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Babesia species are obligate intraerythrocytic tick-borne protozoan parasites that are

the etiologic agents of babesiosis, a potentially life-threatening, malaria-like illness

in humans and animals. Babesia-infected people have been known to suffer from

complications including liver problems, severe hemolytic anemia, and kidney failure.

As reported by the Food and Drug Administration, 38% of mortality cases observed

in transfusion recipients were associated with transfusion transmitted diseases of

which babesiosis is the chief culprit. As of now, no tests have been licensed yet for

screening blood donors for babesiosis. Current diagnostic tools for babesiosis includ-

ing enzyme-linked immunosorbent assay, fluorescence in situ hybridization, and

polymerase chain reaction are expensive and burdened with multifarious shortcomings.

In this research, a low-cost, high-specificity, quick, and easy-to-use insulator-based

dielectrophoretic diagnostic tool is developed for characterizing and concentrating

Babesia-infected cells in their homogenous mixture with healthy cell population. In

this work, a mixture of Babesia-infected (varying parasitemia) and healthy red blood

cells (RBCs or erythrocytes) was exposed to non-uniform electric fields in a fabricated

microfluidic platform to manipulate and sort the Babesia-infected cells within a mi-

nute. At DC voltage configurations of 10 V and 0/6 V in the inlet and the two outlet

channels, respectively, the diseased cells were seen to flow in a direction different

from the healthy RBCs. Bright field and fluorescence microscopy were utilized to

present qualitative differentiation of the healthy erythrocytes from the infected cells.

The proposed micro device platform was able to enrich RBCs from 0.1% to �70%

parasitemia. This device, when finally developed into a point-of-care diagnostic

chip, would enhance the detection of Babesia-infected erythrocytes and as well serve

as a precursor to babesiosis vaccine development. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4954196]

I. INTRODUCTION

Babesia species are tick-borne, tick-transmitted apicomplexan haemoprotozoan parasites that

are the etiologic agents of babesiosis, in animals and humans. Babesia species have recently

emerged as a growing public health concern for humans, primarily in the United States. The ini-

tial U.S. case of human babesiosis was first reported from California in 1966.1 Since then, there

has been a substantial growth in reported cases made to the Centre for Disease Control and

Prevention (CDC). In 2013, the national surveillance conducted in 27 states reported 1762 cases2

with the Northeast and upper Midwest regions as the most endemic.3,4 Babesia species are natu-

rally transmitted to humans and other mammals through the bite of infected ixodid ticks.5

a)Author to whom correspondence should be addressed. Electronic mail: srivastavask@uidaho.edu. Telephone: (208) 885-

7652.
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Infection with Babesia produces a spectrum of diseases that can range from asymptomatic to

severe, life-threatening illnesses.1 Some patients who apparently resolve infections based on

symptoms, via self-cure or chemotherapy, can permanently maintain low level parasitemia,6

which is often very difficult to detect, even by the state-of-art sensitive real-time polymerase

chain reaction (PCR) assays.7,8 These asymptomatic, chronically infected persons, therefore, are

probably the main source of secondary transmission of Babesia, i.e., by blood transfusion.3

As of today, a variety of interventions have been made to prevent the transmission of path-

ogenic agents by blood donation or transfusion. One such screening technique is based on

indirect immunofluorescent antibody (IFA) testing;9 a method that detects both IgM (immuno-

globulin M) and IgG antibodies in Babesia-infected red blood cells (RBCs).10,11 The presence

of IgG antibodies is an indication of present or past infections, including those in which the

infection may have cleared.10 However, IFA is resistant to automation and is not readily amena-

ble to the high throughput need for testing of blood although it displays high sensitivity, speci-

ficity, and reproducibility.10

Peripheral blood smear also has been widely used.12 This method is only useful at the

acute stage of infection when the parasitemia levels are at their highest.2,5 At the chronic phase

of infection, detection is rarely observed on blood smears due to the low percentage of parasi-

tized erythrocytes (PPE). In contrast to peripheral blood smears, PCR assay is considered more

sensitive for detecting the presence of the parasites in both acute infections13,14 and, to a lesser

extent, chronic Babesia infections. However, parasitemia diminishes with time and detection by

PCR is difficult after about 2 months.6 EIA/enzyme-linked immunosorbent assay (ELISA),

which uses recombinant antigens, has also been developed,3,15 but the time frame needed to

obtain the results of the test is considerably substantial. The afore-mentioned shortcomings

depict a dire need for better blood screening methodologies especially at donation centers.

