WO 2014/116183 PCT/SG2014/000028

MICRODEVICES FOR SEPARATION OF NON-SPHERICAL PARTICLES AND
- APPLICATIONS THEREOF

The invention relates to at least one pillar i'n, or for use in, a microfluidic device said
pillar comprising in cross-section at least 6ne particle abutment surface and an
adjacent space that indents said pillar, or an adjacent groove, to accommodate said
particle; a plurality of such pillars arranged in an array; a method for separating non-
spherical paniclés in a fluid using said pillar, array or said devicé; and a diagnostic
method involving the separation of selected cells from a fluid using said pillar, array

or said device.

Background of Invention

The capacity to isolate various biological entitiés such as pathogens and blood
comporients enables the diagnosis and detection of diseases, infections and
biological threats. Traditional processes of separating these biological entities or
bioparticles involve cumbersome bench-top equipment employing centrifugal
techniques, filtering, culturing and isolating. Advances in micro-machining have
resulted in the development of microﬂuidié devices where bioparticle separation can
be integrated with other processes and performed at a micro level commonly known
as “lab-on-a-chip”. These devices potentially have an edge over traditional
techniques as, via automation, they reduce human error and réquire low sample
volumes, resulting in the'rapid, high-throughput, cost-efficient and reproducible

separation of bioparticles.

Hitherto, within microfluidic devices bioparticles are separated using one of thrée'
general principles, namely: size discrimination such as in sieving techniques;
hydrodynamic laminar flow sep'aration; and non-inertia force fields sudh' as in di-
electrbphoresis, acoustic radiation and magnetic field. However, the main separation
criteria for all these varying methods is the spherical natured of the bioparticles (i.e.
the bioparticles ére considered as spherical). This dependence on the spherical
‘hature of a bioparticle poses a great challenge for the Separafion of non-spherical
-bioparticles because the smallest dimension of non-spherical particles determines

the cut-off size for the separation. Biological entities such as rod-shaped bacteria
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and disc shaped red blood celis (RBCs), to name but a few, have a disproportionate
length- or width (with respect to a spherical entity) which complicates the separation
prdcess that is ideally desighed'for spherical particles, as the narrowest width has to
be considered for the separation criteria wi{hin the design parameters of microfluidic

devices.

| One clinically relevant noh-spherical biopatrticle is the red blood cell (RBC) and its
separation from blood samples by “lab-on-a-chip” is important as it enables rapid
point-of-care medical diagnostics for diseases. Soft-inertia techniques such as RBC
flow rhargination and cross-flow filtration techniques have been used for RBC
separation from whole blood.

RBC flow margination utilizes differences in size and deformability of RBCs, with
respect to other circulating cells, for the separation. The RBCs migrate to the center
of fiuidic channels while the larger white blood cells (WBCs) migrate to the walls of
the channel. Though this technique has high cell through-put, the efficiency ranges
from ~80% to ~90% and depends on the flow rate and size of patticle.

CrOSSTﬂOW filtration techniques require crucially dimensions smaller than the length
of the RBC (<7um) in order to separate RBC from the blood. RBCs separation
efficiency using this technique ranges between 50% and 97%.

Deterministic lateral displacement (DLD) devices have also been used to Separate
'RBCs from blood. However, the RBC is assumed to have a separation diameter
spread of 2um - 7um which reduces the efficiency of this technique and shows the

randomness of the separation.

Unfortunately, the above discussed techniques dnly consider the minimum axis of
the non-spherical RBC, thus impacting the effectiveness of theﬁ separation. Hence, in
order to effectively separate such non-spherical biological entities for rapid medical
diagnosis, new separation methods, which take into consideration the shape of the .

bioparticle, are required.
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Microfluidic devices employ deterministic lateral displacement (DLD) to precisely
contrpl'and manipulate fluids that are geometrically constrained within a smali,

typically sub-millimeter, space.

DLD has beeéen established as an efficient techhique for the confinuous.—flow
separation of particles based on the spherical nature of particles and using
conventional cylindrical pillars" > %. However, typically the shape of the particles has

not been taken into account using conventional DLD devices.

critical separation diameter %l Loutherback et al.*® have demonstrated that by'
using triangular pillars, the flow profile becomes asymmetric, resulting in a reduced
critical diameter as compared with conventional DLD. However, this improvement
does not address the varying critical diameter of a hon-spherical particle. Sugaya et
al.® have also observed that by rotating'non-spherical particles. at the T-junction in a
hydrodynamic filtration device, .separation of'non-spherical particles based on its
longer dimension can be achieved. However, it is limited to a single flipping event of
a non-spherical particle at the T-junction, which determines the success or failure of

‘the separation process.

We therefore deséribe herein a method that takes into account the shape of non-
spherical particles. We have hypothesized that inducing rotations of non-spherical
particles will increase the effective size of separation of the particles. Without wishing
to be constrained by theory or explanation, we consider that by leveraging on the
rotation of a non-spherical particle we. are able to ignore the narrowest width and

instead mimic a',s;phe_rica'l particle based on its greétest length.

Statements of Invention

According to a first aspect of the invention there is provided in, or for use in, a
microfluidic device at least one piIiarcOmprising, in cross-section, at least one
particle abutment surface and an adjacent space that indents said pillar, or an

adjacent groove that indents said pillar, to accommodate said particle.
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In a preferred embodiment of the invention said cross-section of said pillar is
selected from the group comprising: I-shaped, C-shaped, J-shaped, W-shaped,'V-
shaped, T-shaped, L-shaped, E-shaped and anvil-shaped. '

in yet a further preferred'_ embodiment of the invention said space or groove is

bounded by either a linear or a curvilinear surface.

The purpose of the pillar is to induce rotation in particles flowing in the said device
and so it is characterized by having: ’

1. An abutment surface or an edge which can act as a means to induce a
rotation and so allow particles to rotate. The said surface or edge can have
various designs including sharp or rounded.

