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Electrophoresis: Electrophoresis
is the movement of an
electrically charged substance
under the influence of an
electric field. In practice,
electrophoresis offers with a
common method of
separating large molecules
(such as DNA fragments or
proteins) from a mixture of
similar molecules. An electric
current is passed through a
medium containing the
mixture, and each kind of
molecule travels through the
medium at a different rate,
depending on its electrical
charge and size. Separation is
based on these differences.
Agarose and acrylamide gels
are the media commonly
used for electrophoresis of
proteins and nucleic acids.

Gel Electrophoresis: Gel
Electrophoresis is a technique
in which components of a
mixture are separated from
one another on the basis of
differences in charge and
attraction to a gel phase. Gel
electrophoresis is commonly
used to separate DNA
fragments based on size,
yielding a unique
“fingerprint”. Gel
electrophoresis uses positive
and negative charges to
separate charged particles.
Electricity travels through a
buffer solution in the
electrophoresis chamber. The
buffer allows the electric
current to flow from the
cathode (negative electrode)
to the anode (positive
electrode). DNA is negatively
charged; therefore it travels
toward the positive electrode
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future research endeavours.

1. Introduction

1.1. The concept of DNA chips

A remarkable advancement in the technology
of the micro Total Analysis Systems (u-TAS)
over the past few years has made it possible to
organize and combine the processes of sample
handling, analysis and detection in stand-alone
integrated microfluidic platforms. This allows
rapid biochemical analyses to be carried out over
length scales that are several orders of magnitudes
below the conventional practice. Overall, bio-
microfluidics has provided great promises in
improving the sensitivity, specificity and the
processing time required for a sample analysis,
which are the key requirements for advanced
biomedical applications. In order to appreciate
the significance of bio-microfluidics in advanced
biomedical and biotechnological applications, it
needs to be appreciated first that different methods,
in principle, can be employed to detect eventual
abnormalities or illnesses in patients. For viral
infections or blood-related pathologies, for example,
immunoassays can be performed to determine the
nature of organisms that are responsible to disturb
the inherent immunological defensive systems in

Journal of the Indian Institute of Science | VOL 87:1 | Jan—-Mar 2007 | journal.library.iisc.ernet.in

Abstract | In this paper, various mathematical modeling strategies associated with the analysis
of the kinetics and the transport processes pertinent to microfluidics-based DNA hybridization
methodologies are critically reviewed. In particular, the coupling of specific/non-specific

hybridization kinetics with the fluid flow, heat transfer and mass transfer equations is described
in detail. Methodologies for obtaining faster DNA hybridization rates are also discussed and the
corresponding mathematical modeling issues are identified to define the scope of ongoing and

the living beings. One way of performing this is
to use homogeneous systems in which the sample
and detection molecules are both in a liquid system.
Another way is to employ a heterogeneous system, in
which one type of molecules involved is bound to the
solid substrate. The DNA or the Deoxyribonucleic
acid happens to play a critical role towards achieving
this goal, in many of the related applications. As
such, DNA is found within the nucleus of each
cell. DNA carries the genetic information that
encodes proteins and enables cell to reproduce and
perform their functions. Structurally, the DNA
is a linear polymer made up of repeating sub-
units (monomers) known as nucleotides that are
covalently bonded together. The sequence of these
nucleotides forms the hereditary information. Each
monomer consists of a phosphate group that is
responsible for the negative charge on the DNA,
a de-oxyribose sugar and a nitrogen containing
base. The backbone of a single stranded DNA
molecule contains a series of alternating sugar
and phosphate groups, with one base attached
to each sugar molecule. The double-helical DNA
strands essentially contain linked nucleotides with
one of the four bases adenine (A), thymine (T),
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Gene expression

analysis: Gene expression
analysis deals with the
determination of the activity
of the genes in a cell/tissue or
an organism. Currently, this is
mainly achieved through the
determination of the mRNA
quantity of specific genes,
and also by the quantification
of proteins

DNA hybridization: DNA
hybridization refers to the use
of a segment of DNA, called
a DNA probe, to identify its
complementary DNA; used to
detect specific genes
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guanine (G) and cytosine (C). One oxygen atom
is missing in the sugar content of the nucleotide—
thus the prefix “deoxy”. In the sequence of their
nucleotides, and thus their bases, both strands are
complementary to each other—in each case an
A is opposed by a T and a G by a C; this base
pairing holds it together. For genetic ailments, DNA
analysis can be performed to know whether a patient
possesses a mutation in a specific gene' ™. One of
the methods to analyze this condition is to perform
a gel-phase electrophoretic separation of fragments
formed from the DNA under question. Differences
in fragment lengths from the patient’s DNA and a
healthy reference indicate the possibilities of certain
genetic ailments. Another method for accomplishing
this purpose is to introduce many different known
single stranded (ss) DNA sequences bound together
with particles or gels in a reactive microsystem. The
DNA sample under investigation can be ‘hybridized’
with these different sequences. By identifying the
specific DNA sequence with which this sample
reacts (note that there is only one complementary
sequence with which such selective reaction becomes
possible), one can determine the DNA sequence of
the unknown sample. It has been well appreciated
that this kind of hybridization of the DNAs to their
complementary sequences plays a major role in
replication, transcription and translation, where
specific recognition of nucleic acid sequences by
their complementary strands is essential for the
propagation of information content. In practice,
microchip based nucleic acid arrays presently
permit the rapid analysis of genetic information by
hybridization. The DNA chips have gained wide
usage in bio-analytical chemistry, with applications
in important areas such as gene identification,
genetic expression analysis, DNA sequencing and
clinical diagnostics.

1.2. Fundamental principles of DNA
hybridization

As mentioned earlier, a general principle of
operation of the heterogeneous DNA assays is
to probe molecules that are bound to the solid
substrates in order to detect the target molecules in
a given sample. When a liquid sample is brought into
contact with the substrate-bound probe molecules,
the target molecules migrate towards the substrates
by diffusion and react with the probe molecules. A
majority of DNA microarray technologies are based
on such passive nucleic acid hybridization, i.e., the
binding event depends upon diffusion of target DNA
molecules to the probe DNAs. Unfortunately, passive
DNA hybridization approach may take several hours.
This is because of the fact that the target DNAs,
with a typical diffusion coefficient of the order
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of 107! m?/s (for oligonucleotides that are 18
base pairs in length, for example), only reach the
capture probes via Brownian (random) motion
in order to hybridize*. Because of this diffusion-
dependence, large amounts of target DNA and long
hybridization times are often required to achieve
detectable hybridization signals and repeatable
results. As a consequence, many researchers have
explored alternative methods to make the DNA
sensing faster and more sensitive in solutions with
low concentrations of target DNAs. One of the
earlier alternative methods was to utilize electric
fields to accelerate the rate of interaction between
the probe and target DNA molecules, because the
DNA strand has multiple negatively charged groups.
In diffusion-based transport of DNA, the time (7) it
takes a DNA molecule to travel over a distance x is
given as’

x2

TZE (1)

where D is the diffusion coefficient. In the case of
electrophoresis, the time it takes to move a molecule
in the electric field over a distance x, given by’

X
T=
HepE

(2)

where (1. is the electrophoretic mobility and
E is the electric field strength. Using typical
values for D (9.943 x 10~''m?/s) and Mep (15,000
um?/V-s), and under an applied electric field of
0.004 V/pum, the electrophoretic transport may
appear to be 150 times faster over a distance of
500 um>°. Even though fast DNA transport is
distinctly advantageous in many respects, one
critical disadvantage is that the sample solution
containing the target DNA must be desalted before
hybridization in order to establish an appropriate
electric field. This is because the electric field depth
exists only in close proximity to the electrodes in
a solution with high salt-concentration. A high
concentration of the ions nullifies the electric
field in the area away from the electrodes and
reduces the effective electrophoretic mobility of
the DNA molecules. Therefore, to facilitate the
rapid movement of DNA by an electric field, a low
conductive buffer solution needs to be used. In
contrast, in molecular biology, to achieve efficient
hybridization, one always prefers to work with high
conductivity solutions. Therefore, it is desirable
to devise a DNA hybridization protocol that can
deal with a wide range of buffer conductivities, and
yet achieve an optimal performance. Microfluidics-
based DNA hybridization holds the key towards
achieving this goal in the lab-on-a-chip based
microdevices of immense technological relevance.
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Electric double layer: When a
solid is in contact with an
electrolyte, the chemical state
of the surface is generally
altered, either by ionization
of covalently bound surface
groups or by ion adsorption
As a result, the surface
inherits a charge while
counterions are released into
the liquid. For example,
common glass, SiOH, in the
presence of H,0, ionizes to
produce charged surface
groups SiO~ and release of a
proton. At equilibrium, a
balance between electrostatic
interactions and thermal
agitation generates a charge
density profile. The liquid is
electrically neutral, but for a
charged layer adjacent to the
boundary, which bears a
charge locally equal in
amplitude and opposite in
sign to the bound charge on
the surface. This charged
layer is commonly known as
the electric double layer
(EDL)

Electroosmosis/Electroosmotic
flow: Electroosmosis refers to
the motion of an ionized
liquid relative to a stationary
charged surface by an
applied electric field. In
simple terms, electroosmotic
flow originates from the
motion of ions in a solvent
environment through very
narrow channels, where an
electric potential gradient
causes the ion migration.

