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Abstract

Particle separation in microfluidic devices is a common problematic for sample preparation

in biology. Deterministic lateral displacement (DLD) is efficiently implemented as a size-

based fractionation technique to separate two populations of particles around a specific

size. However, real biological samples contain components of many different sizes and a

single DLD separation step is not sufficient to purify these complex samples. When connect-

ing several DLD modules in series, pressure balancing at the DLD outlets of each step

becomes critical to ensure an optimal separation efficiency. A generic microfluidic platform

is presented in this paper to optimize pressure balancing, when DLD separation is con-

nected either to another DLD module or to a different microfluidic function. This is made pos-

sible by generating droplets at T-junctions connected to the DLD outlets. Droplets act as

pressure controllers, which perform at the same time the encapsulation of DLD sorted parti-

cles and the balance of output pressures. The optimized pressures to apply on DLD mod-

ules and on T-junctions are determined by a general model that ensures the equilibrium of

the entire platform. The proposed separation platform is completely modular and reconfigur-

able since the same predictive model applies to any cascaded DLD modules of the droplet-

based cartridge.

Introduction

Deterministic lateral displacement (DLD) is a microfluidic sample preparation technique that

enables size-based separation of particles. As a passive and label-free purification technique,

DLD has a high potential to address both micrometer- and nanometer-sized biological parti-

cles. Examples of applications are the isolation of circulating tumor cells (CTCs) from blood

samples [1][2][3][4][5], the extraction of white blood cells (WBCs) [6][7][8][9][10][11], the

manipulation of red blood cells (RBCs) [12][13][14][15][16][17], the isolation of cells [18][19],
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platelets [20], fungal spores [21], bacteria [22], parasites [23], and the fractionation of isolated

extracellular vesicles into several subpopulations [24][25].

DLD separation is induced by an array of regularly disposed pillars to orient the particle-

containing fluid path in a microfluidic channel. While flowing in the DLD channel, the trajec-

tory of the particles is determined by their position relatively to the streamline distribution

around the pillars. Particles larger than a cutoff diameter—also known as critical diameter

(Dc)—are deviated along the pillar rows (displacement trajectory), while smaller particles

remain in the channel axis (zigzag trajectory). At the DLD device outlet, two populations of

particles can be isolated around the critical diameter Dc. The value of Dc is determined by the

geometrical characteristics of the pillar array, such as the inter-pillar spacing, the slant angle,

the channel width and the pillar shape and orientation.[26][27][28] Therefore, the DLD design

can be customized to obtain the desired critical diameter according to the final application.

However, most biological samples contain a wide range of particle sizes (from the nanome-

ter scale to the micrometer scale). Therefore, clogging issues make it inadequate to use a

unique DLD system to remove all the large contaminants of the sample. For example, isolating

exosomes from whole blood requires the successive removal of particles from several tens of

micrometers down to a few hundreds of nanometers.

In order to progressively purify complex biological samples through DLD, the most com-

mon strategy is to cascade different separation modules into a single chip [1][15][20][23][29]

[30][31]. However, this strategy presents some limitations due to the fabrication process.

Because of the small pillar dimensions that are required to address biological particles with

DLD, the fabrication process flow is based on silicon microtechnologies. Due to limitations in

terms of diversity of achievable aspect ratio and interpillar spacing implemented across a same

wafer, a single chip cannot contain all the pillar dimensions that are required to sort biological

particles from the nanometer range up to the micrometer range. Another limitation of this

approach is related to the system integration. Indeed, when a single multi-stage DLD chip is

developed, this does not enable to target different applications with the same device. In this

paper, a modular and reconfigurable platform is proposed to cascade different DLD chips,

according to the application of interest. Therefore, any DLD modules can be connected

together through the same microfluidic cartridge to separate all the particle groups of the ini-

tial sample.

To our knowledge, the first existing strategy to date to connect DLD steps in an integrated

platform was presented by Karabacak et al. [2]. They proposed a CTC-iChip with two cascaded

devices to isolate CTCs from whole blood: a first DLD step is connected to a second device

downstream that contains both inertial focusing and magnetophoresis. The main problematic

when connecting a DLD module to another microfluidic stage is related to flow velocity bal-

ancing considerations. Indeed, DLD separation is based on the streamline distribution around

the pillars. It is thus critical to ensure hydraulic resistance balance at the DLD outlets. If differ-

ent resistances apply on the DLD outlets, all the streamlines and all the particles will follow the

path presenting the lowest resistance. Connecting a following step to a DLD module involves

hydraulic resistance imbalance at the DLD outlets: an additional resistance is applied on the

outlet connected to the second module (and containing the particles of interest) while the

other outlets called “waste” are not connected to the same module. In order to compensate for

the output flow rate imbalance, Karabacak et al. [2] connected a syringe pump to the waste

channel of a two-outlet DLD device. However, this solution cannot be implemented when

all the particles from the different output channels have to be collected in flow for further anal-

ysis on chip. Indeed, in the CTC-iChip [2], particles flowing through the waste channel are lost

in an external waste syringe. In comparison, the advantage of our platform is the ability to col-

lect particles from all DLD outlets in flow. Therefore, our system can integrate any DLD
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modules and analyze all the sorted particles in flow on the same cartridge, without external

sample manipulation.

A droplet-based solution with T-junctions intersecting the DLD outlets is presented to bal-

ance output DLD backpressures in a completely modular and reconfigurable sample prepara-

tion device. Our platform is composed of silicon-based DLD chips connected to a plastic-

based cartridge with T-junction channels supplied by an additional oil solution to generate

water-in-oil droplets. Three configurations using this droplet-based technology are proposed,

with a particular example of two cascaded DLD modules. In this configuration, a general pre-

dictive model has been developed in order to anticipate the optimized input pressure parame-

ters maximizing the separation efficiency at each step.

