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Abstract
DNA hybridization is essential to a wide range of diagnostics and molecular biology techniques
including genetic profiling, pathogen identification, and single-nucleotide polymorphism. In
particular, microarray hybridization has expedited many scientific discoveries by enabling high
throughput analysis of millions of sequences in parallel. However, slow second order
hybridization kinetics at low concentration DNA targets, often the most interesting, results in
long analysis time (order 15 h). This limits the applicability of state-of-the art techniques in pointof-care settings. The common methods to speed up DNA hybridization typically involve tradeoffs between speed and specificity (e.g. by varying concentration and type of cation or incubation
temperature). Microarray hybridization (DNA hybridized to an array of surface probes) holds an
additional challenge due to diffusion limitations, and this has been well addressed by chaotic
mixing. However, even hybridizations with perfect mixing still poses a slow reaction limitation at
trace target concentrations.
This dissertation discusses a method based on isotachophoresis (ITP) to significantly improve
kinetically limited DNA hybridization through focusing of reactants. ITP is an electrokinetic
technique, which enables greater than 10,000-fold preconcentration at its moving interface
between heterogeneous electrolytes. We leverage a locally increased concentration to enhance
hybridization rate either between suspended species or between suspended and immobilized
species. ITP-based DNA hybridization was demonstrated with molecular beacon probes in free
solution. But until recently, analyses on reaction kinetics coupled with ITP focusing dynamics
and qualitative studies on improvement of reaction rates and sensitivity were not well-established
for both homogeneous and heterogeneous DNA hybridization by ITP. This thesis focuses on
development and validation of theoretical models for ITP-enhanced hybridization, and
experimental demonstration of its acceleration and sensitivity increases.
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zone width grows as sample ions accumulate. Depending on initial condition, channel
geometry and electric field, ITP may or may not transition to plateau mode from peak mode.
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Figure 1.3 Schematic of ITP-based nucleic acids (NAs) purification from a complex biological
sample like parasite infected blood lysate. LE and TE are selected such that their mobilities,
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proteins (and other contents) present in blood lysate. Upon application of an electric field,
NAs focus between LE and TE, while proteins cannot focus as they travel slower than the
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Figure 1.4 Schematic of ITP hybridization between molecular beacon probe and RNA target. In
the frame of reference of the moving ITP interface, both MB and target electromigrate
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Figure 1.5 Plots of analytical solution to pseudo first order kinetics given in Equation (1.16),
assuming species A in excess compared to species B. The slope of linear increase at short
time is shown with grey line, and steady state value at longer time is indicated with
horizontal dashed lines. Concentrations and kinetic parameters used for calculation are: kon
= 106 M-1s-1, koff = 10-5 s-1, A0= 10 nM, B0 = 10 pM. The blue curve is the solution with A0
and B0, the red curve represents a case with 2B0 and A0, and the green curve corresponds to
2A0, and B0. All cases shown here satisfy the relation A0 >> K, therefore two fold increase in
trace concentration (red curve) increased steady state concentration by two fold compared to
the blue curve. And two fold increase in the excess species concentration (green curve)
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Figure 1.6 Schematic of hybridization of molecular beacon probe with its target. Molecular
beacons are stem-loop structured probes, which are end-labeled with a fluorophore and a
quencher. In the closed conformation, close proximity of quencher and fluorophore reduces
fluorescent signal. Upon hybridization, molecular beacons change the conformation and the
distance between fluorophore and quencher increases fluorescent signal. ........................... 16	
  
Figure 1.7 Flow chart of typical microarray protocol summarized in four steps: amplification,
hybridization, washing, and scanning. Typically, RT-PCR amplification is performed to
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convert mRNA to cDNA, and during amplification, they are labeled with a fluorescent dye.
The labeled amplicons are loaded in a hybridization chamber, and incubated overnight to
hybridize. Following hybridization, the slide is washed in a low ionic strength solution, and
dried out. The washing step removes mismatch hybrids and unreacted targets. The scanning
step is performed with a confocal microarray scanner equipped with a laser and a PMT
(photo-multiplier tube). The scanning time depends on the area of microarray, but typical
duration for a whole array scan is < 1 h. Note hybridization is the major portion of the entire
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Figure 1.8 Numerical simulation results for diffusion-driven biosensors by Squire et al.89 The
depletion zone starts relatively flat, and grows radially until it spans the channel. For
shallow channel, depletion zone eventually extends far into the channel, and becomes
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Figure 1.9 Effect of Da on the onset of diffusion limited reaction studied by Pappaert et al.78
Evolution of the average fraction of hybridized within a spot, hav, versus nondimensional
time τ = (koff + konT0 )t is presented for Da-values of 100, 10, 1, 0.1 and 0.01 for the case of
diffusion-driven (grey curves), convection-driven (black curves), and reaction-driven
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Figure 2.1 Schematic diagram depicting acceleration of nucleic acid hybridization reactions
using ITP. Two single-stranded DNA species A and B are focused at a narrow (order 10
µm) interface between the TE and LE in a microchannel. TE and LE are chosen such that
their mobilities bound the nucleic acid mobility. In this model system, species A is mixed
with TE, and species B is mixed with LE, thus reaction occurs only at the ITP interface
where both species focus. High concentrations of reactants at the interface lead to a
corresponding increase in hybridization reaction rate. The arrow lengths at the top
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respectively denote the speed of species A in TE and B in LE relative to the ITP interface
velocity, VITP (LE and TE ions migrate at velocities equal to that of ITP interface). We
consider a control volume moving with the interface at the same velocity as ITP interface.
The control volume extends over a length L, which is significantly larger than the
characteristic interface width, δ, as shown. ........................................................................... 33	
  
