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Abstract

This paper reports the fabrication and testing of a helical cell separator that uses insulator-based
dielectrophoresis as the driving force of its separation. The helical channel shape’s main advan-
tage is its constant curvature radius which generates a constant electric field gradient. The pre-
sented separator was fabricated by extruding a sacrificial ink on rotating spindles using a com-
puter-controlled robot. After being assembled, connected to the reservoir and encapsulated in
epoxy resin, the ink was removed to create a helical microchannel. The resulting device was tested
by circulating polystyrene microbeads of 4 and 10 pm diameter through its channel using a volt-
age of 900 VDC. The particles were separated with efficiencies of 94.0% and 92.5%, respectively.
However, roughness in some parts of the channel and connections that had larger diameters
compared to the channel created local electric field gradients which, doubtless, hindered separa-
tion. It is a promising device that could lead the way toward portable and affordable medical de-
vices.
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1. Introduction

Cell separation is an essential part of the sample preparation prior to medical testing, as in the case of the con-
centration and separation of erythrocytes from other blood for the detection of malaria [1]. Current techniques
for this key step rely on large and expensive equipment [2] [3] that cannot easily be used outside laboratories
and hospitals. The miniaturization of the medical diagnostic equipment would facilitate field testing and could
reduce the time between sample collection and eventual treatment. As a matter of fact, approximately 95% of
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the time needed to obtain molecular diagnostic data is associated to sample collection, transportation and prepa-
ration [4].

Dielectrophoresis (DEP) is the physical process by which forces are applied to particles polarized by an in-
homogeneous electric field. DEP can efficiently be used to separate particles since the magnitude and orienta-
tion of the forces depend on different properties such as the radii of the particles, the permittivities of the parti-
cles and medium as well as the electric field gradient. As such, DEP has been used to separate carbon nanotubes
by chirality [5]. Moreover, DEP has been widely investigated as the operating principle for miniaturized medical
devices [1] [6]-[13].

The first type of DEP to be discovered [14] is the electrode-based DEP in which the inhomogeneity of the
electric field arises from the shape of the electrodes generating the electric field such as pinlike electrodes [15]
or interdigitated electrodes [16]. In a separator application, the electrodes are the driving force of the separation
and must necessarily be placed where the separation occurs. This electrode placement presents some important
disadvantages such as Joule heating [17] [18] and electrolysis of the suspending medium which can alter the
trajectory of the particles and greatly hinder the separation [19].

In insulator-based dielectrophoresis (iDEP), the device is non-conductive and the inhomogeneity of the elec-
tric field arises from the shape of the device itself [20]. The main advantage resides in the fact that the electrodes
are located away from the separation site, usually in the input and output reservoirs of the device. Joule heating
and electrolysis can still occur but they do not significantly disrupt the separation process since they take place
far from the location where the separation itself occurs [17].

Different iDEP-based separator shapes have been proposed such as an insulating hurdle [6], a serpentine [7]
and a planar spiral shape [8]. These devices were fabricated by a conventional microfabrication technique called
soft lithography. These two-dimensional (2D) separators can efficiently separate many types of particles with a
simple design. Spiral-shaped separators, in particular, have obtained very good separation efficiency [8]. How-
ever, in spiral-shaped separators, the force applied on a given particle is inversely proportional to the curvature
radius of the channel. Hence, the center section of the separator applies relatively large forces on the particles,
whereas, the periphery applies lower forces. This section of the channel is, thus, less effective.

This shortcoming could be overcome by using a three-dimensional (3D) spiral equivalent: the helix. In a heli-
cal channel, the curvature radius is constant, thus resulting in constant separation forces throughout the channel
regardless of its length. Despite being very powerful for the fabrication of 2D shapes, conventional microfabri-
cation methods, such as soft lithography, are incapable of producing complex 3D shapes such as a helical mi-
crochannel.

