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a b s t r a c t

This study investigates, through numerical modeling, the effects of protonation of histidine buffer in pro-
moting DNA hybridization in electronically active microarrays within a limited pH range. The numerical
model framework developed in this study consists of a number of physical phenomena (conservation
and mass transport of species) and chemical equilibrium reactions (hydrolysis of water, heterogeneous
DNA hybridization, and protonation of histidine) that govern the hybridization of single-stranded DNA
molecules (ssDNA) in active microarrays within an environment of continuous generation of H+ ions and
their subsequent consumption by histidine buffer. The study demonstrates, through a numerical model
and comparison with published experimental results, that the increase in acidity near anodes due to the
hydrolysis of water can be neutralized by a histidine buffer creating a relatively stable pH environment.
To account for the dependency of DNA hybridization on the pH of the buffer used, the study also intro-
duces a new hybridization efficiency parameter into the numerical model that is based on experimental
lectrokinetics
uffers
eaction rates
istidine
lectromigration
ybridization efficiency

data for DNA hybridization.
© 2009 Elsevier B.V. All rights reserved.
ucleotides
lectronically active microarrays

. Introduction

Electronically active microarrays where electric field is the driv-
ng force for the transport, accumulation and hybridization of
ucleotide fragments such as DNA and RNA have been extensively
sed in different application areas such as molecular diagnos-
ics, genetic sequencing, gene profiling, pharmacogenomics, and
orensic and genetic identification purposes [1–10]. The mechanics
nd kinetics of DNA transport, accumulation and hybridization in
uch electronically active microarrays continue to attract signifi-
ant experimental and theoretical research interests [11–14]. The
ransport and accumulation phenomena of DNA molecule in elec-
ronically active microarrays has been investigated earlier through
umerical modeling by one of the authors of this current paper [13].
Please cite this article in press as: S. Kassegne, et al., Numerical modelin
hybridization in electronically active microarrays, Sens. Actuators B: Chem

he current work is an extension of the earlier numerical model-
ng work and addresses a unique component of DNA hybridization
n electronically active microarrays. It has been observed exper-
mentally that hybridization in such microarrays occurs only in

∗ Corresponding author. Tel.: +1 619 594 1815.
E-mail address: kassegne@mail.sdsu.edu (S. Kassegne).

925-4005/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2009.09.044
certain pH ranges and in the presence of only an extremely lim-
ited number of low-conductivity buffers [11,12]. Low-conductivity
buffers are essential to maximize the transport number of nucleic
acids by free solution electrophoresis. Further, to achieve low-
conductivity and good buffering capacity, zwitterions that have no
net charge near neutral pH are essential. However, it is noted that
many of these low-conductivity and zwitterionic buffers with no
net charge (such as glycine, gamma-amino-butyric acid (GABA),
and beta-alanine) do not optimally shield nucleic acid phospho-
diester backbone charges and, therefore, under passive conditions
(i.e., no electric field) do not aid hybridization. Histidine, on the
other hand, which has a low-conductivity – less than 100 �S/cm
[13] – with an added advantage of ability to buffer acidic conditions
present at the anode has been demonstrated to be a buffer of choice
in promoting DNA hybridization [11,12]. Inspired by these exper-
imental observations, this paper develops a numerical model that
predicts heterogeneous DNA hybridization in electronically active
g of the effect of histidine protonation on pH distribution and DNA
. (2009), doi:10.1016/j.snb.2009.09.044

microarrays as a function of pH and buffering provided by histidine.
The kinetics of DNA hybridization in passive microarrays (i.e.,

microarrays where the main transport modes are diffusion through
Brownian motion and convection) has been studied by a number
of researchers using numerical methods [15–18]. A detailed review

dx.doi.org/10.1016/j.snb.2009.09.044
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:kassegne@mail.sdsu.edu
dx.doi.org/10.1016/j.snb.2009.09.044


ARTICLE ING Model

SNB-11796; No. of Pages 12

2 S. Kassegne et al. / Sensors and Act

F
t
z
c

o
g
–
W
e
f
W
o
o

F
a
t

ig. 1. (a) The izimodal ring in histidine and related buffers. (b) Mechanism of
ransport and hybridization of DNA oligonucleotides. (Hisz = histidine as a neutral
witterion, His+ = protonated histidine having a net positive charge, diamonds indi-
ate biotin/streptavidin attachment, double triangles indicate fluorescent dye [12].)

f the literature in DNA hybridization in microfluidics platforms is
iven by Erickson et al. [15]. Notable among these reviewed works
particularly in developing numerical models – are the works of
etmur and Davidson [19] in bulk-phase hybridization and Chan
Please cite this article in press as: S. Kassegne, et al., Numerical modelin
hybridization in electronically active microarrays, Sens. Actuators B: Chem

t al. [20] who developed a model of direct hybridization and sur-
ace diffusion based on the receptor-ligand model of Axelrod and

ang [21]. Das et al. used a model of hybridization in the presence
f convection and diffusion modes [17]. Their model included the
verall convective transport coupled with the surface kinetics of

ig. 2. Illustration of a generic active microarray. (a) The cathodes are located near the ed
checkerboard fashion. H+ ions are generated at these electrodes. DNA is uniformly distr

o the electrodes through wire traces. Typically, the bump pads are located at the back sid
 PRESS
uators B xxx (2009) xxx–xxx