Materials and methods

Fabrication of the silicon-based devices

The chips are fabricated on 200 mm silicon wafers and they are cut into 22 x 22 mm individual

square pieces, each containing 4 DLD devices. The fluidic channels and the inlet/outlet ports

are defined by contact photolithography and Reactive Ion Etching (RIE) on a 3μm-thick sili-

con dioxide (SiO2) hard mask (2μm thermal SiO2 followed by a deposition of 1μm SiO2). Fol-

lowing hard mask etching, fluidic ports are partially etched using deep UV photolithography

and RIE. After stripping off the resist, the microchannels are etched through the hard mask

using RIE and the holes are etched until the bottom 2μm-thick thermal SiO2 layer at the

same time. After removing the oxide and cleaning the substrate, a second thermal oxide layer

(100 nm thick) is grown and a top 500 μm-thick borosilicate glass cover is sealed by anodic

bonding.

Fabrication of the microfluidic cartridge

The chips were packaged on a custom COC (cyclic olefin copolymer) Fluidic Circuit Board

(FCB) with plug and play tubing connectors. Fluidic sealing between the silicon chip and the

plastic cartridge was achieved by a magnetic frame holding silicone-based gaskets. The car-

tridge channels were micromachined and then thermally sealed with a COC cover. T-junction

geometries were part of the cartridge channels, with 500 μm x 500 μm cross-sections. In order

to soften COC roughnesses on the walls of the microfluidic channels after milling, a solution

of 1/3 toluene—2/3 acetone was injected in the channels before rinsing with acetone, ethanol

and water. In addition to the aqueous solution coming from the DLD chip, a corn oil solution

(Sigma-Aldrich, C8267) was injected in the cartridge at the T-junctions to generate water-in-

oil droplets. The association of the silicon DLD chip and the plastic cartridge containing T-

junction areas is called the platform.

Experimental test bench

Imaging was performed by epifluorescence microscopy (Olympus, BX60) with a built-in 100

W mercury lamp (Osram, HBO 103W/2). A standard FITC (fluorescein isothiocyanate) filter

cube (Olympus, U-MSWB2) was used to detect fluorescent beads. Imaging was performed

with a monochrome fluorescence CCD camera (Olympus, XM10). Sequences of images were

superimposed and analyzed with ImageJ software to visualize the trajectory of particles flowing

in the DLD channel. Fluids were actuated by a pressure-based flow controller (Fluigent,

MFCS-EZ) with input pressures from 50 mbar to 1 bar according to the DLD design in order

to obtain a flow rate of about 100 μL/min in the pillar array. The flow rate was chosen to obtain
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a Stokes flow and avoid flow stream mixing. In the Stokes regime, the flow rate does not influ-

ence the DLD separation of particles.

Protocol

10 μm and 5 μm-monodisperse fluorescent polystyrene beads (ThermoFisher Scientific,

Fluoro-Max Dyed Green Aqueous Fluorescent Particles) were used to characterize the DLD

devices. As recommended by the manufacturer, the beads were suspended in a 1% surfactant

solution (Tween 20, Sigma-Aldrich) in filtered DPBS 1x (gibco life technologies, 14190144) in

order to prevent particle aggregation. The solution injected in the “buffer” inlet of DLD mod-

ules was also a 1% surfactant solution in filtered DPBS 1x. The oil solution injected at the T-

junction was corn oil (Sigma-Aldrich, C8267).

Results and discussion

Droplet T-junctions as pressure controllers at DLD outlets

In the presented platform, droplet formation at T-junctions is proposed as a new solution to

control hydraulic pressures. Indeed, generating droplets at a T-junction enables to apply a spe-

cific pressure on the dispersed phase thanks to an additional continuous phase. In our DLD

problematic, two output hydraulic resistances have to be controlled and balanced at both DLD

outlets (Fig 1): the left outlet that contains large deviated particles, and the right outlet that

contains smaller, non-deviated particles. These two outlets are generally connected to different

downstream microfluidic stages. For example, the left output channel could be connected to

an integrated sensor in order to analyze the deviated particles, while the right output channel

could be connected to another DLD module for further purification of the sample with a

smaller critical diameter. Therefore, the two outlets are usually connected to microfluidic steps

with different hydraulic resistances, called R1 and R2. In this case, a solution is required to bal-

ance both output pressures in order to optimize the sorting efficiency of the DLD stage. Our

droplet-based approach can also be applied to DLD modules with more than two outlets, by

connecting a T-junction to each of the DLD output channel.

The proposed solution is the use of droplets as pressure controllers. Thanks to an additional

immiscible phase—called “oil inlet” in Fig 1—the aqueous phase leaving from DLD outlets is

encapsulated in T-junctions. By changing the input oil pressure at the T-junction, the end

pressure applied on the DLD aqueous phase is locally controlled [32]. This solution has several

advantages when compared to the direct pressure control at the DLD outlets (such as connect-

ing a syringe pump to the outlet [2]). First, it enables to keep all the sorted particles in flow

inside the cartridge. This is particularly useful when downstream DLD or analytical sensor

modules are also integrated in the same microfluidic system. Moreover, encapsulating particles

can be very advantageous for various down-stream particle analysis techniques [33][34][35]

[36][37][38]. Finally, the oil sections between each analyzed droplet can also be exploited as

calibration references, for example when the analysis module measures particle density [39].

Indeed, the baseline of the density sensor can be regularly calibrated in this case, thanks to the

oil phase of known density.

In case the injection of an oily continuous phase in the downstream analysis module is

problematic, it can be considered to use an aqueous solution instead of the oil solution to form

water-in-water droplets [40]. Therefore, pressure control through droplet generation can be

adaptable to different applications and analysis techniques.