This article reports a new 3D iDEP particle separator relying on helical microchannels fabricated by confor-
mal spindle printing. This method consists of a computer-controlled fugitive ink deposition on rotating spindles
creating helices that are assembled and connected to reservoirs before being encapsulated into an epoxy resin.
The ink is removed to create the helical channels. Although 3D devices have been reported [9] [16] [21]-[23],
this new device surpasses all existing 3D devices by the complexity of its shape.

This paper presents the operating principle of the separator, its design, its fabrication process, the particle
suspension preparation and the description of the separation experiments, respectively. The fabrication capabili-
ties and separation results are presented next, followed by concluding remarks.

2. Experimental
2.1. Dielectrophoresis Theory

Particles suspended in a medium between two electrodes under tension are polarized by the ensuing electric
field. Charges inside the particles accumulate near the particle-medium interfaces and attract charges inside the
medium. Charges also accumulate at the interfaces on the medium side. These accumulations of electric charges
form what are called electric double layers [6].

The polarizabilities of both medium and particles determine the relative quantity of charges inside and outside
the particles. As negative and positive charges attract, and effectively cancel each other, electric dipoles are cre-
ated. These relative differences determine the orientation of the dipoles [6].

A net dipole inside an electric field is subjected to forces resulting from the attraction of opposite charges and
the repulsion of identical charges. In the case of a symmetrical electric field generated by electrodes of identical
sizes and shapes, for example, the forces cancel each other and no resulting force occurs. If the electric field is
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inhomogeneous, when electrodes of different sizes are used for example, a resulting force is applied on each
particle. This force can be expressed by [24]:

Fogr = 216,° fo V|E[ 1)

where ¢, is the permittivity of the medium, a is the radius of the particle, f,, is the Clausius-Mossotti
factor and E is the electric field. In a DC electric field, the Clausius-Mossoti factor is given by [25]

O, —0O,

foy =—— )

o, +20,
where o, and o, are the conductivity of each particle and the medium, respectively. This factor, which var-
ies from —0.5 to 1, determines if the particles are attracted or repulsed by regions of high electric field intensity
[26]. The Clausius-Mossotti factor also affects the value of the dielectrophoretic force. By carefully selecting the
medium conductivity, f.,, can be tailored to obtain the required force, the absolute maxima being bounded by
the extreme values of —0.5 and 1.

Particles being acted upon by dielectrophoresis accelerate inside the medium. The acceleration is dictated by
the dielectrophoretic force and by the drag. As the velocity of the particles increase, so does the drag. When
those two forces become equal, the particles reach their terminal velocity. Usually, the particles reach their ter-
minal velocities inside the medium in a very short time (in the order of 10™ s for 10 um particles) [19]. The ac-
celeration phase can then be neglected and velocity can be used instead of force to provide a clearer understand-
ing of the particle behavior. The velocity of particles subjected to DEP is given by [27]

Upep ::uDEPV|E|2 (3)

where ., @ measure of the impact of the electric field gradient on the particle velocity, is called the dielec-
trophoretic mobility. It is given by [27]
2 af
HMpep = ——= 4)
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where g, is the fluid viscosity.

2.2. Helical Separator Operation Principle and Design

Figure 1(a) shows the design of the 3D separator that consisted of one inlet reservoir, two outlet reservoirs and
a channel connecting the inlet to the outlet. In order to separate a bimodal particle dispersion, the channel and
output reservoirs were filled with a conductive aqueous sodium chloride solution. The input reservoir was filled
with the particle dispersion. Three electrodes made of 250 um diameter gold wire, were immersed in the reser-
voirs. A DC voltage was then applied between the inlet and outlet as shown in Figure 1(a).