A notable observation during the asexual growth cycle of Babesia parasites in a natural

host is the attachment, penetration, and internalization of the host RBCs by Babesia’s extracel-

lular merozoites.1,16 After internalizing the host RBC, they asexually multiply and come out of

the RBC by rupturing it. The invasion causes ridge formation on the surface of the RBCs as

well as modification to the adhesive, mechanical, structural, and functional properties of the

RBC.17 This research hypothesizes that these invasions affect the electrophysiological properties

of the infected RBCs. This is based on the report that the invasion of RBCs by Plasmodium
falciparum (a closely related Apicomplexan-Aconoidasidaic protozoan pathogen) affected the

electro-physiological properties of the Plasmodium-infected RBCs.18 For this reason, we theo-

rize that the difference in the dielectric properties between the infected and healthy RBCs could

be utilized to ensure their dielectrophoretic separation. Among many microfluidic techniques

available to manipulate cells, dielectrophoresis (DEP) has been proved to sort cells based on

the subtle differences observed in their electrical properties.19–21

DEP, a non-destructive electrokinetic transport technique, manipulates cells by creating

non-uniformity in the electric field in the microchannel. Aside manipulation, the tool has also

been used for the separation and detection of bioparticles.22–24 Traditional (classical) DEP uses

embedded microelectrodes positioned in a spatially non-uniform manner to achieve particle sep-

aration, trapping, and focusing by applying AC electric fields to induce motion.22–24 However,

challenges with bubble formation due to electrolysis, electrode fouling and delamination, sam-

ple contamination, and decaying electric field as the distance from the electrode surface pro-

gresses, were major factors that led to the introduction of insulator-based DEP (iDEP).22,25 In

iDEP, electrodes are usually placed far outside the channel (in inlet and outlet ports) in order to

mitigate fouling and other disadvantages of classical DEP. DC fields are then applied using

these electrodes: a phenomenon termed as DC-iDEP. Recent advancement in iDEP has wit-

nessed the application of AC fields at diverse frequencies.26,27 In DC-iDEP or low frequency

AC-iDEP, electrical characteristics of the cell membrane are usually leveraged for cellular clari-

fication but high-frequency AC-iDEP seeks to explore the contributions of the cytoplasmic and/

or nucleoplasmic peculiarities26 depending on the range of frequencies in consideration. Several

researchers have applied iDEP to successfully achieve their set targets.23 However, as of current
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state-of-art, this is the first research that is being reported to use iDEP in separating Babesia-

infected RBCs within a homogenous sample containing healthy RBCs too.

In this novel work, it is demonstrated for the first time that when a mixture of Babesia-

infected RBCs and healthy RBCs are subjected to non-uniform electric fields in a microchannel

embedded with insulated saw-tooth shaped obstacles, they can be substantially concentrated and

separated. The results obtained from this work demonstrate the potency of iDEP microfluidic

platform as an electrokinetic portable point-of-care tool for screening donors’ blood for possible

protozoan infections (i.e., babesiosis in this research) at donation centers where there is a signif-

icant need. Utilizing iDEP technology in concentrating Babesia-infected RBCs could also gen-

erate the high parasitemia desired in preliminary research works on microbial attenuation; one

of the steps in the development of vaccine.

II. THEORY

According to the Newton’s second law of motion, electrokinetic and dielectrophoretic

forces are some essential external forces that dictate the direction of movement of cells, flowing

under non-uniform electric field, within a microchannel. Electrokinetic (EK) forces account for

electrophoretic (EP) and electro-osmotic (EO) forces due to the material of the microchannel

itself and the suspending buffer medium. When suspended cells are made to flow in a micro-

channel, the flow can be electro-osmotically driven owing to the formation of electric double

layer of counter ions at the walls.28 When an electric field is applied across the channel, the

ions in the double layer move towards the electrode of opposite polarity. This creates motion of

the fluid near the walls and transfers via viscous forces into convective motion of the bulk fluid:

a phenomenon called electro-osmotic pumping. Under this flow condition, the cells experience

hydrodynamic drag force (Eq. (1)), which represents a balance between stokes frictional force

(acting on the interface between the fluid and the particle) and electro-osmotic force29

