in the micron range to an
accuracy of 15% and 3%, respectively."*'* Furthermore, a
given device is not restricted to a certain input pressure or a
narrow range of flow rates, as are some devices such as those
based on inertial effects.'®

All microfluidic technologies, by their “micro” nature,
have throughput limitations, especially regarding throughput.
Towards this goal of high throughput, in this paper we show
how the deterministic lateral displacement (DLD) device can
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Fig. 1 Schematic of a conventional DLD array.'® The black arrow
represents the average macroscopic flow direction, and the tilt angle (¢
= d/2) of the post columns is 1/3 in this figure. The regions 1, 2 and 3
with different colours shows the flow segmentation which determines
the critical particle diameter. A small particle (green) flows along the
streamtube while a large particle (red) bumps along the posts and
migrates toward the right.
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be scaled down to an extremely small size while maintaining
a high flow rate. With a single column of obstacles, a
throughput of over 50 uL min~" per mm? is demonstrated.

Deterministic lateral displacement is a technique for
particle separation based on flow segmentation.>"°
Traditionally, a particle-containing fluid, confined by walls,
flows vertically through an array of post obstacles, whose
vertical axis is “tilted” with respect to the macroscopic
average flow direction (Fig. 1). A small particle flows along
a streamtube towards a small-particle collection outlet,
while a particle larger than a critical diameter “bumps”
off successive posts from one streamtube to adjacent one,
a process that repeats at each row. It ends up in a “large-
particle” collection outlet at the bottom right of the
device.
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The critical diameter of the conventional DLD array
depends on the width of the streamtube adjacent to the
bumping surface, and can be experimentally adjusted by the
gap size G between the posts and tilt angle ¢."” A bulk array
with posts and mirrored layout benefits from the uniform
flow within the array (except for the boundaries). This
conventional design has been widely used for particles and
cells sorting from 20 nm'' to 30 um'?> because of its stable
performance.'®'® However, the conventional design suffers
from limited throughput per area. Large particles migrate
towards the collection outlet after bumping through 1/¢ rows
of posts for each column of obstacles it has to cross (a “unit
cell”). A typical ¢ of 1/20, implies 20 rows per column. To
increase throughput with fixed fluid velocity, the number of
columns is increased. To collect large particles that enter the

'
Td B1
dSl
!
T
B2 -~
l dsz Fig. 2(b)
Tdss e
dS3
/!
Td B4 -«
“ <O
4 i
Td B5
dSS “
Fig. 2(c)

@VLp,out

) Large Particle | | arge
# small Particle | Particles

Fig. 2(a)

@ISp,out

Small
Particles

Fig. 2 Schematic of single-column DLD device. The overall schematic of the single-column DLD device with 5 rows of bumping obstacles. The
thin black lines represent streamlines. The particle-containing “Sample” fluid (yellow) and a buffer without particles (blue) enter from the top. By
the end (bottom) of the device, in the central column the original fluid is completely replaced by the fresh buffer, small particles (blue circles) flow
along the streamtubes (dashed blue lines) and exit the device from the small particle outlet on the bottom. The red circles represent the particles
larger than the critical diameter and the red dashed line with arrow shows their trajectories. All bumping occurs on the protruding obstacles in the
central column. Large particles in the streamtube adjacent to the obstacles are “displaced” by the obstacles and remain in the central column,
exiting the device from the large particle outlet.
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top of the array far from the large particle collection outlet
on the bottom right, the number of columns grows as the
number of rows. (For example, a DLD array with 5 columns,
each requiring 20 rows of posts, requires at least 5 x 20 rows
of posts; a DLD array with 10 columns of 20 rows requires at
least 10 x 20 rows). Thus the device area increases as the
square of the throughput, and throughput per area decreases
as the throughput increases. Further, at least half (the lower
left half) of the entire DLD array is “idle” since no large
particles are bumping within this region.