1.3. DNA hybridization through microfluidics
To overcome the diffusion-controlled limits
associated with passive DNA hybridization
techniques, microfluidics-based DNA hybridization
strategies have been proposed and implemented
by a number of researchers in the recent past’~1°.
There are several advantages associated with such
microfluidic DNA arrays: these enable detection
at the lowest possible DNA concentrations, allow
for shorter times to achieve this detection because
of enhanced mass transport, offer the ability to
monitor several samples in parallel by using a
multichannel approach, reduce the potential for
contamination by relying on an enclosed apparatus,
and hold the overall promise for integration of
several functions in a single apparatus.

Various flow-actuation methodologies have
been proposed by the researchers for achieving
transport of the sample through the ‘active’
DNA hybridization chips. One of the common
methods, known as electro-osmotic (EO)
pumping!!~16, essentially relies on the mechanism
of electroosmosis, which refers to the liquid flow
by an applied electric field over charged liquid—
solid interfaces. Fundamentally, electroosmosis can
occur due to the formation of an electrical double
layer (EDL) at the charged surfaces. Immobilized
surface charges can develop on a solid substrate
(such as the walls of a microchannel) that is in
contact with an electrolyte, as a consequence of
complex electro-chemical reactions. The layer of
ions adsorbed and immobilized on the charged
surface is called the Stern layer. Due to electrostatic
and entropic interactions, the presence of such
surface charges results in a re-distribution of nearby
counter-ions and co-ions in the liquid phase. This
leads to the formation of an EDL, so that the local
charge density close to the interface is non-zero.
In the diffuse layer of the EDL, the counter-ions
predominate over the co-ions, so as to neutralize
the net surface charge. This diffuse part of the
EDL spans over a distance away from the liquid-
solid interface. The characteristic order of the
diffuse part of the EDL is commonly known as the
Debye length. If a potential is applied along the
microchannel axis, the diffuse EDL tends to move
due to electrostatic interactions. Because of the
cohesive nature of the hydrogen bonding of the polar
solvent molecules, the entire buffer is effectively
pulled along the microchannel axis, resulting in an
electroosmotic flow (EOF). Such electroosmotic
pumping systems work without any movable
mechanical parts, and thus increase the long-term
stability and reduce the difficulty of production.
Furthermore, electroosmosis allows pumping of
liquids over a wide range of conductivity, which is
critical for most biochemical applications.
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From the implementation point of view, the
integration of micro or nano scale electrodes in
fluidic devices is a relatively simple procedure
with the advancement of MEMS-based fabrication
technologies. Consequently, electrokinetic forces
appear to be ideal for manipulating DNA molecules
and performing fluidic operations in the pertinent
biochemical systems. However, it also needs to
be recognized in this context that DNA has a
relatively high negative electrophoretic mobility, on
account of a large number of negative charges on
the molecule. Therefore, electroosmotic pumping
of DNA requires a buffer with a large electro-
osmotic mobility so that the electroosmotic forces
can overcome the negative electrophoretic mobility
of the DNA molecules. Unfortunately, buffers used
in DNA hybridization often contain salts in high
concentrations, which reduce the electroosmotic
effects to a considerable extent. In that perspective,
pumping using mechanical pressure!” might possess
some advantages over the electroosmotic approach
in the sense that the former is insensitive to
the variations in pH, macromolecular charges
and the salt concentration. However, because
of the huge pumping power requirements,
considerable sample dispersion (associated with the
parabolic-shaped characteristic velocity profiles)
and the lack of precise control associated with
pressure-driven microflows, mechanical pumping
alone could not emerge as one of the most
preferred alternatives for driving fluid flow through
micro-scale conduits for DNA hybridization
applications. Furthermore, because of the high
back-pressures generated due to the considerable
flow resistances associated with mechanically-
pumped microchannel flows involving large
pressure gradients, leakage prevention might itself
pose a challenging operational problem, if the unit
is not properly sealed. As a compromise, researchers
have recently proposed'® the employment of
combined electroosmotic and pressure-driven
transport mechanisms, for driving DNA samples
through microfluidics-based hybridization chips.

In order to impose stringent controls over
the hybridization performance of these kinds of
DNA-microassays without going for too many
expensive and tedious in-situ experimental trials,
the researchers have well recognized the needs
for comprehensive mathematical modeling and
detailed simulation studies on microfluidics-based
DNA transport. This helps to obtain the optimal
system parameters with the most favourable
hybridization characteristics within the constraints
of the chosen configuration. A major emphasis
of the present review article, is to outline and
review the various features of mathematical
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modeling of DNA hybridization in the presence
of combined pressure-driven and electroosmotic
transport mechanisms. First, a detailed review
of the various kinetics-based models of DNA
hybridization will be presented. Subsequently, the
coupling of the kinetics-model with the fluid flow,
heat transfer and the species transport in the
bulk phase are described. Some of the key results
obtained by employing these considerations are
highlighted. Finally, some more recently introduced
methodologies of DNA hybridization and the
pertinent issues of mathematical modeling are
discussed.

2. DNA hybridization reaction kinetics

2.1. Basic reaction kinetics

In order to appreciate the intricacies associated
with biochemical reactions in DNA hybridization
microassays, it may be instructive to revisit certain
basic definitions associated with the chemical
kinetics of reactive systems. These basic concepts
are briefly elucidated below!”.

(i) Rate of reaction: For a chemical reaction
of the form A 4+ nB — mC 4+ D, the rate
of reaction is defined as r = rp(= %) =
re(= 5 G == =Gh ==~ 4,
where the expressions in the square parentheses
represent the concentrations of the pertinent species
in the reactive system. As such, r is a function
of the concentration of individual species, i.e.,
r=r([A],[B],[C],[D]). For most substances, this
relationship is of empirical in nature and needs
to fitted experimentally. The most common form
of this functional relationship is r = k[A]? (B]?,
where k, a, and b are time-independent coefficients.
The parameter k is called the ‘rate constant’, which
should not be confused with the thermodynamic
definition of ‘equilibrium constant’ of a specified
reaction.

(ii) Order of reaction: If the rate of reaction is
described by the above mentioned functional form,
the order of reaction is defined as: 0 = a-+b. It is
important to note here that the unit of k depends
on the order of the reaction. For example, for a
zero-order reaction k is expressed in the units of
mol/m? /s; for a first order reaction k is expressed
in the units of 1/s and for a second order reaction
k is expressed in the units of m®/mol/s. The
rate constant is usually taken to vary with the
activation energy (E,) and temperature (T) by the
Arrhenius law, as k= koexpE,; /RT. From molecular
interpretations, the rate constant is the rate of
successful collisions between the reacting molecules,
the activation energy represents the minimum
kinetic energy of the reactant molecules in order to
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form the products and k¢ corresponds to the rate at
which these collisions occur.

(iii) Adsorption and the Langmuir model: In case of
adsorption of molecules on a solid functionalized
surface, there are basically three components in
the reaction. There is a free substrate in the buffer
fluid (often called as the target or analyte), with a
concentration of [S]. Second, there is a surface
concentration of the ligands or capturing sites
immobilized on a functionalized surface, with a
concentration of [I'],. Finally, there is a surface
concentration of the adsorbed targets (products
of the reaction), with a concentration of [I"]. The
units of [I"] and [T"],, are in mol/m?, whereas [S]
is expressed in the units of mol/m?>. In case of
adsorption, the definition of the reaction rates are
somewhat modified from the usual rate constant
definitions mentioned above, primarily because of
the fact that the immobilization of the substrate S
not only depends on the volume concentration
at the wall, but also depends on the available
sites for adsorption. Accordingly, one can write
— 4 = ka([M)o—[T']) 8], and — ] = kg [T,
where k, and k; are the adsorption and dissociation
rates, respectively. The concentration of I' is
increased by the former and is decreased by the later,
and the net rate of change is given by their balance,
ie.,

r
——=ka([lo—[T1)[S]yy —ka[T]  (3)

Equation (3) can be integrated to obtain

M) _ kalSl
Tl kalST,+kq

[1—exp(—(ka[S)y+ka)t)]