2. A space or groove to accommodate the induced particle rotation: the pillar
indentation ideally has enough space to accommodate the rotation of the
particle. The space or groove can also have various designs. It can be curved
or angled. ‘ ‘ '

Overall, the pillar has a shape able to change the fluid profile around itself, so that a
particle can experience a differential force, ideally across its length, which results in

‘a net torque on it to induce rotation.

Preferably, said cross-section of said pillar is I-shaped and comprises a pair of
oppositely positioned curvi-linear surfaces, ideally these surfaces provide, in cross-
section, the central element of the I-shaped pillar thus connecting with the two cross-
‘membered ends of the I-shaped pillar, alternatively all the surfaces of said pillar are

linear, ideally the outer abutment surfaces may be rounded or angular'.‘ :

Preferably, said cross-section of said pillar is C-shaped and comprises at least a
single, or at least a pair of, curvi-linear surface(s), ideally this/these surface(s) define,
in cross-section, the central space or grodve of the C-shaped pillar and further said

opposite outer abutment surfaces may ideally be rounded or angular. |

Preferably, said cross-section of said pillar is J-shaped and comprises at least one

linear and/or curvi-linear surface which in cross-section provides the central element
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of the J-shape and the lower hooked element, ideally the outer abutment surfaces .

may be rounded or angular.

. Preferably, said cross-section of said pillar is W-shaped and comprises at least one,
or a plurality of, linear and/or curvi-linear element(s) arranged in a W-shape with
adjacent spaces or grooves there between, ideally the outer abutment surfaces may

be rounded or angular.

Preferably, said cross-section of said pillar is V-shaped. and comprises at least one,
or a pair of oppositely positioned, linear and/or curvi-linear element(s) arranged in a
V-shape with an adjacent space or groove there between, ideally the outer abutment

surfaces may be rounded or angular.

Preferably, said cross-section of said pillar is T-shaped and comprises a pair of
oppositely positioned curvi-linear surfaces, ideally these surfaces provide, in cross-
section, the central element of the T-shaped pillar thus connecting to an upper cross-
membered end of the T-shaped pi_llar, alternatively all the surfaces of said pillar are

linear, ideally the outer abutment surfaces may be rounded or angular.

Preferably, said cross-section of said pillar is L-shaped and ideally comprises at least
one linear and/or curvi-linear surface, ideally this surface provides, in cross-section,
one of the two limbs of the L-shape pillar thus connecting to another limb of the L-

shaped pillar, ideally the outer abutment surfaces may be rounded or angular.

Preferably, said cross-section of said'pillvar is E-shaped and comprises at least one
or a plurality of linear and/or curvi-linear element(s) arranged in an E-shape with
adjacent spaces or grooves there between, ideally the outer abutment surfaces may

be rounded or angular.

Preferably, said cross-section of said pillar is anvil-shaped ahd comprises a pair of
oppositely positioned curvi-linear surfaces, ideally these surfaces provide, in cross-

section, the central element of the anvil-shaped pillar thus connecting to an upper
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- and lower cross-membered end of the anvil-shaped pillar, ideally the outer abutment

surfaces may be rounded or angular.

In yet a further preferred embodiment of the invention there is provided in, or for use
in, a microfluidic. device a plurality of said pillars, moreover, said pillars are arranged
in an array. Preferably said pillars in said array are arranged such that along at least
one selected axis said pillars are aligned. Additionally‘or alternatively, said pillars in
said array are arranged such that along at least one selected axis said pillars are

étaggered .

Those skilled in the art will éppreciate thét pillars of the same shape may be used in
said array. Alternatively, pillars having different shapes may be used in said array,
thus the invention extends to the combination of different shaped pillars in an array
including any selected combination of shapes provided in any sélect‘ed configuration

or pattern.

Those skilled in the art will abpreciate that the combination and/or orientation of said
pillars in an array may be selected to best maximise the purpose of the pillars i.e. to
induce rotation in particles flowing thereby and/or facilitate the separation of

particles.
The following arrays represent exemplary embodiments of preferred arrays.

In yet a further preferred embodiment of the invention there is provided in, or for use
in, a microfluidic- device a plurality. of I-shaped_pillaks. Moreover, in a preferred
Vembodiment said I-shaped pillars are érranged in an array, most preferably; said
array is such that along at least one selected axis said pillars are aligned such that
said surfaces of adjacent I-shaped pillars provide a fec_tangulaf, circular or elliptical

space through which fluid can flow.

In yet a further preferred embodiment of the invention there is provided in, or for use
in,"a microfluidic device a plurality of T-shaped pillars. Moreover, in a preferred

embodiment said T-shaped pillars are arranged in an array, most preferably said
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array is such that along at least one selected axis said pillars are aligned such that
said surfaces of adjacent T-shaped pillars provide a réctangular, circular or elliptical
space through which fluid can flow. More preferably, alternate rows of said T-shaped

pillars are inverted.

Additionally or alternatively, in yet a further preferred embodiment of the invention
there is provided in, or fof use in, a microfluidic device a plurality of I-shaped pillars,
wherein said pillars are arranged in an array whereby along at Iéast one selected
axis said pillars are staggered such that the cross-membered ends of adjacent I-
shaped pillars are staggeréd'so providing a space wﬁichvrequires lateral movement
of particles flowing there through.

Additionally or alternatively, in yet a further preferred embodiment of the invention
there is proVide_d in, or for use in, a microfluidic device a plurality of T-shaped pillars,
wherein said pillars are arranged in an array whereby along at least one selected
axis said pillars are staggered such that the cross-membered ends of adjacent T-
shaped pillars are staggered so providing a space which ‘requires lateral movement
of particles flowing there through.

Additienally or alternatively, in yet a further preferred embodiment of the invention
there is provided in, or for use in, a microfluidic devicé a plurality of C-shaped pillars,
wherein said pillars are arranged in an array whereby along at least one selected
axis said pillars are stéggered so providing a space which requires lateral movement

of particles flowing there through.