Here we propose a new approach to shrink the DLD while
maintaining its fundamental concept of large particles
repeatedly bumping off of multiple rows of obstacles. This
new design consists of only one column of bumping
obstacles. Fig. 2(a) shows its schematic. The mechanism of
size-based particle separation is the same as the conventional
DLD array, but the Ilateral displacement of particles,
colloquially referred to as “bumping,” only occurs in the
central column. While bumping is a complex process, for the
purposes of illustration we assume a particle follows the
streamtube where its center lies, and that the particle is a
rigid sphere. As in the conventional DLD, small particles
(blue circles in the figure) follow the fluid flow, hence coming
out at the bottom right VB,;,.

Note in the central column, at each row an obstacle to
flow protrudes into the column from the right (Fig. 2b).
When the streamtube adjacent to the right wall becomes
narrow near an obstacle (Fig. 2b), a particle larger than a
critical diameter can no longer “fit” into the streamtube
adjacent the obstacle wall, and “bumps” off the wall so that
its center falls into the adjacent streamtube (Fig. 2c). The
large particle then follows the path of the new streamtube.
Due to fluid from the central channel exiting to the small
particle outlet channel, at the next bumping point, this new
streamtube becomes the one adjacent to the bumping point,
and the process of Fig. 2(b) repeats. Thus large particles
remain in the central channel to leave in the “large particle”
outlet and small ones leave. Thus the device is based on the
same principle as the conventional deterministic lateral
displacement device of Fig. 1. However, in the device of this
work there is only one particle-carrying channel in the
vertical dimension, and only one “unit cell” of rows, leading
to its extremely small size. After the final bump, all the
original buffer exits the middle channel which indicates the
complete replacement of buffer and depletion of small
particles from the middle channel (in the schematic of Fig. 2,
small and large particles should already be completely
separated after the forth obstacle, so the fifth is there only
for a “safety factor” in case a particle “misses a bump” due to
some non-ideality). The critical diameter determining which
particles bump can be qualitatively determined by the
distance from the post and the streamline that determines
the flow segmentation (Fig. 2(b) and (c)). The critical
diameter d. in Fig. 2(b) can be estimated by d. = 2r., where r.
is the distance from the post and the streamline that
determines the flow segmentation. Instead of tuning the

This journal is © The Royal Society of Chemistry 2020
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segmentation of flow and thus critical particle size by tilt
angle ¢ of the post columns with respect to the macroscopic
fluid flow as in a conventional DLD array, in the new design
the flow segmentation is controlled by the lateral fluid flows
into (Vg;-Vgs) and out of (Vs;-Vss) of the central channel.
These in turn are set by the fluidic resistances of central
vertical channel compared to that of the flow paths of buffer
coming into the central channel from the left and of fluid
leaving the central channel flowing through the right
horizontal channel. For example, larger dg;'s and larger dg,'s
allow a larger lateral flows compared to the vertical flow and
thus increase the critical diameter. To achieve the same
critical particle size in each row, the device was designed for
identical flow patterns in the central channel at each
obstacle. Since a portion of the sample containing-fluid exits
the central vertical channel at each row, a certain amount of
fresh buffer needs to be injected to the central channel from
the left. This was done by adjusting dg; (i = 1 to 5) and dg; at
each row so that Vg; = Vg,. For this design choice, this implies
that the volumetric flow rate of the output containing large
particles (i.e. above the critical size), VLp,out, is equal to that
for small particles VSp,ou¢.

In conventional DLD devices, both theory and data show
the critical separation size scales linearly with lateral device
dimensions.?® By reducing the gap size to 25-235 nm, DLD
arrays have successfully separated exosomes and colloids
down to 20 nm in size."" Because the single-column DLD is
based on the same flow segmentation theory as conventional
DLD devices, we expect its critical size to similarly scale down
as well.