Figure 2.2 Analytical model results comparing figures of merits for ITP-based nucleic acid
hybridization. (a) Ratio of standard hybridization half-time to ITP hybridization half-time
for a relevant range of initial reactant concentrations and on-rate constants. The acceleration
factor (time scale ratio) increases with both decreasing initial concentration and decreasing
on-rate constants. For example, for a typical kon of order 103 M-1s-1, and A0 of 100 pM, we
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hybridized of the ITP-based hybridization to standard hybridization as a function of time.
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kinetics. Shown are fractions of reactants hybridized f ITP = c AB,ITP / B0,ITP versus time at
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10 nM. Solid lines present numerical model 1 based on the Equation (2.7) using a timevarying width function approximated as a first order polynomial. Dash-dot lines present
numerical model 2 based on Equation (2.18) using the time-averaged constant ITP width.
Dashed lines present the analytical model based on Equation (2.13). Differences between
the solid and dash-dot lines help demonstrate the errors associated with assuming a constant
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denote theory predictions based on Equation (1.16) using experimentally measured kon of .
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half-times for standard and ITP-based hybridization were 2.4 h and 9 s, respectively,
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target concentration (circles), we compare experimental data of ITP hybridization with the
theory-prediction for the standard hybridization since standard hybridization experiment
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2π A / 4
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1 Introduction
1.1 Isotachophoresis (ITP) fundamentals
Isotachophoresis (ITP) is an electrophoresis technique, which offers strong preconcentration and
separation of charged species. Electromigration speed of a charged species under electric field is
determined by the product of a mobility and electric field expressed as

!
!
V = µE

(1.1)

!
!
where V is velocity, E is electric field, and µ is effective (species specific) electrophoretic
mobility with a unit of m2s-1V-1. The sign of mobility corresponds to the sign of charge of the ion.
Note that the above relation is a vector equation, and the electrophoretic mobility is a signed
quantity. For example, when electric field is applied from right to left, anions migrate in the
opposite direction of the electric field, that is left to right, because of their negative mobilities.
ITP requires at least two same charge sign electrolytes satisfying the two conditions: (1) leading
electrolyte (LE) has higher magnitude of mobility than that of trailing electrolyte (TE), (2) LE
and TE zones form an interface in the order of increasing absolute mobility along the direction of
electromigration.1,2 In addition to LE and TE of the same charge sign, ITP buffer system contains
a counter ion such that solutions are well buffered during the electrokinetic process. ITP is
characterized by self-sharpening moving boundaries between neighboring zones. The mobility
difference between LE and TE results in a strong conductivity gradient at the TE-to-LE interface
based on the conductivity of each zone expressed as
zn

σ = ∑ ∑ zF µi,z ci,z

(1.2)

i z=zi

1

following notations by Persat et al.3 Here, F is Faraday constant, z is valences of a specific
ionization state of the ion i, µi,z and ci,z are respectively mobility and concentration of ion i at a
given valence z, and summation is over all ionization states and over all ions composing either LE
or TE buffer.
Conductivity and electric field are related through Ohmic law expressed as

j =σE

(1.3)

where j is current density with unit of A/m2. Current conservation states that each zone has the
same current density at a given time, and therefore adjusts electric field in the LE and TE zones
such that the electromigration speed is the same for LE and TE. In summary, co-ions with
different mobilities result in non-uniform conductivity and non-uniform electric field, which
causes a single migration velocity for all co-ions in the system.