Yan et al. [41] have numerically shown that the pressure at the junction point—at the inter-

face between the dispersed and the continuous phases—fluctuates periodically during the

whole generation cycle. For given input pressures, capillary number, contact angle and channel
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geometry, the local pressure at the junction point fluctuates at the same rate as the droplet for-

mation process. It was shown that the evolution of the junction point pressure is dependent on

the droplet generation regime [41]. In particular, the amplitude of the pressure fluctuations

during the cycle decreases in the order: dripping regime, squeezing regime, jetting regime and

parallel flow regime. In our case, it is important to minimize pressure fluctuations on the DLD

aqueous phase, in order to simplify pressure balancing at both sides. On the other hand, jetting

and parallel flow regimes do not allow to apply sufficiently high pressures to balance the

important hydraulic resistance of DLD modules. From these two considerations, a squeezing

regime was chosen for our droplet-based pressure control platform. In this regime, the break-

up process is determined by the pressure drop across the droplets, which form in a plug-like

shape [42].

In the next sections, it will be demonstrated that the droplet generation at T-junctions can

be modeled as an additional hydraulic resistance that is applied on the DLD output solution.

Fig 1. Schematic of the droplet-based pressure control principle. A mixing of particles of different sizes is injected in the right inlet of a DLD module. Particles

larger than the critical diameter (Dc) are deviated towards the left outlet, while smaller particles flow in the right outlet. Each DLD outlet is connected to a T-junction

with an oil inlet, for generation of droplets of lengths L1 and L2. Additional microfluidic modules are connected to the T-junction, with hydraulic resistances called

respectively R1 and R2.

https://doi.org/10.1371/journal.pone.0197629.g001
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The droplet-associated resistance is considered as a constant average value. This approxima-

tion is valid because the period of the droplet generation cycle—in the order of 10 milliseconds

in the squeezing regime [41]—is significantly lower than the processing time of DLD—in the

order of several minutes at a flow rate of 100 μL/min.

Possible droplet platforms

Two platforms were first implemented with one single DLD module presenting two output

channels. This DLD module has 20 μm triangular pillars (Dp), 20 μm inter-pillar spacing (G)

and an array periodicity (N) of 50, with a corresponding critical diameter (Dc) of 3.5 μm. Each

platform makes use of the droplet-based pressure control system with T-junction geometries

in the cartridge. In both platforms, two T-junctions are used so that each output DLD channel

can be connected to an oil inlet. These platforms enable to balance both backpressures when

the DLD outlets are connected to two different microfluidic modules (for example two differ-

ent analysis systems, adapted to each particle size coming from the DLD outlets).

In platform 1 (Fig 2), T-junctions are independent, which means that two oil inlets are

required to supply each droplet generation area. When oil pressures are not applied, the system

has an intrinsic resistance imbalance at the outlets since the DLD output channels do not have

the same width. Therefore, application of oil pressures is required to balance output resistances

and direct the bead streaks towards the correct outlet (Fig 2c). The equilibrium is reached for

the generation of droplets of different sizes at both DLD outlets (Fig 2d). It was verified that

the fluorescence intensity of the beads was focused inside the droplets at the T-junctions.

Fig 2. a) Photograph of platform 1 showing the DLD silicon chip connected to a plastic cartridge with two independent T-junctions supplied by two oil inlets. b)

Bright-field image of the DLD device with characteristic dimensions. The area located in the blue frame corresponds to the fluorescence image in c). c) Fluorescent

streaks of 10 μm-beads at the DLD outlet. d) T-junctions connected to the DLD outlets and fluorescent profile of the channel containing the droplets.

https://doi.org/10.1371/journal.pone.0197629.g002
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Indeed, no fluorescence was detected in the oil solution (Fig 2d), which suggests no bead

escape from the water phase to the oil phase.

In platform 2 (Fig 3), the T-junctions are dependent since the same oil inlet supplies both

droplet generation areas. A longer serpentine channel is connected to the left DLD outlet,

when compared to the right side, in order to mimic the connection of different hydraulic resis-

tances to DLD outlets (Fig 3a). Thanks to the common oil inlet, both DLD backpressures are

balanced at the same time, which is confirmed by the bead streak profile inside the DLD chan-

nel (Fig 3c).

Platform 2 is easier to control than platform 1 since only one oil inlet has to be controlled

instead of two. However, it can be useful to control both oil inlets independently, especially

when the connected microfluidic modules feature strongly different hydraulic resistances at

the DLD outlets.

Cascading DLD modules

A third platform is proposed to cascade DLD modules (Fig 4). A first DLD module called

“DLD1” separates particles around a critical diameter Dc1. DLD1 has two inlets—particle solu-

tion from the right inlet and buffer solution from the left inlet—and two outlets—non-deviated

Fig 3. a) Photograph of platform 2 showing the DLD silicon chip connected to a plastic cartridge with two T-junctions supplied by the same oil inlet. b) Bright-field

image of the DLD device with characteristic dimensions. The area located in the blue frame corresponds to the fluorescence image in c). c) Fluorescent streaks of

10 μm-beads at the DLD outlet. d) T-junctions connected to the DLD outlets.

https://doi.org/10.1371/journal.pone.0197629.g003
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particles in the right outlet and deviated particles in the left outlet. Non-deviated particles

from DLD1 (with diameters smaller than Dc1) are injected into DLD2, for which the critical

diameter Dc2 is smaller than Dc1. The other DLD1 outlet is connected to a T-junction that

enables to balance the important hydraulic resistance presented by DLD2. In our experimental

example, DLD1 has 60 μm triangular pillars (Dp), 60 μm inter-pillar spacing (G) and an array

periodicity (N) of 22, with a predicted critical diameter (Dc) equal to 15 μm. DLD2 has the fol-

lowing parameters: Dp = 20 μm, G = 20 μm, N = 50 and Dc = 3.5 μm.

Fig 5 illustrates how the input oil pressure at the T-junction (Po) influences the particle flow

inside the DLD1 module, when DLD1 is connected to a DLD2 module. Fig 5b represents

10 μm-bead streaks at the DLD1 outlet. The right output channel is connected to DLD2, while

the left output channel is connected to a T-junction. In the three presented conditions, the

streaks are rather focused on the right side of the pillar channel because the 10 μm-beads are

not deviated by the DLD1 module (Dc1 = 15 μm, larger than the bead size).