bare silica wall and also the kinetics that are involved in the dual
mechanisms of DNA hybridization. They examined the effect of pH
of the inlet buffer, the length of the transverse electrodes, and the
voltages to optimize transport and, in return, DNA hybridization
rates at the capturing probe locations. The modeling of pH change
in a microfluidic platform was carried out by Cabrera et al. [22] and
Arnaud et al. [23]. The interaction of pH changes with protonation
of histidine was studied experimentally by Edman et al. [11] who
concluded that histidine protonation promotes DNA hybridization
in electronically active microarrays. They presented experimental
results that demonstrated that the ability of buffers like histidine to
facilitate hybridization seems to be linked to their ability to provide
electric field concentration of DNA and to buffer acidic conditions
present at the anode. In the process, the buffers acquire a net posi-
tive charge which then shields or diminishes repulsion between the
DNA strands, thus promoting hybridization. They further demon-
strated that a consistent feature of these buffers is the presence
of an imidazole ring (a weak base with pKa value near neutrality),
which may serve as the primary source of buffering for histidine
within a narrow pH range (see Fig. 1). In contrast, buffers which
did not support hybridization contain no such buffering group.
Research by Zhang et al. [24] has also indicated that the hybridiza-
tion rate in DNA microarrays can be enhanced through the use of
peptides containing histidine residues. They observed that since
nucleic acids are strong polyelectrolytes with negatively charged
phosphodiester backbones, a positively charged matrix will speed
up the transport of nucleic acid molecules to their designated loca-
tions.

However, to the best of our knowledge, there are no published
numerical models in the literature that incorporate heterogeneous
DNA hybridization on a solid substrate as a function of pH and
buffering by histidine, particularly in electronically active microar-
rays. In this study, therefore, we develop a numerical model that
incorporates the effects of the protonation of histidine buffer in
promoting DNA hybridization in electronically active microarrays
within a limited pH range. Further, the study employs a new DNA
hybridization efficiency parameter into the numerical model based
on experimental results reported by Edman et al. [11].
g of the effect of histidine protonation on pH distribution and DNA
. (2009), doi:10.1016/j.snb.2009.09.044

2. Model development

The modeling of hybridization of DNA and protonation of histi-
dine in electronically active microarrays requires the consideration

ges where OH− is generated. The anodes are the electrodes in the middle biased in
ibuted in the flow-cell containing the microarray. The contact pads are connected
e of the chip. (b) Typical anode with immobilized nucleotide probes.

dx.doi.org/10.1016/j.snb.2009.09.044
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Table 1
Summary of the boundary conditions and constants used in the numerical model. The coupling of generation and consumption of ions and DNA is achieved through the
appropriate reaction terms (R).

Physics Bound. conditions R (reaction terms) Constants

Electrostatics (Eq. (1a)) @ Anodes – � (conductivity) = 60 �S/cm [13]
+1.2 V
@ Cathodes
−1.2 V
@ Walls, electrically insulated

Generation and migration of
H+ (Eqs. (2a) and (2b))

@ Walls @ Anodes

Insulated (zero flux) RH+ = ((J ∗
Area)/96, 500)/(Volume))− Ka,His ∗
cH+ ∗ (cHisZ − cHis+ )− Kd,His ∗ cHis+ )

um, H+ = 4×10−7 m2/V s [30]

@ Electrodes J is current density zH+ = 1
Zero flux at all electrodes. The second term represents H+

consumption by Hisz
DH+ = 9.3×10−9 m2/s [29]

N = −DH+∇CH+ −
zH+um,H+ FcH+∇V + u · ∇cH+ =
0

Everywhere else

RH+ = 0

Generation and migration of
His+ (Eqs. (3a) and (3b))

@ walls

Insulated (zero flux) Everywhere um,His+ = 10−13 m2/V s
@ all domain RHis+ = Ka,His ∗ cH+ ∗ (cHisZ − cHis+ )−

Kd,His ∗ cHis+ )
zHis+ = 1

At t = 0, constant cHisz = 50 mM DHis+ = 2.27×10−8 m2/s
@ electrodes Ka,His = 0.05 m3/moles s [31,32]
Zero flux at all electrodes. Kd,His = 0.0005 s−1 [31,32]
N = −DHis+∇cHis+ −
zum,His+ FcHis+∇V + u ·
∇cHis+ = 0

Migration of DNA (Eq. (4a)) @ Walls –
Insulated (zero flux) um,DNA = 1.5×10−13 m2/V s [13]
@ All domain zDNA =−1
At t = 0, constant cDNA = 50 nM DDNA = 6.8e−11 m2/s [18,28]
@ Anode Ka,DNA = 18 m3/moles s
Inward flux (N) =
Kb,DNAcDNA,Hybridized −
Ka,DNAcDNA(cDNA,Probes −
cDNA,Hybridized)

Kd,DNA = 6×10−5 s−1

(This couples the migration
and hybridization equations,
Eqs. (4a), (5a)–(5c) and (6)

Hybridization of DNA (Eq.
(5a)–(5e))

@ Walls @ Anodes Ka,DNA = 18 m3/moles s [13]

Insulated (zero flux) RDNA = Ka,DNAcDNA × (cDNA,Probes −
cDNA,Hybridized)− Kb,DNAcDNA,Hybridized

Kd,DNA = 6×10−5 s−1

Ever
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f a number of physical phenomena as described by a series of par-
ial differential equations as well as chemical equilibrium reaction
quations. To illustrate our discussion, we consider a generic elec-
ronically active microarray shown in Fig. 2 [1–3,9,12,13]. There
re four cathodes on each of the corners of the microarray chip. An
rray of (n×n) electrodes with capture probes placed at the anodes
s located in the middle. Bump pads (contact pads) through which
iases are applied as well as wire traces are also shown in Fig. 2.
ypically, however, the bump pads and wire traces are located on
he backside of a chip. H+ ions are generated at the anode while
H− ions are generated at the cathode as shown in Fig. 2. The
odel does not include any permeation layer. The buffer is also

ssumed to be electroneutral [25]. Further, both two-dimensional
nd three-dimensional microarrays are considered in this study
ince the model developed here (including the equations) is gen-
Please cite this article in press as: S. Kassegne, et al., Numerical modelin
hybridization in electronically active microarrays, Sens. Actuators B: Chem

ral. In a typical case, the electrodes have a diameter of 80 �m and a
enter-to-center spacing of 250 �m [13]. Single-stranded DNA with
0 base pairs is considered for modeling purposes.

