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This paper investigated the effects of diffusion between non-conductive sheath and conductive sample

fluids in an impedance-based biosensor. Impedance measurements were made with 2- and 4-electrode

configurations. The 4-electrode design offers the advantage of impedance measurements at low

frequencies (<1 kHz) without the deleterious effects of double layer impedance which are present in the

2-electrode design. Hydrodynamic flow focusing was achieved with a modified T-junction design with

a smaller cross-section for the sample channel than for the focusing channel, which resulted in 2D

focusing of the sample stream with just one sheath stream. By choosing a non-conductive sheath fluid

and a conductive sample fluid, the electric field was confined to the focused stream. In order to utilize

this system for biosensing applications, we characterized it for electrical and flow parameters. In

particular, we investigated the effects of varying flow velocities and flow-rate ratios on the focused

stream. Increasing flow-rate ratios reduced the cross-sectional area of the focused streams as was

verified by finite element modeling and confocal microscopy. Antibody mediated binding of Escherichia

coli to the electrode surface caused an increase in solution resistance at low frequencies. The results also

showed that the diffusion mass transport at the interface of the two streams limited the benefits of

increased flow focusing. Increasing flow velocities could be used to offset the diffusion effect. To

optimize detection sensitivity, flow parameters and mass transport must be considered in conjunction,

with the goal of reducing diffusion of conducting species out of the focused stream while simultaneously

minimizing its cross-sectional area.
Introduction

Despite the development of biosensors for applications ranging

from medicine to food and water safety1,2 and from environ-

mental monitoring3 to detection of biochemical warfare agents,4

only a few of these biosensors rely on micron-scale fluidics.5

While smaller channel dimensions can improve sensitivity,

expedite biochemical reactions, decrease reagent costs, and

facilitate automation, the complex real-world samples can clog

small channels. Hydrodynamic focusing addresses this problem

by using laminar flow streams to provide virtual channels with

flexible interfaces that can be much smaller than the physical

dimensions of the solid channel. The inherent lack of convective

mixing means that one fluidic stream can be used to shape and

focus another fluidic stream.6 Designs of varying complexity

have been described in the literature to focus a sample stream

from one, two, three or four sides.7–10

Biosensors employing hydrodynamic focusing have been

reported for cell or particle detection,11 cytometry,12,13 sorting14

and mixing applications.15,16 Most incorporate optical analysis,

usually fluorescence, for increased sensitivity and specificity.
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However, such systems include bulky optical components which

are not easily integrated into lab-on-a-chip systems.17 An alter-

native is to achieve target detection of species with techniques

based on measurement of electrical signal, especially impedance.

Impedance techniques have an established history in the field

of biodetection and biomonitoring with the early work by

Fricke18 and Schwan and Cole19 dating back to the early part of

the twentieth century. Later research focused on use of imped-

ance spectroscopy for detection of bacteria,20 Coulter counters21

and analysis of cell morphology, mobility and density.22 More

recently, impedance measurement techniques have been incor-

porated in hydrodynamic flow-focusing devices for biodetection

purposes23–26 and flow cytometry.27–29 Impedance measurements

have been made with 4- and 2-electrode configurations, with each

configuration providing unique information about the cell–

electrode–electrolyte system. In 2-electrode measurements,

current is passed between the same pair of electrodes as is used

for the voltage measurement. Two-electrode measurements are

very sensitive to changes at the electrode interface, but the

formation of electrical double layer and other parasitic capaci-

tances means that low frequency measurements are difficult with

this setup.30–32 In a 4-electrode system an oscillating signal is

applied between the two outer electrodes and the impedance is

measured across the two inner electrodes. Physical separation of

the current and sensing electrodes in the 4-electrode configura-

tion results in reduced parasitic double layer impedance, espe-

cially at lower frequencies.33 Most impedance based biosensors in

the literature use the 2-electrode configuration and only a few

4-electrode based systems have been reported.10,33,34
Lab Chip, 2010, 10, 2787–2795 | 2787
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We have previously described and characterized a simple 1D

flow-focusing sensor that was used to measure changes in voltage

due to the presence of conducting particles.34 Here we describe

a simple flow-focusing design that used one sheath stream to

focus a sample stream in 2D. By increasing the sheath-to-sample

flow-rate ratio (FRR), the sample stream was focused along the

sensing surface. Sensing was achieved using 2 and 4-electrode

configurations, the latter of which reduced the double layer

effects, thus making it possible to measure impedance at low

frequencies. We applied an oscillating input voltage signal (1 kHz

frequency) to the outer two electrodes while the impedance

measurements were made with the two inner electrodes. By

choosing the sheath fluid to be non-conductive (deionized water)

and the sample a conducting fluid (phosphate buffer saline or

PBS), the injected current was confined to the focused stream.