When no pressure is applied on the oil solution at the T-junction (condition n˚1, Po = 0

mbar), all the streaks are deviated from the top right side to the bottom left side of the DLD

channel, in order to flow towards the T-junction: in this case, DLD1 backpressures are not

balanced. The beads should follow their trajectory towards the right outlet, but they are

finally deviated towards the T-junction since this outlet presents a lower hydraulic

resistance.

Fig 4. a) Photograph of platform 3, showing the connection of two DLD silicon chips (DLD1 and DLD2). One outlet of DLD1 is connected to the inlet of DLD2, while

the other DLD1 outlet is connected to a T-junction in the cartridge. b) Schematic representation of platform 3. DLD1 deviates the largest red particles (>Dc1), while

DLD2 separates the green (>Dc2) and the yellow (<Dc2) particles. The red particles are encapsulated in a T-junction, supplied by an oil inlet at an input pressure Po.

https://doi.org/10.1371/journal.pone.0197629.g004
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When the oil pressure is increased (condition n˚2, Po = 30 mbar), droplets start to be gener-

ated at the T-junction (Fig 5c) and some particles start to follow the correct trajectory towards

DLD2.

By further increasing the oil pressure (condition n˚3, Po = 60 mbar), the droplet length

decreases (Fig 5d), which means that the flow rate at the left DLD outlet decreases. At this Po

value, both hydraulic resistances are balanced at the DLD1 outlets, as shown by the bead

streaks on Fig 5b.

These results illustrate the importance of choosing the correct oil pressure at the T-junction

to efficiently handle the particle flow in the DLD modules. This specific oil pressure has to be

adapted to the other input parameters of the platform, like the input pressures at the DLD

modules and the hydraulic resistances of the chips and the cartridge. In order to anticipate the

Fig 5. a) Schematic representation of the cascaded configuration: the area located in the red frame corresponds to the images in b) and the area located in the green

frame corresponds to the images in c) and d). b) 10 μm-bead streaks at the DLD1 outlet for three values of the oil pressure at the T-junction (Po). The left outlet of

DLD1 is connected to a T-junction, while the right outlet is connected to a DLD2 module. c) Droplet generation at the T-junction connected to the DLD1 left outlet in

condition n˚2 (Po = 30 mbar). d) Droplet generation at the T-junction connected to the DLD1 left outlet in condition n˚3 (Po = 60 mbar).

https://doi.org/10.1371/journal.pone.0197629.g005
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optimum pressures to apply to maximize the separation efficiency of the DLD platform, a pre-

dictive model has been established. This model takes into account all the input parameters of

the platform and aims at determining what are the right pressure conditions to apply in any

configuration, regardless of the DLD1 and DLD2 dimensions.

Predictive model to optimize the platform control

All the fluidic elements of platform 3 have been modeled by hydraulic resistances (Fig 6).

The input parameters of the model are the hydraulic resistances R1 to R11 and the pressures

at the DLD1 entrance P1 and P2. The objective of the model is to give two optimum output

parameters: the buffer pressure at the DLD2 entrance (Pb) and the oil pressure at the T-junc-

tion (Po). Optimization of these output parameters is based on two conditions expressed in the

DLD1 and DLD2 channels:

1. The average velocity amplitude is constant in the entire DLD1 channel width (local varia-

tions are observed because of the parabolic flow profile between pillars,[26] but the global

velocity amplitude is the same from both DLD1 inlets):

Q1 ¼ vDLD1SDLD1

1
ð1Þ

Q2 ¼ vDLD1SDLD1

2
ð2Þ

where Q1 and Q2 are the input flow rates at the DLD1 sample and buffer inlets respectively,

vDLD1 is the flow velocity in the DLD1 channel, and S1
DLD1 and S2

DLD1 are the channel

cross-sections at the DLD1 sample and buffer inlets respectively.

2. The same condition has to be applied at the DLD2 module:

Q1 ¼ vDLD2SDLD2

1
ð3Þ

Qb ¼ vDLD2SDLD2

2
ð4Þ

where Q1 and Qb are the input flow rates at the DLD2 sample and buffer inlets respectively,

vDLD2 is the flow velocity in the DLD2 channel, and S1
DLD2 and S2

DLD2 are the channel

cross-sections at the DLD2 sample and buffer inlets respectively.

From the Hagen-Poiseuille law for a steady-state flow and an incompressible fluid, three

additional relationships between the input pressures and the flow rates can be written:

P1 ¼ ðR1 þ R3ÞQ1 þ RDLD1ðQ1 þ Q2Þ þ ðR3 þ R5 þ R7ÞQ1 þ RDLD2ðQ1 þ QbÞ þ ðR7 þ R9ÞQ1 ð5Þ

P2 ¼ ðR2 þ R4ÞQ2 þ RDLD1ðQ1 þ Q2Þ þ ðR4 þ R11 þ RÞQ2 ð6Þ

Pb ¼ ðR6 þ R8ÞQb þ RDLD2ðQ1 þ QbÞ þ ðR8 þ R10ÞQb ð7Þ

The key approach here is to consider droplet generation at the T-junction as contributing

as an additional constant hydraulic resistance R that is applied on the DLD1 left outlet.

By using the two conditions and Eqs (5), (6) and (7), the unknown input pressures (Pb and

Po) can be determined with the system resolution workflow described on Fig 7.

Step 1. The droplet resistance R at the T-junction is determined by solving the following

equation, obtained from the two conditions and the Eqs (5), (6) and (7) presented

Deterministic lateral displacement separation in a droplet-based microfluidic platform
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Fig 6. Modeling of platform 3: R1 to R11 represent the hydraulic resistances of the microchannels in the cartridge and in the DLD chips. P1

and P2 are the input pressures at the DLD1 entrance. Pb is the buffer pressure at the DLD2 entrance. Po is the input oil pressure at the T-junction.

Q1, Q2, Qb and Qo are the flow rates in the DLD channels and in the T-junction.

https://doi.org/10.1371/journal.pone.0197629.g006
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above:
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 !