The first physics deals with the distribution of potential and
lectric fields in the DNA microarray and is described through the
ywhere else (cDNA,Initial) = 50×10−6 moles/m3

(cDNA,Probes) = 1.3×10−2 moles/m3

DDNA,Hybridized = 0 (no diffusion)

Laplacian Equation for fields (Eq. (1)). The next series of equations
deal with the generation of H+, OH−, and His+ (protonated histi-
dine) ions in the presence of an electric field (Eqs. (2a)–(3b)). The
hydrolysis of water at the anode (to generate H+ ions and O2 gas)
and cathode (to generate OH− ions and H2 gas) in the presence of
electric field is given by a chemical equilibrium reaction equations
(Eqs. (2a) and (2b)) with the appropriate reaction rate constants
(i.e., association and dissociation rates). The amount of H+, OH−

ions generated is governed by Faraday’s equation (Eq. (2c)). Fur-
ther, the hydrogen ions generated by the hydrolysis of water at the
anodes react with a zwitterionic buffer such as histidine to give His+

ions (see Fig. 2). This reaction is represented by another chemical
equilibrium reaction equation (Eq. (3a)). These two chemical equi-
librium reactions are coupled through the reaction terms as shown
in Table 1. The pH of the system is determined from the hydrogen

+

g of the effect of histidine protonation on pH distribution and DNA
. (2009), doi:10.1016/j.snb.2009.09.044

concentration through the relationship, pH =−log(H ). With regard
to the transport of these ions as well as DNA, the Nernst–Planck
equation is used to describe diffusive, convective and electroki-
netic migrations (Eqs. (2d), (2e), (3d), and (4a)). These equations
are then followed by DNA hybridization model that consists of

dx.doi.org/10.1016/j.snb.2009.09.044
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ions at a given time, zH+ is the valency of H+ ions, RH+ is the reaction
ig. 3. Determination of pH-dependent DNA hybridization efficiency parameter
hrough curve fitting of the results reported by Edman et al. [11] for histidine buffer.
his parameter is a function of the buffer and current density.

he equilibrium equation of DNA association and dissociation,
NA electromigration, and transient first order heterogeneous
ybridization reaction rate equation that is a function of the pH of
he microarray system (Eq. (5a)–(6)). The DNA hybridization model
onsists of a single kinetic rate constant as reported by several
esearchers [26,27].

Further, in the numerical model developed here, we introduce
new parameter called DNA hybridization efficiency parameter

KHyb,eff) based on results reported by Edman et al. [11]. Edman and
is colleagues had reported that the efficiency of DNA hybridiza-
ion depends on the current level (and hence the pH level). They
uggest that the efficiency by which buffers such as histidine sup-
ort hybridization process appears dependent upon the nature of
he functional groups present. Importantly, histidine at its pI (pH
.5) does not facilitate hybridization since few histidine molecules
ossess a net positive charge for any significant time at this pH.
t pH 6.0 and 5.0, however, histidine is observed to accelerate
ybridization suggesting that there is a correlation between the
bility of histidine to support hybridization and its degree of pro-
onation. Therefore, to accommodate the fact that there is no DNA
ybridization outside specific pH ranges, we use a parameter called
ybridization efficiency that multiplies the hybridization rate equa-
ion. This parameter is a function of buffer and current density and
s curve-fitted from the data reported by Edman et al. [11]. Fig. 3
hows the curve-fitted relationship that defines the hybridization
ependency on pH.
Please cite this article in press as: S. Kassegne, et al., Numerical modelin
hybridization in electronically active microarrays, Sens. Actuators B: Chem

For clarity, the physics and chemical equilibrium reactions con-
idered in this study are outlined below under five classifications,
.e., (i) electrostatic system, (ii) generation and migration of H+

ons, (iii) generation and migration of His+ ions, (iv) migration of

Fig. 4. Geometry, electric potential and electric field distributions in
 PRESS
uators B xxx (2009) xxx–xxx

single-stranded DNA (ssDNA) molecules, and (v) hybridization of
DNA. Taken together, these equations developed below describe
the complex ionization, species migration and DNA hybridization
processes that occur in electronically active microarrays.

2.1. Electrostatic system

The distribution of electrical potential, electric fields and cur-
rents in the DNA microarray is described through the Laplacian
Equation for fields as shown below:

∇2�V = 0 (Laplace Equation) (1)

where � is conductivity of the buffer and V is electrical potential
(voltage) distribution in the microarray. No external source of cur-
rent, apart from the biasing, is assumed; hence the right hand side
of the equation is zero.

2.2. Generation and migration of H+ and OH− ions

At the anode, the hydrolysis of water resulting in the generation
of H+ ions is given by the following chemical reaction:

4H2O → O2(gas) + 4H+ +2H2O + 4e− (2a)

At the cathode, the following reaction takes place resulting in
the generation of OH−:

2H2O + 2e−→ 2OH− +H2(gas) (2b)

The amount of H+ and OH− ions is governed by Faraday’s Equa-
tion

n = I · t
zF

(Faraday′s Equation) (2c)

where n is number of moles, I is current, z is the number of electrons
involved in the reaction and F is Faraday’s constant which is equal
to 96,500.

The transport of the H+ and OH− ions is governed by
Nernst–Planck equation that accounts for diffusion, convection and
electromigration and is given as:

∂cH+

∂t
+∇(−DH+∇cH+ − zH+um,H+FcH+∇V) = RH+ − u · ∇cH+ (2d)

∂cOH−

∂t
+∇(−DOH−∇cOH− − zOH−um,OH−FcOH−∇V)

= ROH− − u · ∇cOH− (2e)

where DH+ is diffusion rate of H+ ion, cH+ is the concentration of H+
g of the effect of histidine protonation on pH distribution and DNA
. (2009), doi:10.1016/j.snb.2009.09.044

rate for producing the H+ ions, um,H+ is the electrophoretic mobility
of H+ ions, u is velocity of fluid flow in the flow cell containing the
microarray, and t is time. The terms for OH− ions are similar and
are obtained by replacing H+ with OH− in the above descriptions.

a 2D electronically active microarray of (3×3) electrode array.

dx.doi.org/10.1016/j.snb.2009.09.044
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.3. Protonation and de-protonation of zwitterionic histidine and
igration of His+ ions

The protonation of zwitterionic histidine resulting in the gener-
tion of protonated histidine ions is given by the following chemical
quilibrium reaction:

isz +H+
Ka,His−→
Kd,His←− His+ (3a)

Note that the short-hands His+ and Hisz are used for represent-
ng protonated histidine and zwitterionic histidine respectively.