In the process of characterizing the hydrodynamically focused

conducting stream, we identified factors that affected the cross-

section of the confined layer using numerical simulations,

confocal microscopy and impedance measurements. Our results

also indicated that the diffusion between the sheath and sample

fluids due to diffusion mass transport became significant as the

focused layer cross-section decreased, and this caused appre-

ciable changes in bulk impedance baseline measurements.

Bacterial cells were bound by antibodies on the electrodes, and

the change in impedance was demonstrated with the 2 and

4-electrode configurations. The results highlight the importance

of evaluating flow, mass transport and electric field confinement

parameters in optimizing the detection sensitivity of hydrody-

namic focusing devices.
Theory

Flow in channels can be characterized by certain dimensionless

numbers which specify the flow regime as well as the relative

importance of diffusive or convective mass transport. Reynolds

number Re is the ratio of inertial forces to viscous forces and is

given by

Re ¼ VL

n
(1)

where n is the kinematic fluid viscosity, V is the fluid velocity, and

L is the characteristic distance, which for rectangular channels is

given by: 4 � area/perimeter. The typical values of Re for flow in

microchannels are less than 100 and signify that the flow is

predominantly laminar in nature.35 Under laminar flow condi-

tions, mixing is generally due to diffusion and not convection.

This behavior is characterized by the P�eclet number given by

Pe ¼ UH

D
(2)

where U is the average flow rate, D is the diffusion coefficient and

H is the characteristic length of the system perpendicular to the

direction of the flow, which in this case is the height of the

focused stream. When the P�eclet numbers are high, mass transfer

is mainly due to convective bulk transport of liquid instead of

transfer by molecular diffusion.36

Under laminar flow conditions, fully developed flow between

two infinite parallel plates with no-slip condition at the walls

is essentially 2D and has a parabolic profile with maximum
2788 | Lab Chip, 2010, 10, 2787–2795
velocity vmax at the center of the plates. The velocity vx in the flow

direction at any point at a distance of y from the center of the

channel is given by

vxðyÞ ¼ vmax

�
1� y 2

w2

�
(3)

where w is the distance from the center to either plate. For flow

between parallel plates, also called Poiseuille flow, vmax is 3/2

times the average velocity calculated based on the channel cross-

section and total flow rates.37
Interfacial impedance

The gold electrodes in this system are considered completely

polarizable and thus pass no faradaic current. In addition,

impedance measurements are performed with a small AC signal

applied at equilibrium; thus the response is linear, and no charge-

transfer reactions occur within the electrochemical system. When

the electrodes are in contact with the liquid electrolyte, the elec-

trodes attract ions and form a double layer across the electrode/

electrolyte interface with a thickness on the order of angstroms.

The double layer consists of a layer of ions that are specifically

adsorbed to the surface of the electrodes and a diffuse layer, in

which ions are dispersed perpendicularly away from the electrode

surface due to thermal motion. The thickness of the diffuse layer

increases in more dilute solutions. Since the adsorbed (ads) and

diffuse (diff) layers are in series, the equivalent double layer (dl)

capacitance can be described by the following equation

1

Cdl

¼ 1

Cads

þ 1

Cdiff

(4)

At sufficiently high conductivities of electrolytes the thickness

of the diffuse layer decreases (Cdiff increases) and Cdl z Cads.
38

The typical values are in the range of 10 to 40 mF cm�2.39,40

In 2-electrode configurations, in the absence of any faradaic

processes, the equivalent impedance is thus described by the

series combination of double layer capacitance and solution

(bulk) resistance (see ESI†). The corresponding double layer

impedance Zdl is inversely proportional to capacitance as

described by

Zdl ¼
1

juCdl

(5)

where j is the standard imaginary unit with the property j2 ¼ �1

and u is angular frequency. Thus as the electrode area increases,

the double layer capacitance increases and in turn the impedance

decreases. For 4-electrode configurations, the contribution of the

double layer capacitance is negligible and equivalent impedance

is found by a parallel combination of bulk resistance and

capacitance (see ESI†).
Bulk impedance

Bulk resistance for coplanar electrodes is given by

Rbulk ¼ rk (6)

where r is the measured resistivity of the focused stream, k is

geometric factor called the cell constant. This equation holds for
This journal is ª The Royal Society of Chemistry 2010
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the 2- and 4-electrode systems although the expression for cell

constant is different in each case.