¼ 0 ð8Þ
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2
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�
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2
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�
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�
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b ¼
RDLD2

R6 þ 2R8 þ R10 þ RDLD2

Z ¼ xðR6 þ 2R8 þ R10 þ RDLD2Þ þ RDLD2

Fig 7. Schematic of the successive resolution steps.

https://doi.org/10.1371/journal.pone.0197629.g007
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Step 2. After determining the droplet resistance R, the buffer pressure Pb and the water flow

rate at the T-junction Q2 can be determined as follows:

Pb ¼
P1 � aðRÞP2

bþ gðRÞ=
Z

ð9Þ

Q2 ¼
P2

RDLD1=X
þ xðRÞ ð10Þ

Step 3. The oil flow rate Qo is then determined from the water flow rate Q2 (denoted Qw in

the following sections). The relationship between Qo and Qw was first determined

from a simplified T-junction geometry that has the same geometry as the T-junction

of platform 3, but without DLD modules. The oil flow rate Qo was experimentally

determined (by measuring the weight loss of the oil tube during injection) to obtain

the fitting data in the simplified geometry. A linear relationship was found between

the droplet length ratio L
w= and the flow rate ratio

Qw=Qo
QwþQo

(Fig 8a), with the slope

1.3.10−9 ± 0.2.10−9 (m3/s) and the intercept 0.9 ± 0.1. This linear trend is in agreement

with the model of Zhang et al.[43] Our model was obtained with the same oil and

water solutions as for DLD experiments in order to get the correct fitting pre-factor.

However, Garstecki et al. [42] showed that this factor is independent of the viscosity

and interfacial tension of the fluids for low capillary numbers, which is the case in the

squeezing regime that is used in our platform. The relationship found in the simplified

geometry was verified in the entire platform of Fig 4, by measuring the corresponding

droplet length when changing the water and oil flow rates at the T-junction.

Fig 8. a) Experimental relation between the length ratio of the droplets (L/w, where w is the channel width) and the flow rate ratio (where Qw and Qo are the water

and oil flow rates respectively). A linear fit is proposed from data obtained with a simplified T-junction geometry without DLD modules. This relation is then verified

with the complete DLD cascaded platform, including the same T-junction geometry. b) Experimental relation between the oil input pressure Po and the oil flow rate

Qo at the T-junction. The linear fit is again obtained from the simplified T-junction geometry and verified with the complete platform.

https://doi.org/10.1371/journal.pone.0197629.g008
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Therefore, when using this platform, the oil flow rate to apply is determined from the

calculated water flow rate (Q2 from step 2 of the resolution workflow in Fig 7) and

from the chosen droplet length. Thus, an additional advantage of this platform is the

ability to tune the droplet size that can be adapted to the requirements of the con-

nected downstream module.

Step 4. If the system is controlled with input pressures instead of flow rates, an additional

relationship is required to find the oil pressure Po from the oil flow rate Qo. This rela-

tion was first determined with the simplified T-junction geometry, by measuring the

obtained flow rate Qo when applying different pressure values Po. The obtained linear

fitting parameter (3.7.1011 ± 0.6.1011 mbar.s/m3) was then verified with the complete

DLD platform (Fig 8b).

Validation of the model on the complete platform

The proposed model was used to determine the optimum input parameters of the complete

DLD platform in several configurations. In the first configuration (configuration 1 in Fig 9),

Fig 9. Validation of the model on the complete DLD platform in two configurations. 10 Configuration 1 has a DLD1 module with 60 μm pillars (Dc1 = 20 μm) and

a DLD2 module with 20 μm pillars (Dc2 = 15 μm), while configuration 2 has the same DLD1 module (Dc1 = 20 μm) but a DLD2 module of 5 μm pillars (Dc2 = 4 μm).

10 μm-beads are injected in configuration 1, while 5 μm-beads are injected in configuration 2. Input pressures P1 and P2 at the DLD1 entrance are chosen; then the

buffer pressure Pb and oil pressure Po are calculated from the proposed model, by choosing a given droplet size ratio L/w. In both cases, the validity of the model is

verified by measuring the droplet length at the T-junction (area n˚1) and the particle distribution at the DLD1 inlet (area n˚2) and outlet (area n˚3) and at the DLD2

inlet (area n˚4). Areas 1 to 4 are located on the schematic representations of the cascaded platform for both configurations.

https://doi.org/10.1371/journal.pone.0197629.g009
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the DLD1 module features a pillar array of 60 μm circular pillars with 60 μm inter-pillar spac-

ings and array periodicity of 22 (critical diameter of 20 μm) and the DLD2 module has 20 μm

circular pillars with 20 μm inter-pillar spacings and array periodicity of 6 (critical diameter of

15 μm). The second configuration (configuration 2 in Fig 9) has the same DLD1 module but a

different DLD2 module with 5 μm circular pillars, 5 μm inter-pillar spacings and an array peri-

odicity of 8 (critical diameter of 4 μm).

All the individual DLD devices have been characterized elsewhere [27]. After choosing

the input pressures at the DLD1 entrance (P1 and P2), our model resolution workflow (Fig 7)

was implemented to determine the other input parameters of the platform: the buffer pres-

sure at the DLD2 entrance (Pb) and the oil pressure at the T-junction (Po), for a chosen drop-

let size (L w= ). The obtained values for Pb and Po are given in Fig 9 for both configurations.

Then these pressure values were applied on the platform in each configuration to verify the

agreement between our predictive model and experimental droplet size and particle trajec-

tory (Fig 9). The stability of droplet generation was verified in both configurations with the

predicted pressure conditions, as droplets were formed in the squeezing regime. However,

large flow rate ratio Qw=Qo
should be avoided to maintain the droplet breakup process at the

channel intersection and avoid droplet generation instabilities and parallel flows [44].