~FDrag ¼ �6p˛að~uc �~uEOÞ; (1)

where ˛ ¼ dynamic viscosity of the medium in which the cells will be suspended, a¼ radius of

the cell, and ~uc, ~uEO are cell and electro-osmotic flow velocities, respectively. In iDEP-based

microchannel, hurdles are created within the microchannel to generate non-uniform electric

field using DC or low frequency AC supply. The strength of the electric field is known to be

highest at the peak of the hurdle (Figure 1). Cells suspended in the medium (buffer) are mo-

mentarily polarized at the peak of the hurdle owing to the strength of the electric field at that

point. Depending on the polarizability of the cells relative to the medium, the dielectrophoretic

force (~FDEP) (Eq. (2)) acting at this hurdle tip (Figure 1) can cause cells to be separated

~FDEP ¼
1

2
V

rc � rm

rc þ 2rm
emr~E

2
; (2)

where V¼ volume of the particle, em¼ permittivity of the medium, rc¼ conductivity of the

cell. rm¼ conductivity of the medium, and ~E2 ¼ gradient of electric field magnitude. The term
rc�rm

rcþ2rm
represents the Clausius-Mossotti factor, which determines the movement of the cells

away or toward high field region. The extent of separation is usually a function of the amount

of the induced dielectrophoretic force experienced by the cells. Therefore, to design an effective

electrokinetic-based microfluidic platform, it is important to analyze the effects of the above pa-

rameters on cells translocation using mathematical models and numerical simulations. Also, the

mobility equations (Eqs. (3)–(5)), which seek to relate the strength of the electric field to veloc-

ity have also been utilized in tracking bioparticle along a microfluidic channel

Electro-osmotic velocity : uEO ¼ lEO
~E ¼ � e0emfs

˛
~E; (3)
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Electrophoretic velocity : uEP ¼ lEP
~E ¼

e0emfp

˛
~E; (4)

Dielectrophoretic velocity : uDEP ¼ lDEPr~E
2
; (5)

where ˛ is the medium viscosity (Pa s), uEO, uEP , and uDEP are, respectively, electroosmotic,

electrophoretic, and dielectrophoretic mobilities. ~E is the electric field, and e0; em; fp; and fs are

the permittivity of the vacuum, permittivity of the medium, zeta potentials of the particle, and

zeta potential of the channel material respectively. Velocity of the cell is usually a function of

the drag force acting within the microchannel (Eq. (1)).

III. MATERIALS AND METHODS

A. Computational simulation

Simulation of the trajectories or motion of both the healthy and infected RBCs was done

using COMSOL Multiphysics 5.0 (COMSOL, Inc., Burlington, MA, USA) commercial software

package. The essence of simulation was to optimize the geometry of the iDEP-based microde-

vice as well as the operating voltage that would be sufficient to generate the appropriate non-

uniform electric field gradient such that the cells experience varying dielectrophoretic forces

based on their electrophysiological properties. The data used for the infected RBCs in the simu-

lation were obtained for P. falciparum, the etiologic agent for malaria in human. Due to the

fact that both Babesia and Plasmodium have been studied to show very similar characteristics

with respect to pathogenesis and clinical course30 and are of similar life cycle,31 they have

been reported to show very similar characteristics, hence, would yield comparable electrical

manipulation response.31 The boundary conditions were based on the non-uniformity caused by

the electric field gradient within the channel and the channel wall was assumed as insulated.

Flow dynamics of the suspended cells was modeled using the synergy of Navier-Stokes

and continuity equations while assuming incompressible creeping flow and no slip boundary

conditions. The density of water (1050 kg/m3) and viscosity (0.001 Pa s) were also used because

the buffer was assumed to have conditions similar to water (at ambient temperature) but for its

pH and conductivity. Electric field regime combined the generalized ohms law with the Gauss’

law and continuity equation to handle the stationary electric current in conductive media. The

transport of diluted species (healthy and infected RBCs) was also accounted for using the mass

conversation equation. Fluid flow, mass transport, and electric flow fields were solved sepa-

rately, and the interface condition was matched up iteratively to get the solutions.

Based on the observation from the simulation, a new geometry for the microfluidic device

was sequentially designed until continuous separation was observed. Table I shows the proper-

ties used in the computational simulation.

TABLE I. The electrophysiological properties used in simulating the trajectories of the RBCs. The values of relative per-

mittivity and conductivity of infected and uninfected cells were as reported by Gascoyne et al.32 Conductivity of medium

¼ 0:052 S=m, viscosity of medium ¼ 0:001 Pa s, dielectric constant of medium (at 25 �C) ¼ 78, permittivity of vacuum

¼ 8:854� 10�12 A2 s4 kg�1 m�3, electrophoretic (EO) mobility ¼ 3:45� 10�8 m2=V s (calculated).