The bulk capacitance of the 4-electrode system is inversely

proportional to its cell constant. The cell constant of the

4-electrode configuration can be estimated using a point-elec-

trode model shown in Fig. 1. The model consists of four

electrodes that are located on the surface of the glass slide. The

electrodes are in contact with the focused sample stream of

thickness z which is sandwiched by the sheath stream from the

top. The resistivity of glass rglass is assumed to be infinite for the

purpose of this model.

Using the imaging method the cell constant can be approxi-

mated to the first order by41

k4pt ¼
1

p

2
64 b

aðaþ bÞ þ 2G

0
B@ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2 þ 4z2
p � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðaþ bÞ2þ4z2

q
1
CA
3
75 (7)

where a is the distance between current and sense electrodes and

b is the distance between sense electrodes. The interface between

the high conductivity focused stream and low conductivity

sheath stream is seen as a semi-transparent mirror having

a reflection coefficient G defined as42

G ¼ r2 � r1

r2 þ r1

(8)

where r1 and r2 are the resistivities of sample and sheath fluids

respectively. In an aqueous solution, there is also a capacitive

pathway for the current, which can be modeled as a capacitor in

parallel with the resistance of the sample. The bulk capacitance is

given by43

Cbulk ¼
303r

k4pt

(9)

where 30 is the permittivity of vacuum and 3r is the relative

permittivity of the conductive PBS. The permittivity of ionic

solutions is inversely proportional to conductivity and

approaches the permittivity of water (�78) as the conductivity

decreases.44,45 For the frequency range (<1 kHz) used in our data,

the permittivity can be assumed to be constant.44 From eqn (6)

and (7) it can be seen that as the thickness of the focused stream

decreases, the resistance increases while eqn (9) suggests that

bulk capacitance decreases as the focused layer thickness

decreases. The cell constant for a 2-electrode model has been

found using conformal mapping techniques elsewhere.43,46
Fig. 1 A point-electrode model for the tetrapolar configuration where

the current is injected in the outer two electrodes and voltage is sensed

from the inner two. The distance between current and sense electrodes is

a and between sense electrodes is b. The conductive focused stream with

resistivity r1 has a height x. The non-conductive sheath with resistivity r2

extends infinitely above the focused stream in this model.

This journal is ª The Royal Society of Chemistry 2010
Methods and materials

Electrode fabrication

Standard photolithography techniques were used to fabricate the

electrodes. Borosilicate glass microscope slides (Daigger, Vernon

Hills, IL) were used as the substrates. The slides had been thor-

oughly cleaned to allow good adhesion of electrodes to the glass

surface. The slides were initially cleaned with HCl : MeOH

1 : 1 v/v for 30 minutes and then rinsed with water.

This was followed by immersion in H2SO4 for 30 minutes and

then rinsing in water. Finally, the slides were placed in 100 �C

water for 10 minutes and dried with nitrogen. Clean slides were

dehydrated on a 150 �C hotplate for 5 minute and subjected to O2

plasma for 4 minutes just before the photolithography step.

A 1 mm thick layer of negative photoresist (NR7 1000PY-

Futurex, Franklin, NJ) was patterned using a transparency mask

(Pageworks, Boston, MA). An electron beam evaporator was

used to deposit a film of gold (300 nm) onto the slides with a thin

film of titanium (30 nm) as the adhesion layer. The electrodes

were defined by photoresist lift-off in acetone. The current elec-

trodes were 1000 mm wide while the widths of the sense electrodes

and the inter-electrode distances were both 500 mm. A schematic

of the electrode device is shown in Fig. 2a.
Microchannel

The microchannel design used in this study had two inlets for the

sheath and sample fluids and one outlet. The sheath inlet
Fig. 2 (a) A top-view schematic of the gold electrodes and microfluidic

channel, along with their corresponding dimensions. Outer electrodes

(1 and 3) supply current while the inner two (2 and 4) sense the signal. The

width of the sensing electrodes as well as the spacing between them is

0.5 mm while the current electrodes are 1 mm wide. The sample channel

width is 0.3 mm which increases to 1 mm in the focusing channel. (b)

Figure of an assembled microchannel and electrodes. The channel

machined in PMMA is glued to the glass slide using UV curable glue. The

inset shows the channel junction where sheath and sample streams meet.

Lab Chip, 2010, 10, 2787–2795 | 2789
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(0.5 � 1 mm2) was oriented at 90� with respect to the sample and

focusing channels. The sample channel had a smaller cross-

section (0.15 � 0.3 mm2) than the focusing channel (0.25 �
1 mm2); the sheath fluid focused the sample from the sides as well

as the top with this geometry. The length of the channel from the

sample inlet to the outlet was 30 mm.

