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Abstract

Transport and accumulation of biomolecules, particularly DNA, in active electronic chips are investigated through numerical modeling
and experimental verification. Various geometric and design configurations of electronically active DNA chips are considered. Further, we
investigate the effect of electric field distribution on practical design of flow cells and chips. Particular attention is focused on the geometric
effects on current and electric field distribution which are well captured by a finite element method-based model. We demonstrate that these
geometric effects are observed only in buffers of very low conductivity. We also demonstrate that numerical models which do not include
the charge transfer mechanism between electrodes and the buffer solution will fail to predict the reduction of these geometric effects with
increased buffer conductivity.

The review of the technology is based on computer simulation using a finite element-based computational model and experimental results
of electric field distribution, DNA transport and accumulation. Comparison of theoretical results for electrophoretic DNA accumulation
with those obtained from experiments and a simple analytical model is presented.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction technical challenges. Speed, accuracy, sensitivity and repro-

ducibility have been the mantra of technical development of
The completion of the physical mapping of the human molecular diagnostic tools.

genome[1] has brought a significant increase in interest  The variety of technologies being developed to overcome

in genomics research and development. However, while thethe technical challenges are quite clever and intriguing; but

completion of the gene sequencing may seem to suggest thet is probably fair to say at this time that no single technol-

end of the genome era and the beginning of the proteomicsogy has been able to overcome all the technical hurdles with

era, in fact only one significant part of the genome era has complete success. Of particular interest to us are electroni-

been completed. Beyond the sequencing effort lies the de-cally active DNA micro-arrays. These arrays have demon-

velopment and maturation of DNA molecular diagnostics strated very high accuracy and rapid transfa#4]. There

and eventually gene therapy. are three assay functions that these electronically active ar-

The potential for DNA molecular diagnostics to revolu- rays fulfill: transportation and concentration of target DNA

tionize the medical diagnostic market is well recognized at an array site, hybridization and stringency. In this paper,

by the many commercial companies now developing tech- we focus on the concentration of target DNA.

nologies and assays for diagnostic purposes. Despite this The majority of DNA micro-array technologies depend on

recognition, market development for molecular diagnostics diffusion of target DNA to the array sit§§—7]. Diffusion

has been slow partly due to economical factors as well asdependent transport scales with the square root of time and
often takes several hours to achieve efficient hybridization
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is one of the main impeding factors in making the passive tion through “focusing electrodes” and discussed general de-
DNA sensing faster and more accurate within short period sign principles for the case of a cylindrical shaped flow cell
of time. Convection is sometimes used to speed the transportthat contains chips with focusing electrodes. Paces Eit3|.
process, but still the assay times can be an hour or longer. were among the first group of researchers to report results
On the other hand, electronically active DNA micro-arrays in DNA accumulation and hybridization based on numerical
utilize electrophoresis as the transport mechanism. Elec-modeling. They studied electrokinetic transport of charged
trophoresis has the advantage that transport scales linspeciesin an electrolyte and reviewed electric potential, elec-
early with time and electric field. Consequently, typical tric field distribution and species transport in a chip array
transport times are two minutes or less. We have devel-that consists of & 5 electrodes. Their model was based on a
oped micro-electro-optical DNA sensors where transport two-dimensional finite element formulation. Based on their
of biomolecules is achieved through electrokinetic forces continuum model, they reported geometric effects on elec-
[2-4,8-11] An electrode array covered with a permeation tric field with peaks at the edge electrodes. OzKs4] has
layer with embedded DNA capture probes is used to control also used the finite element method to study electric field
the transport of biomolecules and achieve their accumula- distribution in an electronic chip array. Her work concen-
tion and hybridization at the electrodes. The various elec- trated on investigating the effects of charged species concen-
trode arrays illustrated ifrig. 1 enable both DC and AC tration, size, position, type of buffer solution and patterned
electrokinetic manipulation of biomolecules and particles electrode configuration on the electric field distribution and
in the detector cell. The arrays consist of patterned metal hence the electrokinetic transport of charged species.
electrodes on an insulating substrate and are contained in a In this work, we investigate various configurations of ac-
plastic housing equipped with fluidic conduits to manipulate tive DNA chips where experimental results are available for
sample and other electrolytes. The electrical field applied qualitative and quantitative verifications. The quantities of
affects charged analyte biomolecules and particles as wellinterest for our study are DNA transport, accumulation and
as the ions in the fluid sample. electric field distribution. We investigate the effect of elec-
Aside from a dependence on electric field strength, elec- tric field distribution on practical design of flow cells and
trophoretic transport of target DNA is critically dependent on chips. Particular attention is focused on the geometric effects
the composition of the transport buffi]. In electrophore-  which are well captured by a finite element-based model.
sis, the total current supplied by the external circuitis carried ~ We will further show experimentally that, with increased
solely by the charged ions in solution. The portion of current conductivity of the buffer, such geometric effects are min-
carried by each ionic species is dependent on its charge, moimized and eventually eliminated. We suggest that the de-
bility and concentration and is known as the transport num- crease in these geometric effects is caused by the decrease in
ber. Because it is desirable to maximize the transport num- polarization resistance as solution conductivity is increased.
ber of the target DNA, transport buffers are typically low This decrease in polarization resistance in turn results in
salt, zwitterionic buffers: 50 mM histidine has functioned an increase in current contribution due to polarization (i.e.
well for this purposg3,8]. Faradaic current) that is significant enough to screen the ef-
In this paper, we discuss the effects of array geometry fects of current contribution from solution resistance. Nu-
on the accumulation of DNA during electrophoresis. Accu- merical models that do not explicitly include the polarization
mulation is modeled using an analytical model and finite resistance in their formulation will fail in predicting the de-
element analysis (FEA) and the results are compared withcrease and elimination of these effects with increased buffer
experimental data. conductivity.
The numerical and analytical modeling of such an elec-
trophoretic system has been of some interest to a growing
number of researchers in the past few years. The work of 2. Electronic accumulation of DNA
Stelzle et al.[12] is among the first in the literature that
used analytical modeling to predict electric field in biochips.  In this paper, two generations of electronically active
They have looked at increasing the efficiency of accumula- micro-arrays were modeled and experimentally tested. The