(4)
Eq. (4) represents an exponential growth of [I'] with

time, till a saturation (asymptotic) value is reached

( mg = % at t =t,, say). After this occurs,

the remaining targets or analytes may be suddenly
washed out. In that case, desorbtion becomes the
driving mechanism. With the asymptotic condition
as an initial condition for the desorbption reaction,
the kinetics of desorbtion is now governed by
— % = kg [I'], leading to the following time
variation of surface concentration:

(']
(Tla

2.2. Kinetics of DNA hybridization

Since the molecular diffusivity of DNA fragments is
typically one to three orders of magnitude smaller
than the typical liquid phase diffusivity of small
molecules (~ 10~m? /$), the accumulation of DNA
on the target spots by surface diffusion mechanisms

=1—ky(t—t,) (5)
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is rather slow. Interestingly, despite such slow overall
reaction rates, the basic reaction step leading to
DNA hybridization takes place much faster?’. In the
first phase, the probe DNA strand diffuses towards
the target strand. During the subsequent collision, a
so-called nucleation site is formed, involving the
formation of the first short stretch of base pairing,
concerning at least 3 contiguous bases. In the
subsequent phase, a stable base pair may be formed
during a rapid ‘zippering’ reaction. Otherwise, in
the case of a mismatch, the nucleation site looses its
stability, and the probe strand detaches and prepares
for another attempt, either with the same, or with
a different target strand. With the basic binding
step occurring very rapidly, the overall slowness
of the hybridization may be attributed to the large
number of successive attempts necessary before a
successful collision and/or to the limited rate of
supply of the unbound probe DNA strands. Till
now, it is still not very clear which one of these two
potential bottlenecks forms the actual rate-limiting
step for the over-all hybridization process. As such,
controversies still exist on the existence of a single
dominant mechanism dictating the entire DNA
hybridization steps. Some researchers claim that
the process is fully reaction-rate limited?">?, while
some others claim it to be diffusion-controlled®*24.
One group of researchers?*?> prefer to model the
DNA hybridization process as a homogeneous
reaction in which the target and probe strands are
both suspended homogeneously in a liquid phase
environment, so that one can describe the rate of
reaction as

dH/dt =k[P—DNA][T — DNA] (6)

where P and T refer to the probe and target
DNA molecules and k is the reaction rate
constant. However, other studies?>2° have clearly
demonstrated that the heterogeneous conditions
on a biochip cannot be adequately described by
means of a single kinetic constant, k. These studies
have revealed that the kinetic constant has a strong
time-dependence, which may be expressed in the
following form:

k=K1t7?P (7)

where p is a time-dependent coefficient. For
intermediate times, the value of p has been proposed
as 1/2.23:26

The controversial aspects in the description of
DNA hybridization rates may perhaps be attributed
to the existence of widely differing time scales and
disparate experimental conditions being employed
to establish the theory. Intuitively, it can be expected
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that on the short time scale, the binding response
may be dominated by the slow binding probability.
On the other hand, in the long time range, the slow
diffusive DNA supply may become the rate limiting
step. One of the most fundamental models of the
binding kinetics on DNA biochips was presented
by Chen et al.2!. However, their model dealt with
a steady-state supply of DNA probes on the target
spot surface?%, and hence, could not capture the
time-dependent effects attributed to the very slow
diffusion rates of the DNA molecules. Pappaert et
al.?” attempted to overcome these limitations, by
introducing a time-dependent diffusion transport
model. To verify their model, they also conducted
an extensive random walk simulation study. To
determine the number of collisions per unit of time
with the target spot, they adapted the classical work
of Collins and Kimball?® on the modeling of the
kinetics of colloidal agglomeration processes. Their
calculation was essentially based on the number
of collisions with a surface per time and per unit
surface area (N), for a collection of molecules
present at a concentration C, given as?’

N =AuC (8)

where u is the product of the mean molecular
jumping frequency (v) and the mean molecular
free path (1), and A is a dimensionless geometric
constant. For the case of a pure 1-D collision
process, this value can easily be shown to be given
by A =1/2. The number of successful collisions, 7,
can accordingly be obtained as

nx=1/2.uCyx 9)

where x is the binding probability. Further, for
the satisfaction of the conservation of mass at
the reactive boundaries, one must have, at those
locations

n=kC (10)

where k is given by
k=1/2.vx (11)

For the case of 1-D diffusion, these parameters
lead to the description of a molecular diffusion
coefficient, by invoking the theory of Brownian

motion, as0;

Dot = 0A%/2 (12)
Thus, from egs (11) and (12), one may express k as

k=Do1x/2 (13)
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Figure 1: A schematic diagram depicting the dual mechanism of DNA
hybridization
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Considering the Langevin model of Brownian
motion®’, it may also be possible to express k
directly as a function of the basic physico-chemical
molecular parameters. For a particle of radius of
gyration R and mass m, subjected to a randomly
varying external force (Brownian force) and a
friction force, the mean persistence length can be

described as
T
s ke Tm (14)
3nuR

where p is the viscosity of the surrounding fluid, T
is the absolute temperature and kp is the Boltzmann
constant. Similarly, the mean collision frequency is
given as

3muR
V=

(15)
m

Inserting eqs (14) and (15) in eq. (22), an expression
for the binding rate constant k can be obtained
as a function of the basic molecular parameters
such as the molecular mass, radius of gyration, etc.
This analysis may also be extended to 3-Ddiffusion
systems, by replacing the factor of 2 in eq. (12) by
a factor of 6?° and the factor 1/2 ineq. (11) by a
factor 1/4%%, so that one may write

k=3D,,01x/24 (16)
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Despite being fundamentally based, a major
shortcoming of the above description lies in the
fact that it does not specifically relate the reaction
kinetics with the detailed mechanisms of DNA
hybridization. It can be noted in this context that
DNA hybridization essentially occurs by means of
two basic mechanisms (see fig. 1 for a schematic
representation), namely, (a) a direct (specific)
hybridization from the bulk phase to the surface-
bound probes, and (b) an indirect (non-specific)
hybridization in which the target is initially non-
specifically adsorbed on the surface and then diffuses
along the surface before reaching an available target
probe molecule®!. Researchers have been successful
in demonstrating how the above reduction of
dimensionality (RD) might enhance the overall
DNA capture rate. In general, when a partner in a
biomolecular reaction is immobilized on a surface,
the rate of capture would depend on events in
the bulk (3-D) as well as on the surface (2-D),
and on the relative ratio of solute diffusion to
the intrinsic reaction rate. However, hybridization
that occurs in the interphase between a solid and
solution is anticipated to demonstrate kinetics
that are different from those observed in the bulk
solution. It has been suggested in the literature?!
that non-selective adsorption of single-stranded
oligonucleotide, followed by surface diffusion (2-D
diffusion coefficients) to immobilized probes can
enhance hybridization rates in contrast to direct
hybridization in the solution. This suggestion is
based on a reduction of dimensionality of diffusion
from a 3-D to a 2-D phenomenon. Exact theories in
this regard, however, are yet to be well established.
Nevertheless, theoretical postulates have been put
forward in the literature to describe the interactions
between the bulk and the surface phase kinetics
mentioned as above. The reactions occurring at the
probe locations can be described by the following

rate equation’:

dca,s . 0co ps
Ri=— : : 17
; (m - ) (17)

where, ¢, and ¢, ,s are the surface-phase
concentration of specifically and non-specifically
adsorbed target molecules, respectively, and 2a.
Along the non-reacting surface, the above term
reduces to a zero flux boundary condition, in effect.
The terms involved in equation (17) can further
be expressed as a set of coupled two-dimensional

kinetic equations as>!:
8C2 s
; 1 ~1
9t = [k3c3,m(52,s,max - CZ,S) - k3 52,5]

+[k;52,n5(52,5,max_c2,s)_kglcz,s] (18)
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-
Figure 2: (a): A schematic diagram depicting the problem domain (b): A
schematic diagram depicting the probe arrangements at channel walls
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= [kac3,m(52,n5,max - Cz,ns) - deZ,ns]
(19)

where, ¢ s max is the maximum concentration
of the hybridized targets (equivalent to the local
concentration of the surface bound probes available
for hybridization), ¢ nsmax is the maximum
concentration of the non-specifically adsorbed
molecules, ¢34, is the bulk-phase concentration
of the targets in surface film, k} is the kinetic
association constant for direct hybridization (from
solution phase), k3 ! is the kinetic dissociation
constant for direct hybridization (from solution
phase), k) is the kinetic association constant
for indirect hybridization of the non-specifically
adsorbed targets (from surface phase), k; Uis
the kinetic dissociation constant for indirect
hybridization of the non-specifically adsorbed
targets (from surface phase), k, is the kinetic
association constant for nonspecific adsorption
of the targets to the surface, and k; is the kinetic
dissociation constant for nonspecific adsorption of
the targets to the surface. Physically, equation (18)
describes that the rate of change in surface
concentration of hybridized species is a combination
of the rate of change of targets getting hybridized
directly from the bulk phase and the rate of
targets getting hybridized after an initial non-
specific adsorption. Equation (19) implies that
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the rate of change in surface concentration of
nonspecifically adsorbed targets is increased by
the rate of adsorption from the bulk phase, but is
decreased by the rate at which the non-specifically
adsorbed targets become hybridized.