We have therefore designed novel pillars, in the example présented as an-I—shapé,
to induce the rotation of non-spherical particles flowing in a laminar stream through a
separation device, shown in 1(a). The novel pillar shape and principle. is
schematically explained in Figure 1(b) with the example of a disc shaped particle.
The effective particle separation diameter of a particle within a laminar flow, flowing
through a collimated pillar gradient array has been extensively studied for traditional -
DLD and can be calculated based on known pillar array parameters® 12, In the case

within Figure 1(b)(i) the DLD diameter of particle to be separated would be Dy. In

7



WO 2014/116183 PCT/SG2014/000028

contrast, the rotating disc-shaped particle in Figure 1(b)(ii) would havé a maximum
' rotational diameter of D, which is much greater than D4. The I-shaped pillar has two
crbss-membered ends or prdirusions (abutment surfaces) which indUcé rotation and -
a middle groove, formed by said curvi-lineér surfaces, to accommodate the rotation
of any non-spherical particles. Thus, by inducing rotation, our novel pillars can
increase the effective size/diameter of particles and can separate the diverse shapes

and sizes of biological samples more efficiently compared to conventional methods.

According to a second aspect of the invention there is provided a method for-
separating non-spherical particles in a fluid comprising:

a)providing in a microfluidic device a plurality of pillars comprising, in cross-section,
at least one particle abutment surface and an adjacent space that indents said pillar,
or an adjacent groove that indents said pillar, to accommodate said particle and
further wherein said pillars are arranged in an array such that adjécent pillars define
a space through which a ﬂuid can flow;

b) causing a fluid to flow through éaid device;

c) making particles in said fluid rotate in at least one direction as they flow around
said pillars; |

d) collecting separated particles as they leave said array.

Additionally or alternatively, in a preferred embodiment of the invention or a third
aspect of the invention there is provided a method for separating non-spherical
particles in a fluid comprising: ‘

a) providing in a microfiuidic device a plurality of pillars comprising, in cross-section,
at least oﬁe particle abutment surface and an adjacent space that indents said pillar,
or an adjacent 5groov'e that indents said pillar, to accommodate said particle and,
further wherein said pillars are arranged in an array such that adjacent.pillars define
a space through which a fluid can flow and wherein pillars in either adjacent rows
and/or columns are staggered so defining a épace which requires lateral movement
of particles flowing there through; | '
b) causing a fluid to flow through said device;

'c) making particles in said fluid rotate in at least one direction as they flow around

said pillars;
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d) collecting separated particles as they leave said array.

Those skilled in the art will appreciate' that, in par‘t, it is the geometry of the pillars

that causes the non-spherical particles to rotate when flowing through said device.

According to a fourth aspect of the invention there is provided a diagnostic method
involving the separation of selected cells from a sample involving either of, or both,

of the above methods for separating non-spherical particles in a fluid.

Indeed, the invention has application in at least the following applications.

¢ Blood components separation |
It is known that RBCs are dISC shaped and highly deformable. This makes
‘separation of ' RBC much harder than round bodies such as whlte blood cells.
Efficient and rapid separation of RBCs from white blood cells, platelets and plasma
would allow immediate benefits for the possible detection of diseases, bio-markers in
plasma and infection. This will facilitate diagnostics and treatment.

o Bacteria separation from fluids
Bacteria can exist in all fluid systems on earth from sewers, rivers, saliva and urine
to blood. These bacteria have a Wide variety of shapes ranging from rod-like, spiral
and spherical. Current techniques of bacterial separation and testing involve
traditional growth culture to separate and identify them. This process takes at least a
day. Being able to separate bacteria rapidly will definitely facilitate more efficient
detection and isolation pro“cess;es.

o Parasitic separation
Water borne parasites such as worms and tihy micro-organisms can potentially
cause harm to humans and animéls. These parasites are predominately non-
spherical in shape. Effective separation and detection processes are needed. The
novel I-shape désigns described herein would be effective in the separation of these
parasites. | ' o

o Algae testing in water , _,
Algae come in various shapes and sizes. 'These algae can contaminate water
sources or cause harm to humans or the environment. Separation of algae based on
shapes and size can provide rapid detection and analysis of water samples.
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o Separating viruses from body fluids
Virus separation and detection offers srgnrfrcant opportunrtres for the development of
medical dragnostlc devices. Nano- fabrication technlques can be used to develop I-

shaped pillars for separatlon and detectlon of viruses.

Ideally said invention is used for the separation of bioparticles, although it can be
used to separate any shape of particles. Although it confers greater advantages for
separation of non-spherical particles, it can also be used for separation of spherical
particles from other particles or from the fluid in a fluid system. These non-spherical
particles include, without limitation, disc-shaped RBCs and rod-shaped bacteria, or

indeed, any particle which has a dispropottionate length or width.

In the claims which follow and'in the preceding description of the invention, except
where the context requires otherwise due to express language or necessary
implication, the word “comprises”, or variations such as “comprises” or “comprising”
is used in an inclusive sense i.e. to specify the presence of the stated features but
not to preclude the presence or addition of further features in various embodiments

of the invention.

All references, including any patent or patent application, cited in this specification
are hereby incorporated by reference. No admission is made that any reference
constitutes prior art. Further, no admission is made that any of the prior art

constitutes part of the common general knowledge in the art.

Preferred features of each aspect of the invention may be as descrrbed in connectlon

wrth any of the other aspects. o

Other features of the present invention will become apparent from the following
examples. Generally speaking, the invention extends to any novel one, or any novel
combinatioh, of the features disclosed in this specification (including the
accohpanying claims and drawings). - Thus, features, integers, | charac‘teristics,v
compounds or chemical moieties described in conjunction with a particUlar_aspect,

embodiment or example of the invention are'to be understood to be applicable to any

10



WO 2014/116183 PCT/SG2014/000028

other aspect, embodiment or example described herein, unless incompatible

‘therewith.

Moreover, unless stated otherwise, any feature disclosed herein may be replaced by

an alternative feature serving the same or a similar purpose.