(b)
Fig. 1. lllustration of active DNA chips used in this study: (a) 100-site chip, NandCHip) 25-site chip, NanoChffy (c) 400-site chip, NanoChfh



SK. Kassegne et al./Sensors and Actuators B 94 (2003) 81-98 83

early generation chips, shownfig. 1a and b are the 1010 trophoresis (i.e. movement of charged species relative to
and 5x 5 arrays of 8Qum diameter platinum electrodes the carrier movement under the influence of electric field).
spaced with 20p.m center-to-center distance. Four large Further, the finite element model of the electrokinetic flow
counter-electrodes are located at the corners of the array. Exproblem is based on a combination of Poisson’s equations,
ternal circuitry was used to control the potential or current diffusion equation and Navier—Stoke’s equations with ap-
at the array electrodes, either one electrode at a time or inpropriate electromigratory flux terms to represent the effect
groups of electrodes. The chip was mounted in a probe sta-of applied electric field on carrier and/or charged species.
tion for electrical connection and fluorescent measurements. The Navier—Stoke’s equations which are defined here to
Liquid samples were manually applied to the chip. include the equations of mass conservation, momentum con-

The later generation chip, shownkig. 1c, is a 16x 25 servation, energy conservation and equation of state are
array of 50um diameter platinum electrodes spaced with given as
150p.m center-to-center distance. Two pairs of rectangu- g, )
lar, individually controlled, counter-electrodes are aligned 5 +V.pv=0 (massconservation equatjon (1)
along the perimeter of the array. Not shownFHig. la—c
are off-chip Ag/AgO quasi-reference electrodes (QRE). The s(,y)
micro-array is flip—chip bonded to a ceramic substrate. The
ceramic substrate is subsequently mounted in a plastic car-
tridge housing that contains a flow cell for liquid sample
handling and an optical window for fluorescence measure- s, _
ments. An important feature of this latter generation chip is +v-Ve=V.(kVT)+ H+ & (energy equation
the presence of on-board circuitry that permits the current 3)
or potential of each electrode to be individually controlled
and measured. P

The micro-arrays shown ifig. 1 are coated with a hy- p=constant or p = rRT O = (D)
drogel. Thls_, co.atlng is aboutdm thick in dry sta}te and up (equation of state @)
to 10pnm thick in wet state and serves two main functions.
It provides attachment chemistry for anchoring DNA probes Now, for electrokinetic flow, the following equations hold
and it elevates the anchored probes above the electrodes. The&ue:

+V.poww=-VP+4+Vr+4+pg+ F

(momentum equation (2)

coatings are made of agarose or acrylamide copolymers andy 24 — _ (@) (5)
contain covalently linked streptavidin to provide attachment €
sites for biotin labeled oligonucleotides. E=-V® (@istheelectric potential (6)

During an assay, DNA capture probes, targets or ampli-
cons are addressed to specific array electrodes. Typically,VeF‘: HepE
the array electrodes are biasedr&.0 V with respectto the  The species transport equation is given as
Ag/AgO QRE. This causes electrophoretic migration of the

(electrophoretic mobility of the ion @)

DNA toward the biased electrodes. If the DNA probes are (ﬁ) + VepiVei = DV (8)
biotinylated, they will bind to streptavidin and be immobi-
lized on the hydrogel coating. wherev is the local fluid velocity,e the density of the fluid,

In the numerical models that follow, which are based on t the time,r the shear (viscous) stress on fluigthe accel-
the finite element method (FEM), we consider a simplified eration due to gravityi- the body force[T the temperature,
electrode system consisting of a single, central anode andP the pressurek the thermal conductivity of the fluid{ the
cathode ring, both without a hydrogel coating. We will show source termg@, the dissipation terms the internal energy
that this simplified electrode system captures the essence obf the system (given gsC, T, whereC,, is the specific heat
electrophoretic transport on micro-arrays. The model results of the fluid), E the electric field@® the electric potentialpe
show the electric field distribution and the accumulation of the charge density,the permittivity,..ep the electrophoretic
DNA at the anode. These results are compared with the mobility of ion in its carrier specied/ep the electrophoretic

experimental results. velocity of charged species,the concentration of species,
The finite element analysis (FEA) is then extended to D the coefficient of diffusion andis the species number.
model the 16x 25 micro-array. The main effort with this Generally, the energy equation is coupled to the momen-
model is to demonstrate the effects of array geometry on thetum and continuity equations through the variation of den-
pattern of accumulation and electric fields. sity with temperature and pressure as showBdn (4) For
incompressible flows, however, the variation of density is
2.1. Description of models and experiments negligible and the Navier—Stoke’s equations are decoupled.

The following assumptions are made in the finite element
The computational model in this work is based on the fi- modeling of the electric field distribution and DNA accu-
nite element formulations for fluid flow, diffusion and elec- mulation in the active DNA micro-array:
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1. The effect of the charges carried by the DNA species on applied at the anode are? V is applied at the cathode. This
the electric field is neglected. corresponds to a constant voltage mode of operation used in

2. The effect of permeation layer on the DNA transport and the experiments with the active DNA array.
accumulation and electric field distribution is neglected. = Two modeling approaches are pursued in this study, i.e.