Determination of the kinetic constants
appearing in equations (18) and (19) needs
microscopic and statistical theories of collision
to be essentially invoked. A physical basis of
this lies in the fact that pure diffusion, with its
fractal-like path, necessarily leads to an infinitely
high collision rate for the situation represented
here, manifested by a non-zero average solute
concentration immediately in contact with each
target. To account for finite reaction rates with
non-zero local concentration in a diffusion-
based framework, one must assume that the
reaction probability per collision is diminishingly
small, which may be a major deviation from the
reality. The other approach, as briefly described
earlier, recognizes that the molecules follow a
Brownian motion path rather than a pure diffusion,
which yields a finite number of collisions from a
finite solute concentration near the target probe.
In Brownian motion, molecular velocity has a
finite persistence length, since the instantaneous
momentum of the molecule can be transferred to the
solvent only at a finite rate of solvent velocity. Hence,
the Brownian motion persistence length plays a
central role in determining both reaction kinetic
rates and reduction of dimensionality enhancement.
Following fundamental postulates of statistical
physics?® and the work of Anlerod and Wang?’, it
can be postulated that the reaction rate of direct
hybridization (R3) can be obtained as a product
of bulk-phase flux of target molecules colliding
with the surface (F3), probability of collision
location being a probe site (P,), probability that
the probe is available for hybridization (P,) and
the probability that the collision will result in
successful hybridization (P,). All these effects can
be combined to obtain the following equation for
rate of reaction®!:

R3 = k;, CS,m (CZ,ns,max - CZ,S) (20)

3D3N,R? . .
where k§ = ST”)B In equation (20), N, is the

Avogadro number, R, is the radius of probe site,
X3 is probability that 3-D collision will result in
a successful hybridization and S3 is frequency of
collision in 3-D. A similar approach can be followed
to determine the rate of reaction for non-specifically
adsorbed target, as:

R, Zk;CZ,ns (CZ,S,max_CZ,s) (21)
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where k; = W .In equation (21), D,, x,and

and S; are similar to D3, x3and and S3, except for
the fact that the earlier group represents a 2-D
collision behaviour.

Although equations (20) and (21) are
fundamental in nature, the reaction probability,
X is rather uncertain. Instead, a classical Wetmur-
Davidson relationship®? may be used to estimate
the rate of hybridization for bulk-phase targets in
the surface film as:

0.5

k}=3.5x% IOSW (22)

where N is complexity of the target sequence and
I is the number of nucleotide units. In general,
complexity of the sequence is taken as the total
number of non-repeating sequences in a DNA
strand. In absence of any steric interference, in
which the bulk molecules are able to move freely
within the surface film, the above is likely to be valid
in an approximate sense. In cases of more dense
probe spacings or a large quantity of nonspecifically
adsorbed targets, equation (22), however, is likely to
overestimate the pertinent kinetic constant.

With the above estimation of k%, k%can be
obtained by dividing equations (20) and (21), and
assuming that x, = x3, S, = 53, as

4=4(5) () (7)

37 )\ Ds J\ R,
The reverse kinetic constant may be obtained by
appealing to thermodynamic stability requirements
of the dissociation kinetics representing the solid
phase hybridization reaction. Thermodynamic

stability of the target probe complex is governed by
Gibbs free energy of binding as

k! —AG

e ( RT )
where AG=AH — TAS, AH being the binding
enthalpy and AS being the binding entropy. For
bulk-phase hybridization, a nearest-neighbour
model® can be used to calculate AG for any
complementary or single-base-pair mismatched
duplex. For heterogeneous hybridization, however,
thermodynamic stability condition deviates from
the above classical result, as the probe density is
increased. Consequently, the above approximation
is somewhat accurate in the limit of low probe
density, with an underlying assumption that other
surface effects are not thermodynamically important.
Although some other thermodynamic models have
been proposed in this respect®, these are not

(23)

(24)
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comprehensive in terms of a complete theoretical
development. Instead, one may alternatively utilize
equation (24), with the incorporation of Arrhenius
type of formulation for k' and k=! as

KNy = k})exp[—%G—i)} (25a)

k7T = kytexp [—% (% — Tio>i| (25b)

where k(l) and ko_1 are values of k! and k! at T,
(T is 25°C below melting temperature of DNA).
Further, using E, —E;= AH, k™1 can be estimated
from the above, on estimation of either E, or E;
(both of which are case-specific in nature). Now,
since

K=kt k! (26)
separate equations are required to estimate
individual rate constants k; ' and k;l. To achieve
this goal, one may assume that at steady state an
independent equilibrium exists between directly
hybridized probes and targets of bulk solution, as
well as between indirectly hybridized probes and
nonspecifically adsorbed target molecules'®. With
incorporation of these into equation (18), it follows:

0

[kéclm(CZ,s,max_CZ,s,eq)_k3_152,5,eq]
(27)
1 —1
202,ns\C2 s, max = €2,s5,eq) — Ry (2.5,e -
[k5ca.ns(c C2,5,0q) —k; €250l =0

(28)

where the subscript ‘eq’ represents an equilibrium
state. Equations (26)—(28) can be simultaneously
solved to yield k;l, k;land C2s,eq> to be used for
the subsequent mathematical analysis.

Regarding nonspecific adsorption kinetics, one
may note that

ka - Cz,n,eq
kd C3,m,eq (CZ,ns,max_CZ,ns,eq)

(29)

The unknown terms appearing in right hand side of
equation (29), however, are yet to be theoretically
determined. Therefore, we use experimental
outcomes of Chan et al.3>% to estimate C2,ns,eq
C3,m,eq and kg for various types of glass substrates.
The term C; 45, max can be estimated by noting
that because of a prior presence of surface probes
(captured by specific hybridization) on target area, a
full monolayer of targets cannot be adsorbed there,
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Joule heating: Joule heating
refers to the increase in
temperature of a conductor
as a result of resistance to an
electrical current flowing
through it. At an atomic level,
Joule heating is the result of
moving electrons colliding
with atoms in a conductor,
where upon momentum is
transferred to the atom,
increasing its kinetic energy

leading to an effective radius of adsorbed target, R;.

Accordingly,

1— an;NvCZ,s,max
N,7R?

(30)

CZ,ns‘max =

With the estimates mentioned as above, k, can be
obtained from equation (29), leading to a complete
determination of kinetic constants appearing in the
description of the rate of surface reaction, as given
by eq. (17).

3. Continuum conservation considerations
3.1. Fundamental transport equations

Das et al.'® have recently extended the DNA
hybridization model developed by Erickson et
al.®! to include combined effects of electrokinetic
and pressure-driven transport. In their study, a
comprehensive mathematical model was developed,
quantifying the pertinent momentum, heat and
species transfer rates. Influences of bulk and surface
properties on the velocity field were critically
examined, which in turn dictate the nature of
thermosolutal transport, and hence the DNA
concentration fields, in accordance with specific
and non-specific hybridization mechanisms. Joule
heating®” and viscous dissipation effects were
also incorporated, which can cause a perceptible
temperature rise, and accordingly affect various
flow parameters as well as the rate constants for the
hybridization.

The fundamental analysis executed by Das et
al. (2006a)'® deals with the microfluidic transport
through a parallel plate microchannel of height 2a
and width w, with w 3> 2a (refer to fig. 2a). Length
of the channel is taken to be L0. Two capturing
DNA probes are assumed to be attached to the
bottom wall, each spanning over a length of LP
(refer to fig. 2b). A potential gradient is applied
along the axis of the channel, which provides the
necessary driving force for electroosmotic flow.
Under these conditions, an EDL forms near the
liquid—wall interface. This EDL interacts with the
externally applied electrical field. For example,
positively charged ions of EDL are attracted towards
cathode and repelled by the anode, resulting in a
net body force that tends to induce bulk motion
of ionized fluid in the direction of electric field.
When this voltage is applied to a buffer solution
with a finite thermal conductivity, the resulting
current also induces an internal heat generation,
often referred to as Joule heating. The thermal and
fluid flow field, thus established within the channel,
is responsible for the macromolecular transport,
which is to be understood thoroughly to get a
complete picture of the hybridization model. For
mathematical modeling of the problem mentioned
as above, following major assumptions are made'®:
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(i) The temperature, velocity and concentration
fields are unsteady and two-dimensional.