1.1.1 ITP focusing dynamics
Strong electric field gradients make ITP a robust focusing technique with self-sharpening
interfaces. LE ions that diffuse into the TE zone experience a sudden change of electric field,
which transports them back towards LE zone (and vice versa for TE ions in the LE zone). ITP is
robust to disturbance such as pressure-driven flow or change of channel geometry.4 In Figure 1.1,
we schematically describe the selective focusing of analytes (green) at the ITP interface from a
buffer system containing several ionic species including contaminants (yellow and blue). ITP
gives a huge rise to the concentration of analytes whose mobilities are bounded by TE and LE
mobilities, while preventing other species from being focused. Under a non-uniform electric field,
the velocity of analytes is higher than background TE ions in TE zone, and is lower than
surrounding LE ions in LE zone, which creates a positive influx of analytes into ITP interface.
Therefore analytes accumulate at the ITP interface irrespective of where they are initially located.
Species with mobilities that fall outside the range of LE and TE mobility are not focused as their
2

relative velocities make them move farther from the interface. Knowing the mobilities of analytes
and contaminants allows us judiciously choose LE and TE such that we enable focusing and
purification of only the analytes of our interest, while rejecting contaminants.

Figure 1.1 Schematic representation of selective focusing by ITP. White color represents LE zone, and
grey color denotes TE zone. ITP interface velocity, VITP (red arrow) has exactly the same value as TE and
LE ions traveling in their respective zones. Electric field in the TE zone is higher than it is in the LE zone
because the conductivity of TE is lower than that of LE. Analyte species of bracketed mobility (green
sphere) is focused between TE and LE because they race ahead TE ions and cannot overtake LE ions.
Species with mobilities that are not bounded by TE and LE either fall behind the TE ion (yellow sphere) or
overspeed the LE ion (blue sphere).

A fairly comprehensive theoretical and experimental study of ITP focusing dynamics is given by
Khurana et al.5 Here we briefly review the analytical framework of ITP focusing dynamics. In
Figure 1.2, we present the dynamics of ITP focusing as a function of time: initial condition, peak
mode ITP, and plateau mode ITP. We consider a system consisting of LE, TE, and a sample ion
whose mobility is sandwiched between those of TE and LE. In the initial condition shown at time
t1, the channel is filled with the LE buffer, and sample is mixed with TE in the reservoir forming
a TE-to-LE interface (ITP interface) at the inlet of the channel. We here consider an anionic ITP
where LE and TE are negatively charged and electric field is applied from right to left.
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Figure 1.2 Schematic of anionic ITP process as a function of time. At time t1, LE buffer is loaded in the
channel, and TE and sample are injected in the input well to establish the ITP interface. Schematic labeled
with t2 shows a peak mode ITP at short time or with dilute sample. When voltage is applied, TE ions adjust
to a new concentration as it migrates into the channel and the sample species starts accumulating at the ITP
interface. Finally, given enough time and sufficiently high initial concentration, ITP enters a plateau mode
regime as shown at time t3. In plateau mode, sample concentration reaches a steady state value and the zone
width grows as sample ions accumulate. Depending on initial condition, channel geometry and electric
field, ITP may or may not transition to plateau mode from peak mode.

Upon application of electric field, TE ions migrate into the channel and form a TE zone with an
adjusted TE concentration, cTE TE . We obtain an analytical expression for the adjusted
concentration using current conservation principle. Assuming monovalent fully ionized species,
we use Equation (1.2) to calculate and equate current density at locations ‘a’ and ‘b’ as follows:

F( µ LE − µCI )cLE E LE = F( µTE − µCI )cTE TE ETE .

(1.4)

Rearranging the above equation, and then substituting the ratio of electric field with the ratio of
mobilities, we obtain cTE TE expressed as
4

cTE TE =

µ LE − µCI µTE
c
µTE − µCI µ LE LE

(1.5)

Note that the adjusted TE concentration is a function of ion mobilities and only the initial LE
concentration, and not a function of TE concentration in the reservoir. Also note that the
denominator of Equation (1.5) is never zero since mobilities of ITP electrolytes ( µ LE and µTE )
and counter ions ( µCI ) have opposite signs. For fully ionized species, the same result can be
derived from applying conservation of Kohlrausch regulating function (KRF).6 Since sample is
mixed with TE, the mass conservation implies that the sample concentration also proportionally
adjusts to a new value in the TE zone:

csTE = cs w

cTE TE
cTE w

.