The devices were milled from polymethylmethacrylate

(PMMA) (Plexiglas G, Atofina Chemical, Inc., Philadelphia,

PA) using a HAAS Mini Mill (HAAS Automation, Inc., Oxnard,

CA). The sheath inlet and the focusing channel were machined

with a 0.01 in (0.254 mm) long-reach endmill, and a 0.031 in

(0.787 mm) endmill respectively. The sample channel was

machined with a 0.01 in (0.254 mm) endmill (Harvey Tool,

Rowley, MA). A 0.5 mm wide trench was milled around the

microchannel and inlets using a 0.015 in (0.381 mm) endmill.

This trench prevents the glue from running into the micro-

channel.47 A bench top drill press was used to widen the upper

half of the inlets and outlet where 0.58 mm wide metal tubing was

inserted and glued into place using 5 minute epoxy (Devcon,

Danvers, MA). The PMMA pieces with milled microchannels

and metal tubing were glued to the microscope slides with

prepared electrodes and antibodies using UV-curable adhesive

(Optical adhesive #72, Norland Products, Cranbury, NJ).

Fig. 2b shows the representation of a fully assembled device.

Immobilization chemistry

The electrode patterned slides were cleaned with O2 plasma for

2 minutes prior to protein immobilization. To immobilize the

antibody directly onto the gold electrode, the procedure used by

Chatrathi et al. was employed.48 Briefly, 250 mg of goat anti-

Escherichia coli antibody (2 mg mL�1 in PBS, Fitzgerald Indus-

tries International, Concord, MA) were incubated with 40 mL

20 mM sulfo-LC-SPDP (Pierce, Rockford, IL) for 60 min at

room temperature with mixing. To the mixture, 150 mM DTT in

acetate buffer pH4.5 were added and incubated with mixing for

30 min. The entire mixture was then exposed to the gold elec-

trodes for 60 min. The slides were rinsed with water, dried, and

stored at 4 �C until use.

E. coli assay preparation

The cells used for this study were E. coli rosetta and were cultured

in LB broth with 1% glucose and 0.1% ampicillin. For the assays,

1.5 mL of cell culture was spun down in an Eppendorf tube at

3000 rpm for 5 min. The supernatant was removed and 1 mL

50 mM borate buffer pH 8.0 was added to the cells. A tube of Cy3

monoreactive succinimide ester (GE Healthcare, Piscataway, NJ)

was dissolved in 50 mL DMSO. Fifteen microlitres of the dye were

added to the cell solution and the sample was incubated for 30 min

at room temperature in the dark with shaking. The cells were

respun and the supernatant was removed. The cells were washed

3 times with PBS pH 7.4 (Sigma Chemical, St Louis, MO) and

stored in 1 mL PBS at 4 �C until use. The cells were used within

24 hours. Cell concentrations were typically around 109 cfu mL�1.

Live/dead staining

To establish the viability of the cells, the impermeability of the

cell membranes was tested using dye exclusion. Live/dead
2790 | Lab Chip, 2010, 10, 2787–2795
staining was performed using Invitrogen BacLight� Bacterial

Viability Kit L13152 (Life Technologies Corp., Carlsbad, Cal-

ifornia) to ensure the viability of the E. coli (see ESI†). A 1 mL

cell suspension of E. coli cells in PBS was mixed with the stain

and incubated at room temperature in the dark for 15 minutes. A

10 mL sample of the stained cells was placed on a microscope

slide and a cover glass was placed on top. The cells were imaged

immediately with a Nikon microscope using a 20� objective.

ImageJ software (NIH, Bethesda, MD) was used to count the

number of viable cells.
Flow simulations

Finite element modeling of the channels was performed using the

COMSOL Multiphysics finite element analysis package (COM-

SOL Inc., Palo Alto, CA). The channel dimensions in the model

were chosen to be identical to the ones used in the experiments.

However, in order to reduce computation time, only half of the

width of the channel was used in simulations, assuming channel

symmetry.

Relative sample and sheath flow rates were varied to simulate

changing cross-sectional area of the focused stream. The simu-

lations were conducted in two steps. In the first step, the flow

model was solved for incompressible flow. A zero-slip velocity

boundary condition was assumed on the channel walls. The inlet

boundary conditions were specified by the desired volumetric

flow rate, and outlet boundary conditions were fixed at atmo-

spheric pressure. Flow in the inlets was specified to be fully

developed. After the velocity field was determined, the second

step simulated mass transport to provide the concentration

distribution, assuming a diffusion coefficient typical of a low

molecular weight solute (1 � 10�9 m2 s�1). The presence of con-

ducting ions in sample stream had an initial concentration of 1 in

the diffusion/convection simulation. Similarly, the initial

concentration of the sheath stream, which was devoid of ions,

was chosen to be 0. An automesh with tetrahedral elements was

used for all simulations. In order to accurately resolve the mass

transport along the interface between the sheath and sample

streams, adaptive meshing was used to increase mesh density in

subsequent simulations. The mesh refinement process was

repeated until no change in results was observed (h-method).