(i) The effect of pH change on the ensuing
chemical reactions due to hydrogen and
hydroxyl ions is neglected.

(iii) The effect of charges carried by the DNA
species on the electric field is neglected.

(iv) The effect of permeation layer on the DNA
transport and accumulation and electric field
distribution is neglected.

The governing transport equations, under these
circumstances, can be described as follows:

Continuity Equation:

ap

ot )

+V.(pV) =0
X-momentum equation:

a - ap
—(pu)+V.(pVu) =——+V.(uVu)+ by
ot 0x

(32)

where by is the body force term per unit volume
in x-direction , given as: by = —pe%, where p, is
the net electric charge density and ¢ is the potential

distribution due to an externally imposed electric
field.

Y-momentum equation:

0 - op
g(pV) +V.(pVv)= —8—y+V.(MW)+by

(33)
where b, is the body force term per unit volume
in y-direction , given as: by, = —peg—‘ﬁ. In both
equations (32) and (33), the dynamic viscosity,
W, is a function of temperature, given as

1713

n=2.761x 10_6exp<T) (34)

where T is in K and pu is in Pa.s. It can be noted
here that the distribution of ¢ needs to be solved
from the Laplace equation, as a consequence of an
externally imposed electrical potential gradient. The
corresponding governing differential equation is as
follows:

V.(cVg)=0 (35)

where o is the electrical conductivity of the

solution. Further, distribution of the net electric
charge density, p,, appearing in the momentum
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Poisson-Boltzmann
equation: The
Poisson-Boltzmann equation
is @ mathematical
combination of the Poisson
equation for the electrostatic
potential variation and the
Boltzmann distribution of
ionic charges

104

conservation equations, is to be ascertained by
solving the Poisson—-Boltzmann equation for surface
potential distribution as:

V@VW:—%

(36)

where 1 denotes the electric double layer (EDL)
potential, &g is the permittivity of free space, and ¢
is the dielectric constant of the electrolyte which is a
function of temperature, given as

T
& =305.7exp T

where T is in Kelvin. In equation (36), p. is
described as:

Pe = —2ngezsinh (%)

B

(37)

(38)

where, 19 is the ion density (in molar units), e
is the electronic charge, z is the valence, kp is
the Boltzmann constant, and T is the absolute
temperature. To depict the relationship between the
net electric charge density and Debye length, one
may express 1y as a function of the Debye length, 2,
as
ek B T 39
"= e (39)
Energy conservation equation:

9 - )
g(pCpT) +V.(pCpVT)=V.(KVT)+¢+4g
(40)
where k is the thermal conductivity of the electrolyte
solution, which is a function of temperature, given
as

k=0.64+2.5x10""T (41)
where T is in K and k is in W/m?.K. In
equation (40), ¢ is the heat generation due to
viscous dissipation, given as

) )
= 0x ay # ay  Ox
(42)

Further, ¢ is the heat generation due to Joule heating,
which, according to Ohm’s law, can be given as

g=— (43)
o
It can be noted here that the electrical current

density includes two parts, one is due to the applied
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electric field imposed on the conducting solution
(0E), and the other is due to the net charge density
moving with the fluid flow (p, V). Therefore, the
electrical current density, I can expressed as

T=p.V+0E (44)
Using equations (43) and (44), one can obtain the
heat generation due to Joule heating as:

V+0E).(peV+0oE
[1=(pe +o )U(pe +U) (45)

Species conservation equation:

a(pci)
ot
+ HosziF V. (pciVP) + pR;

+V. (p\7¢i) =V.(pD,Vcj)
(46)

where, ¢; is the concentration of the i* species in
the solution, 1, is the electro-osmotic mobility of
the concerned species, z; is the valence of the i*"
species, F is Faraday’s constant. In equation (46),
D,, is a generalized diffusion coefficient, which is the
liquid phase diffusion coefficient (D3) in the bulk
fluid and surface phase diffusion coefficient (D;) at
the nonspecific adsorption sites. The term R; is a
generation/source term, as described by eq. (17) and
as adjusted in terms of its units by dividing eq. (17)
with the height of the boundary control volume.

The governing conservation equations
developed here lead to a well-posed system of
partial differential equations, on specification of
the appropriate boundary conditions. It can be
noted here that boundary conditions corresponding
to DNA hybridization are already incorporated
through specification of the source term R;
(equation (17)) for control volumes adjacent to the
channel-fluid interface, and need not be duplicated
in prescription of boundary conditions. Other
pertinent boundary conditions are summarized in
Table 1'8,

3.2. Simplified analytical considerations

It is important to note here that the numerical
computations necessary to simulate the detailed
transport/hybridization model described above may
be somewhat involved in nature, primarily because
of the strongly interconnected and complicated
features of mass, momentum and species transport
characterizing the entire sequence of events. Under
certain restricted conditions, however, approximate
analytical solutions can also be obtained, depicting
the interactions between an imposed electroosmotic
flow-field and the transient DNA hybridization
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Table 1: Table of boundary conditions

Boundary conditions

Governing Equation Inlet (x=0) Outlet (x=L0) Bottom wall (y=0) Top wall (y=2H)
9 a
Laplace eq. (eq. 35) b= ¢y ¢=0 —¢:0 —4):0
ay dy
. oy ) .
Poisson-Boltzmann Y=0 — =0 ¥ =¢ (zeta potential) = ¢ (zeta potential)
equation (eq. 36) dx
- a 0
Continuity and  u = uj, or a—u =0v=0 " 0 "
Momentum conservation ~ dp . x
(eq. 31-33) o~ KoK is a
constant) v=0
. aT
Energy conservation (eq. T=Tw — =0 T=T, T=T,
40) 0x
X . ac; dc; ac;
Species  conservation ¢ =cw — =0 — =0 — =0
equation (eq. 46) dx dy dy

occurring in a microchannel. Such models can turn
out to be of immense scientific appeal, in terms of
having a quantitative capability of directly capturing
the influences of various consequential parameters
(such as fluid flow) on DNA hybridization rates,
through development of close-formed expressions,
without demanding more involved numerical
simulations, in many cases. Keeping this in view,
Das et al.’® have recently obtained closed-form
expressions depicting the role of flow field on
DNA hybridization rates. For analytical treatment,
they assumed the fluid to be of constant physical
properties, and flow field to be fully developed.
Furthermore, a linear bulk concentration gradient
(% =M, say) was assumed to be imposed along
the microchannel axis (height of the microchannel
being taken as H). The concentration boundary
conditions adopted in their study were as follows:

Initial Condition: C(0,y)=0for0<y<H

(47)

aC(t,H

Boundary conditions: (8—) =0fort>0
y
(47a)
aC(t,0 aC
D ( ):— " fort>0
dy

(47b)

where Cp is the instantaneous surface phase
concentration of the hybridized targets and D is
the diffusion coefficient of single stranded DNA
molecule. The relationship between Cy and the
concentration in the bulk was given as

0Cy
v ku(CH,max_ CH)Cfilm —kaCh

ot 48)
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where k, is the kinetic association constant for
hybridization of the target with complementary
probes and k; is the kinetic dissociation constant
for hybridization. In equation (48), Cyjj;, refers
to the solution phase concentration of the DNA
at the surface film, and Cy may is the maximum
concentration possible for the hybridized targets
(which is equal to the initial concentration of the
patterned probes on microchannel surface). The first
term in R.H.S. of equation (48) represents second
order kinetics of DNA hybridization, considering
that the rate of hybridization depends on the
concentration of the target oligonucleotides close
to channel surface as well as the concentration
of hitherto non-hybridized free probe molecules.
In contrast, the kinetics of dissociation of the
probe-target pair complex depends only on the
concentration of hybridized species, and fairly
follows first order reaction Kkinetics (second
term in R.H.S. of equation (48)). The analytical
solution for the DNA concentration distribution, as
obtained from the above mentioned study, can be
summarized as follows (for details of the derivation,
see Das et al.>8):

i nwy —Ft
Cly,t)= t —) - 2Hy—y*
(.1) ;an()cos( )= Sap CHY =)

(49)

In equation (49), o, () is given as:

_EH My 2
D(nm)? H

— 3N} — I4Py + I} Ly + I)M} — I;N; — I} P4 (50)

an(t) = e ML)+ M)

Various parameters appearing in equations (49),
(49a) are described in Appendix A.
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Figure 3: Variation of concentration of hybridized targets with time, at

probe location 1, for all cases. The pressure gradients taken for the
computations are as follows: displaystyle2t =—10° Pa/m (favourable) and

ap
dx

— =10 Pa/m (adverse).
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3.3. Numerical simulation predictions