10 μm-fluorescent beads were injected in the platform in configuration 1, while 5 μm-beads

were used in configuration 2. Therefore, according to the critical diameter of each module,

beads are expected to follow a zigzag trajectory in both DLD modules for configuration 1,

and they are expected to be displaced only by the second DLD module in configuration 2. So,

in both configurations, when the system is well balanced, beads should flow out of the DLD1

module from the same side as at the entrance. This was verified when the predicted input

pressures were applied on the platform (Fig 9): beads have a zigzag trajectory along the

DLD1 module and flow out from DLD1 through the correct outlet on the DLD1 right side,

before entering into the DLD2 module. In the DLD2 stage, it is verified that the particle tra-

jectory is in accordance with predictions (zigzag mode in configuration 1 and displacement

mode in configuration 2), which means that the DLD2 input buffer pressure is well adapted

to the bead flow rate at the DLD2 entrance. Thus, the proposed model efficiently anticipates

the required input pressures to optimize the flow distribution in both DLD modules of the

cascaded platform.

Conclusion

Droplet generation in T-junctions was proposed as a solution to balance backpressures of

DLD modules. Pressure balancing at DLD outlets is essential to ensure high separation effi-

ciency. While usual balancing methods require either a specific chip design or a waste syringe

pump, here we propose a completely modular and reconfigurable platform to cascade DLD

modules together or to other analysis steps. By connecting T-junctions to DLD outlets, droplet

generation ensures at the same time pressure balancing and encapsulation of the sorted

particles.

In order to anticipate the optimum pressures to apply on the different modules of the plat-

form, a general model was proposed for a configuration of two cascaded DLD steps. Thanks to

this model, the separation efficiency of the cascaded platform was optimized with any DLD

modules. This capacity enables a modular approach, where the same platform and its predic-

tive model can be used for a wide range of applications, with different DLD dimensions.

Moreover, pressure balancing through droplet generation can be generalized to any multi-

step microfluidic devices. Indeed, droplet formation enables to connect two—or more, provid-

ing the connection to corresponding T-junctions—successive microfluidic steps without
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interference between each other. This is particularly useful when the first step needs a

constant output pressure at all the different outlets, and the second step requires particle

encapsulation. Based on the same approach as presented in this paper, new models could be

implemented to anticipate the optimum balancing pressure to apply on the continuous phase

of the T-junction.
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References
1. Au SH, Edd J, Stoddard AE, Wong KHK, Fachin F, Maheswaran S, et al. Microfluidic Isolation of Circu-

lating Tumor Cell Clusters by Size and Asymmetry. Sci Rep. 2017; 7: 2433. https://doi.org/10.1038/

s41598-017-01150-3 PMID: 28550299

2. Karabacak NM, Spuhler PS, Fachin F, Lim EJ, Pai V, Ozkumur E, et al. Microfluidic, marker-free isola-

tion of circulating tumor cells from blood samples. Nat Protoc. 2014; 9: 694–710. https://doi.org/10.

1038/nprot.2014.044 PMID: 24577360

3. Jiang X, Wong K, Khankhel AH, Zeinali M, Reategui E, Phillips MJ, et al. Microfluidic isolation of plate-

let-covered circulating tumor cells. Lab Chip. 2017.

4. Liu Z, Huang F, Du J, Shu W, Feng H, Xu X, et al. Rapid isolation of cancer cells using microfluidic deter-

ministic lateral displacement structure. Biomicrofluidics. 2013; 7: 011801.

5. Okano H, Konishi T, Suzuki T, Suzuki T, Ariyasu S, Aoki S, et al. Enrichment of circulating tumor cells in

tumor-bearing mouse blood by a deterministic lateral displacement microfluidic device. Biomed Micro-

devices. 2015; 17: 59.

6. Civin CI, Ward T, Skelley AM, Gandhi K, Peilun Lee Z, Dosier CR, et al. Automated leukocyte process-

ing by microfluidic deterministic lateral displacement. Cytometry A. 2016; 89: 1073–1083. https://doi.

org/10.1002/cyto.a.23019 PMID: 27875619

Deterministic lateral displacement separation in a droplet-based microfluidic platform

PLOS ONE | https://doi.org/10.1371/journal.pone.0197629 May 16, 2018 16 / 18

https://doi.org/10.1038/s41598-017-01150-3
https://doi.org/10.1038/s41598-017-01150-3
http://www.ncbi.nlm.nih.gov/pubmed/28550299
https://doi.org/10.1038/nprot.2014.044
https://doi.org/10.1038/nprot.2014.044
http://www.ncbi.nlm.nih.gov/pubmed/24577360
https://doi.org/10.1002/cyto.a.23019
https://doi.org/10.1002/cyto.a.23019
http://www.ncbi.nlm.nih.gov/pubmed/27875619
https://doi.org/10.1371/journal.pone.0197629


7. Kim B, Choi YJ, Seo H, Shin E-C, Choi S. Deterministic Migration-Based Separation of White Blood

Cells. Small. 2016; 12: 5159–5168. https://doi.org/10.1002/smll.201601652 PMID: 27490148

8. Choi J, Hyun J, Yang S. On-chip Extraction of Intracellular Molecules in White Blood Cells from Whole

Blood. Sci Rep. 2015; 5: 15167. https://doi.org/10.1038/srep15167 PMID: 26464211

9. Inglis DW, Lord M, Nordon RE. Scaling deterministic lateral displacement arrays for high throughput

and dilution-free enrichment of leukocytes. J Micromechanics Microengineering. 2011; 21: 054024.

10. Yamada M, Seko W, Yanai T, Ninomiya K, Seki M. Slanted, asymmetric microfluidic lattices as size-

selective sieves for continuous particle/cell sorting. Lab Chip. 2017; 17: 304–314. https://doi.org/10.