3. The sample concentration is assumed to be small com-a three-dimensional finite element analysis and a simplified
pared to the concentration of the buffer solution and the analytical model. The finite element analysis (FEA) was car-
conductivity of the solution is considered to be uniform ried out using the CoventorWdr software from Coventor
throughout the liquid volume. Inc. [15], while the simplified analytical model is based on

4. Physical parameters such as diffusion coefficients, fluid a simple relationship between the current carried by DNA
viscosity, electrokinetic mobilities, and dielectric proper- species and the total current in the chip, as described in
ties are considered constant. Eqgs. (10a)—(10c)The finite element simulation consisted

5. Joule heating in the liquid volume is assumed to be in- of a finite element (FE) mesh for an axisymmetric slice of
significant and the temperature of the solution is consid- the flow cell (50Q.m deep and 50Q@m wide) with 1395
ered to be uniform. eight-noded parabolic elements and a total number of 6108

6. Charge transfer mechanism between electrodes and thaodes, as shown iRig. 3. This mesh was selected after a
buffer solution is not included in the model. This mech- convergence study on current density and electric field dis-
anism has a significance in reducing geometric effects. tribution. The FE mesh, as expected, is much more dense at

the location of the electrodes due to the sharp corners in the

2.1.1. Case of single-electrode system geometry and also due to the high gradient of electric field
Fig. 2 shows the chip geometry of a single-electrode sys- and current density at these locations. At locations further

tem used in this study. It consists of a cylindrical flow cell from the electrodes, the mesh is noticeably coarser resulting

having a depth of 50@m and a diameter of 10Q0m. The in saving of computational time.

flow cell contains the buffer solution and recessed elec- The following boundary conditions are used:

trodes. The anode is of §n diameter and has a thickness

of 100 nm and is located at the center of the cylindrical flow — =0 (atthe side wallsi.e. side walls and the top wall

cell. The cathode is placed at the outer rim of the cylindrical

cell and has a width of 4am and a thickness of 100 nm.

This configuration closely mimics the electrode array chip @ = constant (atthe anode and cathode (9b)
configuration used in experiments.

are insulatey (9a)

Ji -n =0 (nospeciesadhesion on side walls (9c)

2.1.1.1. FEA model of single-electrode system.  Following whereJ; is the ionic flux of speciesi®, i = 1, number of
are the parameters and constants used in the modeling. Thessgpecies types in the flow cell.

values closely match the experimental conditions used in the

modeling. The buffer solution is 50 mM histidine with acon- 2.1.1.2. Analytical model for DNA transport. In the
ductivity of 60puS/cm. A 5 nM concentration of single strand micro-arrays described above, the current carried by the
20-mer DNA (DNApg) sample is used. The valency of the DNA, Jpna, is a fraction of the total current), car-
DNA sample is—20 and the DNA's electrophoretic mobility ried by all the ionic species in solutiofi6]. This is

and diffusion constants are assumed to be 15000V s expressed irEq. (10a)where the conductivity of the solu-
and 20um?/s, respectively. A constant potential #2V is tion due to the DNA,opna, is a fraction of the solution
— width = 1000 p
= H top wall
sidewall ! :
\‘ | < sidewall
. 3 depth of flow cell =
] 500}1

disk-shaped anode  |cathode gni;.de cathode |y

| —

(a) (b) 40u 800 40

depth of electrodes = .1 u
vl
/ rd

Fig. 2. Geometry of a ring single-electrode system in a cylindrical flow cell: (a) plan view of a ring electrode chip; (b) section view of the cylindrical
flow cell.
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R (radius)

X (depth)

(a) (b) Z

Fig. 3. Finite element mesh of an axisymmetric model of a cylindrical flow cell: (a) finite element mesh; (b) cylindrical coordinate system.

conductivity,o: 2.1.2. Case of multi-electrode system
ODNA The second set of computer simulations was run on a
Jona = ( )J (10a) 400 independently controlled electrode pad system shown

in Fig. 1c. The electrodes are configured in a 4625
By definition, the conductivity of the solution due to DNAis  rectangular distribution and have each a diameter of

50pm with center-to-center spacing of 1pén. There
ODNA = ZCpNA Flt (10b) are two sets of counter-electrodes placed on the periph-
ery of the chip system. These are a pair of long and short
counter-electrodes which are always biased in pairs. The
short counter-electrodes, which run in the transverse direc-
tion, are 50Q.m wide and about 3300m long. The long
counter-electrodes, which run in the longitudinal direction,

wherez is the valence charge of DNApna the concentra-
tion of DNA (in mol/l), F the Faraday’s constant andis
the mobility of DNA. Insertingeq. (10b)into Eq. (10a)and
rearranging we obtain

N _(Fr Conalt 10 are 19Qum wide and about 5500m long. The chip’s over-
PNA = o ) 7PWA (10¢)  al dimension is mm x 45mm with a depth of about
0.5mm.

wheree is the electronic charge amtbna is the number of

DNA molecules transported in a given tintgfor a given 2.1.21. FEA model for multi-electrode system. A
current,J. We define the number of DNA molecules accu- two-dimensional model of the multi-electrode system is
mulated at an array electrode divided by the total number of se( in this study with the finite element mesh and coordi-
DNA molecules in the flow cell as the percent accumulation: pate system as shown Fig. 4. Different sets of columns
of electrodes were biased for the simulations. The finite

accumulation(%) = ,NDNA x 100 (10d)  element model for the case of column 1 electrodes biased

inflow cel has 8650 parabolic elements and 15,450 nodes. The voltage

wheret is time (s). applied at the anodes is a constant voltage of 2V, whereas a
The parameters used for the analytical model are- —2V was applied at the counter-electrodes. In this study, the
15,000um?/V's, o = 60pS/cm,c = 5nM andJ = 400 nA. effect of permeation layer on electric field and accumulation
was not modeled, as we were interested only in electric field

2.1.1.3. Experimental conditions for single-electrode sys- and current distribution. To be consistent, the chips used in

tem. The sample used for the experimental DNA accumu- the experiments did not have permeation layer, either.