Furthermore, the total flux in and out of the channel was

compared to verify the mass balance. It was assumed that there

were no chemical reactions and that the ionic nature of the

sample does not effect the outcome of simulations; therefore the

only factors affecting the distribution of the model species were

diffusion and convection. The details of the multiphysics

modules and the equations used to define flow and mass trans-

port characteristics were previously described.34
Confocal microscopy

Visualization of flow focusing in the channel was performed

using a Nikon Eclipse TE2000-E inverted microscope equipped

with a Nikon D-Eclipse C1si confocal spectral imaging system

(Nikon, Japan). Confocal images were obtained by scanning in

the region downstream from where the sheath and sample

streams intersect. The hydrodynamic focusing experiments were

performed using de-ionized water for the sheath flow and
This journal is ª The Royal Society of Chemistry 2010
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Fig. 3 COMSOL simulations and the corresponding cross-section

images from confocal microscopy with a sheath-to-sample flow-rates

(in mL min�1) of (a) 50 : 2 and (b) 200 : 2. The same channel was used for

the confocal experiment in both cases. The outline shows the boundary of

the channel. The diffusion co-efficient for the simulations was 109 m2 s�1.

The concentration is specified by the color bar with 0 (blue) as the

minimum and 1 (red) as the maximum. The intermediate colors show

diffusion region between the sheath and sample streams. The confocal

cross-sections were taken 3 mm downstream from the junction where

sheath and sample streams met.
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de-ionized water mixed with FWT Red Powder fluorescent dye

(Bright Dyes, Miamisburg, OH) for visualization of the flow

from sample stream inlet.

A dual syringe pump (Harvard Apparatus Model 33) provided

precise control of the flow rates and flow-rate ratios. Confocal

microscopy was performed using a 10� objective (NA 0.45, WD

4.00 Dry). Image resolution was 512 � 512 pixels, with a Z-step

size spacing of 5 mm and a pixel dwell time of 7.06 ms. A 40 mW

argon laser was used at the 514.5 nm excitation line, and the

spectral detector of the confocal imaging system was set to detect

emission between 583 and 593 nm. Image stacks were rendered

and analyzed in three-dimensions using NIS-Elements AR

confocal image processing software (Nikon, Japan).

Electrical impedance measurements

An Agilent 4284A LCR meter was used to perform all 2- and

4-electrode impedance measurements using a 10 mV, 1 kHz

signal. For the 2-electrode system, the current was applied and

the response was measured from the inner two electrodes.

Baseline measurements were performed after bovine serum

albumin (BSA) was passed through the channel to prevent

nonspecific binding. Phosphate buffer solution (PBS) with

a conductivity of 12.8 mS cm�1 was used as the sample fluid, and

deionized (DI) water with a conductivity of 0.08 mS cm�1 was

used as the sheath fluid. Impedance data were collected at

different sheath-to-sample flow-rate ratios (FRRs) and flow

velocities. In order to increase the focusing, the FRR was

increased by increasing the sheath flow rate while the sample flow

rate remained constant at 2 mL min�1. In other cases, flow rates of

both sheath and sample were increased proportionally to main-

tain a FRR of 50. A LabVIEW program was developed to

control the syringe pump and automate data collection from the

LCR meter. After the baseline measurements were completed,

E. coli was passed through the channel and allowed to settle and

bind for 20 minutes to the immobilized antibodies. Unbound

bacteria were flushed out of the channel, and impedance

measurements were conducted. Baseline and E. coli experiments

were repeated 3 times each and the averages and standard devi-

ations were calculated for each FRR. Resistance and reactance

values were extracted from the measured impedance data. The

same microchannel was used for baseline and E. coli experiments,

and the same two sensing electrodes were used in both the

2-electrode and 4-electrode configurations. The cell coverage of

the electrode surface area did not change appreciably during the

E. coli experiments, as judged by microscopic inspection.

Results and discussion

COMSOL simulations and confocal microscopy

Fig. 3a illustrates transverse slices of the COMSOL simulations

of a microfluidic channel for FRRs of 25 and 100. Since only half

of the channel was simulated, the cross-sections were mirrored

and stitched to allow easier comparison with confocal images.