The invention will now be described by way of éxample only with reference to the

following figures and tables:

Figure 1 shows a Schematic of a device in accordance with the invention: Figure
1(a) shows the schematic of a microfluidic device where the output channels are
divided into 40 sub-channels for the quantification of the separation process. The
fluid mechanics underpinning our invention are illustrated in Figure 1(b) which shows
the difference between the conventional DLD pillars in (b)(i) and I-shaped DLD in
(b)(ii). It is shown that the rotation of a' RBC caused by an I-shaped pillar will
increase its rotationél diameter to a maXimum of 8 um which is the diameter of the
RBC. Figure 1(c) depicts the dimensions and parametersvof the DLD pillars of
differént shapes. Figure 1(d) depicts the projected paths of RBCs as they flow within
the respective devices of FigUre 1(c) with different pillar-shapes;

Figure 2 shows RBC output separation distribution ratio for cylindrical, square and I-
shaped pillars. The respecti\)e results of the RBC separation for circular pillars in (a),
control square pillars in (b) and I-shaped pillars in (c) are shown in the graphs. The
graphs: are plotted by the percentage ratio of total RBC at the output channels and
the area under the graph is 1. The screen capture of the output regions are shown
on the right of the respective graphs. Figure 3(c) also shows the magnified region of

the output channels 1to 5;

Figure 3 shows Tracking RB‘C..movements: this Figure is'a compilation of the major
flow movements of RBC around square pillars in (a) and thé I-shaped pillars in (b)
and (c). (a) shows the primary movement of RBC around square shaped pillars in 6
steps as captured from video screen shots as it flows down the non-separated path. -
(b) and (c) depicts RBC separation paths with twoA types of observed rotatiohal
movements in the DLD device with I-shaped pillars; '
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Figure 4 shows a Fluid-flow simulation: COMSOL Mﬁltiphysics was used to simulaté

‘the fluid flow profiles for a DLD device with square pillars in (a) and I-shaped pillars
in (b). The super-imposed elongated rod shaped figure in light pink is used to
represent the position of a RBC in the fluid flow experiencing different velocities
across the RBC body;

Figure 5 shows further examples of different pillar cross-sectional shapes that can
induce rotation of non-spherical particles and so can allow their separation in a
similar way as the “I” shaped pillar, and its array, described herein;

Figure 6 shows a graph of 3.0 micron bead separation in various pillar shapes;
Figure 7 shows a graph of 3.5 micron bead separation in various pillar shapes;

- Figure 8 shows a graph of RBC separation at ~200 um/s and ~1000 Hm/s within

different pillar shapes;

Figure 9 shows a diagram depicting the use of separat‘ion}index for describing the

separation strength;

Figure 10 shows the schematics for bacterial separation by I-shaped pillar array:
(a) Dimensions of I-shaped pillars and different array components, where A=4 pm,
B=6 ym and C=2.0° or 1.6 °. (b) The layout of the microfluidic device containing I-
shapéd pillar array;

Figure 11 shows a Bacterial separation study: Optical and fluorescence images to_
show the separation of bacterié (green fluorescent E. coli) from the input stream.
Bacterial sample is flowed in the device containing “I” shape pillar array as shown -
in (a): Green quores'cence‘indicatés bacteria in the sample. The bacteria in the
sample are laterally displaced in the.devicé using “I” sha;;é pillar array to achieve
its separation from the sémple as shown in (b). Once deViated away from the
original sample stream, bacteria are concentrated in a single channel as shown in
(€). The deviation path as obtained for ‘control circle pillar array is shown in (d);
Figure 12 shows non-spheric_:al Bacterial se‘paratibn» through pillar arrays:
percentage of bacteria in each input and output channels in (a) I-shape pillar array
and.(b) circle pillar array. The shift gradient is 2° fér pillar arrays used here.
Horizontal error bars represents the standard deviation from channel mean;
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Figure 13 shows Spherical Bacterial separation throUgh pillar arrays: pércentage of
spherical bacteria in each input and output channels in (a) I-shape pillar array and

(b) circle pillar arréy. The shift gradient is 1.6° for pillar arrays used here;

Figure 14 shows bacterial movement in I-shape pillar array: (a) shows the .
schematic of non-spherical bacteria and its different orientations arising due to see-
saw movements in f-shaped pillar array. Width and length of the bacteria is
denoted by “W” and “L” respectively and the effective separation size is denoted by
“8". (b) The schematics to show movement of bacteria through I-shaped and
circular pillar array. Green (upper) and Red (lower) arrows indicate the path of
bacteria and fluid respectively. Bacteria moves along the pillar gradient for I-
shaped pillar array and are laterally displaced by the displacement “D”, whereas
there is no displacement for a circular pillar array. The movements of a bacterium
is shown here for (c) I-shape pillar afray obtained from Movie-1 (Sl) and (d) for

circle pillar array obtained from Movie-2 (SI). Images presented here are top-views;

Figure 15 shows the separation of different species of bacteria: (a-d) shows
fluorescence images of different types of bacteria, (a) E. coli, (b) K. Pneumoniae,
(c) P. aeruginosa and (d) S. épidermidis. (e) shdws the percentage distribution of
different species of bacteria in different inpUt-and output channels indicating their

separation from input stream to output stream; and -

Figure 16 shows the separation of bacteria from blood: The bacteria in the sample
are separated from red blood cells by removing the blood using an “I" shaped pillar

array with a different i.e. larger critical dimension suited for red blood cells.

(a) shows the input sample stream containing bacteria (green fluorescent streaks)
in blood (red circlé indicates a single' RBC). (b) shows the sepa_ratio_'n of bacteria
and blood cells due to lateral displac'ement' of blood cells while the bacteria
maintain theif path. The dimension for this device was chosen in such a way that it

deviates blood cells but not bacteria.

Table 1 shows tests undertaken on different shaped pillars in either an upright or—-- -

inverted array within a DLD, device. -
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Table 2 is a summary of data showing the Vconverted’separation index: An index of
more than 50 is highlighted (in cyan). The index is based on the mean separation

of the particlés within various devices.

The ihvention will now be described by way of example'only with reference to
. various shaped piIIaré and in particular an I-shaped pillar, although those skilled ‘in'
the art will appreciate the invention may also be practised using any of the pillars
described herein.