lation studies was a 5 nM solution of a fluorescently labeled

T12 oligonucleotide in 50 mM histidine. An amount of 1D 2.1.2.2. Experimental description for multi-electrode sys-

of this sample was placed on a 25-site micro-arfeg.(1b) tem. The system was simulated to operatednstant volt-
coated with an agarose/streptavidin permeation layer. One ofagemode. This corresponds to a maximum current of 110 nA
the array sites was addressed at a constant current setting cdit the anodes. The chips used in the experiments did not
400 nA per pad for 60s. The accumulation of fluorescence have a permeation layer. The voltages at the electrodes and
over the array site was monitored during the 60s addresscounter-electrodes were set through the software interface.
and was measured with a Princeton Instrument CCD-basedCurrent readings on each of the electrodes were taken auto-
camera system using target DNA containing a Bodipy Texas matically by a software-controlled CMOS chip every quarter
Red (BTR) fluorescent tag. A 594 nm excitation filter and a of a second. Different buffers were used in the experiments
630 nm emission filter was used with the BTR labeled probe. and for each reported result, the corresponding buffers and
The resulting fluorescence signal was quantified by compar-their concentration is given. The counter-electrodes were al-
ison to fluorescent standards of known concentration. ways biased in pairs.
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Fig. 4. Finite element mesh of a multi electrode array system with the center column of electrodes biased: (a) finite element mesh; (b) coomlinate syste

3. Simulation results fore, a significant part of our modeling efforts was focused
on looking at the qualitative and quantitative distribution of
This section presents some of the important numerical electric field in the flow cell. All simulation results shown
results obtained from the simulation of the electrochemical in Figs. 5—7apply to the axisymmetric section of the cylin-
cells. The key quantities of interest covered in this study drical flow cell.
are, electric field distribution, transport and accumulation of  In Fig. 5, it can be seen that the electric field distribution

DNA species. depicted by field vectors is most dense at the anode located
in the center and to a lesser extent at the cathode located at
3.1. Single-electrode system the periphery. It is in these regions, therefore, where trans-

port of DNA species is highest. Further, note that depth-wise
Our numerical simulation indicates that, as soon as the (x-axis), the electric field is very sparse far from the elec-
electric field is applied, DNA starts moving towards the an- trodes suggesting that accumulation from these regions will
ode where it is accumulated. At the cathode, DNA is re- be significantly slower. The radial distribution of the elec-
pelled due to its negative polarity. This onset of transport of tric field, plotted inFig. Sb, shows clear peaks at the an-
DNA species in the flow cell of the active DNA micro-array ode and cathode (at the cathode, the peaks are much lower).
depends primarily on the electric field distribution. There- Further, a closer look afig. 5 reveals that the electric

E-field along the radius (at electrode plane)
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Fig. 5. Electric field distribution in the flow cell (units are in Mh): (a) electric field vectors in axisymmetric model of flow cell; (b) electric field
distribution along the radius of the chip. Anode is at origin.
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Fig. 6. Distribution of the vectorial components of electric field in the flow cell: Ea}—the depth component of electric field; (E),—the radial
component of electric field.
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Fig. 7. Effect of depth of flow cell on electric field distribution: (a) electric field along the radius (deptim) (b) electric field along the depth of
chip (depth inpum).

field is highest at the edge of the electrodes. Consequentlythe maximum electric field intensity at the edge of the an-
we expect greater accumulation of DNA at the periphery ode drops only by one-third to one-half when the depth is
of the anode. This peak in electric field at the edges of the reduced by 10-fold. The reduction of flow cell depth from
electrodes is consistent with previous analyses of disk elec-500 to 30Qum resulted in only about 15% drop of maxi-
trodes that showed a higher current density at the peripherymum electric field intensity. Moreover, away from the edge
[17,18] Moreover, at the edge of electrodes, the finite ele- of the anode, the drop in electric field intensity is negligible.
ment mesh used should be as refined as possible to captur€ig. 7b shows the electric field distribution along the depth
this significant peak at the edges. A significant amount of of the cell at the center of the flow cell. The figure shows that
work in successfully modeling the edge effects in recessedthe electric field strength drops fast in the first 100 or so
micro-electrodes has been reported in the literatiigé of depth. Therefore, from electric field strength and distri-
Fig. 6a and b show the deptix)(and radial £) compo- bution point of view, the flow cell depth could be lowered
nents of the electric field distribution for the axisymmetric to as much as 100m with little change in the magnitude of
model. The figures suggest that the depth-wise componentelectric field strength and species accumulation rate. How-
of the electric field (i.eE,, in the axisymmetric model)  ever, our experience with active DNA chips shows that con-
is much higher than its radial component. We also investi- siderations of allowing more volume for oxidation, bubble
gated the effect of flow cell depth on electric field distribu- formation and oxygen saturation dictate that a higher flow
tion by varying the depth of the cell for a given flow cell cell depth of such as 5Q0m be usedFig. 8 shows the sim-
diameter and electrode spacing. The microfluidics module ulation results for the accumulation of DNA at the surface
of IntelliSuite™ [19] was used for these simulations. The of the anode with respect to time. The DNA accumulation
results are summarized iRig. 7a and b which show that at the anodes was followed for 150 s at which time an onset

Accumulation of DNA at the anode
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Fig. 8. Accumulation of DNA at the anode with respect to time.
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Table 1
Comparison of DNA accumulation results from experiments and numerical
models

Percentage accumulation of DNA

10s 30s 60s 90s
Experimental result <1 <1 1 -
Analytical model <1 0.95 1.9 2.8
FEA model <1 1.2 25 35

SK. Kassegne et al./ Sensors and Actuators B 94 (2003) 81-98

that other phenomena not accounted for in the models are
of secondary importance. The FEA simulation discussed
here, however, does not model the chemistry of the histidine
buffer where such effects as the consumption dfiehs by
histidine, and the generation of hydrogen and hydroxyl ions
could introduce change in pH, which in turn will affect the
analyte, and species transport properties in the flow cell.
The results from finite element analysis, experiment and
analytical model confirm that indeed the electrophoretic ac-
cumulation of DNA occurs within few seconds and min-

of saturation was observed. This result compares favorablyutes, as compared to passive hybridization which sometimes

with the experimental results also shownFig. 8.