Properties Healthy RBC Infected RBC

Zeta potential (mV) �15:0 �15:0

Radius (lmÞ 3:5 3:5

Concentration (mol/m3) 1.0 0.01

DEP mobility ( m4=V2 sÞa �2:02� 10�17 �2:80� 10�17

EP mobility ( m2=V sÞa �1:04� 10�8 �1:04� 10�8

Clausius-Mossotti factora �0:48 �0:42

aCalculated.
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B. Device layout

The geometry of the 1.4 mm microdevice is as shown in Figure 1. It consists of two inlet and

outlet arms each of which measures 0.5 mm long. The insulating region is made up of an array of

hurdles, which are slightly filleted at the tip to provide the appropriate electric field strength for

generating the negative dielectrophoretic force required for sorting the cells. The length j/bj rep-

resents the length of the hurdle region. The distance 25 lm between the peak of the hurdle and

surface of the length j/bj was set to make the cells experience adequate dielectrophoretic force.

Inlet 2 (containing only the buffer) helps in adding impetuous to the electroosmotic contribution

within the channel, thus assists in focusing the RBCs towards the separation zone.

C. Fabrication process

A 3 M silicon wafer (fabricated by Trianja Technologies, Inc., TX, USA) with a pattern

made through wet etching was used to cast the Polydimethylsiloxane (PDMS) device platform.

The etched silicon wafer referred here as the master had 35 designs per chip. Rapid prototyping

using the commercially fabricated master was initiated by mixing PDMS monomer (sylgard

184 silicon elastomer base) and a curing agent (sylgard 184 silicon elastomer curing agent) in

10:1 w/w ratio followed by degassing the mixture using Dekker Vacuum Pump/Degassing set-

up for about 20 min. The air-free PDMS slurry mixture was poured onto the master, which was

contained in a 10 cm polystyrene Petri dish. The polymer was cured in (Blue M) automated

oven at 80 �C for 1 h, and then peeled off from the master. The master was ensured leveled

during the curing process so as to disregard any geometrical variations. Peeled PDMS device

with indented channels were punched with a 3 mm Miltex biopsy puncher to obtain the ports/

reservoirs for the inlet and outlet channels. The device was then cut and fitted onto a 0.17 mm

thick corning borosilicate micro cover glass (size 24 mm � 40 mm). The PDMS was finally

exposed to plasma treatment by the use of Harrick PDC-32G plasma cleaner/sterilizer at 300

mTorr, for 1-min to irreversibly bond onto a clean cover slide and to close the microchannels.

The plasma treatment also ensured microdevice hydrophilicity generation, due to which external

devices were not required to pump in the samples into the microchannel. The sealed device

was placed in the petri dish with channels filled with deionized water to maintain its

hydrophilicity.

D. Cell culturing and preparation

1. Cell culturing

The in vitro culturing technique for Mo7 strain of Babesia bovis involved cultivating

B. bovis infected erythrocytes in a microaerophilous phase (MASP) using 24 well suspension

FIG. 1. The schematic representation of the microdevice with two inlet and two-outlet ports. The entire device is about

1.4 mm long with embedded saw-tooth geometry to create non-uniformity in the electric field.
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plates, at 10% (v/v) packed cell volume (PCV), and incubated at 37 �C in a 5% CO2 in air

humidified atmosphere. Cultures were maintained in M-199 culture medium (Gibco, 22340020)

supplemented with 50 lg/ml gentamicin (Gibco, 15710-049), 1% (v/v) fungizone (Gibco,

15290-026), 20 mM N-Tris(Hydroxymethyl) Methyl-2-aminoethane sulfonic acid (Sigma-

Aldrich, T5691) and 40% (v/v) bovine serum. Subcultivation was performed by splitting/dilu-

tion with fresh normal bovine erythrocytes and M-199 medium when the achieved parasitemia

levels were about 2%–3%. Parasitemia was monitored by microscopic examination of Giemsa

stained thin smears under a 100� microscope oil objective. The method described above was

as specified by Michael G. Levy and Miodrag Ristic group.33 DNA from infected erythrocytes

was extracted and tested for gene specific to Babesia pathogens of cattle including B. bovis and

B. bigemina. However, B. bovis was the only species detected in the tissue culture used in the

experiments.