2 Materials and methods
2.1 Device design

Fig. 3 displays the single-column DLD device with a critical
diameter of 8 um. It consists of 14 bumping points
(analogous to rows in a conventional device). The width of
the middle channel is 50 pm, the height of each triangle
bump (Fig. 3, h) is 20 um, and the width of the small
channels which connect the centre channel to the small
particle collection output is 15 pm. The total width of this
design (not including the inlet/outlet ports) is 369 um, and
the total length is 1505 pm. The channel depth is 12 um over
the entire device. The width of the small particle collection
outlet (dSi) and the fresh buffer inlet channels (dBi) were
designed with 2-D numerical simulation of the flow patterns
using MATLAB and COMSOL Multiphysics 5.3.

To design the device, we first decided on the obstacle
shape and 30 pm gap width, and then used computational
modelling of fluid flow (COMSOL Multiphysics 5.3) to design
the fluidic resistor channels widths. If the narrowest width of
the diverging streamtube at an obstacle was smaller (larger)
than the target (the critical particle radius), as illustrated in
Fig. 2(c) and described above, we reduced (increased) the
fluidic resistance of the horizontal channel to the right of the
obstacle to adjust the flow segmentation. This was iterated
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Fig. 3 Actual design of the single column DLD device used in the
experiment. It consists of 14 bumping obstacles. The entire device (not
including the inlet/outlet ports) measured 1.5 mm long by 0.37 mm
wide with a uniform channel depth of 12 pm.

on all obstacles until the critical particle diameters were all
within 0.1 pum of the target. The shape of the obstacle (such
as round vs. a triangle) does affect the width of the adjacent
streamtube and hence the critical size, as studied in
conventional DLD's.*"** This effect was thus implicitly
included in our modelling, although the shape of the
triangular obstacle was not varied in this work. Further, this
initial design did not take into account second-order effects,
such as the affect of the shape of the obstacle on any
potential particle deformation.?***

2.2 Device fabrication and operation

The device was fabricated in silicon wafer using standard
microfabrication techniques. Deep reactive ion etching
(DRIE) was used to etch the channel. Etching mask was
formed on the silicon wafer using standard photolithography
(Heidelberg DWL 66+) with AZ1505 photoresist (AZ Electronic
Materials, USA) and AZ 300 MIF developer. A SAMCO
RIE800iPB reactive-ion etcher was used to perform a 12 um

3464 | Lab Chip, 2020, 20, 3461-3467
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deep etching. Inlets and outlets were 300 um through-wafer
holes created by laser drill. The device was sealed with a
polyolefin sealing tape (9795RR, 3M, USA). The device was
mounted to a polycarbonate jig with stainless steel ports.
Two syringe pumps (Fusion 100T) were used to inject the
buffer and sample.

An inverted microscope (Nikon Eclipse TE2000-5) was
used to image the movement of particles and flow pattern
within the device, with a blue-LED light (as the excitation
source) with a fluorescence filter set (FITC, 467-498 nm
excitation, 513-556 nm emission). Images and movies were
captured with a 4x Nikon Plan Fluor objective (0.13 NA and
1.2 mm WD)/10x Nikon Plan objective (0.25 NA and 10.5 mm
WD) using a Cannon camera (Cannon Eos 5D) and DSLR
Remote Pro software by Breeze Systems.

The device was flushed with 0.2% Pluronic F108
surfactant in DI water for 5 minutes. The buffer and sample
were injected into the chips by two syringe pumps at 30 uL
min~" and two centrifuge tubes were used to collect the waste
and the product. Finally, a hemocytometer (SKC, Inc. C-Chip
Disposable hemocytometers) was used to count the particles
in the product and the waste and calculate the recovery rate
(particles in the product divided by the sum of particles in
the product and waste).

2.3 Preparation of experimental samples

The fluorescent particles (Thermo Scientific™ Fluoro-Max
dye green aqueous fluorescent polymer microsphere, 9.9 pm,
10 mL; Thermo Scientific™ Fluoro-Max dye green aqueous
fluorescent polymer microsphere, 4.8 pum, 10 mL; Bang
Laboratories, Inc. Green fluorescent polymer particles, 7.32
pm, 1 mL; Duke standards green fluorescent polymer
microsphere, 0.088 pm, 15 mL) are diluted in 0.2% Pluronic
F108 surfactant in DI water (particle concentration 1500 to
5000 microparticles per microliter for 9.9 um/7.32 um/4.8 um
microparticles; more than 10000 particles per microliters for
0.088 um microparticles).