could take hoursTable 1also demonstrates that by increas-

Quantitative results for the percent accumulation are ing the accumulation time, significantly higher concentra-

shown inTable 1 Here, the results for the FEA simula-

tion of DNA is achieved at the anode. This result provides

tion, the analytical model and the experimental results are a basis for optimizing the DNA accumulation time with re-

compared. While comparing results, it has to be noted that spect to the number of electrodes addressed and the targeted
the theoretical models and the experimental observationdetection limits.

have limitations. For example, the FEA simulation does not

account for the buffering effect of the histidine transport 3.2. Results for multi-electrode system

buffer. Similarly, the analytical model does not account for

diffusion of DNA as the concentration of DNA increases at  In the following simulations of the 400-site chip (shown
the anode. The experimental accumulation results are basedh Figs. 1¢ and % the conductivity of the solution is taken
on an optical detection system that consists of a camera sysas 60.S/cm, equivalent to that of a 50 mM histidine. The
tem that gave a focal depth of field of approximatelyudf effects of the buffer conductivity are important and will
directly above the surface of the chip. The fluorescent databe discussed later. The coordinate system used for the
was, therefore, due to the accumulation of fluorescence multi-electrode setup is given iRig. 4b.

only in the 10um deep column above the electrode. How-  Fig. 9a shows the electric potential distribution on the
ever, despite these limitations, we see that the model results400-site chip when only the first column of array elec-
and the experimental results agree reasonably well. Consetrodes (total of 16 electrodes) and the short and long
quently, we believe that the analytical model and the FEA counter-electrodes were biased. It is clear that the potential
simulation capture the essence of DNA accumulation and peaks at the array electrodes and falls off rather quickly

Potential (Real)
2.00

Potential (Real)
2.00

1.00

0.00

E-field distribution across longitudinal section A-A

Column 1 biased

= 0.040

2 — i

S 0030 Column 13 biased

E

=

© 0020

2

°

2 0010

b

Y p.000 . gt
0.0 1000.0 2000.0 3000.0 4000.0 5000.0 6000.0

X-coordinate (micron)
()

Fig. 9. Distribution of electrical potential and electric field in a 400-site chip with electrodes biased in a column-wise fashion: (a) electrotlgsnon c
1 biased; (b) electrodes on column 13 biased (center of chip); (c) electric field distribution across longitudinal section A-A.
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Fig. 10. Electric field distribution in a 400-site chip with electrodes at the first column biased: (a) distribution of electric field when columu;1 biase
(b) distribution of electric field when column 13 biased.

with distance from the electrodes. Fig. % where the run. The center column of array electrodes (column 13)
center column of array electrodes is biased (column 13), was positively biased, but in one simulation only the long
the potential also drops off rather quickly with distance. counter-electrodes were negatively biased, whereas in the
The oval shape of the contour of potential in both cases is other simulation only the short counter-electrodes were bi-
due to the effect of counter-electrodes that are placed at anased. The differences in the electric field distributions are
angle to each otheFig. 9% shows how the magnitude of the shown inFig. 13 When only the short counter-electrodes
electric field intensity drops with distance when electrode are biased, we see that the magnitude of the electric field
arrays on columns 1 and 13 are biased. For example, wheris considerably reduced compared to the cases where only
column 1 electrodes are biased, the electric field intensity the long counter-electrodes are biased or where all the
drops by as much as 80% at a distance of only2@0away counter-electrodes are biased. We also notice that the differ-
from centers of the biased electrodes. This distance roughlyence in electric field strength between the two outer array
approximates the location of the center of the next set of electrodes and the inner array electrodes is less when only
electrode arrayfig. 10a and b show the electric field dis- the short counter-electrodes are biased.

tribution corresponding to the biasing conditions illustrated  Once again, the geometry of biased electrodes plays an
in Fig. 9a and b, respectively. The field is observed to peak important role on the electric field strength at the various
at the two outer array electrodes then drop quite dramati- array electrodes. With only the short counter-electrodes
cally for all of the inner array electrodes. This is mainly a being biased, the field lines between the array electrodes
geometric effect wherein the field between the inner array and the short counter-electrodes is approximately the same
electrodes and the long counter-electrodes is screened byor all array electrodes. However, when only the long
the outer array electrodes. More detailed discussion on thiscounter-electrodes are biased the two outer array electrodes

important observation is given iBection 3.4.1 screen the long counter-electrode from the inner array elec-
trodes. In fact, the comparison ifig. 12 shows that the

3.2.1. Effect of location of electrodes on current and distribution of field intensities is almost entirely due to the

electric field distributions screening of the long counter-electrodes. Biasing rows of

To determine the effect of location of the biased elec- g|ectrodes instead of columns essentially produces a quali-

trodes on the electric field distribution, subsequent simula- tatively similar type of electric field and current distribution
tions were run where interior columns of electric pads were g that of biasing columns of electrodes.

biased. For this study, electrodes in columns 1, 13 and 25

were biased independently. As expected, there is always a3.3. Accumulation of DNA at anode

peak in electric field in the outer electric pads. A comparison

of Figs. 10a and b and 1la-sthows that as the column of Computer simulations based on FEA models were also
biased array electrodes moves toward the center of the chipused to investigate accumulation of DNA on the anodes. In-
the intensity of the field decreases on the two outer array teresting results were obtained that may have a bearing on
electrodes and on the inner array electrodes. Again, this isthe design of biochips and, more importantly, assays. In this
due to the enhanced screening of the inner array electrodegarticular simulation, a bias eéf2 and—2V was used at the

by the two outer array electrodes. anode and cathode, respectivétjg. 13 shows the moving
front of DNA as it is transported on a symmetrical half of

3.2.2. Effect of counter-electrodes on current and electric a 100_Site Ch|p E|g 1a) W|th the first C0|umn Of array elec-

field distribution trodes positively biased. The sides of the chip are assumed

To determine the effect of the counter-electrodes on tg be counter-electrodes. The effect of counter-diffusion that
electric field distribution, two additional simulations were may be significant, as discussed before, is neglected here.
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Fig. 11. Effect of location of biased electrodes on electric field distributions and intensiti, (&)}the x-component of electric field at column 1; (b)
E..—the x-component of electric field at column 13; (E),—the y-component of electric field at column 1; (&),—the y-component of electric field
at column 13.