(1.6)

Note that the TE concentration in TE zone ( cTE TE ) is given by Equation (1.5), and therefore it is
most of the time different from the concentration in the reservoir, cTE w . In peak mode ITP shown
at time t2, sample ions accumulate at a constant rate at the ITP interface and form Gaussianshaped concentration profile. The key assumption of peak mode ITP is that the concentration of
sample ion at the interface is considerably small such that it does not contribute to the current. We
calculate the rate of accumulation through control volume analysis around the ITP interface.
Consider a control volume with boundaries at locations marked with ‘a’ and ‘b’ in Figure 1.2.
The sample enters the control volume at flux of (VS − VTE )csTE , where VS and VTE indicate
respectively velocities of sample and TE ions in the TE zone. Since there is no flux going out of
the control volume, the rate at which the number of sample molecule NS increases in time is
expressed as
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dN s
= µs − µTE ETE AcsTE .
dt

(

)

(1.7)

Here, we substitute csTE with the expression given in Equation (1.6), and divide the equation by
interface width, δ and cross sectional area, A, to obtain

dcs ηTEVcs w
=
dt
δ

(1.8)

where cs denotes volume averaged sample concentration in the ITP peak, V denotes the velocity
of ITP interface, and ηTE is a proportionality factor expressed as

⎛ µ
⎞ µ − µCI µTE cLE
ηTE = ⎜ s − 1⎟ LE
.
⎝ µTE ⎠ µTE − µCI µ LE cTE w

(1.9)

ITP interface width δ is determined by a balance between diffusion and electromigration, and
following MacInnes and Longsworth,7 it takes the form of

δ theory =

RT ⎛ µ LE µTE ⎞
FV ⎜⎝ µ LE − µTE ⎟⎠

(1.10)

where R is the universal gas constant, T is the temperature, and F is Faraday’s constant.7–9 For
ITP conducted with constant current, V and δ are theoretically constant, and thus sample
concentration increases linearly in time. However, in experiments, we have commonly observed
ITP zone width, δ, increasing in time. ITP can achieve strong preconcentration up to million fold
within a couple of minutes.10 Although not shown in Figure 1.2, sample can be mixed with LE
instead of TE, and the accumulation rate for this case can be easily derived as

dcs ⎛
µ ⎞V
= ⎜ 1− s ⎟ cs LE .
dt ⎝ µ LE ⎠ δ
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(1.11)

Peak mode ITP is observed at short time or with relatively dilute sample. In contrast, ITP
transitions to plateau mode at longer time for sufficiently high initial sample concentration. As
the sample concentration in the peak mode ITP increases and finally reaches the steady state
concentration determined by current conservation, the sample starts to segregate and form a
distinct plateau zone (time t3 of Figure 1.2). The steady state concentration of sample is obtained
by equating current density at two locations ‘c’ and ‘d’ in Figure 1.2, whose result is expressed
as:

cs plateau =

µ LE − µCI µs
c .
µs − µCI µ LE LE

(1.12)

Again, this concentration is not a function of initial concentration of sample in the well. In plateau
mode, the concentration is fixed, and therefore further sample-stacking results in the growth in
length of the zone. Note that some ITP experiments end with a peak mode since the initial analyte
concentration is too low to reach the steady state value to form a plateau zone within the time
allotted for the sample accumulation. This is especially common for ITPs involving biological
samples since typical concentration of DNA or protein from biological sample is several orders of
magnitude lower than LE concentration.
Based on the analysis with one sample species shown above, we can deduce the ITP dynamics for
a mixture of multiple sample species. First, in peak mode ITP, multiple species focus in colocated peaks at the LE-to-TE interface. Whether the peaks perfectly or partly overlap depends on
the mobilities of analytes relative to those of LE and TE, which determines the tailing of analyte
profiles into either TE or LE zones.9 Analytes form overlapping co-located peaks when they have
similar mobilities that are sufficiently higher than TE mobility.11 The overlapping peaks are an
important foundation for ITP enhanced reaction. For plateau mode, multiple species form several
adjacent plateau zones in the order of increasing mobility, all moving at the same velocity. Lastly,
for samples including various concentrations can have both plateau and peak mode ITP at a
7

certain time. Some species with high initial concentration quickly reach the steady state
concentration, forming plateau zones, while trace species are focused between adjacent plateau
zones as a peak mode ITP.

1.1.2 Applications of ITP
On-chip ITP is emerging as a novel technique to perform biological assays because of its
selective focusing, high resolution separation, and strong preconcentration capabilities.
Performing assays on a microfluidic platform, ITP requires low volume of valuable biological
samples, minimizes reagent usage, and shortens the assay time. The fact that the technique is
based on electric field facilitates the automation and miniaturization of the device.12 ITP also
makes use of standard, aqueous buffer ions that are compatible to assays dealing with nucleic
acids, proteins, and cells. ITP is the most extensively applied in extraction and purification of
nucleic acids or proteins. In Figure 1.3, we show a schematic of ITP based nucleic acid
purification from complex samples such as infected blood lysate. Since nucleic acid mobilities are
similar regardless of their sizes in free solution,13 we design TE ion such that its mobility is lower
than nucleic acids, but higher than cell contents we want to exclude: cell debris, proteins, and
PCR inhibitors. Downstream of ITP extraction, the typical procedure is to collect the extracted
DNA from the LE reservoir and perform polymerase chain reaction
extraction efficiency.
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(PCR) to check the

Figure 1.3 Schematic of ITP-based nucleic acids (NAs) purification from a complex biological sample like
parasite infected blood lysate. LE and TE are selected such that their mobilities, respectively, are larger and
smaller than NAs. The TE needs to have larger mobility than proteins (and other contents) present in blood
lysate. Upon application of an electric field, NAs focus between LE and TE, while proteins cannot focus as
they travel slower than the ITP interface. After ITP zone arrives the opposite end of the channel, the
extracted NAs are pipetted out for downstream analysis by PCR.