Methods

Hlustration of the invention having regard to RBC monitoring

Device Fabrication : |

The silicon microfluidic device was fabricated on a silicon wafer using standard
lithographic techniques. A SUSS MAS8 lithography machine was used to transfer the
device design in Figure 1(a) from a glass mask to a positive photo resist (AZ5214E) |
coated on the silicon surface. The wafer was placed in an Oxford 180 deep reactive
ion etching machine to plasma etch the channels for the device. Piranha solution
was used to remove any remamlng photoresist on the wafer surface A thin sheet of
poly-dlmethylsuoxane (PDMS) was fabricated and the inlet and outlet holes were
punched before the PDMS was bonded over the silicon device using oxygen plasma.
The device design shown in Figure 1(a) comprises three inlet channels, a DLD main
channel of 2 cm long and three outlet channels divided into 40 sub-channels for
characterization of device separation efficiency. There are a total of three DLD
designs as shown in Figure 1(c), namely circle/cylindrical pillar, square pillar and the
I-shaped pillar. Moreover further desngns as shown in Flgures 6-8 were also made in

accordance W|th the above method.

Experimental procedure
The inlet tubes were attached to the final device and washed with 1% w/v pluronic

F127 (Sigma,’ Singapore) for 30 mins. This is for surface passivation tb prevent any .
form of non-specific attachment of the sample. A blood sample was extracted from a
finger prick and diluted 10 times in 1xPBS buffer (Sigma, Singapore). The diluted
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blood sample was driven using a syringe pump at a flow rate of 0.4pl/min while the
two PBS buffer streams were at 1ul/min each. |

High-speed video footages on the motion ef RBCs was captured by Phantom Miro
M310 at 1000 frames per second. These raw videos were analysed on the computer
and results were tabulated and shown in Figures 2 and 3. The output data was
compiled by counting the total number of cells at various output channels. Sdreen
shots were extracted to view the motion and position of RBCs for its interaction with

the pillars.

Result and Discussion

The novel I-shape design is hypothesized to induce rotations of non-spherical
particles in order to increase its effectlve separatlon diameter. Figure 1(d) shows a
comparison of RBC separation paths between circle pillars, square pillar and I-
shaped pillars. All three pillar types in Figure 1(c) are designed with exactly the same
DLD dimensions of 10um gap size, pillar shift gradient of 2.86° and maximum pillar
length of 15um. We wanted to compare how the conventional cylindrical pillars fared
with the sharp edges oflsquare_pillar and the proposed and I-shaped pillar.

In all three pillar types, fresh blood was infused into the device using a syringe pump
at a rate of 0.4 pl/min. The buffer streams sandwich the sample strearh with flew
velocities of 1ul/min each. At these flow rates, the input distribution of RBCs for the -
sample stream spreads from channel 15 to channel 26. In order to quantify the effect
of separation, RBCs at each sub-channel output is counted and is tabulafed as a
ratio of the total RBCs caleulated There'are 40 output sub-channels identified as
channel 1 to 40 starting from left to right shown in Figure 1(a) However, only
channels 1 to 30 are tabulated in the graphs shown in Figure 2 as there are no RBCs
flowing in channels 31 to 40 due to the buffer stream on the right side of the graph.
The results in Figure 2 concur with the schematlcs shown in Figure 1(d) and also
clearly show the RBC separatlon at the output reglons with m|n|mal RBC separation
for cylindrical pillars in Figure 2(a), scattered distribution of RBC for square pillars in
Figure 2(b) while Figure 2(c) shows a highly effective and focused separation for and
I-shaped pillars.
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Three sets of videé output data were acquired using a high-speed camera and the
ratio of RBCs at the output wére tabulated into the graphs. RBC separation is not
observed in the cylindrical pillar array. The final output shown in Figure 2(a) depicts
the RBC output distribution ratio to be between channels 15 to 25 which do not
deviate from the original sample distribution of channels 15 to 26. The distribution _
‘peaked at ~24% in channel 20. The critical diameter of the cylindrical pillars is
calculated to be 2.7um, which is larger than the 2um width of the RBC. For DLD
separétion to be effective, the'particle to be separated has to be larger than the
critical diameter. In this case, the RBC’s narrowest width is smaller than the critical
diameter resulting in minimal separation which can be seen in the distribution of RBC
ratio in Figure 2(a) and its inability to separate the RBC.

From Figure 2(b), the RBC separaﬁon in ‘a square pillar array shows a widely
distributed RBC output ratio ranging from channels 1 to 26. The peak RBC output
ratid is ~8% at channel 20. Though the majority of the RBCs are distributed near the
central regions (between channels 15 to 25), there are RBCs that deviated all the
way to channel 1. Comparatively, square pillars have an effecf on RBC separation
comparable to cylindrical pillars with the same DLD parameters such as gap size
(10um) and pillar array gradient (2.86°). It is important to note that the RBCs do
rotate-in the DLD square pillar array. From Figure 3(a) we can see that the square
edge of the pillar could have caused the RBC to flip and rotate. This could have an
effect on the separation causing a wide spread of RBC distribution ratio shown in
Figure 2(a). While the interesting results in square pillars’ require further
investigation, our main focus is to use it as.a control for i-shaped pillars. The distinct
spread é’nd scattering of. RBC distribution for square pillars shows that the square
DLD pillar érray has an effect 6h' RBC separation compared to cylindrical pillars but

not effective enough to ensure an efficient separation.