In the first few seconds, DNA nearest to the anodes is pref- left corner then extends to the biased electrodes. DNA mate-
erentially accumulated and leaves behind a depletion zonerial at the top right corner is the last one to be transported to
Later, atr = 40 s, we notice that the area surrounding the the column of anodes. Further, it needs to be noted that DNA
upper array electrodes has become depleted of DNA andis accumulated first at the biased anodes on the outer edges.
now only the lower array electrodes continue to accumulate The interior anodes will see accumulation of DNA species
DNA. The band of DNA movement that starts around the top only slightly at the beginning. However, the DNA species
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—a— Short counter-electrodes only
—o— All counter-electrodes on
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Fig. 12. Effect of counter-electrode configuration on electric field distributions and intensity.
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Fig. 13. Change in accumulation with time in a symmetrical half of a 100-site chip with biased electrodes at the first coluran3&)(b)t = 55;

(c) t =40s; (d)r = 90s.

in the bulk of the chip volume will accumulate at these weaker electric field strength; but a far larger volume of
interior pads as shown iRig. 13 This is not unexpected, as species draining to it. What happens is, therefore, that the
DNA species travel along the streak lines showifig. 15 top electrode will first see a fast but decreasing accumulation
The movement of DNA species shown fig. 14 closely rate while the bottom electrodes will see a relatively slower
follows these streak lines. The top left electrode on the chip albeit higher volume of accumulatiofify. 14).

has stronger electrical fields (¢fig. 10 but a smaller region Fig. 14 shows the accumulation of DNA species over
that drains to it as shown by the streak lines that pass throughtime at each of the five electrodes being investigated in this
it. On the other hand, the middle electrode shown in the model. In the first few fractions of a second of biasing, the
bottom of the symmetrical-half of the chip has a relatively outer-edge electrode seems to accumulate the most amount

Accumulation @ anodes (M)

Fig.
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14. Accumulation of DNA at the electrodes of a 100-site chip with respect to time.
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Fig. 16. Current distribution in a 400-site chip showing effect of location
of DNA as shown in the figure. The middle electrode located of biased electrodes.

at the bottom starts with the minimum accumulation in the
first few seconds; but nevertheless manages to accumulateulation for the electric field distribution previously shown
the most at the end of the simulation run (i.e. 200 s). The im- in Fig. 10wherein geometric effects at the outer-edge elec-
plication of this observation is that for a solution containing trodes are prominent. Note that there is a direct correlation
a small concentration of species, most of the accumulation between electric field strength and current. Further, a quali-
in the first few seconds will be at the outer-edge electrodes. tatively similar pattern is observed when columns 13 (mid-
dle) and 25 (right outer-edge array electrodes) are positively
3.4. Experimental results biased. Furtherf-ig. 16 compares the variation in current
distribution as the location of biased electrodes is moved
Numerous experiments were run on the 400-site chip to from the edges to the center.
validate the model predictions previously described. The In the next set of experiments, we investigated the
on-chip electronics in the 400-site chip permit independent effect of the short (vertical) and long (longitudinal)
control of the potential at each array electrode and indepen-counter-electrodes on electric field and current distribution.
dent measurement of the current at each electrode. In theThe solution used was de-ionized (DI) water which was ob-
experiments described below the potential on the array elec-served to exhibit peaking effects when all pads were turned
trodes was held constant with respect to the QRE. Currenton. First, the long counter-electrodes were biased along
measurements were directly taken from each array electrodewith the electrodes on the first set of columns. As shown in
In the first set of experiments, the fluid chamber contain- Fig. 17, the geometric effects still existed, even though the
ing the chip was filled with 5mM histidine buffer. The ar- magnitude of the peaks had slightly decreased. In the sec-
ray electrodes on column 1 were biased-2tV while both ond experiment, only the short pads were biased negatively.
the long and short counter-electrodes were biased2ay. Again, as shown itfrig. 17, the peaking effects, in this case,
The resulting currents simultaneously measured at each arwere significantly diminished. In summary, as predicted by
ray electrode are shown Ffig. 16 The qualitative pattern of  the FEA simulation, when a column of electrodes is biased,
current distribution is similar to the pattern predicted by sim- the long counter-electrodes have a stronger effect than the
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Fig. 17. Effect of counter-electrode configuration on current density distribution in a 400-site chip.
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Table 2 ric effect of peaking of electric field and currents at the
Buffers used in experiments on the 400-site chip outer-edge electrodes. No permeation layer was used. Au-
Buffer type Conductivity ¢.S/cm) tolab Eco Chemie potentiostat/frequency response analyzer,
DI water 2 Model PGSTAT20 was used to apply a sinusoidal AC signal
0.5mM histidine 1.0 (10mV amplitude, frequency range 20-5Hz) between the
1.0mM histidine 1.0 array electrodes. The DC potentidtyc) was controlled
2.5mM histidine 3.0 with respect to Ag/AgO QRE surrounding the electrode ar-
5.0mM histidine 7.0 ray. Contact to individual electrodes allowed measurement
12.5mM histidine 14.0 . . .