2. Experimental cell-sample preparation

50 g/ml dextrose buffer solution was prepared by dissolving 25 g of dextrose crystalline sol-

ids (weighed with 204 Mettler Electronic Weighing Balance) in 50 ml de-ionized water. The

conductivity and pH of the medium (buffer) were measured to be 0.052 S/m and 7.04, respec-

tively, using Accumet XL 200 Ph/mV/conductivity meter. 10% parasitemia erythrocytes were

centrifuged at 1500 rpm for 5-min. 1 ll (packed cell volume) of this cell sample was measured

and serially diluted with non-infected (normal) erythrocytes until 0.0001% parasitemia was

achieved. This was done to determine the lowest percentage parasitemia that the microdevice

can detect. Within the confinement of a 1300 Series A2 Bio-Safety Cabinet, 1 ll of each of the

cell samples was measured and transferred into a 1 ml micro test-tube containing 600 ll low-

conductivity freshly prepared buffer. The buffer was of low-conductivity to forestall any possi-

ble heat generation that could lyse the RBCs during their exposure to DC voltages. Cells were

used for experiment approximately 30 min after culturing. This was done to ensure that the cell

membrane, upon which DC-iDEP relies, retained its characteristics.

E. Experimental set up

The experimental set-up consists of an integration of the LabSmith HVS448 high voltage

sequencer with an IX71 Olympus inverted microscope as shown in Figure 2. The microde-

vice, mounted on the IX71 Olympus inverted microscope was entirely filled with the low con-

ductivity dextrose medium and 0.008 in. diameter pure platinum electrodes were inserted into

the inlet and outlet reservoirs as means of electrical connections. At the inlet channel 1

FIG. 2. The schematic diagram of the experimental set-up showing the integration of the voltage sequencer with the

Olympus IX71 Inverted Microscope.
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(Figure 1), the buffer solution was sucked off and replaced with a mixture of healthy and

infected-RBCs (5.5% PPE) suspended in the dextrose medium. Having ensured no pressure

head, DC voltages were applied using HVS448 high voltage sequencer. Inlets 1 and 2 (Figure

2) were connected to the same voltage source (10 V) while the outlet 2 was connected to the

ground (0 V). The voltage at outlet 1 (Figure 2) was swept from 5.5 to 6.5 V to visualize the

trajectories of the cells within the microchannel. Sequential sorting of the cells was observed

and appropriate images captured. The experiment was conducted in two phases: pre-

separation staining (before introducing the sample into microchannel) and post-separation

staining stage (after the experimental run- at the outlet ports). In the first phase, cell samples

were labeled with green fluorescent protein (GFP) (only infected RBCs got stained owing to

the presence of nucleated Babesia cells within the healthy RBCs) and experimented for opti-

mal detection of the traditional fluorescein isothiocyanate (FITC). This pre-separation staining

method enabled the visualization of the green-labeled Babesia nucleus as the infected RBCs

migrated within the iDEP-based microchannel. In the second phase (post-separation staining

phase), microscopic examinations were carried out under bright field by staining the separated

cells at the outlet ports. Separated RBCs in each of the outlet ports were stained with 3-stage

Siemens diff quik stain kit set to visualize the corresponding proportions of healthy and

Babesia-infected RBCs. Quantitative analyses were carried out, and the percentage parasitized

erythrocytes (PPE) were calculated at both outlet ports. The whole process was repeated six

(6) times for each of the samples (10.0%–0.0001% parasitemia).

IV. RESULTS AND DISCUSSION

The application of iDEP to concentrate and sort biological cells is not only about seeing the

cells move to different destinations after experiencing DEP force. It goes further to the examination

of the cell contents at such destinations. This section shows the results obtained from both simula-

tion and experiment and further provides insights as to how the two result streams compare.

A. Computational results

The governing equations were solved for fluid flow, mass transport, and electric field using

COMSOL Multiphysics v5.1. In order to have an effective dielectrophoretic force, the simula-

tion was made with conditions that consider both electrophoretic and electro-osmotic flow. This

generated a substantial balance between the drag force and the dielectrophoretic force, which

utilized the appropriate electric field strength at the peak of the saw-tooth shaped insulating hur-

dles embedded within the microchannel. Figure 3(a) shows the surface velocity magnitude of

the flow within the microchannel. Evidently, the fluid velocity at the channel wall at a given

period of time is sufficiently low. The fluid flow is, thus, at sufficient pace to enable the sus-

pended erythrocytes experience appropriate dielectrophoretic force that separates them accord-

ing to their inherent dielectric properties. The applied potential difference between the inlet and

the two separate outlet ports was swept to determine the optimum DC voltage range necessary

for the dielectrophoretic separation. At low voltage (below 6.2 V), the generated electric field

strength was not sufficient to effect the separation of the cells. As shown in Figure 3(b), both

healthy (red) and infected erythrocytes (blue) moved into the same port after passing through

the insulating hurdles. In Figure 3(c), the applied voltage, 6.2 V, was adequate to make the

erythrocytes experience the desired DEP force. At voltage beyond this sorting voltage, the

potential to move into the upper right-hand outlet channel was so high that all cells, healthy

and infected, were drawn into it (Figure 3(d)).