The electric field distribution for a voltage of 900 VDC is shown in Figure 1(b). The field values were ob-
tained using COMSOL Multiphysics (Comsol, Burlington, MA, USA). Under the influence of the electric field,
the particles were subjected to tangential forces resulting from electrically-induced phenomena called elec-
troosmosis and electrokinesis and the resulting particle velocities are noted U, . Figure 1(c) shows the sepa-
rator from the side with the three particle arrangement during the separation experiments. First, the particles en-
tered the channel leading to the first helix in a random arrangement as shown in Figure 1(d). Upon entering the
first helix, the particles were subjected to radial dielectrophoretic forces resulting in velocities noted U, and
given by Equation (3). These velocities were toward the outside wall of the channel and their magnitude de-
pended on the size of the particles. The larger particles had a larger radial velocity than the smaller particles.
Due to the sufficient length of the first helix, both types of particles reached the outside wall and were aligned
when exiting the first helix, as shown in Figure 1(e). This first step was crucial in order to separate the particles
because their random positions would nullify the effect of the difference in U, rendering separation nearly
impossible.

After the alignment, the particles entered the second helix which was coiled in the opposite direction and in
which the outside wall became the inside wall. The electric field gradient pushed the particles with the same re-
spective velocities toward the outside wall. The difference in velocities separated the particles until they reached
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Figure 1. Schematics of the design and operation of the helical separator. (a) Isometric view of the separator.
The inlet reservoir contains a mixed suspension which is separated into its two constituents which are present
in the outlet reservoirs. (b) Illustration of the electric field intensity in the curved channel for a voltage of 900
VDC and its effect on particles. (c) Slightly inclined side view of the separator showing three stages of particle
separation with a 900 VVDC voltage. (d) Randomly distributed particles enter the first helix. (e) Particles are
aligned after their transit through the first helix. (f) Separated particles exit the second helix and are split

toward the two output reservoirs.
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the end of the second helix. That length was shorter than that of the first helix to insure that the particles did not
reach the outside wall but were properly positioned with respect to the bifurcation shown in Figure 1(f). The
particles were then collected in the outlet reservoirs.

2.3. Separator Fabrication

The microchannels were fabricated using the direct-write fabrication method [28]. The sacrificial ink, which was
made of 70 wt% of petroleum jelly (Unilever, Toronto, Canada) and 30 wt% microcrystalline wax (Strahl &
Pitsch, West Babylon, NY, USA), was extruded through a steel nozzle by the piston.

Fugitive ink was deposited on rotating epoxy 1.2 mm diameter spindles with the direct-write method to create
the helices, as shown on Figure 2(a). This diameter of spindle, which determined the curvature radius, was
chosen because of ease of fabrication. These spindles were rotated using a precision electric motor (VT-80, Pi
Micos GmbH, Eschbach, Germany). For each helix, a straight section was deposited first to facilitate the con-
nection of the channels. The helix was deposited on the rotating spindle and followed by another straight section.
The first helix had 6 coils and the second had 4. These numbers of coils were determined by analysis of the re-
sults of previous prototypes. They were both made using a 100 um nozzle and a pressure of 550 kPa. This noz-
zle size was chosen because of its availability.

The two epoxy spindles were glued upright on a glass slide. The inlet and outlet channels were deposited and
connected to the lower part of the helices as shown on Figure 2(b). The bifurcation was completed by deposit-
ing its second branch. The reservoirs were fabricated by depositing circular walls 1.5 mm high and with a di-
ameter of 5 mm which were subsequently filled with fugitive ink to prevent resin infiltration during the encap-
sulation step. The entire apparatus was encapsulated with a two-part liquid epoxy (Epon 862/Epikure 3274,
Momentive, Colombus, OH, USA) and left to cure as illustrated in Figure 2(c). The top section of the epoxy
was then carefully cut using a precision saw (Isomet Low Speed Saw, Buehler Canada, Whitby, ON, Canada) to
prevent the introduction of foreign particles that could clog the channels. The two exposed filaments were con-
nected with a filament of fugitive ink deposited with a 100 pum nozzle thus completing the connection of all the
filaments as shown on Figure 2(d). This last filament was encapsulated with epoxy and left to cure. The glass
slide was removed to expose the filaments. The encapsulated model was heated in boiling water to melt the ink
that was then removed by applying vacuum to one end of the channel. Any remaining ink residue was dissolved
and removed by circulating hexane through the channel. The remaining epoxy block had empty channels and
reservoirs and constituted a finished and functional separator.

a b
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Figure 2. Fabrication steps of the helical separator. (a) Deposition of the fugitive ink on a
rotating spindle. (b) Deposition of the reservoirs and filaments linking the upright helices to
the reservoirs. (c) Encapsulation of the reservoirs and filaments in liquid epoxy resin. (d) After
curing, the top part of the epoxy is cut to expose the filaments that are connected with another

fugitive ink filament.