Kondratova et al.14 first demonstrated ITP purification of DNA from human serum or plasma
sample with high processing volume of l ml within 40 min. Then, Persat et al.15 developed
protocol for ITP nucleic acid purification from whole blood. Later Marshall et al.16 extracted
pathogenic DNA from parasites inside human erythrocytes by ITP. Optimization of lysis and ITP
buffer system intended for extraction of RNA was developed by Rogacs et al,17 and was
demonstrated with whole human blood infected with Pseudomonas putida. Recently, Qu et al.18
leveraged both anionic and cationic ITP to simultaneously extract nucleic acids and proteins from
human blood serum. In addition, Shintaku et al.19 demonstrated on-chip lysis and extraction of
cytoplasmic RNA from a single cell excluding DNA contained in the nucleus.
Strong preconcentration of ITP has been applied to DNA hybridization in order to enhance
detection sensitivity and reduce assay time, which is the main focus of this dissertation. The
9

method was first proposed by Goet et al.,20 and its experimental demonstration was later
presented by Persat et al.,21 who applied it to the profiling of micro-RNA. Figure 1.4 presents a
schematic diagram of application of ITP to nucleic acid hybridization. Bercovici et al.22 applied
ITP based hybridization to the extraction and detection of 16S ribosomal RNA (rRNA) of E. coli
from patient urine samples. The first demonstration of speed-up was reported by Bercovici et al.23
where reaction half time was decreased up to 14,000 fold in ITP molecular beacon (MB) reaction.
Eid et al.24 and Bahga et al.25 respectively integrated ITP with affinity gel capture and capillary
zone electrophoresis (CZE) techniques to reduce background signal from unreacted molecular
beacon probes. Karsenty et al.26 applied ITP to the surface reaction involving suspended target
and immobilized probes on magnetic beads. Han et al.27 first extended the ITP hybridization
technique to detection of multiple sequences up to 20 sequences by speeding up microarray
hybridization, and demonstrated improvement in sensitivity by 8 fold for a 30 min assay. In this
dissertation, we will mainly focus on the strong preconcentration of multiple DNA species in a
peak mode ITP, and its application for a faster and more sensitive DNA hybridization.

Figure 1.4 Schematic of ITP hybridization between molecular beacon probe and RNA target. In the frame
of reference of the moving ITP interface, both MB and target electromigrate toward the ITP interface
between TE and LE ions where substantial preconcentration occurs. Probe and target are preconcentrated
and mixed in the same zone, which drives hybridization to generate a sequence-specific fluorescence signal
at the ITP zone.
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1.2 Homogeneous DNA hybridization
DNA hybridization is a process where two single stranded DNA (ssDNA) of complementary
sequences spontaneously pair up and form a more stable double stranded DNA (dsDNA). The
strong electrostatic attraction between A-T and G-C base pairs forms hydrogen bonds between
them, which leads to duplex DNA in double helix structure, identified by Watson and Crick.28
DNA hybridization between suspended ssDNA in free solution is called homogeneous DNA
hybridization. Homogeneous DNA hybridization serves as an instrumental building block for
many molecular biology techniques such as polymerase chain reaction (PCR),29 DNA-mediated
organic synthesis,30 DNA-guided drug delivery,31 and DNA-based biosensors,32,33 In most liquidphase hybridization reactions, the rate of diffusion of the probe is sufficient to assure reaction
homogeneity. However, in reactions with trace concentrations, stirring may be necessary to
assure homogeneity at time near steady state.34 Throughout this dissertation, we assume diffusion
time scale is negligibly short compared to reaction time scale for homogeneous DNA
hybridization.

1.2.1 Second order reaction kinetics
We here analyze kinetics of homogenous nucleic acid hybridization (e.g., in aqueous buffer)
where two single-stranded DNA species A and B form double-stranded DNA, AB. Following the
convention,35–37 the DNA hybridization reaction kinetics is expressed as

k

on
⎯⎯⎯
→ AB , (ii)
(i) A + B ←⎯⎯
⎯

koff

dcAB
= koncA cB − koff cAB
dt

(1.13)

where association (forward reaction) takes second order kinetics, and dissociation (reverse
reaction) follows the first order kinetics. Here cA and cB are the concentrations of the reactants A
and B; and cAB is the concentration of the product AB. kon and koff are respectively the reaction onand off-rate constants, determined in part by the sequence and length of the nucleotides. Denoting
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the total concentrations of species A and B as A0 and B0, respectively, species conservations are
given by:

(i) c A + c AB = A0, (ii) cB + c AB = B0 .