1039/c6lc01237j PMID: 27975084

11. Jing T, Lai Z, Wu L, Han J, Lim CT, Chen C-H. Single Cell Analysis of Leukocyte Protease Activity

Using Integrated Continuous-Flow Microfluidics. Anal Chem. 2016; 88: 11750–11757. https://doi.org/

10.1021/acs.analchem.6b03370 PMID: 27797505

12. Zeming KK, Ranjan S, Zhang Y. Rotational separation of non-spherical bioparticles using I-shaped pillar

arrays in a microfluidic device. Nat Commun. 2013; 4: 1625. https://doi.org/10.1038/ncomms2653

PMID: 23535646

13. Zeming KK, Salafi T, Chen C-H, Zhang Y. Asymmetrical Deterministic Lateral Displacement Gaps for

Dual Functions of Enhanced Separation and Throughput of Red Blood Cells. Sci Rep. 2016; 6: 22934.

https://doi.org/10.1038/srep22934 PMID: 26961061

14. Shevkoplyas SS, Yoshida T, Gifford SC, Bitensky MW. Direct measurement of the impact of impaired

erythrocyte deformability on microvascular network perfusion in a microfluidic device. Lab Chip. 2006;

6: 914–920. https://doi.org/10.1039/b601554a PMID: 16804596

15. Holmes D, Whyte G, Bailey J, Vergara-Irigaray N, Ekpenyong A, Guck J, et al. Separation of blood cells

with differing deformability using deterministic lateral displacement. Interface Focus. 2014; 4.

16. Beech JP, Holm SH, Adolfsson K, Tegenfeldt JO. Sorting cells by size, shape and deformability. Lab

Chip. 2012; 12: 1048–1051. https://doi.org/10.1039/c2lc21083e PMID: 22327631

17. Henry E, Holm SH, Zhang Z, Beech JP, Tegenfeldt JO, Fedosov DA, et al. Sorting cells by their dynam-

ical properties. Sci Rep. 2016; 6: 34375. https://doi.org/10.1038/srep34375 PMID: 27708337

18. Green JV, Radisic M, Murthy SK. Deterministic Lateral Displacement as a Means to Enrich Large Cells

for Tissue Engineering. Anal Chem. 2009; 81: 9178–9182. https://doi.org/10.1021/ac9018395 PMID:

19810716

19. Zhang B, Green JV, Murthy SK, Radisic M. Label-Free Enrichment of Functional Cardiomyocytes

Using Microfluidic Deterministic Lateral Flow Displacement. PLOS ONE. 2012; 7: e37619. https://doi.

org/10.1371/journal.pone.0037619 PMID: 22666372

20. Inglis DW, Morton KJ, Davis JA, Zieziulewicz TJ, Lawrence DA, Austin RH, et al. Microfluidic device for

label-free measurement of platelet activation. Lab Chip. 2008; 8: 925–931. https://doi.org/10.1039/

b800721g PMID: 18497913

21. Inglis DW, Herman N, Vesey G. Highly accurate deterministic lateral displacement device and its appli-

cation to purification of fungal spores. Biomicrofluidics. 2010; 4: 024109. https://doi.org/10.1063/1.

3430553 PMID: 20697580

22. Clime L, Hoa XD, Corneau N, Morton KJ, Luebbert C, Mounier M, et al. Microfluidic filtration and extrac-

tion of pathogens from food samples by hydrodynamic focusing and inertial lateral migration. Biomed

Microdevices. 2015; 17: 1–14. PMID: 25653054

23. Holm SH, Beech JP, Barrett MP, Tegenfeldt JO. Separation of parasites from human blood using deter-

ministic lateral displacement. Lab Chip. 2011; 11: 1326–1332. https://doi.org/10.1039/c0lc00560f

PMID: 21331436

24. Wunsch BH, Smith JT, Gifford SM, Wang C, Brink M, Bruce RL, et al. Nanoscale lateral displacement

arrays for the separation of exosomes and colloids down to 20 nm. Nat Nanotechnol. 2016; 11: 936–

940. https://doi.org/10.1038/nnano.2016.134 PMID: 27479757

25. Pariset E, Agache V, Millet A. Extracellular Vesicles: Isolation Methods. Adv Biosyst. 2017; 1.

26. Inglis DW, Davis JA, Austin RH, Sturm JC. Critical particle size for fractionation by deterministic lateral

displacement. Lab Chip. 2006; 6: 655–658. https://doi.org/10.1039/b515371a PMID: 16652181

27. Pariset E, Pudda C, Boizot F, Verplanck N, Berthier J, Thuaire A, et al. Anticipating Cutoff Diameters in

Deterministic Lateral Displacement (DLD) Microfluidic Devices for an Optimized Particle Separation.

Small. 2017; 13.

28. Ranjan S, Zeming KK, Jureen R, Fisher D, Zhang Y. DLD pillar shape design for efficient separation of

spherical and non-spherical bioparticles. Lab Chip. 2014; 14: 4250–4262. https://doi.org/10.1039/

c4lc00578c PMID: 25209150

Deterministic lateral displacement separation in a droplet-based microfluidic platform

PLOS ONE | https://doi.org/10.1371/journal.pone.0197629 May 16, 2018 17 / 18

https://doi.org/10.1002/smll.201601652
http://www.ncbi.nlm.nih.gov/pubmed/27490148
https://doi.org/10.1038/srep15167
http://www.ncbi.nlm.nih.gov/pubmed/26464211
https://doi.org/10.1039/c6lc01237j
https://doi.org/10.1039/c6lc01237j
http://www.ncbi.nlm.nih.gov/pubmed/27975084
https://doi.org/10.1021/acs.analchem.6b03370
https://doi.org/10.1021/acs.analchem.6b03370
http://www.ncbi.nlm.nih.gov/pubmed/27797505
https://doi.org/10.1038/ncomms2653
http://www.ncbi.nlm.nih.gov/pubmed/23535646
https://doi.org/10.1038/srep22934
http://www.ncbi.nlm.nih.gov/pubmed/26961061
https://doi.org/10.1039/b601554a
http://www.ncbi.nlm.nih.gov/pubmed/16804596
https://doi.org/10.1039/c2lc21083e
http://www.ncbi.nlm.nih.gov/pubmed/22327631
https://doi.org/10.1038/srep34375
http://www.ncbi.nlm.nih.gov/pubmed/27708337
https://doi.org/10.1021/ac9018395
http://www.ncbi.nlm.nih.gov/pubmed/19810716
https://doi.org/10.1371/journal.pone.0037619
https://doi.org/10.1371/journal.pone.0037619
http://www.ncbi.nlm.nih.gov/pubmed/22666372
https://doi.org/10.1039/b800721g
https://doi.org/10.1039/b800721g
http://www.ncbi.nlm.nih.gov/pubmed/18497913
https://doi.org/10.1063/1.3430553
https://doi.org/10.1063/1.3430553
http://www.ncbi.nlm.nih.gov/pubmed/20697580
http://www.ncbi.nlm.nih.gov/pubmed/25653054
https://doi.org/10.1039/c0lc00560f
http://www.ncbi.nlm.nih.gov/pubmed/21331436
https://doi.org/10.1038/nnano.2016.134
http://www.ncbi.nlm.nih.gov/pubmed/27479757
https://doi.org/10.1039/b515371a
http://www.ncbi.nlm.nih.gov/pubmed/16652181
https://doi.org/10.1039/c4lc00578c
https://doi.org/10.1039/c4lc00578c
http://www.ncbi.nlm.nih.gov/pubmed/25209150
https://doi.org/10.1371/journal.pone.0197629