In general, since zwitterionic histidine is amphoteric, it can react
s acid or base as given by the following reaction equations:

Once again, for mere convenience, we will use the short-hand

erminology His+ for and His− for . How-
ver, in this study, the equation of interest is the protonation
elationship given by Eq. (3b) which will result in buffering effects.

The transport of His+ ions is also governed by the Nernst–Planck
quation that accounts for diffusion, convection and electromigra-
ion and is given as:

∂cHis+

∂t
+∇(−DHis+∇cHis+ − zHis+um,His+FcHis+∇V)

= RHis+ − u · ∇cHis+ (3d)

here Ka,His is the association rate for His+, Kd,His is the dissociation
ate for His+, DHis+ is diffusion rate of His+ ion, cHis+ is the concen-
ration of His+ ions at a given time, zHis+ is valency of His+ ions,
His+ is the reaction rate for producing the His+ ions, and um,His+ is
he electrophoretic mobility of His+ ions.

.4. Migration of ssDNA molecules

The movement of DNA molecules is governed by the
ernst–Planck equation that accounts for diffusion, convection and
lectromigration and is given as:

∂cDNA

∂t
+∇(−DDNA∇cDNA − zDNAum,DNAFcDNA∇V)

= RDNA − u · ∇cDNA (4a)

here cDNA is the concentration of ssDNA material in the microar-
ay, DDNA is the diffusion rate of DNA, zDNA is the valency of a DNA
olecule, RDNA is the reaction rate for DNA. In this case, the reaction

ate term is zero.

.5. Hybridization of ssDNA

The binding of nucleotides (DNA, in this case) is governed by a
hemical equilibrium reaction equation. The rate of this hybridiza-
ion reaction is a function of all the concentrations of all species
resent in the overall chemical reaction at any given time and is
Please cite this article in press as: S. Kassegne, et al., Numerical modelin
hybridization in electronically active microarrays, Sens. Actuators B: Chem

iven by the rate law.
Target DNA molecule from the sample immediately above the

apture probe elements of the active microarray may hybridize
ith the immobilized DNA directly or may first be adsorbed

nto the solid surface followed by diffusion over the surface
 PRESS
uators B xxx (2009) xxx–xxx 5

(3b)

(3c)

and hybridization [15]. Taking into account only the direct DNA
hybridization, the DNA heterogeneous hybridization reaction can
be described by considering the chemical reaction given by Eq. (5a).
The symbol cDNA,Probes represents ssDNA molecules immobilized on
the solid surface that are available for hybridization. Target DNA
molecules in the sample above the capture probes (represented
by cDNA) bind specifically to the DNA capture probes and form
hybridized double-stranded DNA molecules (whose concentration
is represented by cDNA,Hybridized) on the surface of the capture ele-
ments [15,16].

cDNA,Probes + cDNA

Ka,DNA−→
Kd,DNA←− cDNA,Hybridized (5a)

The transient first-order heterogeneous hybridization reaction
rate equation that governs the concentration of hybridized double-
stranded DNA molecules (dsDNA) at any given time is given as:

∂cDNA,Hybridized

∂t
= Ka,DNAcDNA(cDNA,Initial − cDNA,Hybridized)

−Kd,DNAcDNA,Hybridized (5b)

where Ka,DNA is the forward reaction rate constant which
governs the hybridization reaction rate and Kd,DNA is the
reverse reaction rate constant that determines the disasso-
ciation reaction rate. Note that the term cDNA,Probes repre-
sents the difference between cDNA,Initial and cDNA,Hybridized (i.e.,
cDNA,Probes = cDNA,Initial− cDNA,Hybridized). Further, the term cDNA,Initial
is the initial concentration of the capture probes before hybridiza-
tion.

A diffusion only model as shown in Eq. (5c) is required to keep
track of the hybridized double-stranded DNA that accumulates on
the anodes.

∂cDNA,Hybridized

∂t
+∇(−DDNA,Hybridized∇cDNA,Hybridized) = RDNA (5c)

where DDNA,Hybridized is the diffusion constant for DNA and RDNA rep-
resents the reaction rate producing the hybridized double-stranded
DNA.

As explained earlier, to accommodate the fact that there is no
DNA hybridization outside specific pH ranges, we use a parame-
ter called hybridization efficiency that multiplies the hybridization
rate equation. As given in Eqs. (5d) and (5e).

∂cDNA,Hybridized

∂t
= KHyb,eff(Ka,DNAcDNA(cDNA,Initial − cDNA,Hybridized)

−Kb,DNAcDNA,Hybridized) (5d)

KHyb,eff = 0.0022pH5 − 0.028pH4 + 0.149pH3

−0.3216pH2 + 0.2026pH (5e)

where pH = − log(CH+ ).
g of the effect of histidine protonation on pH distribution and DNA
. (2009), doi:10.1016/j.snb.2009.09.044

3. Solution of numerical model

The equations developed for this numerical model here are con-
veniently solved using any finite element discretization approach.

dx.doi.org/10.1016/j.snb.2009.09.044
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Fig. 5. (a) Illustration of H+ ions generation with histidine buffering at point ‘O’

n this research, FEMLAB (COMSOL, 2005) multi-physics FEA mod-
ling software is used for the solution of these equations. The
esh sizes differ depending on the geometry under considera-

ion; however quadratic 2D and 3D elements are used with enough
efinement for convergence for 2D and 3D models, respectively.
egions near high convective and electromigratory fluxes such as
lectrodes are meshed with finer elements.