(1.14)

Combining with species conservation equations, Equation (1.13) can be solved for an exact
analytical solution that is valid for any initial concentration of reactants.37 Here, we limit our
analysis to an interesting regime of excess species, such that A0 >> B0, where the reaction kinetics
becomes pseudo first order. Many hybridization reactions are carried out with excess probe
because it maximizes signal and reaction speed.35 Now the reaction rate equation for pseudo-first
order kinetics can be expressed as

dcAB
= kon A0 (B0 − c AB ) − koff cAB .
dt

(1.15)

Applying separation of variable and initial condition of cAB = 0, the analytical solution to the
above first order ordinary differential equation (ODE) is given as

c AB = B0

A0
−( K + A0 )kont
(1− e
)
K + A0

(1.16)

where K denotes equilibrium dissociation constant defined as koff/kon with a unit of molar
concentration, M. Since the value within the parenthesis approaches unity at t → ∞ , we can find
that the steady state concentration is determined by the pre-factor of Equation (1.16). In contrast,
we can find the characteristic time scale of the reaction from exponent as, τ ~ 1/ (K + A0 )kon ,
which does not have dependence on the trace concentration.
The functional form of the Equation (1.16) displays the dynamics of linearly increasing hybrid
concentration at initial times, and leveling at a steady state concentration at longer times (Figure
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1.5). At initial times, the exponent value is small, and we can use Taylor series expansion to
express hybrid concentration:

c AB

t→0

! A0 B0 kont .

(1.17)

The above relation depicts the slope of linear increase in hybrid concentration (which is
proportional to signal) is A0 B0 kon . Importantly, the initial rate of signal increase is proportional
to concentrations of both reactants. This implies that strong ITP preconcentration of both
reactants will produce hybrid molecules rapidly, and signal compared to non-ITP case will be
higher by a square of fold preconcentration. The dependence of initial slope on both
concentrations is shown in Figure 1.5 where two-fold increase in either A0 or B0 results in
approximately two fold increased initial slope (red and green).

Figure 1.5 Plots of analytical solution to pseudo first order kinetics given in Equation (1.16), assuming
species A in excess compared to species B. The slope of linear increase at short time is shown with grey
line, and steady state value at longer time is indicated with horizontal dashed lines. Concentrations and
kinetic parameters used for calculation are: kon = 106 M-1s-1, koff = 10-5 s-1, A0= 10 nM, B0 = 10 pM. The
blue curve is the solution with A0 and B0, the red curve represents a case with 2B0 and A0, and the green
curve corresponds to 2A0, and B0. All cases shown here satisfy the relation A0 >> K, therefore two fold
increase in trace concentration (red curve) increased steady state concentration by two fold compared to the
blue curve. And two fold increase in the excess species concentration (green curve) lowered the
characteristic time scale by half.
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We consider two limiting cases depending on the relative magnitude of excess concentration to
dissociation constant. First, when excess species concentration is significantly lower than
dissociation constant, such that B0 << A0 << K, we can approximate Equation (1.16) as

c AB ! B0

A0
−k t
(1− e off ) .
K

(1.18)

In this regime, even with infinitely long time, only a portion of initial trace species form hybrids
as the steady state concentration if limited by the ratio of A0 / K. In addition, initial concentration
of reactants does not affect the characteristic time scale, which is simply expressed as τ ~ 1/ koff .
Secondly, we consider a case where excess species concentration far surpasses the dissociation
constant, namely A0 >> K. In this limit, we obtain the approximated analytical relation given as,

c AB ! B0 (1− e

− A0 kont

)

(1.19)

where the characteristic reaction time is a proportional to inverse of both excess concentration
and kinetic on-rate constant. With the definition of fraction hybridized, f as the ratio of hybrid
concentration, cAB to initial trace concentration, B0, the value of f starts as zero and approaches to
unity as reaction progresses. The kinetics in this limit is plotted in Figure 1.5 at three
combinations of initial reactant concentrations: A0 and B0 (blue), 2A0 and B0 (green), A0 and
2B0 (red). When trace concentration was doubled (red line), characteristic time scale did not
change, but steady state concentration increased by two fold. With doubled excess concentration,
the steady state value remained same, but characteristic time scale decreased by half. In summary,
the kinetics is governed by excess concentration, and the steady state is determined by trace
concentration.
The homogeneous hybridization can exhibit dynamics of any of the two limiting regimes we have
derived above, depending on the relative value of excess concentration and dissociation constant.
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Dissociation constant K is a strong function of salt concentration, sequence length, GC content
(percentage of C or G nucleotides), and temperature.38 The typical dissociation constant for
homogeneous DNA hybridization has been found varying as much as 30 orders of magnitude
ranging from 10-3 M to 10-33 M.39–42 The excess species in our analysis are typically nucleic acids
or protein, whose concentration typically ranges from femtomolar to nanomolar.