29. Davis JA, Inglis DW, Morton KJ, Lawrence DA, Huang LR, Chou SY, et al. Deterministic hydrodynam-

ics: Taking blood apart. Proc Natl Acad Sci. 2006; 103: 14779–14784. https://doi.org/10.1073/pnas.

0605967103 PMID: 17001005

30. Zeming KK, Thakor NV, Zhang Y, Chen C-H. Real-time modulated nanoparticle separation with an

ultra-large dynamic range. Lab Chip. 2015; 16: 75–85.

31. Laki AJ, Botzheim L, Iván K, Tamási V, Civera P. Separation of Microvesicles from Serological Samples

Using Deterministic Lateral Displacement Effect. BioNanoScience. 2014; 5: 48–54.

32. Li X-B, Li F-C, Yang J-C, Kinoshita H, Oishi M, Oshima M. Study on the mechanism of droplet formation

in T-junction microchannel. Chem Eng Sci. 2012; 69: 340–351.

33. Yeo LY, Chang H-C, Chan PPY, Friend JR. Microfluidic Devices for Bioapplications. Small. 2011; 7:

12–48. https://doi.org/10.1002/smll.201000946 PMID: 21072867

34. Velasco D, Tumarkin E, Kumacheva E. Microfluidic Encapsulation of Cells in Polymer Microgels. Small.

2012; 8: 1633–1642. https://doi.org/10.1002/smll.201102464 PMID: 22467645

35. Kang D-K, Monsur Ali M, Zhang K, Pone EJ, Zhao W. Droplet microfluidics for single-molecule and sin-

gle-cell analysis in cancer research, diagnosis and therapy. TrAC Trends Anal Chem. 2014; 58: 145–

153.

36. Mashaghi S, Abbaspourrad A, Weitz DA, van Oijen AM. Droplet microfluidics: A tool for biology, chemis-

try and nanotechnology. TrAC Trends Anal Chem. 2016; 82: 118–125.

37. Zagnoni M, Cooper JM. Chapter 2—Droplet Microfluidics for High-throughput Analysis of Cells and Par-

ticles. In: Darzynkiewicz Z, Holden E, Orfao A, Telford W, Wlodkowic D, editors. Methods in Cell Biol-

ogy. Academic Press; 2011. pp. 23–48.

38. Basova EY, Foret F. Droplet microfluidics in (bio)chemical analysis. Analyst. 2014; 140: 22–38.

39. Godin M, Delgado FF, Son S, Grover WH, Bryan AK, Tzur A, et al. Using buoyant mass to measure the

growth of single cells. Nat Methods. 2010; 7: 387–390. https://doi.org/10.1038/nmeth.1452 PMID:

20383132

40. Moon B-U, Abbasi N, Jones SG, Hwang DK, Tsai SSH. Water-in-Water Droplets by Passive Microfluidic

Flow Focusing. Anal Chem. 2016; 88: 3982–3989. https://doi.org/10.1021/acs.analchem.6b00225

PMID: 26959358

41. Yan Y, Guo D, Wen SZ. Numerical simulation of junction point pressure during droplet formation in a

microfluidic T-junction. Chem Eng Sci. 2012; 84: 591–601.

42. Garstecki P, Fuerstman MJ, Stone HA, Whitesides GM. Formation of droplets and bubbles in a micro-

fluidic T-junction—scaling and mechanism of break-up. Lab Chip. 2006; 6: 437–446. https://doi.org/10.

1039/b510841a PMID: 16511628

43. Zhang S, Guivier-Curien C, Veesler S, Candoni N. Prediction of sizes and frequencies of nanoliter-

sized droplets in cylindrical T-junction microfluidics. Chem Eng Sci. 2015; 138: 128–139.

44. Gupta A, Murshed SMS, Kumar R. Droplet formation and stability of flows in a microfluidic T-junction.

Appl Phys Lett. 2009; 94: 1–3.

Deterministic lateral displacement separation in a droplet-based microfluidic platform

PLOS ONE | https://doi.org/10.1371/journal.pone.0197629 May 16, 2018 18 / 18

https://doi.org/10.1073/pnas.0605967103
https://doi.org/10.1073/pnas.0605967103
http://www.ncbi.nlm.nih.gov/pubmed/17001005
https://doi.org/10.1002/smll.201000946
http://www.ncbi.nlm.nih.gov/pubmed/21072867
https://doi.org/10.1002/smll.201102464
http://www.ncbi.nlm.nih.gov/pubmed/22467645
https://doi.org/10.1038/nmeth.1452
http://www.ncbi.nlm.nih.gov/pubmed/20383132
https://doi.org/10.1021/acs.analchem.6b00225
http://www.ncbi.nlm.nih.gov/pubmed/26959358
https://doi.org/10.1039/b510841a
https://doi.org/10.1039/b510841a
http://www.ncbi.nlm.nih.gov/pubmed/16511628
https://doi.org/10.1371/journal.pone.0197629