In contrast to square and cylindrical piIIarsv, I-shaped pillars are éi(tremely effective in
separating non-spherical pévnicles, such as RBCs. The output graph in Figure 2(c)
shows complete séparation of RBC in channels 1 to 4, deviating awaiy from its
original RBC input distribution of channels 15 to 26. Also, the peak distribution of

~86% in channel 1 is distinctly greater than peak distribution for square (~8%) and .
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circle pillars (~24%) DLD devices. The slight spread to channels 2 and 3 is due to
' slight overcrowding of RBC in channel 1 which spill over to the other channels. The
magnified view shows a sn-ep shot of the 100% separeted RBC stream in the ouprit
channel 1. This focused stream of.RBC seperation clearly shows the effectiveness of
I-shaped pillars compared to the control square pillar array and the conventional
cylindrical pillar array: Since the DLD pillar array gap size and gradient are fixed
across the three pillar types, it would suggesi that the effective separation size of
RBCs in an I-shaped pillar array is greater than in a square pillar array and a

cylindrical pillar array.

in order to confirm if the increase in efficiency is due to the increase in effec’iive
separation size induced by rotation of RBCs, the movements of RBCs in both square
and I-shaped pillar arrays were captured and analyzed. Detailed schematics and
screen shots of the motion of RBCs around the control square pillar array and I-
shaped pillar can be seen in Figure 3. Figure 3(a) depicts the path of a RBC which
does not get separated in a square pillar array. The RBC’s movements follow a
laminar flow path and flow length-wise close to the side of the pillars hence the
effective diameter of the RBC is approximately 2um which is the width of the RBC. It
is also noted that as it collides into the walls of the pillar in step 1, it deforms and
conforms to the 'shape of the pillar, sliding along the walls. If the RBC does not slide.
well along the walls of the pillar, it might get displaced from its original laminar flow
path (bumped) and get separated. This would result in a possible bumping and
hence separation in the square pillar “array, explaining the spread of RBCs

throughout the output channels.

Figure 3(b) and 3(c) shows two observed motions of RBC as they fiow‘past I-shaped
pillars. These two figures depict the motion of a RBC that follows the gradient of DLD -
resulting in the final displacement from the original laminar flow path and hence
separation at the output channels. Figure '3(b)» shows a bumping and tumbling motion
while Figure 3(c) Shews RBC sliding motion along the sides of the pillar walls which
is similar to the schematics shown for the RBC movement in square piiiar’array |
above. Though both RBC -mevements differ, the cross-membered I-shape

protrusions act as two pivot points for the RBC to turn or rotate and the groove
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provides room for the RBC to flip and tumble within (step 1 and 4). This distinct
_ diffe'rence in RBC movement compared to the square pillar array shows how a
sirﬁple groove in the novel I-shape pillar design simply de-stabiliies'the streamline
flow of the RBC. Hence the I-shaped pillars have been shown to induce turning or

 rotations of RBCs resulting in a greater effective separating diameter.

Thus it can be seen that our mechanism for separation aims to induce rotation (fully
or partially) and we have shown that the rotation and tumbling of disc shape RBCs in
an I-shaped pillar DLD array results.in a focused separation stream. This concept of
rotation is also not limited to RBCs but can be applied to all non-spherical entities
such as, without limitation, other cells, deformable or otherwise, and micro-

organisms such as, without limitation, bacteria.

Moreover, we have performed computational analysis on COMSOL Multiphysics
platform for both the square pillar array and I-shaped pillar array and the triangular-
shaped pillar array to study the fluid flow and velocity profile. For the computation of

each device, we have set a minimum 2 by 2 pillar array and the initial flow velocity is |
set to Imm/s with O pressures at the outlets. All other boundary conditions were set
the same for both mbdels. The computational data in Figure 4 shows the velocity
and streamline profile for all devices. They have similar peak flow rates in red (away
from pillars) and low flow rates in dark blue near the walls of the pillars while the dark
lines are fluid stream-lines. It can be seen that square pillars in Figure 4(a) have
relatively constant and smooth flow profiles between the pillars, unlike I-shape pillars
in Figure 4(b) where the gro,ove‘ between pillars causes a disturbance in stream-line
path. The super-imposed RBCs in both Figures 4(a) and (b) are placed in the same
positions that.ca‘n be seen in Figures 3(a) and (b). Clearly, the RBC in Figure 4(a)
does not experience as much variations in velocity across its length hence it flows
along the streamline path along the sides of the wall. However, the RBC positioned
in I-shape pillars lexperiences varying velocity fluid flow along its length. This
variation of veldcity flow results in the formation of a net moment acting on the RBC,
causing it to tumn or rotate. The double protrusions in each I-shape pillar either side
of a pillar indent or groove create variations in fluid streamlines and velocities

resulting in changing in moments, hence the observed RBC’s rotation within this flow
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velocity field. In Figure 4(e) the asymmetrical flow pattern. caused by the triangular

pillars is evident.

Conventionally, in order to compensate for the non-spherical shape of a bio-particle,
current techniques would have to push the limits of their separatidn fechnology by
focusing the separation criteria on the narrowest width of the non-spherical bio-
particle. In contrast, we increase the effective separation diameter for non-spherical
particles by emphasizing the greatest length, instead of the narroWest width, via
induced _rotation. By increasing the effective separation diameter of the non-spherical
particle, the device can be more effective, smaller and simplify the fabrication

technigues.

The study of different shapes of pillars with curvi-linear design for DLD separation

In the‘ following studies a RBC is selected as the non-spherical particle as it is
generally very difficult to separate because of its deformability as well as its unique
disc shape, it is therefore an ideal test particle for representing non-spherical
particles. Moreover, blood is also- one of the most commonly separated biological
materials in hospitals and clinics making it substantially important to effectively
separate non-spherical particles from blood for rapid downstream analysis of the

biological fluid.

Within pillars,‘ we have exp'IOfed and experimented on the various combinations of
pillar protrusions (to induce rotations of non-spherical particles) and associated
grooves (to accommodate the rotation of these particles). These combinations
resulted in a greater undefs-tanding on how pillar 'shape affects the separation of
non-épheriCaI particles in é fluid. Table 1 shows the shapes of pillars we have
explored and the various parameters used in our tests. Table 1 is to be read in

conjunction with Figures 6-8.

A}Il’tests were performed using spherical beads of 3.0 and 3.5 microns in diameter as
well as red blood cells with a disc diameter of approximately 8 um and 2 um in
thickness. The results of the separation can be seen in figures 6-8. As a result of

these tests we devised a separation index system for ease of data comparison by
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normalizing the separation distance for all the experiments. The explanation of the
separation index is depicted in Figure 9 while the combined data showing the
separation index of the various experiments can be seer\ in Table 2. Separations
with indexes higher than 50 are considered good separations whilevseparations with

indexes less than 50 are considered weak separations.