In this generalized numerical model developed, there are two
ajor couplings; the first is the coupling between equations for

eneration and transport of H+ and His+ ions while the second one
s the coupling between the equations for the transport of ssDNA
ample and its absorption reaction at the surface of the microar-
ay. The coupling between H+ and His+ species is strong around
he anodes where H+ ions being generated are subsequently con-
umed by zwitterionic histidine. The concentration of H+ ions at
ny given time is, therefore, continuously being replenished, while
ndergoing transportation through diffusion and electromigration

n addition to consumption by zwitterionic histidine. The coupling
etween the equations for transport of ssDNA molecules and the
ybridized dsDNA is a mathematical necessity required to keep
rack of the hybridized double-stranded DNA that accumulates on
he anodes. This coupling enables the decrease in the concentration
f ssDNA molecules as they react with the capture probes on the
nodes and hence get hybridized to form dsDNA molecules. There-
ore, due to the strong coupling between these sets of equations, a
onlinear solution approach is used.

In the model, the electric potential (V), the electric field (E) and
Please cite this article in press as: S. Kassegne, et al., Numerical modelin
hybridization in electronically active microarrays, Sens. Actuators B: Chem

urrent densities (J) are first determined by solving the Laplace
quation given by Eq. (1). If the system considered is electroneu-
ral, as is the case in this study, the Laplacian Equation can be solved
ndependently of the other system equations (Eqs. (2)–(5)). How-
ver in the most general case, the transport and accumulation of

Fig. 6. (a) Variation of pH at point ‘O’ of interior anode and (b) concentration of hy
ode. (b) Illustration of zwitterionic histidine consumption at point ‘O’ on anode.

ions continuously modify the conductivity of the system; there-
fore the Laplacian field equation is solved simultaneously with Eqs.
(2)–(5). Subsequently, the equations governing the generation and
migration of H+ and His+ ions are solved simultaneously along with
the DNA hybridization since all these equations are highly cou-
pled. The reason for the simultaneous solution of these equations
is that as H+ ions are being generated, they are consumed by his-
tidine which in turn modifies the pH in the buffer. This pH change
will in turn affect the hybridization process allowing actual DNA
hybridization to take place only through a narrow pH window.

The chemical equilibrium reaction given by Eqs. (2a), (3a)–(3c)
and (5a) are coupled to Eqs. (2b), (3b) and (5b), respectively,
through the flux terms at the relevant electrodes or through the
generic reaction term, R. These coupling relationships are shown
in Table 1. For example, the migration of H+ is coupled to its con-
sumption by zwitterionic histidine through the reaction term of
Eq. (2b) at the anodes. Similarly, the migration of DNA is coupled
to its hybridization at the anodes through the reaction terms at the
anodes in Eqs. (4), (5c)–(5e). Table 1 also summarizes the values of
the different constants used in the numerical models developed in
this study.

4. Numerical results and discussion

To validate and establish the accuracy of the proposed numer-
ical framework and demonstrate its usefulness, we solve a variety
of models of electronically active microarrays and flow cells. For
g of the effect of histidine protonation on pH distribution and DNA
. (2009), doi:10.1016/j.snb.2009.09.044

two-dimensional problems, cases of a generic electronically active
microarray as shown in Fig. 2 with (3×3) and (5×5) arrays are
considered. Typically, the anodes are biased with positive poten-
tial in a checkered manner [1–3]. However, the numerical examples
solved here also consider different biasing schemes as discussed in

bridized DNA molecule at point ‘O’ with hybridization efficiency considered.

dx.doi.org/10.1016/j.snb.2009.09.044
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ig. 7. (a) Geometry of 5×5 array, (b) electrical potential distribution, (c) electric
hen all 25 interior electrodes are biased as anodes.

ater sections. Concentration of 50 nM of 30 bp ssDNA molecules
s considered [13]. The buffer solution is 50 mM histidine with a
onductivity of 60 �S/cm. The transient solutions are run for 120 s
hich is a typical time frame for collection and hybridization in

lectronically active microarrays [1–3]. In this study, we neglect
he effect of convective transportation unless otherwise stated.
he effect of permeation layer on the transport and accumulation
f ions is also neglected. The quantities of interest in the models
re the generation, transport and accumulation of H+, His+, OH−

ons and pH changes near anodes and the hybridization of ssDNA
olecule. In general, the 2D models presented here serve to provide

nsight to some of the physics and chemistry phenomena described
ere. The 3D models, however, are more helpful in providing more
ealistic quantities as well as qualitative description of transport,
uffering and hybridization in microarrays.

.1. (3×3) Two-dimensional microarray

The first problem solved here is a two-dimensional microar-
ay of (3×3) electrode array as shown in Fig. 4a. The electrodes
re 80 �m in diameter and are spaced at 400 �m center-to-center
iving a total chip size of 1.2 mm×1.2 mm. A voltage of 1.2 V is
pplied at the anodes and −1.2 V at the cathodes in a checkered
oard manner as shown in Fig. 4b. The first sets of results presented

n Fig. 4b and c describe electric potential and field distributions in
he whole domain. In Fig. 5a, we show the distribution of H+ ions at
oint ‘O’ on the interior anode with and without histidine buffer-

ng. As expected, the H+ ions generated at the anodes undergo two
istinct but fast and simultaneous processes. In the first process,
Please cite this article in press as: S. Kassegne, et al., Numerical modelin
hybridization in electronically active microarrays, Sens. Actuators B: Chem

he hydrogen ions are available to react with zwitterionic histi-
ine (Hisz), which is uniformly distributed in the domain of the
rray. In the second simultaneous process, the hydrogen ions are
lectrophoretically transported and accumulated at the cathodes.
hese two processes continue until diffusive and electromigration