3 Results and discussion
3.1 Experiment results

To confirm the basic fluid flows in the device, in a first
experiment the buffer input and the particle input flows were
spiked separately, one at a time (without large beads) with
0.088 pm fluorescent polystyrene microparticles. The small
size insures that bumping effects on the particles are
negligible. They have an estimated diffusion coefficient of 3 x
107"* m* s™'. Given flow rates of 30 uL, min™* (corresponding
to a flow speed of approximate 1 m s™*) and a device length
of 1.5 mm, the estimated diffusion length of the particles
during their time in the device is approximately 0.05 pm.
Because this is much smaller than the widths of the channels
in the device, the fluorescence of the particles should be a
good marker of the fluid flows. Fig. 4(a) is a false-color
overlay of 2 images, one with the sample input spiked with
the fluorescent microparticles and one with the buffer input

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Fluorescent images showing fluid flow patterns and
microparticle trajectories. The dotted lines indicate the approximate
channel locations. (a): Flow pattern (overlay figures), exposure time: 1.3
s; (b) 9.9 um microparticle trajectories, exposure time 1/30 s; (c) 4.8
um microparticle trajectories, exposure time 1/30 s.

spiked with the microparticles. The image of Fig. 4(a)
confirms the flow patterns described in the device
description of Fig. 2. At the top of the device, the flow in the
central channel consists entirely of the sample input, but by
the end of the device, it has been entirely replaced with the
buffer input.

We then tested the device with fluorescent polystyrene
beads in the input, with diameters of 4.8 ym and 9.9 pum.
The bead density was in the order of 1000 particles per micro
liter. The flow rates of the sample input (containing the
beads) and the buffer input were both set at 30 uL s™* by
syringe pumps. Fig. 4(b) and (c) are time lapse fluorescent
images of the movement of beads in the device with
diameters of 4.8 pm and 9.9 pm, respectively. Over the
exposure time of 0.03 s, approximately 20 particles flowed
through the device. Fig. 4(a) and (b) clearly shows that this
single-column DLD can separate the 4.8 pm and 9.9 um
particles, as expected, based on the designed critical size of
8.0 pm (the particles used in the experiments emit green
fluorescence under excitation and the blue color of 9.9 um
particles is pseudocolor).

Note that the particles cover the complete width of the
sample input channel to the device. Unlike some particle
separation methods,** no pre-focusing of the particles to
the center of the input channel (or elsewhere) is required.
This contributes to device simplicity and removes restrictions

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Experimental results showing the fraction of the input particles
in the large and small particle output streams of 4.8 um, 7.3 um, and
9.9 pm microparticles.

on input flow rate, for example. Fig. 5 summarizes the
separation ability of the device for input particles with
diameters of 4.8 um, 7.3 um, and 9.9 um. The flow rates of
the buffer input and of the sample (particle-containing) input

were both 30 pL min™

. A sample volume of 300 pL was
processed in 10 minutes. The single-column DLD device sent
99.9% of the 9.9 um microparticles to the large particle
output, and only 0.2% of the 4.8 um beads. Conversely the
small particle output had 99.9% of the 4.8 um beads and
only 0.2% of the 9.9 um beads. The device sent 32% of the
7.3 um particles to the large and 68% to the small particle
output. Since 7.3 pm is very close to the designed critical
diameter of 8 um (the partial separation of such 7.3 pm
particles is expected). The percentage of particles in the large
particle outlet/small particle outlet is calculated by dividing
the number of particles in the large particle outlet/small
particle outlet by the sum of the number of particles in the
large and small particle outlets.