B. Experimental validation of the sorting voltage

The dependence of iDEP force on cell size, field gradient, cell, and medium conductivities

was leveraged by varying only the field gradient (since it is a function of the applied voltage).

Sweeping the applied voltage, therefore, from 5.5 to 6.5 V enabled the identification of the

exact range of non-uniform electric field gradient necessary for the separation between healthy
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and Babesia-infected RBCs population (Table II). Before 5.9 V and after 6.1 V, it can be said

that the associated field strength was not sufficient for the cells to experience the required iDEP

force since other factors (cell size, cell, and medium conductivities) on which the dielectropho-

retic force depends, have been fixed. The application of 5.9–6.1 V DC occasioned the desired

separation even though, at this time, the extent of separation could not be ascertained.

However, backflow, which might have resulted from dipole re-orientation, was observed at dif-

ferent periods. Therefore, experiment run time was fixed at 50 s with the inlet-outlet 10–6/0 V

(Figure 2) configurations to ensure maximum separation of cells.

C. Optical validation

The optical examination of the post separation outlet-ports contents at the inlet-outlet volt-

age configuration of 10–6/0 V is presented here. The images were captured for both fluores-

cence and bright-field regimes.

TABLE II. Effects of voltage sweep (in volts) in the direction of flux using dextrose buffer of conductivity 0.052 s/m. (No

separation indicates that both healthy and infected RBCs were moving to the same outlet port.) PPE of the inlet

sample¼ 10%, inlet voltage¼ 10 V and outlet voltage 1¼ 0 V. Note: Similar trend was observed for all inlet samples

(10%–0.1%).

Outlet 2 (V) Sorting Initial backflow period (s) Outlet 2 (V) Sorting Initial backflow period (s)

5.5 No separation 0 6.1 Cells separated 44

5.6 No separation 0 6.2 No separation 0

5.7 No separation 0 6.3 No separation 0

5.8 No separation 0 6.4 No separation 0

5.9 Cells separated 41 6.5 No separation 0

6 Cells separated 53

FIG. 3. Computation velocity and particle flux due to the channel geometry and applied DC voltage. (a) Surface velocity

magnitude within the microchannel. (b) Total flux of erythrocytes at the pre-separation stage (at voltage below 6.2 V) (c)

Total flux of erythrocytes at the separation stage (at 6.2 V) (d) Total flux of erythrocytes at the post-separation stage (at

voltage beyond 6.2 V). Red-color flux represents the healthy (normal) erythrocytes while the blue-color flux depicts the

Babesia-infected erythrocytes.
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1. Fluorescence

To ascertain the directional influx of the healthy and infected cells into their different ports

(from the simulation results in Figure 3(c)), fluorescence microscopy with green-fluorescent-

protein (GFP) pre-separation labeling was employed (Sec. III E). It was easy to trace the direc-

tion of movement of the Babesia-infected erythrocytes from the color they emitted, since the

GFP binds to the nucleus of the Babesia pathogen (located within the infected-RBCs). The

post-separation image examination from the pictures obtained during experimental run revealed

that the labeled cell populations were indeed Babesia-infected erythrocytes due to the green

emissions, which were highly concentrated in the outlet port 1 (Figure 4(a)). Some green-

colored cells were seen in outlet-port 2, and this indicated that the separation was not total

(Figure 4(b)).

2. Bright field

Bright field imaging and quantification of the extent of separation was carried out using a

post-separation diff-quik cell staining technique (Sec. III E for method details). This method

enables the visualization of the Babesia parasite (B. Bovis) within the RBCs. Babesia-infected

erythrocytes were enriched in one of the outlet ports in a similar manner as observed in the flu-

orescence microscopy. Figure 5 shows the images of each of the outlet ports obtained by the

inverted microscope at 100�. Visualizing the Babesia parasites inside the RBCs (Figure 5) is

an indication that the cells were not lysed and that the operating conditions were suitable for

the sorting process. In essence, it can be said that there was no appreciable heat generation dur-

ing the application of voltages across the whole length of the microdevice.