N. Guérin et al.

2.4. Suspension Preparation

The particle suspension was prepared by mixing 4 and 10 um polystyrene microbeads (Fluka Analytical, Buchs,
Switzerland) with an aqueous solution of 100 ppm of sodium chloride. The solution was also used without parti-
cles to fill the channel and the outlet reservoirs. The final suspension had a conductivity measured of 210 pS/cm
and contained approximately 5 x 10° particles per mL of each type for a total of 10 particles per mL. The con-
ductivities of the particles were 10 uS/cm and 4 uS/cm for the 4 um and 10 um particles, respectively (these
conductivities were calculated using the surface conductance recommended by Ermolina and Morgan [29]). The
Clausius-Mossotti factor of both particle types were computed as —0.465 and —0.486 for the 4 um and 10 pm
particles, respectively, from Equation (2). These values are very close to the theoretical minimum of the Clau-
sius-Mossotti factor of —0.5, which means that, during separation experiments, the particles were pushed toward
the regions of low electric field value with forces very close to the maxima allowed by a negative Clausius-
Mossotti factor. The specific gravity of polystyrene being 1.05, the particles tended to settle. Manual stirring
was required before the particle introduction in the inlet reservoir.

2.5. Separation Experiments

The outlet reservoirs and channel were filled with the NaCl solution using a syringe. The inlet reservoir was then
filled with approximately 30 uL of particle suspension using a pipette. The gold electrodes were immersed in-
side the reservoirs. The voltage was supplied by a 1000 VDC electrophoresis power supply (FB1000Q, Cole-
Parmer, Montréal, Canada). The inlet reservoir received the positive potential and the outlet reservoirs were
grounded. The reservoirs were carefully filled to the same level to avoid the interference of a pressure induced
flow.

2.6.Image Analysis

Particle motion was captured using an Evolution VF Camera (MediaCybernetics, Rockville, MD, USA) and an
SZX12 stereomicroscope (Olympus, Richmond Hill, Ontario, Canada). Close-up fluorescent optical images
were taken using an Evolution VF camera and a BX61 microscope (Olympus). Pictures were treated with Image
Pro 7 (MediaCybernetics). Close-up images were assembled from several images with different focus heights to
extend the depth of field.

3. Results and Discussion
3.1. Analysis of Fabricated Separator Geometry

Figure 3(a) shows the completed 3D separator having a total microchannel length of 65 mm and a planar foot-
print is 2.6 cm?, which is a 35% reduction compared to a reported spiral-shaped separator [8]. The effective
separation length, which was comprised of the two helices and their connection, was 42 mm. The curvature ra-
dius of the helices at the center of the channels, which takes into account the channel roughness, was 0.650 +
0.004 mm. The channel in the helical part of the separator, which is shown in Figure 3(b), had a diameter of 111
+ 6 um. The three straight channel parts were fabricated with the same procedure. Their width should have been
similar. Two of the three were similar with a width of 147 + 4 um. However, the top channel (shown in Figure 3(c))
had a width of 215 + 15 um. This difference can be seen in Figure 3(c) where the angled part is smooth and the
horizontal part is wider and more jagged. The junction between the different parts of the channel, such as those
visible at the bottom of Figure 3(b) and the top of Figure 3(d), had a diameter of 216 + 54 um.