All cross-sections were taken 3 mm downstream from sheath

inlet. The electrodes are positioned at the bottom surface along

the length of the channel. The concentration value of 0 for the

nonconductive sheath fluid is shown as blue and the concentra-

tion value of 1 for the conductive sample fluid is shown as red.
This journal is ª The Royal Society of Chemistry 2010
The intermediate colors signify the diffusion between the two

streams. Fig. 3b shows confocal microscopy images of an actual

channel with a 0.25 mm height and 1 mm width. The decrease in

image brightness in confocal images is attributed to the diffusion

between the sheath and sample fluids.

The channel cross-sections from simulations and confocal

images demonstrate how the sheath fluid focused the sample

stream from both sides and the top, resulting in a half ellipse-

shaped focused stream. Furthermore, both modes of investiga-

tion show that an increase in FRR resulted in greater flow

focusing toward the electrode surface. The degree of focusing at

a specified FRR was roughly the same for both simulations and

confocal experiments. The width of the focused stream remained

fairly constant due to the geometry of the channel but the change

in the height was significant. Thus the effective cross-section of

the sample fluid was significantly reduced without minimizing the

physical dimensions of the channel.

It is interesting to note that the maximum concentration value

in the focused region was smaller for the higher FRR case

(FRR ¼ 100) despite the fact that the fluid was flowing faster. In

order to understand this effect, consider the simple case of 1D

flow focusing at two FRRs: 25 and 100, shown in Fig. 4. The

height of the focused layer defined by the boundary between

sheath and sample fluids for the two FRR can be estimated by

finding the y-intercepts of the concentration profiles (Fig. 4a).

The diffusion due to flow focusing affected both layers but the

maximum concentration in the focused stream was 0.6 for FRR

of 100 compared to 0.8 for FRR of 25.

As the FRR became higher, the sample stream was focused

more and thus pushed closer to the bottom channel wall. The

focused layer heights for FRR of 25 and 100 were roughly 64 mm

and 30 mm respectively. The velocity profiles for the flow in the

focusing channel are parabolic as shown in Fig. 4b and were used

to find the velocities at the sheath–sample boundary using eqn

(3). These values turned out to be 4 mm s�1 for FRR of 25 and

8.5 mm s�1 for FRR of 100. Although the fluid was flowing faster

and the residence time was smaller when FRR was 100, the

characteristic length over which the diffusion took place was also

more significant as compared to focused layer height. Conse-

quently, the Pe calculated using the height of the focused stream
Lab Chip, 2010, 10, 2787–2795 | 2791
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Fig. 4 Flow focusing in a simple 2D model with a 150 mm high sample

channel that entering a 250 mm main channel. (a) The inset shows the

COMSOL simulations that were used to calculate the concentration

profiles along the height of the main channel (solid line 50 : 2 mL min�1

and dotted line 200 : 2 mL min�1) 2 mm downstream from T-junction.

The heights of the focused layers for two FRRs are taken at points where

concentration drops below 0.01. (b) The heights are superimposed on the

parabolic velocity profiles for each FRR case to find the actual velocity at

which the interface between sheath and sample fluids (vx25, vx100) travels.

D
ow

nl
oa

de
d 

by
 L

IB
R

A
R

Y
 O

F 
C

H
IN

E
SE

 A
C

A
D

E
M

Y
 o

n 
08

 O
ct

ob
er

 2
01

0
Pu

bl
is

he
d 

on
 2

0 
A

ug
us

t 2
01

0 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

00
52

57
D

View Online
as the characteristic length was 250 � 10 for both FRR but the

higher FRR resulted in a smaller cross-sectional stream with

lower overall concentration of sample electrolyte. In confocal

images, this lowering of sample concentration manifested as

a reduction in brightness of the focused region for 200 : 2 mL

min�1 as compared to 50 : 2 mL min�1 (Fig. 3b) and was also

accurately predicted by the simulations (Fig. 3a).

Diffusion in parallel laminar flow streams inside micro-

channels has been studied previously49–51 and has also been used

for biosensing applications.7,52 However, for impedance sensors

that rely on flow-focusing for enhancement of detection sensi-

tivity, this diffusion has deleterious effects. The electric field

confinement relies on a sharp gradient between the conducting

sample and non-conducting sheath streams. Therefore, any

mixing due to transverse diffusion between sheath and sample

fluids reduces the confinement of the electric field. The overall

effect is a loss in detection sensitivity.

Baseline and E. coli measurements

Baseline and E. coli measurements were performed using 2- and

4-electrode configurations at different FRRs (25, 50, and 100). The
2792 | Lab Chip, 2010, 10, 2787–2795
resistance and reactance components of the impedance were

measured using the LCR meter, and resistance and capacitance

values were extracted assuming parallel RC circuit for the 4-elec-

trode case and series RC circuit for the 2-electrode case (ESI†).