Fig. 8. (a) Electric field distribution in 5×5 array along section A–A
istribution with checker board positive biasing, and (d) electric field distribution

transports as well as protonation reach a steady-state. As shown
in Fig. 5a, equilibrium is reached within 2–5 s. In the meantime,
His+ ions (protonated histidine) generated in this fast reaction are
in turn transported by electromigration and diffusion to the cath-
odes. In general, the concentration of H+ at the cathodes is orders
of magnitude higher than that on the anodes because of electro-
migration of the majority of unprotonated H+ ions from anodes to
cathodes caused by the rather large electrophoretic mobility of H+

ions which is in the order of 4×10−7 m2/V s as well as the presence
of large electric field at the anode which drives electromigration.
Fig. 5b shows the temporal variation of consumption of Hisz by H+

ions at point ‘O’ on the interior anode. In general, the consump-
tion of zwitterionic histidine in this particular model is rather very
small given that the initial concentration of zwitterionic histidine
(50 moles/m3) is much larger than the amount of protons produced
in the microarray which are in the order of 2.5×10−7 moles/m3.
Further, since Hisz is not charged, the only transportation mode
the ions experience is diffusion which does not reach equilibrium
in the short time frame of 2–3 min typical in active microarrays.

Fig. 6a summarizes the temporal variation of pH at point ‘O’
highlighting the fact that most of the drop in pH (hence, increase
in acidity) occurs in the first 5–10 s after which the pH reaches an
equilibrium in a slightly acidic environment (pH�6.5). As shown
in the figure, the effect of histidine buffering on pH is minimal
(<10%) in this particular model since the amount of hydrogen
ions that remain in the vicinity of the anodes is severely reduced
by electromigration. This is largely a consequence of the biasing
pattern that allows unobstructed electromigration of H+ ions to
cathodes. The temporal variation of concentration of hybridized
g of the effect of histidine protonation on pH distribution and DNA
. (2009), doi:10.1016/j.snb.2009.09.044

DNA (dsDNA) following transport with and without the considera-
tion of hybridization efficiency is shown in Fig. 6b. As indicated in
Fig. 3, the hybridization efficiency corresponding to an average pH
value for this model (i.e., pH 6) is about 0.20. Without buffering, the
hybridization efficiency is about 0.15.

and (b) electric field distribution along diagonal section B–B.

dx.doi.org/10.1016/j.snb.2009.09.044
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ig. 9. (a) Temporal variation of H+ ions generation and electromigration at point ‘O
node for two biasing schemes.

.2. (5×5) Microarray with outer cathodes

The second set of models is taken from Edman et al. [11] and con-
ists of (5×5) electrode array with four corner counter-electrodes
see Fig. 7). The outer counter-electrodes and interior electrodes
ave a diameter of 200 �m and 80 �m diameter respectively and
re spaced at 200 �m center-to-center giving a total chip size of
mm×2 mm. Once again, two-dimensionality is assumed to get
qualitative picture of generation, transport, and consumption of

he different ionic species. The ions of interest are H+ and His+. Two
ypes of biasing patterns are employed. In the first pattern, the outer
lectrodes are biased negative (cathode) and the 25 interior elec-
rodes are biased positive in a checkerboard manner (anodes). In
he second pattern, the outer electrodes are still kept as cathodes,
ut all the interior electrodes are biased positive (anode). These
wo extremes provide upper and lower bound of collection in this

icroarray.
The analysis procedure involves determining H+ and His+ gen-

ration and transport along with pH changes, ssDNA transport and
ts subsequent hybridization. The first sets of results are the elec-
ric potential and electric field distribution as shown in Fig. 7b–d.
o get a more complete picture of electric field inside the microar-
ay, sectional plots of electric field along horizontal section A–A
nd a diagonal section B–B are given in Fig. 8a and b. In general,
t is observed that the checkered-biasing produces higher electric
eld (in the order of 15–20% in the exterior anodes and as much
Please cite this article in press as: S. Kassegne, et al., Numerical modelin
hybridization in electronically active microarrays, Sens. Actuators B: Chem

s 100–200% in interior anodes) as compared to the all-anode bias-
ng pattern. This will have a direct effect on rate of generation of

+ and His+ ions as well as pH changes and hybridization of DNA
olecules in the microarray. Next, we compare H+ ion concentra-

ig. 10. (a) Variation of pH at point ‘O’ of interior anode for both biasing patterns, (b) concen
fficiency.
e center anode for two biasing schemes. (b) Variation of Hisz point ‘O’ on the center

tion at point ‘O’ of an interior anode. The results as shown in Fig. 9a
are interesting as they demonstrate that the all-anode biasing pat-
tern produces H+ ion concentrations which are about twice that of
the checkered biasing. There are two distinct reasons for this, i.e.,
(i) in the ‘all-anode’ biasing mode, all the twenty-five anodes con-
tribute towards H+ ions generation as opposed to only thirteen in
the alternate biasing pattern, and more importantly (ii) a significant
portion of the H+ ions produced is prevented from electromigrat-
ing outside the interior microarray by the surrounding positively
charged electrodes.