3.2 Discussion

The motivation for this work was a high throughput per unit
area. While one device has small throughput due to only one
column, building multiple devices in parallel would lead to a
throughput increasing linearly with area, not as the square as
with a single large area. Table 1 shows some comparisons of
throughput per device area shown in this work (area not
counting inlet and outlet regions beyond that of Fig. 3), along
with that of the other reported size-based particle separation
approaches. The work of this paper has a throughput/area
over one order of magnitude larger than that reported in
prior work for large particle sizes of 13.6 um and below,>*?®
and 3x larger than that for large particle sizes of 17 and
25 um.>>?° A scaled-down version of a conventional bump
array with one or two columns of posts (not with the
individually tailored fluid resistors at each obstacle in a
central channel as in this work) had a demonstrated
throughput/area 100x lower than that demonstrated here.*

Lab Chip, 2020, 20, 3461-3467 | 3465
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Small Throughput Device area  Throughput per area
Ref. Design particle Big particle (UL min™") (mm?) (1L min~" mm™)
M. Podenphant®  Pinched flow WBC (7.1 um)  LS174T (13.6 um)  0.17 1 0.17
A. Al-Halhouli*® Inertial spiral channel Beads (2 pm) Beads (5 pm) 1000 445 2.3
B. R. Mutlu®’ Non-equil. inertial array RBC (<7 um)  WBC (10 pm) 60 18 3.3
J. D'Silva®® High-throughput DLD RBC WBC 360 90 4
J. D'silva®® Clotting inhibition DLD RBC PC3 (17 um) 1470 85 17.3
Z. Liu* Rapid cancer cell isolation DLD RBC MCF-7 (15-25 um) 2000 122.5 16.3
L. Weibin This work Beads (4.8 um) Beads (9.9 pm) 30 0.56 54

The small number of rows may have other advantages. For
example, since large particles bump at each row, the single-
column design may lead to less cell damage from the
bumping process. Fewer rows (and thus less time in the
array) may also lead to less clogging.*

The device presented here has successfully separated beads
processing input quantities up to 1 ml with no trace of
clogging. It is well known that processing blood in DLD
devices can lead to clogging due to cell sticking and clotting
issues. With appropriate anti-clogging additives and pre-
filtering (to remove large incoming cell clumps),*® 50 mL of
input can be processed in a conventional device with a 0.6
mm-wide array.®>” For our device with an input width of 50 pm,
this would translate to a throughput of 4 mL without clogging.

No effort was made in this first demonstration to
concentrate the large particles which were harvested. By
tapping off only a small portion of the “large particle” output,
some degree of concentration should be straightforward.
Related, we also note that in principle the “buffer input” (see
Fig. 2) could be greatly reduced or even eliminated by
sequentially narrowing the central column after each
obstacle. This would also lead to concentration of the large
particles. In this demonstration we elected not to do this,
keeping the central vertical channel wide to reduce the
possibility of clogging.

The present design separates particles into two streams.
In conventional DLD's, others have used multiple obstacle
arrays in series, each with its own critical size, to separate
particles into multiple streams based on size, not just
two.*®?° In principle, the single-column approach should be
amenable to such an approach as well.

Achieving throughput in the milliliters per minute range
using the single-column devices would require running
multiple devices in parallel; at the same device flow rate, 3
mL min~' would require 100 of the present devices. To
reduce the complexity of tubing and external connections,
integrating devices together on a common substrate with a
small number of external connections would be desirable.
Assuming the connections require, on average, the same area
as the devices, 3 mL min " implies an area of 120 mm?,

4 Conclusions

In this paper we have demonstrated an approach to scale the
deterministic lateral displacement concept for particle

3466 | Lab Chip, 2020, 20, 3461-3467

fractionation to a single column of bumping obstacles. The
very small device area led to a very high throughput/area,
which is 10x larger than that in previous work for particle
separation in the 5-10 pm range. Thus the device is
potentially attractive for harvesting leukocytes from blood
and other applications.
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