Tables 1 and 2 list mean values and standard deviations of

three repeated impedance measurements using the 2- and

4-electrode configurations. The percent change in resistance and

capacitance due to the presence of E. coli was calculated using

D ð%Þ ¼
�

E: coli � baseline

baseline

�
� 100 (10)

For both the 2- and 4-electrode baseline measurements, as the

sample fluid became more focused at higher FRRs, the measured

resistance values increased. This is expected since the cross-

sectional area of the focused stream decreases thus causing an

increase in resistance. In addition, resistivity also depends on the

number and types of ions in solution. Therefore, the diffusion

between the sample and sheath fluids contributed to a further

increase in resistance.

For the 2-electrode baseline measurements, the reduction in

interfacial capacitance with increased FRR was mostly due to the

decrease in the width of the focused stream which effectively

decreased the electrode area as described by eqn (4). In the

4-electrode system, the slight decrease in the bulk capacitance

was attributed to an increase in cell constant (eqn (9)). As seen

from eqn (7), the cell constant is inversely proportional to the

focused layer height (eqn (7)) which decreased with increasing

FRR.

The resistance and capacitance values with immobilized E. coli

followed the same trend as the baseline measurements. The

presence of E. coli caused an increase in the resistance and

a decrease in capacitance in both configurations. Bacteria and

other cells act as insulators due to the impermeability of cell

membrane at low frequencies.53 The increase in resistance

demonstrated that the E. coli was insulating and partially

blocking the current paths on the electrodes, and thus contrib-

uted an additional impedance component to the system. The

presence of insulting bacteria resulted in a decrease in capaci-

tance which was due to a decrease in the effective electrode area

as per eqn (4). The two-electrode system was more sensitive to

changes at the electrode surface, as is highlighted by a greater

change in capacitance due to the presence of the E. coli cells on

the electrodes.

Interestingly, when the FRR was increased, the % change in

resistance and capacitance decreased. This effect is attributed to

the diffusion of ions from the conducting stream into the non-

conducting sheath fluid. As shown earlier, the amount of diffu-

sion was roughly the same, but the characteristic length over

which the diffusion occurred became more significant as the

cross-sectional area of the focused stream decreased. This

increased the bulk resistance and competed with the insulating

effect of the E. coli. The overall effect was a decrease in % change

in resistance as FRR increased. From eqn (6) and (9), it can be

seen that an increase in resistivity also caused an increase in the

capacitance which counteracted the decrease in capacitance due

to presence of cells on the electrodes. Overall, the % change in

capacitance decreased slightly as FRR was increased. Thus as the

sample fluid became more focused, the diffusion had more

impact on the measured data (also seen in Fig. 3).
This journal is ª The Royal Society of Chemistry 2010
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Table 1 Baseline and E. coli resistance and capacitance values for the 2-electrode configuration sensor

FRR

Bulk resistance, R/kU Interfacial capacitance, C/nF

Baseline E. coli D (%) Baseline E. coli D (%)

50 : 2 33.1 � 0.6 37.5 � 0.3 13.5 16.2 � 1.0 14.0 � 1.0 �13.9
100 : 2 52.9 � 0.8 58.8 � 0.5 11.2 12.4 � 0.1 11.1 � 0.1 �10.2
200 : 2 79.3 � 0.7 85.6 � 2.2 8.0 9.2 � 0.1 9.0 � 0.2 �2.3

Table 2 Baseline and E. coli resistance and capacitance values for the 4-electrode configuration sensor

FRR

Bulk resistance, R/kU Bulk capacitance, C/nF

Baseline E. coli D (%) Baseline E. coli D (%)

50 : 2 31.5 � 0.7 38.1 � 1.0 20.8 1.36 � 0.02 1.31 � 0.02 �3.7
100 : 2 53.0 � 0.5 61.2 � 0.2 15.6 1.29 � 0.01 1.26 � 0.01 �2.3
200 : 2 78.6 � 1.3 90.3 � 0.9 14.8 1.20 � 0.01 1.18 � 0.01 �1.7
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The amount of diffusion between the sheath and sample is

dictated by the residence time or the time sheath and sample

streams are in contact with each other and the distance over

which transverse diffusion takes place. As the FRR increased,

fluid flowed faster in the channel and decreased the residence

time and, therefore, the diffusion of the ions out of the sample

fluid. At the same time, increasing the FRR pushed the focused

stream closer to the channel wall decreasing the mean distance of

an ion to the sample–sheath interface.