D. Quantitative analysis

Quantification of the proportion of parasitized RBCs in each of the ports is essential in

determining the efficiency of the microdevice. This was done to account for the specificity (the

proportion of sorting and concentration of the RBCs) of the microdevice as well as it is sensi-

tivity (the limit of inlet concentration that the microdevice can clarify). Infected cell population

of 10% parasitemia was sequentially diluted with healthy RBCs, and experiments were carried

out on each of the resultant concentrations.

As presented in Table III, the microdevice was sensitive to inlet parasitemia from 10% to

as low as 0.1%. Between these values, 67%–70% of the infected RBCs were recovered in outlet

1 (Figure 1). The average percentage parasitemia in this outlet 1 depicts that outlet 1 is specific

to the infected RBCs. Outlet 2, which should have no infected RBCs according to simulation,

still has between 0.1 and 2% parasitemia even though it is largely specific to healthy RBCs.

Dilution of 0.1% inlet parasitemia to 0.05% inlet parasitemia yielded no separation as the inlet

FIG. 4. Images of the post-separation GFP-stained Babesia-infected and healthy erythrocytes when the inlet % parasitemia

was 10%. (a) Microdevice outlet port 1 (rich in Babesia-infected erythrocytes). (b) Microdevice outlet port 2 (lean in

Babesia-infected erythrocytes). Magnification: 100�. The green spots indicate the Babesia parasites inside RBCs.
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cells behaved as if no infected cells were presented, hence, moved in totality to outlet 2.

Further attempt to dilute and experiment with cells up to 0.00001% inlet parasitemia also

yielded no separation. This implies that the microdevice can only sort cell populations whose

parasitemia is �0.1%. On the assumption that 1 ll of RBCs contains 5� 106 RBCs, it means

that the microdevice is only sensitive to blood sample, which has 5000 parasites per ll. As of

today, PCR have been established to detect as low as 1–5 intraerythrocytic parasites per ll.34

but the processing time to obtain this result is 24 h and about 5 ll of sample is required. The

result presented with our proposed microdevice however uses very less sample (�1 ll) and

processing time of <1 min.

Kuzman et al.35 reported that a change in the elastic properties of the cell membrane would

occur when the pH of the cell’s suspending medium is changed. Changing the properties of the

cell membrane could affect the DEP force that the cell would experience when passed through

a non-uniform electric field. Therefore, throughout the experiment, the suspending medium pH

of 7.04 was maintained not only to preserve the associated properties of the cell but also to pro-

vide a natural thriving environment for the RBCs. When a solution which has intracellular

action mechanism is added to a suspension of viable cells, the change in the cells’ dielectric

properties is small.36 In this work, we introduced pre-separation green fluorescent protein (GFP)

staining of cells to aid the visualization of the green-labeled Babesia cells. The post-separation

quantitative analyses revealed that the percentage-parasitized erythrocytes obtained from both

pre-separation and post-separation staining sets were substantially similar. This indicates that

the degrees of sorting observed were pure functions of DEP effects and were, by no means, de-

pendent on the employed stains. One point to note here is the variation in the percentage para-

sitemia. As reported,6 one of the defects of the current diagnostic tools for babesiosis is the

inability to detect Babesia in low-parasitemia sample. Our experiment revealed that at varied

parasitemia content, cell differentiation would occur in as much as the right voltage

FIG. 5. Images obtained at 100� magnification using post-separation diff-quik-stain kit showing Babesia-infected and

healthy erythrocytes. Only the parasites were stained. Here, the cells were stained after they had been separated. (a)

Microdevice outlet port 1 (rich in Babesia-infected erythrocytes). (b) Microdevice outlet port 2 (lean in Babesia-infected

erythrocytes). The arrows show the parasite (nucleus-like structure) residing in the RBCs. The pair-shaped parasites are the

merozoites while the round-shaped parasites are the trophozoites. Any RBC that contains the parasite is considered

infected. The images were obtained when the inlet parasitemia was �5%.

TABLE III. Percentage recovery of infected RBCs for various concentrations of the inlet samples.

Sample I II III IV V VI VII VIII IX X XI XII XIII

PPE (inlet) 10 5 4 3 2 1 0.5 0.1 0.05 0.01 0.005 0.0001 0.00001

PPE (outlet1) 70 68 68 68 68 67 67 67 0 0 0 0 0

PPE (outlet 2) 2 1.2 0.9 0.5 0.2 0.1 0.1 0.1 0.05 0.01 0.005 0.0001 0.00001
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configuration is used. Nevertheless, more research works need to be done regarding the range

at which low or high parasitemia content should domicile.