The concentration of His+ ions at point ‘O’ for both types of
biasing pattern is shown in Fig. 9b. The maximum difference in con-
centration of His+ ions between the two biasing patterns is about
30–40% after 120 s. The pH variation at point ‘O’ with respect to time
is summarized in Fig. 10a which clearly shows the buffering effect of
zwitterionic histidine. The pH of a microarray system biased with all
interior electrodes as anodes and no protonation is a highly acidic
5.5. Buffering is observed to reduce the acidity to a pH value of
∼6.0. On the other hand, checkered biasing is observed to have pH
of about 6.5 without buffering and ∼6.75 with buffering consid-
ered. It is interesting to note that as a result of variations in biasing
scheme (and hence current levels and ionic migrations) and buffer-
ing, the pH in this particular microarray could experience changes
of more than 22% near the anodes. The results for accumulation of
hybridized double-stranded DNA (dsDNA) at the anodes (as shown
in Fig. 10b) offer some interesting insights and demonstrate the
g of the effect of histidine protonation on pH distribution and DNA
. (2009), doi:10.1016/j.snb.2009.09.044

usefulness of the numerical model developed here. The most sig-
nificant observation is that as shown in Fig. 3, the hybridization
efficiency has a rising as well as falling regions corresponding to
pH increases. In other words, for pH increases between 3 and 5,

tration of hybridized DNA molecule at point ‘O’ of interior anode with hybridization

dx.doi.org/10.1016/j.snb.2009.09.044


ARTICLE IN PRESSG Model

SNB-11796; No. of Pages 12

S. Kassegne et al. / Sensors and Actuators B xxx (2009) xxx–xxx 9

n vie

t
a
t
0
t
l

4

e
c
c
m
n
c
a
u
i

e
K
D
f
6
+
T
t

s
p

F
a

Fig. 11. Geometry of a three-dimensional flow cell model (a) sectio

he hybridization efficiency increases from a minimum of 0.05 to
maximum of 0.25 whereas for pH increases between 5 and 7,

he hybridization efficiency actually decreases from a maximum of
.25 to minimum of 0.05. In this particular model, buffering seems
o actually reduce hybridization efficiency since the final pH value
ies in the falling region of the chart (cf. Fig. 3).

.3. Three-dimensional cylindrical flow cell model

Fig. 11 shows the chip geometry of a three-dimensional single-
lectrode system used in this study. It consists of a cylindrical flow
ell with depth of 500 �m and a diameter of 2000 �m. The flow
ell contains buffer solution, target ssDNA, immobilized ssDNA, and
icroelectrodes. The anode is of 80 �m diameter and has a thick-

ess of 200 nm and is located at the center of the cylindrical flow
ell. The cathode is placed at the outer rim of the cylindrical cell
nd has a width of 200 �m and a thickness of 200 nm. This config-
ration closely mimics the electrode array chip configuration used

n experiments as reported by Kassegne et al. [13].
Following are the parameters and constants used in the mod-

ling which closely match experimental conditions reported by
assegne et al. [13]. 50 nM concentration of single strand 30-mer
NA (DNA30) sample is used. The electrophoretic mobility and dif-

usion constants for DNA are assumed to be 15,000 �m2/V s and
8 �m2/s respectively as shown in Table 1. A constant potential of
1.2 V is applied at the anode and −1.2 V is applied at the cathode.
Please cite this article in press as: S. Kassegne, et al., Numerical modelin
hybridization in electronically active microarrays, Sens. Actuators B: Chem

his corresponds to a constant voltage mode of operation used in
he experiments with active DNA microarrays.

In a previous work reported by one of the current authors, a
imilar numerical model was considered for investigating trans-
ortation of DNA molecules [13]. Here, however, more useful

ig. 12. Generation of H+ at anode in a three-dimensional flow cell model. (a) Variation of H
long the length (section B′–B′).
w of the cylindrical flow cell (b) plan view of a ring electrode chip.

quantities such as pH variations and their effect on DNA hybridiza-
tion efficiency and the protonation of histidine buffer solution are
considered. The concentration of H+ ions at the end of 120 s along
section D′–D′ that runs through the depth of the flow cell from the
anode to top of flow cell is given in Fig. 12 which shows that the
majority of H+ generation occurs in the bottom 1–10 �m depth of
the flow cell near the anodes. This is expected as the majority of the
electric field strength is concentrated within the bottom 1–10 �m
depth of the flow cell [13] near the anode. Fig. 12 shows the vari-
ation of H+ ions concentration along the depth (section D′–D′ of
Fig. 11 that runs from center of the anode to top of the flow cell)
and along the diameter (section B′–B′ that runs along the top of
electrodes) of the 3D flow cell. Note that only symmetrical half
geometry is used when reporting the quantities along section B′–B′.

Fig. 13 shows the variation of protonated histidine (His+) at the
end of 120 s both through the depth of the flow cell (along section
D′–D′ of Fig. 11) and length of the flow cell (along section B′–B′). As
Fig. 13b demonstrates, the concentration of His+ ions at cathodes
at the end of 120 s is about three times that on anodes. Again, the
electromigration of the positively charged His+ towards cathodes
and the large concentration of H+ ions available for protonation on
cathodes than on the anodes at the end of 120 s contribute to the
higher concentration of His+ ions at the cathodes as compared to
anodes.

Fig. 14 shows the variation of pH in the 3D flow cell at the end
of 120 s both through the depth of the flow cell along section D′–D′
g of the effect of histidine protonation on pH distribution and DNA
. (2009), doi:10.1016/j.snb.2009.09.044

and length of the flow cell along section B′–B′. Fig. 15a, on the other
hand, provides a comparison of the temporal variation of pH at
the top of the anode for results obtained from the current numer-
ical modeling and experimental results. The current levels in the
numerical model and experiments are very much comparable at

+ concentration through the depth (section D′–D′). (b) Variation of H+ concentration

dx.doi.org/10.1016/j.snb.2009.09.044
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Fig. 13. Generation of His+ at anode in a three-dimensional flow cell model. (a) Variation of His+ concentration through the depth (section D′–D′). (b) Variation of His+

concentration along the length (section B′–B′).
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ig. 14. Variation of pH in a three-dimensional flow cell model. (a) Variation of pH

00 nA. The numerical results of pH changes seem to be in very
lose agreement with the experimental results (the maximum dif-
erence is ∼8%) thereby validating the robustness and accuracy of
he numerical model developed in this research. Further, the exper-
mental pH values were measured a few microns above the anode
s described by Edman et al. [11]. The drop in pH near the anodes is
ery sharp as shown in Fig. 14a and b suggesting that the actual dif-
erence between the numerically predicted pH and experimentally

easured one may be even smaller.
The results for accumulation of hybridized double-stranded
Please cite this article in press as: S. Kassegne, et al., Numerical modelin
hybridization in electronically active microarrays, Sens. Actuators B: Chem