From Table 2 and Figures 6-8, we can evidently see the positive effects of having a
pillar with (in cross-section) a double protrusion and groove. The ihcrease or double
protrusion enables a more effective separation of non-spherical particles. For
symmétrical flows, the greater the protrusion the better the separation - of nen-_
spherical RBCs, while for asymmetrical flow, the orientation of the protrusion is more
critical for separation of non-spherical particles. Computational modelling of
asymmetrical flow around triangular pillars can be seen in Figure 4. Clearly there is a
distinct difference in flow patterns between the two similar shaped but orientation
varying pillars. The protru‘sions play a distinct role in modulating the flow and
subsequently the RBC separation resulting in weaker separation in inverted L-shape

and more distinct separation in L-shape.
These results show that controlling motion and separation of non-spherical particles
is inherently complex with various flow parameters as well as particle motion

involved.

From the pillars 'that have been explored, I-shaped pillars resulted in the best

separation for both spheriCaI and non-spherical particles.

Separation index for comparisoh‘ of efficiency between pillars

In order to compare the various separation results between different pillars, a
separation index was used. The index is as standard for general comparisons of
efficiency and separation quality between various devices. The strength and quality
of separation is expressed in the magnitude of the index while the resolution is
denoted in the standard deviation. The advantage of using an index is to have a-
standard method of cbmparison between various devices across all DLD

experiments regardless of the number or length of output positions.
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The formula for the index is as follow:
Mean Separation Displacement N
 Max Separation C hannels/Displacement
X-75
26 —-75

X =the mean deviation of the sample stream as depicted in the graphs.

100

x 100

- 7.5 represents the theoretical average of the sample region which is the mid-point of
5 and 10 channels

26 represents the max possible channel deviation.

Hence, the index range from 0O (no deviation from sample stream) to 100 (Max
‘deviation of sample stream). We also set 50 as the target for minimum separation
requirements. For our current DLD setup, an index of less than 50 is not considered
separation, while an index of 50 and above, separatioh can be considered distinct.
Note that the deviation of the mean needs to be considered when the index is near

50. The greater the index, the better the separation strength.

Study of Bacterial separation in I-sha_ped pillar arfav

Current methods of diagnosing bacterial disease usually require the culture of
bacteria this is time-consuming and requires trained technicians in well-equipped
laboratories. Patient outcomes will improve with faster and more sensitive bacterial
detection techniques based on the direct separation of bacteria from pathological
samples. Current alternative bacterial separation techn"iques focus on the separation
of spherical particles,' these are not suitable for non-spherical bacteria, which
‘includes most gram negative pathogens. We have investigated our preferred novel I-
‘shaped pillar array design which we have disc‘overed allows the effective separation
of spherical as well as.nbn-s‘pherical bacteria. Briefly, this study is outlined below:

A. Device design for the I-shaped pillar array for bacterial separation: The new
device was designed with different array parameters as shown in the Scheme-2,
Figure 10. | ‘ | - | .
B. Separation of non-spherical bacteria using I-shaped pillar- array: E. coli was
chosen as the model non-spherical baéteria for this study. A cOmparat»i‘ve siudy was
performed between I-shéped pillar design and conventional circle pillar design. 100%
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separation of bacteria was achieved for the I-shaped pillar array while separation
was not observed for the crrcular pillar array. Moreover, separated bacterla were
concentrated in.a single stream (Figures 11c & 12a). This indicates that I-shaped
pillar design can achieve efficient separation and concentration of non-spherical
bacteria. Specifically, it can be seen that bacteria enter in the sample stream |
between channels 39-45 (Figure 11a), deterministically are displaced to‘wards
channel-1(Figure 11b) an‘d are concentrated in the channel-1 (Figure 11c). Figure-
11b clearly shows the displacement path of bacteria through the I-sh‘aped pillar array
in a snap-shot while a similar snap-shot taken for the circle pillar array (control
sample) did not show significant displacement of bacteria (Figure 11d). For
quantitative analysis, the percentage of bacteria passing through each input and
output channels were calculated (Figure 12). 100% of bacteria are deviated to the
channel-1 for the I|-shaped pillar array (Figure 12a) while a wide distribution of
bacterial output is observed for the circle pillar array which overlaps with the input
-channel streams. Sinceiavll parameters have been kept same for |- shaped and circle'
pillar array, except for the shape of pillars, it suggests that the shape of the pillar is
responsible for the result. Moreover, it helps in concentration of bacteria as it can be
located in a single stream (Figures 1 1c & 12a). |

C. Separation of spherical bacteria: For studyihg the separation of spherical
bacteria, S. epidermidis (Diameter=~0.7 prh) was chosen. The array dimensions of
the device used for this experiment were slightly different from the one used for
separation of non-spherical bacteria (the gradient angle is 1.6° instead of 2.0°). This
change was incorporated due to overall smaller size of spherical bacteria. Effective
separation of 'spherical bacteria was also achieved by the I-shaped pillar design
compared to the conventional design (Figure 13).

D. Study of bacterial movement in.I-shaped pillar array: To understand the bacterial
separation in an I—shaped"p_illar array, bacterial movement was studied. It was
interesting to note that bacteria move in see-saw _motioh .through an I-shaped pillar
_array Such movement allows taking shape into account and helps in the separation
of non- spherrcal bacteria based on their shape (Figure 14).

E. Separation of different types of bacteria in an I-shaped pillar array: The I- shaped
pillar desrgned showed efficient separation of different types of bacteria mcludmg

clinically relevant pathogenic species (Figure 15).
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F.- Separaﬁon of bacteria from blood: in our study we have shown that bacteria can
be separated from a pathologically relevant medium such as blood thus
demonstrating‘fhét our technology cén be developed into a highly commeréiaily
desirable product. Using an I-shaped pillarvarray design we have found that bacferia

can be successfully removed from blood (Figure 16).