1.2.2 Molecular beacon
We used molecular beacon probe (MB) as a model system to study DNA hybridization coupled
with ITP.23 Molecular beacon is an engineered oligonucleotide probe that gives fluorescence
signal upon binding to a complementary sequence target.33 MBs have been widely applied in realtime PCR, single nucleotide polymorphisms (SNPs), genetic screening, and intracellular
monitoring,43 As shown in Figure 1.6, the structure of molecular beacon consists of a selfcomplimentary stem and a loop containing probe sequence. Typical length of the stem and loop
respectively ranges from 4 to 6 nt, and from 15 to 30 nt. A fluorophor and a quencher are flanked
at the ends to enable switching of fluorescence signal upon hybridization. In the absence of
targets, MBs are in closed form and dark, because closed stem makes the fluorophore so close to
the quencher, substantially eliminating the fluorescence from the fluorophore. When the MB
encounters a target molecule, it forms a probe-target hybrid that is more stable than the basepairing of stem. Consequently, the molecular beacon undergoes a spontaneous conformational
reorganization to an open state, which forces fluorophore and the quencher to move away from
each other, restoring fluorescence.
The fold increase of signal intensity upon hybridization is typically 5-200 fold,33 limited by the
finite amount of background fluorescence from closed-state MBs. The background signal of MBs
in the absence of target is due to limited quencher efficiency and fluorophor quantum yield.
Because of high background signal, unlike other assays, MBs require the use of excess target
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rather than excess probe. For example, suppose we use 100 fold excess probe compared to target
concentration and our MBs have open- to closed-state signal ratio of 10. In this case, even at the
steady state of reaction, the signal increase will be only 10% of the initial signal. Therefore, we
use excess target condition to prevent having too high background signal from unreacted probes,
which obscures the signal from reacted species.

Figure 1.6 Schematic of hybridization of molecular beacon probe with its target. Molecular beacons are
stem-loop structured probes, which are end-labeled with a fluorophore and a quencher. In the closed
conformation, close proximity of quencher and fluorophore reduces fluorescent signal. Upon hybridization,
molecular beacons change the conformation and the distance between fluorophore and quencher increases
fluorescent signal.

Molecular beacons are characterized by their high specificity, which indicates the ability to
differentiate strands with similar sequences. Specificity is estimated as the signal difference
between the perfect match target-probe hybrids and mismatch target-probe duplex. The higher the
signal difference for the fewer number of mismatch, the higher the specificity is. Molecular
beacon’s high specificity comes from the stem structure, which sets higher energy barrier for
binding reactions.44 Tyagi et al.33 has demonstrated the MB’s specificity with 25 fold higher
hybridization signal for the perfect match target compared to that for the single nucleotide
mismatch target. However, there is a strong trade-off between the specificity and hybridization
rate. The kinetic on-rate constant of molecular beacon (102 – 104 M-1s-1) is approximately three
orders of magnitude lower compared to linear probes (106 – 107 M-1s-1).37,45 Because of slow
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reaction rate, PCR amplification is often used as an initial step to improve sensitivity and
hybridization rate. However, amplifications such as PCR can suffer from as much as 10,000-fold
amplification bias,46,47 require significant sample preparation,48 can be difficult to reproduce
quantitatively across laboratories,49 and require a well-controlled environment.48 Amplificationfree hybridization avoids amplification-associated sequence bias and may be particularly
important for applications beyond the conventional laboratory settings.

Temperature, monovalent salt concentration, and divalent cation concentration (in particular,
magnesium ion) are commonly used to control the rate of hybridization. The hybridization of
short oligonucleotides in the presence of 50 mM MgCl2 has been reported as 5-fold faster than at
1 mM MgCl2.45 Similarly, higher salt concentration and higher temperatures can accelerate
reactions.45,50,51 However, these approaches reduce the energy required for binding and strongly
affect specificity. Adjustment of these hybridization parameters is therefore often a trade-off
between acceleration and specificity.48,52 Other methods such as volume exclusion by inert
polymers (e.g., dextran sulfate),53,54 and the phenol emulsions reassociation technique (PERT)35,55
achieve 10- to 100-fold hybridization accelerations, but are complex to automate or control. Dave
and Liu56 recently used organic solvents for 70-fold hybridization acceleration, with negligible
loss of specificity. A technique that significantly speed up hybridization kinetics without
changing the thermodynamic binding energy is in high demand.