In order to obtain significant insights regarding
temporal variations of DNA concentration
(hybridized targets, ¢, ) at the probes as a function
of prevailing flow conditions, one may refer to
fig. 3'8. These simulations were carried out by
employing the physical parameters and problem
data enlisted in Table 2. Fig. 3, in essence, shows
an initial slow rate of increment of ¢, s, followed
by a comparatively higher hybridization rate that
eventually approaches towards a saturation state
with respect to time. It is observed that during initial
transients, the concentrations of hybridized targets,
for each of the cases investigated, remain somewhat
close to each other. However at later instants of
time, as the system approaches towards a meta-
stable state, concentration values corresponding
to different situations investigated in the above-
mentioned study start differing widely from each
other. For a pure electroosmotic flow, the steady
value of ¢; s is found to be somewhat less than that
corresponding to a mixed flow occurring under a
favourable pressure gradient, but turns out to be
significantly greater than that observed for a mixed
flow occurring under an adverse pressure gradient.
This variation can be explained by arguing that for
pure electroosmotic flows, the bulk concentration,
and hence the film concentration (c3 ), is less
as compared to that established in presence of
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a favourable pressure gradient, but more than
that established in presence of an adverse pressure
gradient. This, in turn, ensures the corresponding
variations in ¢, ; values, in an analogous fashion.
It has also been earlier demonstrated that the rate
of the hybridization reaction can be significantly
increased due to a non-specific adsorption of
the single stranded DNA on the surface, and a
subsequent 2-D diffusion towards surface-bound
complementary probe molecules, as compared to
the sole effect of 3-D hybridization from the bulk?’.
Hence, the initial slowness of hybridization can be
explained considering the ‘lag time’ between non-
specific adsorption and consequent hybridization to
the probe, mediated by two-dimensional diffusion.
During this time, three-dimensional hybridization
reaction dominates. However, once the lag phase
is over, the rate of hybridization reaction increases
at a faster pace, due to a coupled effect of the
two types of mechanisms, and saturation reaction-
kinetics are eventually achieved when all the single
stranded probe molecules become hybridized with
target complementary oligonucleotides. Regarding
the specific impact of pressure gradients on DNA
hybridization, it is revealed that steeper temporal
gradients in concentration can be achieved with
favourable pressure gradients, especially during
early stages of hybridization. On the other hand,
imposition of an adverse pressure gradient of similar
magnitudes may not be consequential enough to
retard the hybridization rates drastically. This may
be attributed to the fact that although such adverse
pressure gradient decelerates the flow locally, it also
ensures that the target DNAs have a greater exposure
time with the complementary capture probes, with
an enhanced probability of hybridization. For the
adverse pressure gradients reported in the above-
mentioned study'8, these two counteracting effects
almost nullify each other, leading to relatively
insignificant impacts on the resultant hybridization
behaviour, especially during the early transients.
Typical cross sectional temperature distributions,
as obtained from the above-mentioned study,
are depicted in fig. 4(a). It is observed that the
curves corresponding to adverse and favourable
pressure gradients almost merge with each other.
This suggests that the effect of pressure gradients
(within the range of values adopted in their
study) is relatively insignificant in determining
the thermal field within the microchannel. This
can be justified by noting that the temperature
rise in the channel can be primarily attributed
to Joule heating, which is solely dependent on
the applied potential gradients and the electrical
conductivity of the medium. An order of magnitude
analysis, assessing the relative contributions of
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Onsager reciprocity
relationship: The Onsager
reciprocal relations express
the equality of certain
relations between flows and
forces in thermodynamic
systems out of equilibrium,
but where a notion of local
equilibrium exists. For
example, it is observed that
temperature differences in a
system lead to heat flows
from the hotter to the colder
parts of the system. Similarly,
pressure differences will lead
to fluid flow from
high-pressure to low-pressure
regions. It was observed
experimentally that when
both pressure and
temperature vary, pressure
differences can cause heat
flow and temperature
differences can cause matter
flow. Even more surprisingly,
the heat flow per unit of
pressure difference and the
density (matter) flow per unit
of temperature difference are
equal. This was shown to be
necessary by Lars Onsager
using statistical mechanics
Similar “reciprocal” relations
occur between different pairs
of forces and flows in a
variety of physical systems

Table 2: Table of physical properties and problem data

Parameter  Value

Lo 8.5x10° m

LF 5.0x107° m

LP 1.7x10™* m
LD 1.7x 107> m

2H 50 um

I 1072 S/m

g0 8.854x 10712 C/Vm
1y 1 mol/m?

e 1.6 x107 C

o 150 V

Uinitial 2.0 m/s

& —50 mV

Ty 300 K

Teo 300 K

P 998 kg/m’

kg 1.38x 1072 J/K
Mos 4x1078 mz/Vs
z 20

Cin 1.0x107° M
C3,m 1.9x1077 M
€2,5,max 2.0 x 1077 mol/m?
€2, ns, max 1.98 x 1077 mol/m?
K 1 x 10°(1/Ms)
k! 0.49(1/s)

k; 1 x 10°m/Ms
k! 0.51(1/s)

ka 9 x 10°(1/Ms)
ka 0.3(1/s)

D; 1.3x 1071 m?/s
D, 5.0x 1075 m?/s

the terms ((TE) and (p, \7) in the expression for
the net current (see Eq. 44), aptly justifies this
proposition (Noting that )j—% ’ ~ 0(10°)). Another
important observation is that over typically short
durations of time (O(s)), the temperature rise
owing to Joule heating effects is virtually negligible.
However, for larger time durations (fig 4b), the
temperature rise becomes much more consequential,
and is likely to result in significant changes in
DNA transport characteristics. This interesting issue
may be more critically analyzed by referring to
the energy equation (Eq. 40), in which one may
compare the order of magnitude of the advection

ZEC’Z‘; , where
AT is a characteristic temperature rise. This shows
that the rise in temperature scales linearly with the
operational time, all other parameters remaining
unaltered. Moreover, the same scales with the square
of the electric field, corresponding to a specific
buffer solution and a given temporal instant. Hence,
even slight increments in the electric field strength
can result in significant rises in sample temperature.
For transport and hybridization of macromolecules
such as DNA, this rise of temperature may be of

and the source terms, to obtain AT ~
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immense consequence, primarily attributable to a
phenomenon called ‘melting’ or ‘denaturation’ of
DNA, which is characterized by separation of the
two DNA strands from an existing hybridized state.
This splitting occurs at the melting temperature,
Ty, defined as the temperature at which 50% of
the oligonucleotides and their perfect complements
are in duplex. In order to avoid problems like
inappropriate duplex formation, primer mismatch
etc., the hybridization is typically carried out
5°-10°C below T,,. Hence it is important that
the temperature rise due to Joule heating during
hybridization is not more than around 5°C.
Corresponding to typical physical parameters
employed in the study of Das et al.!8, the order of
the imposed electric field needed to be constrained
within 10°V/m, so as to ensure that the temperature
rise is restricted within 5°C, thereby avoiding
denaturation or melting of DNA samples. Moreover,
during experimentation, it is also important to carry
out the hybridization at a reasonably rapid rate, so
as to ensure that the hybridized targets are saturated
without incurring any further denaturation due to
overheating.

4. Recent advancements and future
directions
4.1. DNA hybridization by employing transverse
electric fields in conjunction with surface
patterning

Extending the fundamental theoretical
understandings, researchers are in a continuous
endevor to obtain faster rates of DNA hybridization
through the employment of a combination of several
‘augmenting’ mechanisms in integrated microfluidic
platforms. Some of the recent findings on reactive
systems with electrokinetic transport have revealed
certain interesting propositions in this regard, which
can be potentially exploited to obtain enhanced
rates of DNA hybridization. For example, Das and
Chakraborty®, in a recent study, have theoretically
established a novel proposition that the rate of
macromolecular adsorption can be augmented
with application of transverse electric fields across
patterned walls of a microfluidic channel. In their
study, first, an approximate fully developed velocity
profile was derived, which was subsequently utilized
to solve the species conservation equation pertaining
to a combined advection-diffusion transport.
Closed-form solutions for the concentration field
were subsequently obtained, in consistency with the
typical second order kinetics of macromolecular
adsorption. The above-mentioned theoretical
analysis has revealed that the favourable effect of
transverse electric fields can be best exploited when

107



p
Figure 4: (a): Temperature profiles within the channel, at location of
probe 1 (curves corresponding to both adverse and favourable pressure
gradients almost merge) (b) Temperature profiles within the channel, at
large time instants at location of probe 1 (curves corresponding to both
adverse and favourable pressure gradients almost merge)
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they are employed in conjunction with patterned
microchannel surfaces. This is because of the fact
that a transverse electric field, when applied across
the walls of a microchannel with periodic surface
patterns, may result in an additional pressure
gradient in the axial direction?’, by following
Onsager reciprocity relations. This effect has
been subsequently utilized by us to study the
enhancement in the surface adsorption of biological
macromolecules®®, with a combination of transverse
electric fields and surface patterning effects. It was
theoretically demonstrated that with an externally
applied favourable pressure gradient of the order of
10° Pa/m, along with an axial electric field of the
order of 10000 V/m and a transverse electric field
of the order of 1000 V/m, a DNA hybridization
time of as low as 30 s could be achieved with a
108
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pattern angle of 45°. However, comprehensive
experiments need to be conducted to demonstrate
the practical consequences of this theoretical
proposition. Following major conclusions could be
drawn from the above-mentioned study:

(i) Benefits of transverse electric fields cannot be
effectively realized if the channel surfaces are
not patterned, which is primarily attributable
to the excess equivalent pressure gradient that
cannot be exploited without surface patterning.