V. CONCLUSION

This is the first study to have reported the application of insulator-based dielectrophoresis

(iDEP) to separate or enrich Babesia-infected erythrocytes. The results presented here show

that at voltage configuration of 10, 0, 6 V in the inlet and the two outlet reservoirs, respectively,

Babesia-infected RBCs could be isolated from their healthy counterparts. Studying the dielec-

trophoretic separation of Babesia-infected RBCs is the first of many steps required to develop a

viable point-of-care diagnostic devices needed at blood donation centers to screen donors’ blood

for the notorious babesiosis disease. As demonstrated, the required sorting voltage is 6 V. This

gives an indication that the point-of-care diagnostic device could be battery powered when

completed. The entire separation process was completed within one minute; an indication that

iDEP is a fast electrokinetic tool for identifying the dreaded parasite. DEP has been a useful

tool in sorting particles, especially for bioparticles like cells. The properties associated with

sorting are largely dependent on morphology, conductivity, size, and surface characteristics of

the cells. Dielectric properties of the cells play a major role in determining the destination of

the cells within any microfluidic channel experiencing non-uniform electric field. Simulating

this sorting process before the real-time experimental endeavors is a worthwhile practice.

This work used B. bovis samples, which is assumed would be considerably similar to the

B. microti, the pathogen that affects human. As observed from the sorting voltage values

required to characterize the infected cells, we have a close agreement between the simulation

(6.2 V) and experiments (6.0 V), which proves that simulation is a useful guide in determining

the electric field strength that will be sufficient enough to occasion the desired sorting. Relative

error analyses performed on the experimental data revealed an admissible confidence of

>95%, and this gives credence to the entire dielectrophoretic process. It, therefore, becomes a

hydra-headed endeavor to really determine where the course-effect representation of the

simulation-experiment discrepancy should domicile. Worthy of note is the fact that the values

of the electrophysiological properties used in the simulation were for P. falciparum—the patho-

gen that causes malaria. In malaria-endemic regions, however, the predisposition of misdiagnos-

ing babesiosis for malaria is very high. It might be worthwhile to determine the crossover fre-

quencies of the hundreds of Babesia strains and characterize them accordingly. This will be the

focus of our research group in the future. The results of our proof-of-concept experiment have

shown that the internalization of the Babesia cells within the RBCs actually affected the electri-

cal properties of the RBCs. At the outset, it was only hypothesized that the electrical properties

of the cells would have changed as a result of the Babesia attack. Dielectrophoresis has

substantiated this claim, and researchers could count on this electrical-property-change

confirmation.

Many opportunities for advancing this project abound. First, the device was able to concen-

trate infected RBCs (10%–0.1% PPE) to �70%. Both B. bovis stages: merozoites and tropho-

zoites that occur during the infection of bovine erythrocytes were separated from health RBCs.

However, the observation that trophozoites were the main parasite in outlet port 2 might be a

precursor to some differential DEP response between trophozoites and merozoites. In order

words, the parasites in outlet port 1 were predominantly merozoites while the 0.1%–2% para-

sites in outlet port 2 were substantially trophozoites.

There is a need to improve this capture rate (�70%). Not only would this improved capture

rate enhance post separation sensing, it will also increase the number of Babesia pathogen that

can be extracted from the infected RBCs after separation. The extracted pathogen can be used

for experiments on babesiosis vaccine formulation. In Figure 1, the gap between the tip of the

hurdle and the opposite site of the microchannel is 25 lm. RBCs are known to have a diameter

of 7 lm. This indicates that at a time, about three (3) RBCs might find their ways into this

25 lm-space. The result of this is some form of shielding in which one RBC experiences maxi-

mum available DEP force at the hurdle while other RBCs are presumably shielded from
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maximum dielectrophoretic impact. Therefore, future work will look into the possibility of

reducing this 25 lm space through device optimization strategy in COMSOL Multiphysics.

However, there will be a need to strike a balance between the numerically optimized microde-

vice and the feasibility of fabricating the simulated microdevice.

Finally, the current result has shown the capability of the proposed device to convert low

parasitemia of �0.1% to higher parasitemia (�70%). This makes it easier for either biosensor

or PCR to detect the parasite. Hence, the device, in its current form, can be used to concentrate

samples before they are fed into PCR for analyses. The act will circumvent the challenge of

persistently low parasitemia, which tend to make PCR utilize large sample volumes.
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