NA (dsDNA) at the anodes are summarized in Fig. 15b. As shown
n Fig. 14a, buffering by protonated hydrogen helps increase the pH
rom∼3 to a little more than 4. Since the region where this buffering
ccurs lies in the sharply rising region of the hybridization effi-
iency chart (cf. Fig. 3), this decrease in acidity actually translates

ig. 15. (a) Comparison of the temporal variation of pH at the top of anode for simulation r
NA molecule at the top of anode with hybridization efficiency considered.
gh the depth (section D′–D′). (b) Variation of pH along the length (section B′–B′).

to almost 300% increase in hybridization efficiency from a mere
0.05–0.2. This quantification of pH buffering and the associated
variation in efficiency hybridization is a very significant finding that
puts a numerical modeling framework for the experimental work
of Edman et al. [11] who reported the significant effect of acidity
on hybridization efficiency.

To gain a more helpful perspective, results of pH changes as well
as hybridization efficiency (normalized) for all the models covered
in this study are summarized in Fig. 16a and b. The accumulation
of hybridized DNA molecules for each model is normalized with
g of the effect of histidine protonation on pH distribution and DNA
. (2009), doi:10.1016/j.snb.2009.09.044

its corresponding maximum accumulation. In other words, each
curve represents dsDNA accumulation distribution as a fraction of
the maximum concentration evaluated with no hybridization effi-
ciency considered. The highest acidity near anodes is observed in
the 3D model. This is expected since the anode is relatively larger

esults and experimental results of Edman et al. [11], (b) concentration of hybridized

dx.doi.org/10.1016/j.snb.2009.09.044
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ig. 16. (a) Comparison of temporal variation of pH at anode for all models, (b) co
een normalized for direct comparison.

nd the flow cell deeper providing more protonation. The degree of
uffering is also highest in 3D flow cell wherein the change in pH

s from an average of 3–4 on the anode. What is more substantially
mportant, however, as indicated earlier, is not only the degree of
uffering; but also the region in the hybridization chart where the
uffering occurs. With this perspective, the 3D model that closely
imics actual 3D microarrays in terms of its volume seems to

resent a case where buffering actually improves hybridization
ery significantly. In general, therefore, it is observed that the 3D
ow cell and (5×5) seem to offer a relatively higher hybridization
fficiency factor whereas 3×3 configuration has the lowest. This
oints to an important observation that a configuration such as the
ne in the 3D flow cell model that results in buffering in the ris-
ng region of the efficiency curve is preferred. This is achieved by
roper selection of current levels as well as biasing schemes that
orrespond to pH values in the range of 4–6.

. Conclusions

This study investigates, through numerical modeling, the effects
f the protonation of histidine buffer in promoting DNA hybridiza-
ion in electronically active microarrays within a limited pH range.
he numerical model framework developed consists of a num-
er of physical phenomena and chemical equilibrium reactions
hat govern the hybridization of DNA in active microarrays within
n environment of continuous generation of H+ ions and their
ubsequent consumption by histidine buffer. This comprehensive
umerical model is expected to offer a useful tool in understand-

ng the complex electrochemical equilibrium reactions that occur
n electronically active microarray platforms. The outcomes of this
esearch can be summarized as below:

(a) The mathematical model developed here consists of (i) elec-
trostatic system, (ii) generation and migration of protons, (iii)
protonation and de-protonation of zwitterionic histidine cou-
ples with generation and migration of His+ ions, (iv) migration
of single-stranded DNA (ssDNA) molecules, and (v) hybridiza-
tion reaction of ssDNA using rate law. Taken together, these
equations developed describe the complex ionization, species
migration and DNA hybridization processes that occur in elec-
tronically active microarrays.

b) pH measurements in electronically active microarrays were
reported to have been measured a few microns above anodes
Please cite this article in press as: S. Kassegne, et al., Numerical modelin
hybridization in electronically active microarrays, Sens. Actuators B: Chem

to avoid interference with target nucleotide accumulation. As
a result, there is no reported pH measurement directly at the
anodes. However, as shown by this research, most of the pH
drop in such microarrays occurs in a tight region above the
anodes extending only few microns. The ability to predict pH
son of efficiency factor for all models. dSDNA concentrations for each model have

drops at anywhere in the microarrays is, therefore, a strong
advantage offered by the numerical model reported here.

(c) In active microarrays, most of the drop in pH (hence, increase
in acidity) occurs in the first 5–20 s after which the pH reaches
an equilibrium in a slightly acidic environment suggesting that
buffering is an extremely fast process.

(d) The study introduces – for the first time in the literature – a new
experimentally based DNA hybridization efficiency parameter
into the numerical model.

(e) The study demonstrates that the consumption of H+ ions by
zwitterionic histidine results in significant reduction of acid-
ity near anodes. Depending on the location of this pH in
the hybridization chart presented here (based on experimen-
tal results reported earlier), this could translate to either an
increase or reduction in hybridization for DNA molecules.

(f) The numerical model points to an important observation that
an optimized microelectrode array configuration, current level,
and biasing scheme that result in the maximum hybridization
efficiency in electronically active microarrays are the ones that
corresponds to pH values in the range of 4–6 in the vicinity of
anodes where DNA probes are located.

(g) Further, for both two- and three-dimensional microarray
models solved in this study, the numerical framework demon-
strates that the effect of this hybridization efficiency parameter
(KHyb,eff) in reducing the theoretical accumulation reported by
other researchers could in the range of as much as 80%.

(h) The hybridization charts reported in this research based on
these efficiency parameters as well as the generalized numeri-
cal framework that models the complex physics and chemical
equilibrium in active microarrays represent a unique contribu-
tion of this work.
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