(i) For moderate values of axial potential
gradient, increase in orders of magnitude of
transverse potential gradients can augment
the rate of macromolecular adsorption
significantly. However, a large value of the
axial potential gradient may virtually suppress
any contributions from an enhanced transverse
electric field, and can dictate the adsorption
rate by itself alone. Nevertheless, such extreme
situations might be rather undesirable, because
of adverse effects of Joule heating and
subsequent macromolecular degradation on
account of high electrical field strength. Hence,
in place of a strong axial electric field, a
combination of moderate values of axial and
transverse electric fields can turn out to a
better proposition for the practical purpose
of enhancement of macromolecular transport
and adsorption rates.

(iii) The beneficial effects of transverse electric
fields in terms of augmenting the rate of
macromolecular adsorption can be best
exploited for pattern angles in the tune
of 45°. While acute angles turn out to be
advantageous in this respect, in general, obtuse
angles effectively slow down the rate of
macromolecular transport by inducing an
equivalent ‘adverse’ pressure gradient that
retards the rate of macromolecular transport.

(iv) In practice, a judicious combination of
transverse electric fields and surface patterning
effects can be employed, to augment the rate of
macromolecular adsorption, without incurring
any adverse implications of Joule heating and
consequent macromolecular degradation on
account of axial electric fields of too high a
strength.

4.2. DNA hybridization by rapid micromixing

Heule and Manz*! explored the prospects of
performing DNA hybridization assays in a
sequential scheme, containing a split channel
system for fast micromixing and a subsequent
meandering channel to observe the evolution of
the mixture by optical means. The problems of
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limited mixing in the laminar flow regime were
overcome by reducing the average diffusion distance
to a few micrometers only. DNA oligomers (20-
mers) of different sequences were injected on the
chip for mixing. Two modes of operation were
investigated. First, the samples were injected into the
micromixing device at a high flow rate of 40 x1/min.
The flow rate through the micromixing unit was
reduced, when the sample was passed through the
same, to allow for the measurement of fluorescence
levels at various steady-state reaction times in the
range of 2—15 s. In a buffer containing 0.2 M NaCl,
2 basepair mismatches could routinely be detected
by employing this method within 5-20 s. Single
base-pair mismatches were successfully identified
with low salt concentrations. In the second mode,
the flow was completely stopped and the evolution
of the total fluorescence signal influenced by the
hybridization of oligomers and photobleaching was
observed. While certain technological difficulties
(such as the periphery providing a steady stream
of samples) still need to be addressed to ensure a
successful operation of such hybridization assays
in practice, this method holds the potential of
providing for a very flexible and versatile platform
for genomic analysis. A rigorous theoretical analysis,
therefore, needs to be directed to substantiate this
viewpoint.

4.3. DNA hybridization by CMOS biochips
Barbaro et al.*? have recently developed low-cost,
portable and fully integrated solid-state biosensors
for the label-free detection of DNA hybridization.
This new device was realized in a standard
Complementary Metal Oxide Semiconductor
(CMOS) process. The detection mechanism was
based on the field-effect of the intrinsic negative
electric charge of DNA molecules, which modulates
the threshold voltage of a floating-gate MOS
transistor. A fluid cell was developed for delivering
the DNA samples on the active surface of the chip.
Successful measurements on first prototype of the
chip, hosting 16 individually addressable sensors,
were also presented as a proof of this concept.
Detailed mathematical analysis need to be carried
out to optimize the performance of these kinds of
CMOS-based DNA chips, based on the underlying
transport processes, many of which are non-trivially
interlinked.

4.4. Microwave-accelerated fast DNA
hybridization

Aslan et al.** designed a fast and sensitive DNA

hybridization assay platform, based on microwave-

accelerated metal-enhanced fluorescence (MAMEF).
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In their experiments, thiolated oligonucleotide
anchors were immobilized onto silver nanoparticles
on a glass substrate. The hybridization of the
complementary fluorescein-labeled DNA target
with the surface-bound oligonucleotides could be
completed within 20 s, on heating with low-power
microwaves. In these studies, a significantly reduced
non-specific adsorption rate was noted when using
microwave heating near to silvered structures, as
compared to room temperature incubation. These
findings suggest that MAMEF could be a useful
alternative for designing DNA hybridization assays
with improved sensitivity and rapidity. Theoretical
modeling efforts need to be directed to establish
this proposition from a rigorous mathematical
perspective, so as to impose more stringent controls
on this suggested methodology.

4.5. DNA hybridization on a CD

The recent advent of CD-based microfluidics (lab-
on-a-CD concept) has opened up the possibilities
of implanting complicated bio-microfluidic
arrangements in CD-based platforms*+*>. Besides
being advantageous because of their versatility
in handling a wide variety of sample types, the
ability to gate the flow of liquids (non-mechanical
valving), simple rotational motor requirements,
economised fabrication methods, and large range of
flow rates attainable, the possibility of performing
simultaneous and identical fluidic operations makes
the CD an attractive platform for multiple parallel
assays. The CD platform (including the designed
circuitry embedded within the same), coupled
with automated liquid reagent loading systems,
is ideal for a future commercial introduction of
more compact and inexpensive lab-on-a-chip based
bio-microfluidic systems.

The technology developed by the optical disc
industry can conveniently be utilized to image
the CD at the micron resolution, and possible
extensions to DVD will allow submicron-scale
resolution, leading to the integration of fluidics
and informatics on the same disc. Moreover, the
materials of the CDs are conducive for elegant
microfabrication and are also extremely bio-
compatible in terms of handling the DNA molecules.
In a study undertaken by Jia et al.*0, an automated
flow-through DNA hybridization and detection
method was implemented and experimentally
validated on a CD-based fluidic platform. A
multilevel process utilizing SU-8 lithography was
developed to obtain the fluidic structures with
sufficient reagent storage volume and the desired
flowrate. Thiolated-ssDNAmonolayers on gold spots
were used as capturing probes and biotinylated
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complementary DNA was used as the target probe.
Hybridization was detected for DNA samples of
different concentrations down to 100 pM. The
theoretical analysis presented in this regard, however,
was not detailed enough to involve the solution
of the kinetically-coupled transport equations.
Further, from a practical viewpoint, it could also
be recognized that with the aid of centrifugal
forces alone, the CD-based DNA hybridization
arrangements, even under the most favourable
conditions, could result in hybridization times of
only of the order of few minutes. This is primarily
because of the fact that the centrifugal force, being a
volumetric (body) force, does not scale as favourably
as the surface forces over the micro-domain.
However, with the additional flow-augmenting
features (such as, the application of transverse and
axial electric fields, surface patterning effects), an
integrated and portable CD-based biomicrofluidic
platform can indeed be conceptualized, with an
ideal combination of fast DNA hybridization and
inexpensive device fabrication. Detailed theoretical
analyses in this regard, indeed, fall in the scope of
future research in this area.