In order to delineate these two phenomena, confocal micros-

copy, simulations and impedance measurements were performed

for cases with same FRR but with increasing sheath and sample

flow velocities. As the fluid flowed faster, the residence time

decreased and resulted in less diffusion within a fixed distance.

Fig. 5a shows confocal images of sample only, and sheath-to-

sample flow rates of 50 : 1, 100 : 2 and 200 : 4 mL min�1. All three

cases have FRR equal to 50; however, the sheath and sample fluids

of the 200 : 4 ratio were flowing 4-times faster (13.6 mm s�1).

Both confocal images and simulations show that there was

relatively little change in focused stream height since the FRR

was unchanged. The results also showed that more diffusion

occurred when the fluids were flowing slower, as signified by the

loss in brightness of the focused region at slower flow velocities.

COMSOL simulation results (Fig. 5b) further confirmed this

finding. Based on the results shown in Fig. 3 and 5, it is clear that

in order to improve the detection sensitivity, without introducing

the deleterious effects of diffusion, both the FRR and absolute

flow velocities must be increased simultaneously.

It should be noted, however, that there was an upper bound

for sheath and sample flow velocities beyond which any increase

in flow velocities caused the inertial forces to become significant

and simultaneously started changing the way sheath focused the

sample stream for the particular channel design used in this

investigation. As seen at highest flow velocities in Fig. 5a

(200 : 4 mL min�1) and 5b (500 : 10 mL min�1), as the Re

increased, the sheath stream lost its ability to focus the sample

stream from the sides and this resulted in widening of the focused

stream along the bottom surface of the channel wall. A further

increase in the flow velocities led to the splitting of the sample
This journal is ª The Royal Society of Chemistry 2010
stream into two focused streams. The optimal condition for this

design to provide maximum focusing but with the least effect of

diffusion appears to be sheath-to-sample flow rates of

100 : 2 mL min�1 (FRR ¼ 50 and Re ¼ 2.7). The diffusion

between sheath and sample fluid can also be reduced by using

ionic species with slower diffusion coefficients or by using fluids

that are immiscible i.e. two-phase. However, two-phase parallel

flows are only possible in narrow FRR regime.54

Impedance measurements were performed at FRRs of 25 and

50 using the 4-electrode configuration. The sample flow rates

steps were 2, 4, 8, and 16 mL min�1, and the sheath flow rates were

increased accordingly to obtain the corresponding FRR. The

FRRs were maintained for 30 s at each step and the values were

averaged over the step. The plot in Fig. 6 shows that the resis-

tance decreased as flow velocities increased due to a decrease in

diffusion. The values of capacitances were largely unaffected for

the 4-electrode configuration.
Conclusions

A 2D flow focusing technique was implemented for a modified T-

junction design. Two- and four-electrode configurations for

impedance measurements were characterized for detection

sensitivity. Measuring a change in resistance using the 4-elec-

trode configuration was the most sensitive technique to detect the

presence of E. coli at low frequencies in a flow focusing system.

The 2-electrode technique showed a greater % change in capac-

itance than the 4-electrode sensor because the cells were bound to

the electrode surface and the 2-electrode configuration is more

sensitive to changes at the electrode interface. The fact that the %

change in impedance decreased with increasing FRRs indicated

that the presence of the bacteria became less significant with

increased focusing, even though they represented a higher

proportion of the cross-sectional area of the conducting stream.

This effect was attributed to the increased effect of the diffusion

of ions out of the focused stream as the focused stream height

decreased. One way to reduce diffusion was to increase the actual

sheath and sample flow velocities in addition to increasing the

FRR. Diffusion must be properly controlled in order to prevent
Lab Chip, 2010, 10, 2787–2795 | 2793
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Fig. 5 (a) Confocal images for sheath-to-sample flow rates (in mL min�1)

of 50 : 1, 100 : 2 and 200 : 4 (FRR ¼ 50) are shown. The contrast was

adjusted by same measure for all cross-sections to allow easier visuali-

zation of focused stream. (b) Channel cross-sections show concentration

distributions from COMSOL simulations. Flow velocities of both sheath

and sample streams were increased proportionally to maintain the FRR

at 50. The diffusion coefficient was 1 � 10�9 m2 s�1 for all cases. The

concentrations are specified by the color bar with 0 (blue) as the minimum

and 1 (red) as the maximum.

Fig. 6 Sample and sheath flow rates were increased while keeping the

FRRs constant (-------- ¼ FRR of 50, ——A— ¼ FRR of 25). Sheath

flow rates are: FRR � sample flow rate. A 4-electrode configuration was

used to measure (a) resistance and (b) capacitance.
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a loss in detection sensitivity using flow focusing and impedance

measurements.
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