25.0mM histidine 310 of geometrlc effects,_ i.e. effect of location of the electrodes
50 mM histidine 58.0 on the impedance signal.

0.001mM NaNQ@ 330.0 Fig. 19shows impedance spectra obtainefigg = 0.0V

between two array electrodes (1.1 and 1.10; first number
designates row and second number designates column) as a

short counter-electrodes on the current peaking at the outefunction of histidine concentration. The spectra exhibit typ-
electrodes. Also, as predicted by the FEA simulation, the 'Cal, Randlgs equivalent cwcuﬂ cwculgr'shape (ER. 29_‘

peaking observed when all counter-electrodes are biased iBY increasing the concentration of histidine the semicircles
due mostly to the long counter-electrodes become smaller, indicating higher current due to higher con-

In the last set of experiments, we investigated the effect centration of the electroactive species in solution. At zero
of conductivity of the buffer solution on current distribution. Potential applied, the Faradaic reactions are minimal and the

The buffers used along with their measured conductivities current and/or polarization resistance is determined by the
are given inTable 2 concentration of impurities which are the source of the elec-
As shown inFig. 18 the current distributions tend to be troactive species. At increased electrolyte concentrations,

uniform as the conductivity of the solution increases. For Faradaic currents increases and the polarization resistance
histidine. concentrations of 0.5 1.0. 2.5. and 5.0 mM show decreases. This is evident as a decrease in the semicircle

the peaking effect, whereas concentrations above and in-diameter inFig. 19 In this case, the solution resistance is
cluding 12.5mM d,o not show the peaking of electric field relatively small compared to polarization resistance because
and currents at the outer-edge electrodes. For NaNO the distance between the electrodes in the array is small and

non-zwitterionic electrolyte, the geometric effect of peaking "© dominant electroactive species such as a redox pair is
electric fields at the outer-edge electrodes was eliminatedPr€Sent in solution. However, solution resistance changed
at concentrations as low as 0.001 mM. Generally, above ap-With increased concentration. ,

proximately 12.5 mM concentration of histidine, the current When the. pot'ent|al is moved |n.to aregion of oxygen evo-
distributions are flat. We believe that the flattening of the !utlon, contribution of the Faradaic currents to totr_;ll current
current distributions is a consequence of the polarization re- Ncréases compared to the case whse = 0.0 V. Fig. 21
sistance (which is not affected by geometrical arrangementSNOWs impedance diagrams obtainedgt = 1.3V where

of the electrodes) being the dominant resistance when the®<Y9€en evolution reaction takes place. The spectra became
solution conductivity is high. This topic is discussed further smaller with increased concentration of the electrolyte. Also,

aFor simulation purposes, a conductivity of @.8/cm was used.

below. comparing the spectra obtainedrig. 19(at Epc = 0.0V)
with the spectra obtained dpc = 1.3V, the polarization
3.4.1. AC impedance studies resistance decreased in the latter case. Polarization resis-

tance,R,, and solution resistanc®s, were calculated for
all impedance spectra using a least-square method fit for a
semicircle as shown ifrig. 20 Table 3shows values for

AC impedance study was performed on the 100-site
chip array (cf.Fig. 1a) to further corroborate the geomet-

Effect of conductiviy of buffer on ~ —#=Dlwater Rp/R_s ratios for different concentrations and at the two po-
Current Distribution - Expt 4—0.5 mM histidine tentials measured. At low conductivity, i.e. DI water and
i i at low electrolyte concentrations, tiR/Rs ratio at Epc =
=50 mM histidine . . .
—e—0.001 mM NaNo3 0.0V is up to two orders of magnitude higher compared to
0.030
~. 0.025 <
g Table 3
5 Variation of the ratio of polarization resistance to solution resistance for
E 001532« " N different buffers
= . L R IR B R
000K A A A kA A A A A AAT Buffer type Rp/Rs
0.005 T T T T T T T 0.0V 1.3V
1 3 5 7 9 11 13 15
Electrode Location (1-16) DI water 30000 1000
Fig. 18. Effect of conductivity of buff uti lectric field distri 12.5mM histidine 1000 500
1g. . €Cl Ol conauctivity of butter solution on electric Te IStri- 50.0mM histidine 300 100

bution in 400-site chip.
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Impedance Diagram at Ecp =0
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Fig. 19. Impedance diagram for buffers of different concentrationBpat = 0.0 V.

higher electrolyte concentrations. This trend is also observ- at low electrolyte concentrations the total resistance is very
able atEpc = 1.3V, although the decrease in tii/Rs high, and is dominated by the polarization resistance. Con-
ratio with concentration is smaller, i.e. up to 10-fold de- sequently, the total currents at the electrode array are very
crease. The results shownTiable 3clearly demonstrate that  small and solution resistance is affected by the geometrical

Out-of- phase
impedance (Q)

Warburg
impedance

In-phase impedance (£2)

Fig. 20. Equivalent circuit diagram for impedance test.
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Impedance Diagram at E = 1.3 volts
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Fig. 21. Impedance diagram for buffers of different concentration8pat = 1.3 V.