4.6. Some more fundamental considerations

In the mathematical models outlined so far, the
conformational aspects of the DNA molecules have
not been explicitly considered, for describing the
transport and hybridization processes within the
microfluidic conduits. Fundamentally, these issues
can be of significant consequence for deriving more
accurate DNA transport models, in the context
of hybridization reactions. Although the DNA
molecules resemble coils in a non-flowing state,
these DNA molecules stretch and orient in the
same direction in a flowing state?’. According to
theoretical studies of coil-stretch transition*3, the
extent of stretching and shrinking of polymer chains
depends on the microchannel size, the polymer
chain length, the flow speed, and the viscosity,
density, and temperature of the solution. In fact,
the DNA molecules change their conformation
depending on the flow rates. At lower flow rates,
the DNA molecules move while expanding and
contracting, analogous to inchworms. On the
other hand, at higher flow rates (>5 wl/min), the
DNA molecules stretch and undulate, as if they
are swimming in a fluid-current. Moreover, the
DNA strands became shorter in highly viscous
environments and tend to become longer in higher
temperature conditions, analogous to the coil—
stretch transition*® behaviour of polymer molecules.
The consequences of these mechanisms, in the
context of DNA hybridization, may be far from
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being trivial. In fact, it has been experimentally
revealed that DNA stretching in microfluidics
engenders efficient hybridization of long-strand
DNAs*. In a non-extensional flow, the short DNA
probes might not be able to interact with their
capturing counterparts, since these DNA molecules
form entangled coiled structures. In contrast,
in extensional flows through microchannels, the
hybridization is likely to occur more efficiently
because of the promoted stretching. Control of
the extent of this DNA stretch may be achieved
by adjusting the solution chemistry and the flow
conditions. Molecular dynamics and/or coupled
continuum/molecular simulations may need to
be executed to quantitatively substantiate this
viewpoint. Not only that, detailed thermodynamic
studies also need to be executed to establish accurate
theoretical description of the variations in the free
energy of the DNA molecules, while undergoing
various bio-chemical reactions in the process of
their hybridization. Carlon and Heim®?, in a recent
study, have recently presented a thermodynamic
analysis of RNA/DNA hybridization in high-density
oligonucleotide microarrays. This kind of analysis,
however, needs to be theoretically extended in
the future to improve the parametrization of
the pertinent experimental data and enhance the
stability of the fitting parameters for predicting the
hybridization free energies of a wide variety of DNA
samples.

4.7. Summary and Outlook

Pressure-driven transport has conventionally been
the most popular method to achieve microfluidics-
based DNA hybridization. However, pressure-driven
transport of biological molecules in microchannels
is associated with several shortcomings, such as the
loss of injected samples due to significant dispersion
effects, the necessity of a substantial pumping
power, and the inability to generate complex flow
patterns. As an alternative, the electrokinetic flow
actuating mechanisms have subsequently been
proposed. The advantages with such systems are
the ‘pumpless’ operation modes, minimized sample
dispersion and an excellent integrability with bio-
chip components. Researchers have demonstrated
that such mechanisms can be employed to enhance
the rate of accumulation of DNA molecules over
the electrodes (saturation is achieved in as low as
2 minutes), by exploiting an interesting interplay of
the dual mechanisms of 3-D and 2-D hybridization
kinetics and the applied electric fields. Extending
this concept, it has been theoretically established
that a judicious combination of axial electric fields
and favourable pressure gradients can, in principle,
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reduce the hybridization time to as low as 1 minute.
However, in the process, the researchers could also
realize that one can only employ limited strengths
of the axial electric fields in practice, so as to avoid
the adverse consequences of the Joule heating effects
associated with the conductive transport of ionic
charges in a fluidic medium. In fact, in order to
avoid denaturation/melting of hybridized DNA
samples, one can only employ an axial electric field
that does not permit any rise of temperature beyond
approximately 5°C.

Researchers have also independently attempted
to employ transverse electric fields instead of
the axial ones, for favorably exploiting the
electrophoretic migration of the charged DNA
molecules towards the capturing probes. As ongoing
and future endeavors, the researchers might seek a
judicious combination of the axial and the transverse
electric fields, so as to exploit a favorable coupling
of the effects of the convective DNA transport
and the electrophoretic DNA accumulation. In
particular, one may be interested to obtain the
optimal combinations of the axial and the transverse
electric fields that can give the fastest possible DNA
hybridization out of the chosen configuration,
without violating the Joule heating constraints.
Theoretical research has shown that with such
arrangements, one could possibly reduce the DNA
hybridization time from minutes to seconds. There
are several other microfluidic issues that also need to
be addressed to exploit the possibilities of achieving
much faster DNA hybridization rates. These include
the variations in flow rate, channel height, inlet
buffer composition, DNA concentration, surface
patterning effects in conjunction with transverse
electric fields, centrifugal effects etc. Typical flow
rates that are currently being employed for DNA
hybridization through pressure-driven flows are
in the tunes if 10 £L/min'”>°, On the other hand,
recent theoretical investigations'® have revealed
that the plug-like velocity profiles associated with
the electroosmotic transport might require a flow
rate as small as 0.10 «L/min, to achieve identical
hybridization rates.

With a combination of various hybridization-
augmenting mechanisms, one could, in principle,
achieve the same task of DNA hybridization with
the nominal flow rates lowered even further. It is
important to recognize in this context that this kind
of lowering of the desired flow rates is also associated
with the requirement of lower sample volumes, for
a given sensitivity of the diagnostic device. Not only
that, it has been comprehensively revealed that for a
low concentration of target DNA samples, lower
volumetric flow rates favor the DNA hybridization

Journal of the Indian Institute of Science | VOL 87:1 | Jan—-Mar 2007 | journal library.iisc.ernet.in

efficiency!”*°. Thus, flow rate control appears to
be an essential aspect of designing faster DNA
hybridization microarrays. Selection of an optimum
channel height is also critical in ensuring the best
possible rate of DNA hybridization. This is because
of the fact that over different length scales, disparate
physical features might play the governing role in
controlling the transport and the hybridization
mechanisms. For example, when the channel height
is of the order of 10-100 pm, decreasing the channel
height significantly enhances the DNA hybridization.
However, research investigations have revealed that
below a threshold channel height (typically, of the
order of 1 pm), the electric double layer formed at
the channel walls can significantly protrude into
bulk, thereby causing a significant dispersion in the
electroosmotic flow profile. As a result, the transport
and hybridization mechanisms could be significantly
hindered. It has also been well-demonstrated in the
literature that increases in the bulk concentration
may lead to higher concentrations of the target DNA
molecules close to the capturing probes, thereby
augmenting the rate of DNA hybridization!7->0.51,
for example, used a bulk concentration of 0.4 uM,
so as to achieve DNA hybridization rates of the
order of a few minutes.

While it is well understood that a more
concentrated DNA solution is expected to have
faster hybridization characteristics, an indefinite
increase in the bulk concentration of the target
DNA molecules is also not advisable. This is because
of the fact that beyond a critical concentration
limit (depending on the channel dimensions and
flow characteristics), the rheological behaviour of
the microflow might get significantly altered, with
strongly-hindered solutal transport characteristics.
Moreover, in a recent theoretical investigationSz, it
has been demonstrated that a non-uniform wall zeta
potential, created by employing localized transverse
electric fields, can augment DNA hybridization
rates, with an optimal concentration of the inlet
buffer. A characteristic hybridization time of
around 45 seconds could be estimated from the
theoretical analysis, for a buffer pH of 4. Since the
buffer composition essentially dictates the effective
macromolecular charge53, its diffusion coefficient™,
and its electrophoretic mobility, an optimal choice
of the inlet buffer composition may result in the
most favourable hybridization characteristics; all
other conditions remaining unaltered. However,
insufficient quantitative information is available
in the reported literature to conclusively establish
this proposition.

Preliminary theoretical analysis has also revealed
that the favourable effect of transverse electric fields
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can be best exploited when they are employed in
conjunction with patterned microchannel surfaces.
This is because of the fact that a transverse
electric field, when applied across the walls of a
microchannel with periodic surface patterns, may
result in an additional pressure gradient in the axial
direction, by following Onsager reciprocity relations.
This effect has been utilized by researchers® to
study the enhancement in the surface adsorption
of biological macromolecules, with a combination
of transverse electric fields and surface patterning
effects. It has been theoretically demonstrated in
the above work that with an externally applied
favourable pressure gradient of the order of 10°
Pa/m, along with an axial electric field of the
order of 10000 V/m and a transverse electric field
of the order of 1000 V/m, a DNA hybridization
time of as low as 30s could be achieved with
a pattern angle of 45°. However, more detailed
studies need to be conducted to demonstrate
the practical consequences of this theoretical
proposition. Additionally, one may utilize the
centrifugal forces involved in the rotation of CDs
in the transport and subsequent hybridization of
DNA molecules in microfluidic channels®®, so as to
exploit the pertinent techno-commercial advantages
mentioned as earlier.

One may attempt to utilize optimal
combinations of various actuating mechanisms
and the critical system parameters to achieve
a faster yet inexpensive methodology of DNA
hybridization than the state-of-the-art affairs, and
practically implement the same through the design
and fabrication of novel bio-microfluidic devices.
To achieve this purpose, one needs to investigate
a wide variety of parameters and configurations, so
as to come up with a practically-implementable and
relatively inexpensive optimal methodology for fast
DNA hybridization. Fundamental studies on the
mathematical description of the underlying fluid
dynamic and bio-chemical transport mechanisms,
indeed, are likely to play vital roles towards achieving
this goal, without attempting for too many ‘hit-and-
miss’ type of expensive experimental trials. More
extensive and detailed simulation studies, therefore,
need to be executed to map the variations in the
microfluidic system parameters/configurations with
the DNA hybridization rates, for a wide range of
practical conditions in order to come up with the
most optimal solution.
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