The overall dimensions and shape of the designed separator were respected. The curvature radius was rela-
tively constant in the device and the channel dimensions had variations of less than 7%. Despite the overall
smoothness, one part of the output channel had some visible roughness that induced local electric field gradients
and could potentially have hindered the separation. The difference between the total length and the effective
length did not contribute to the separation but reduced the available voltage in the helices. The connections be-
tween the different parts of the channel had diameters that were nearly twice that as large as the average diame-
ter of the helices, which also created local electric field distortions. Finally, the fabrication process is complex
and heavily reliant on manual operations.
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Figure 3. (a) Optical image of the fabricated separator. (b) Fluorescent side view image of the
two helices. (c) Fluorescent top view image of the bifurcation. (d) Fluorescent slightly inclined
bottom view of the two helices.

3.2. Separation Efficiency

Separation experiments have been performed with the method described in Section 2.5. Voltages between 800
and 1000 VDC were tested. The highest separation efficiency was obtained using a voltage of 900 VDC.

Figure 4(a) shows the particles before separation. The particles accumulated in both output reservoirs after
their separation using a voltage of 900 VDC. Figure 4(b) shows a still image from the video captured of the bi-
furcation during a test using a voltage of 900 VDC. The 4 and 10 pum particles can be seen being separated and
entering both branches of the bifurcation which lead them to the output reservoirs. Figure 4(c) and Figure 4(e)
show representative images of the separated particles in each of the reservoirs after the test. Figure 4(d) shows
the separation efficiency calculated by counting the proportion of each type of particle that reached the expected
reservoir. After their transit through the separator, 94.0% of the 4 pm particles reached the reservoir at the end
of the top channel and 92.5% of the 10 um particle reached the reservoir at the end of the bottom channel. The
particles were tracked and counted from recorded videos of the separation experiments.

Difficulties were encountered during the separation experiments. The results were difficult to reproduce be-
cause valid tests were challenging to obtain. The fine adjustment of the level of solution in each reservoir was
especially difficult to make. An uneven level of solution led to pressure-induced flow which deviated the parti-
cles and prevented efficient separation. The settling of the particles during the short initial period between the
introduction of the particle in the input reservoir and the beginning of the separation experiments was also a
problem observed. Since the 10 um particles settled more rapidly than the 4 um particles, the smaller particles
were more numerous altogether during the experiments even though the same number of each type of particle
was introduced in the input reservoir.

Reported 2D separators have efficiencies varying between 90% and 98% [7] [8]. These results are comparable
to the results obtained in the experiments with the helical-shaped separator. The fabrication process generated
geometrical flaws, such as channel roughness and increased cross-section in the connections, which most proba-
bly hindered the separation. Considering these shortcomings, the results, and how they compare with other de-
vices, are promising.

4. Conclusion

The fabrication of a functional dual helix dielectrophoretic separator was presented in this paper. Separation
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Figure 4. Separation results of the 3D separator using a voltage of 900 VDC. (a) Optical image of the 4 pm
and 10 pm particles before separation. (b) Bifurcation of the channel during a separation at 900 VDC. (c)
Particles collected from the top reservoir after separation. (d) Proportion of the particles reaching the expected
reservoir (e) Particles collected from the bottom reservoir after separation.

tests at 900 VDC obtained separation efficiencies of 94.0% and 92.5% for 4 um and 10 um particles respec-
tively. These results are similar to those obtained with 2D DEP-based separator that were reported in the litera-
ture. In order to prove the applicability of this device to the biomedical field and to better compare it with other
existing devices, further separation experiments will have to be performed using living cells. As polystyrene
separation is very common in the literature as a proving ground for new separation devices, these results consti-
tute a definite and encouraging proof of concept for the helical DEP separator because even with some geomet-
rical flaws, the prototype was able to obtain separation efficiencies comparable to 2D devices. A spiral-shaped
separator has two intertwined spirals, thus binding the length of the two spirals. Having two independent helices,
the dual helix shape also lends a flexibility in the number of coils that a 2D separator does not have. This allows
a precise tailoring of the number of coils for each helix to optimize the separation efficiency. The helical sepa-
rator also has a smaller planar footprint than 2D separators. The efficient length of the helices is not limited be-
cause of its constant curvature radius. Helical DEP separators thus have the potential to outperform 2D separa-

tors while being more flexible and occupying less space.
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