arrangement of the electrodes. If the electrolyte concentra-plied to the chip. The conditions of this experiment were
tion is increased, the polarization resistance decreases anthat only one array electrode was biased at a constant cur-
allows much higher Faradaic currents. Total current is domi- rent of 400 nA for one minute. Although the total amount of
nated by the polarization resistance which screens the effectdD NA accumulated is small compared to the volume applied,
of solution resistance, thus the geometrical effects becomethe 1-2% accumulation on an electrode ofu80 represents
negligible. This explanation supports the observation of the a concentration increase over the array electrode of two to
disappearance of current peaks at the edge electrodes atree orders of magnitude. For example, in the volumei2
higher electrolyte concentrations (dfigs. 9-11 and 13 above the array electrode, the concentration increases from
In our DNA chip applications, we utilize 50 mM histidine  5nM to 2.5uM, a 1500-fold increase in concentration. This
as a low-salt buffer to promote the electrophoretic trans- significant increase of concentration at the electrodes gener-
port of DNA. At this electrolyte concentration, as shown ates counter-diffusion and repulsion due to similar valency
above, geometric effects are negligible, i.e. current peaksthat resist further accumulation of DNA. For higher concen-
at edge electrodes are not observed. This assures uniforntration of DNA commonly used in these chips, this mag-
electric field distribution throughout the electrode array and nitude of accumulation at a single electrode is found to be
uniform accessibility of the target or probe molecules to all quite adequate. Further, at lower concentrations of the ana-

electrodes.
Impedance data ifrigs. 19 and 2lalso exhibit a lin-

lyte, lower and controlled accumulation of DNA per pad may
be desirable to achieve uniform analyte distribution when

ear portion of the impedance spectra at lower frequencies.multiple electrode addressing is performed.

The phase angle of the linear portion approachésmtich

Attempts have been made to increase the accumulation

indicates a diffusion controlled process in accordance to by using a series of focusing electrod#8,20] Under con-
Warburg impedance. The Warburg impedance seems to bealitions of extremely low target concentrations, this might

observable both &pc = 0.0 and 1.3V indicating diffusion

have some benefit. However, without the use of focusing

of electro-active impurities and oxygen species, respectively. electrodes we have been able to reproducibly detect labeled,

A more thorough AC impedance investigation could provide
insight into protonation of histidine and further understand-
ing of diffusion processes in low-salt buffer electrolytes con-
taining amino acids. These studies are in progress.

4. Discussion

Table 1showed a comparison of two models and experi-

synthetic targets with as few as %l nolecules. At higher
concentrations typical of the amplicon concentrations from
PCR or SDA amplification reactions, the targets tend to sat-
urate the array electrodes during addressing. This can be
seen inFig. 8 where the accumulation starts to plateau af-
ter approximately 80s. Furthermore, the concentration of
accumulated target exceeds the binding capacity of the per-
meation layer covering the electrodes. Because the target
concentrations from PCR and SDA reactions are very high,

mental data indicating that the amount of accumulated DNA we find the use of focusing electrodes unnecessary in most

in 60s was approximately 1-2% of the total amount ap-

practical applications.



96 SK. Kassegne et al./ Sensors and Actuators B 94 (2003) 81-98

The FEA simulations showed that the geometry of array ignored if close correlation with experimental results is in-
of biased electrodes has a significant bearing on the elec-tended. Both experimental and modeling results confirmed
tric field strengths at the array electrode locations. This was that electronic addressing of DNA at the electrodes offers
corroborated by experiments in low conductivity buffers on substantial advantages compared to passive transport con-
the 400-site chip. In low conductivity solutions, the solution trolled solely by diffusion. DNA accumulation is achieved
resistance is high and represents the predominant resistanceithin seconds at a locus of fluorescence detection. The
in the circuit. Because of the close proximity of the outer modeling results were in close correlation with the experi-
array electrodes to the counter-electrodes the solution resisimental results, providing a design tool for optimizing the
tance is lower compared to the inner array electrodes. Fur-conditions for accumulation of DNA with respect to elec-
thermore, the outer array electrodes tend to screen the longric field applied, time of accumulation, targeted detection
counter-electrodes such that the inner array electrodes exsensitivity, and the number of electrodes or detection loci.
perience a diminished field. Alternatively, this could also be  Further, the following observations were made:
seen as a case where the electric field lines of interior elec- ) ]
trodes are screened by the electric field lines of their neigh- 1+ 1N chips with array of electrodes and buffers of low con-
boring electrodes on both sides, whereas the electric field —ductivity, geometry effects introduce a current distribu-
lines of the outer electrodes are affected only in the interior  ion that has peaks on outer-edge electrodes.
side. The combination of these effects results in the electric 2- FOr buffers with increased conductivity such as histidine

field distribution and current distribution shownFigs. 10a (12.5mM and above) and NaNQ0.001 mM and above),
and b, 12a—d and 1@espectively. the geometric effects are significantly reduced.

In buffers with conductivities approximately above 3. Experimental results indicate that the Ioca?ion. of 'the bi-
12.5mM histidine, the experimental results show litle or ~ @Sed electrodes also affects the current distribution and
no effect of the geometry of biased electrodes on the cur-  the magnitude of the peaks. Electric pads in the geomet-
rent and electric field distribution, and they are practically ~ 'iC center seem to experience less peak as compared to
uniform. In buffers with higher conductivity, polarization the edge electrodes. _ _
resistance decreases significantly, i.e. Faradaic currenté The decrease in these geometric effects is caused by the
dominate the overall resistance. Thus, the geometric effects ~charge transfer mechanism between electrodes and the
on the solution resistance and the overall current distribu-  Puffer (i.e. Faradaic current). Numerical models that do
tion at the electrode array are not observed. Because FEA Not explicitly include the charge transfer mechanism in
simulations do not account for polarization resistance, they ~ their formulation will fail in predicting the decrease and
are unable to predict the Faradaic currents and hence the €limination of these effects with increased buffer con-

uniform field distribution above 12.5mM histidine. Earlier ductivity. . o

studies reported in the literature where FEA was Jd&d, 5. From a consideration of electric field strength, flow cell

therefore, will fail in accurately predicting electric field depths could be kept as small as possible without reduc-

distribution for buffers of higher conductivity. ing the electric field strength. However, due to fluidics
In diagnostic assays, we typically use 50 mM histidine or ~ Considerations, oxygen saturation and bubble formation

similar electrolytes as the transport buffer. At 50mM con- N the chip, the depth of the cell has to be significantly

centration of histidine, the charge transfer resistance domi-  higher.
nates the circuit resistance. Consequently, the accumulation

should be uniform across all the array electrodeg. 8
shows that within experimental error, the accumulation is
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