Conclusion

We have shown that a novel shaped pillar array is.far more efficient in separating
non-spherical entities, such as disc shape RBCs, from a fluid sample compared to
conventional circle/cylindrical pillar arrays and square pillar arrays.:The mechanism
for the separation process is due to induced turning or rotations from undulating flow
patterns caused by abutment surfaces and grooves on/in the pillars. The
compuiational analysis and experimental results demonstrate that induci’ng turning or
rotation of non-spherical particles increase their separation diameter. The invention
has potential for the separation of bacteria and any other non-spherical particles in

any fluid environment.
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TyPE PILLAR SHAPE PROTRUSIONS | FLOW PROFILE | ORIENTATION

(i x 2 | symmetrical -
I-shape '

=

Symmetrical Inverted

N0

Inverted Anvil Shape
{iii) Y ‘ 2 Symmetrical Upright
Anvil Shape’
{iv) JL 1 Symmetrical Inverted
" Inverted T-shape
(v) I A 1 Symmetrical Upright
T-shape '
{vi) o ' : 1 Asymmetrical |- Upright

L-shape

{vii) I 1 Asymmetrical inverted

L-shape Inverted

Table 1. Flow and experiment parameters of the various pillar shapes to be tested. The table

shows pillar shapes with varying 3 parameters ~ protrusions, flow profile and orientation.
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‘PILLAR SHAPE INPUT REMARKS

SEPARATION INDEX

11 | 57 | 917 | 948 | 954 | 615

E 35 | 62 | 654 | 893 | 51.3 | 226

Inverted Anvil Shape

Y 32 | 43 | 688 | 944 | 245 | 16.7

Anvil Shape

J:L 05 | 37 | 515|938 | 355 | 308

Inverted T-shape

I 76 | 78 | 420 | 80.1 | 45.2 | 24.0

T-shape

A

L-shape

I 2.5 33 | 47.7 | 886 | 209 | 3.6

L-shape Inverted

4.4 11.7 | 42.6 | 96.0 | 92.5 | 56.2

Table 2. Summary of data showing the converted separation index. An index of more than 50 is highlighted in
cyan. The index is based on the mean separation of the particles within various devices.
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CLAIMS

1. In, or for use in, a microfluidic device at least one pillar comprising, in cross-
section, at least one particle abutment surface and an adjacent space that
indents said pillar, or an adjacent groove that indents said pillar, to
accommodate said particle. | |

2. In, or for use in, a microfluidic device according to claim 1 a pillar 'whose‘
cross-section is selected from the group comprising: I-shaped, C-shaped, J-
shaped, W-shapéd, V-shaped, T-shaped, L-shaped, E-shaped and anvil-
shaped. | | |

3. In, or for use in, a microfluidic device according to claim 2 a pillar whose
cross-section is I-shaped.

4. In, or fcr use in, a micfoflu'idic device according to claim 3 a pillar whose
cross-section is I-shaped and comprises a-pair of oppositely pcsitioned curvi-
linear surfaces providing the central element of the I—shaped pillar and
connecting with the two cross-membered ends of the I-shaped pillar.

5. In, or for use in, a microfluidic device acccrding to any one of claims 1-4 a
pillar whose said abutment surface may be rounded or angular.

6. In,orforusein, a microfluidic device according to any one of claims 1-5 claim
a pillér wherein said s‘pa‘ce or groove is bounded by either a linear or a
curvilinear surface. | |

7. In, or for use in, a microfluidic device according to any preceding claim a

| plurality of pillars arr'anged in an array.

8. In, or for use in, a. microfluidic deV|ce according to any preceding clalm a

~ plurality of pillars arranged in an array wherem along at least one selected
‘axis said pillars are allgned |

‘9. In, or for use in, a microfluidic device according to any preceding claim a
plurality of pillars arrangéd in an‘array‘wherein along at least one selected
axis said plllars are staggered.. |

10.In, or for use in, a microfluidic device accordlng to any precedmg c|a|m a
plurality of pillars arranged in an array wherein alternate rows of said pillars

are inverted.
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11.1In,

or for use in, a microfluidic device according to any preceding claim a

plurality of pillars wherein at least one of said pillars has a different cross-

sectional shape with respéct to said other or remaining pillars.

12.Use of a device or pillar according to any preceding claim for the separation

in,

or from, a fluid of non-spherical particles selected from the group

comprising: bioparticles; blood cells, bacteria; parasites, algae and viruses.

13.Use of a device or pillar according to claim 12 wherein said bacteria are

selected form the group comprising the following genera: Escherichia,

Staphylococcus, Klebsiella and Pseudomonas.

14. A method for separating particles in a fluid comprising:

a)

b)
c)

d)

providing in a microfluidic device a plurality of pillars comprising, in cross-
section, at least one particle abutment surface and an adjacent space that
indents said pillar, or an adjacent groove that indents said pillar, to
accommodate said particle and further wherein said pillars are arranged in
an array such that adjacent'plillars define a space through which a quid can
flow;

causing a fluid to flow through said device;

making particles in said fluid rotate in at least one direction as they flow
around said pillars;

collecting separated particles as they leave said array.

15. A method for separating particles in a fluid comprising:

a)

d)

providing in a microfluidic device a plurality of pillars comprising, in cross-
section, at least one particle abutment surface and an adjacent space that
indents. said pillar, or an adjacent groove that indents said pillar, to
accommodate séid particle and further wherein said pillars are arranged in
an array such that adjacent pillars define a space through which a fluid can
flow and wherein pillars in either adjacent rows and/or columns are
staggered so defining a space which requires lateral movement of
particles flowing there through; o

causing a fluid to flow through said device;

making particles in said fluid rotate in at least one direction‘as they flow
around said pillars; |

collecting separated particles as they leave said array.
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16. A method according to claims 14 or 15 wherein said particles are non-

~ spherical. - o _

17.A method according to 'aﬁy one of_CIaims 1'4-'16' wherein said'paﬁicles are
bacteria. ‘ ' | |

18.A method according to any one 6f claims 14-16 wherein said particles are red
blood cells.

19. A diagnostic method involving the separation of selected cells from a fluid
sample involving the method according to any one of claims 14-18 and the

subsequent identification, testing or investigating of said cells.
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