1.3 Heterogeneous DNA hybridization
Heterogeneous DNA hybridization constitutes an integral part in many bioassays employed for
gene expression analysis,57–59 diagnosis of diseases,60–62 and single nucleotide poplymorphisms
(SNP).63,64 Following the convention, targets denote labeled DNA strands suspended in solution,
and probes are immobilized species on a solid support. The common solid substrates encompass
glass, silicon, quartz, and magnetic or polystyrene beads. Binding reaction between a suspended
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target and an immobilized probe forms a duplex that is also immobilized on a solid surface. Since
reaction takes place at the solid-liquid interface, heterogeneous DNA hybridization poses higher
complexity compared to DNA hybridization in free solution.
The primary reason for choosing heterogeneous hybridization is because of its extremely high
multiplexing capability in contrast to < 20-plex offered in homogeneous settings. Multiple
sequence detection is achieved with homogeneous hybridization using probes with several
wavelengths fluorophores65

or using drag-tag attached probes resulting in electrophoretic

separation.66 In surface reaction, signal from different sequences can be spatially resolved by an
array of spots containing multiple sequences or by conjugating oligonucleotides on the surface of
microspheres. Therefore solid-phase DNA hybridization enables massively parallel analysis of up
to order million sequences.67 Another key difference from homogeneous hybridization is that the
hybridization products, namely duplex DNAs are immobilized on surface, which enables washing
of unreacted species after hybridization. Washing is especially crucial for highly multiplexed
reactions because loosely bound mismatch hybrids dissociates during the washing step,
minimizing nonspecific signal.
Two of the mainstream techniques leveraging DNA surface reaction are microarray and beadbased assay. Microarray is a mature technique that enables parallel analysis of up to million
sequences. More recently bead based assay, so-called suspension microarray is emerging as an
alternative to low density microarrays. This technique leverages optically encoded microspheres
instead of spatially resolved spots to distinguish signal from multiple sequences. Bead based
assays work for relatively lower level of multiplexing, up to several hundreds, but have
advantages such as lower cost and high reconfigurability.68 Our theoretical and experimental
work mainly focuses on DNA hybridization in microarrays, but we believe results from our study
can be applied to other heterogeneous DNA hybridization assays like bead-based assays with
little modifications. In addition, our analytical model coupling the microarray reaction kinetics
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and ITP preconcentration may be applied to surface reactions involving proteins as well, for
example

enzyme

linked

immunosorbent

assay

(ELISA),

immune-blotting,

and

immunoprecipitation.

1.3.1 DNA Microarrays
DNA microarrays have become a powerful biological tool for obtaining genetic information
through a highly parallel analysis of DNA sequences. A microarray consists of a collection of
microscopic DNA spots immobilized on a solid surface. Spots of 10 to 500 µm diameter are
immobilized on 1-4 cm2 area of solid surfaces including glass, silicon and quartz.67 Advances in
micro-printing technology and in situ synthesis of oligonucleotides enabled up to millions of
spots immobilized on a microarray slide. Micro-printing technology uses substrates modified with
various chemical groups, (e.g. Poly-L-Lysine (PLL), amino group, and epoxy) that facilitate the
covalent attachment of 20 – 70 nt oligonucleotides. A micro-printing pin dips into a sample well
to intakes small volume of liquid (typically <1 µl), and deposits it at pre-designated locations on
the surface. Because the micro-printing technique uses liquid micro-droplets, there is limitation in
the spot size and pitch distance in order to prevent cross contamination, therefore miro-printing is
used for constructing microarrays with relatively lower probe density. On the other hand, in situ
oligonucleotide synthesis fabricates microarray by directly synthesizing oligonucleotides on
quartz wafers using photolithography technique,69 which enables much smaller spot sizes. The
synthesis process repeats steps of masking, de-protection, and coupling of A‐, C‐, G‐, or T‐
modified nucleotides sequentially until the full length of probe is synthesized (typically 25 nt).
Hybridization signal intensity of microarray depends on a large number of parameters such as
temperature, length, sequence of probe, and hybridization buffer chemistry. However under the
same experimental condition, it is assumed that the signal intensity is proportional to the
concentration of target. Successful application of microarray to biological assays requires high
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sensitivity, high specificity, and wide dynamic range. Sensitivity is the ability to detect and
quantify targets of low concentration. A common measure of the sensitivity is the lowest target
concentration detectable, so called the limit of detection (LOD). Most commercial microarrays
have LOD as low as 10 – 100 fM, and the sensitivity is typically limited by auto-fluorescence of
substrates and detection limit of fluorescence scanner. Specificity of microarray hybridization
mainly depends on the probe design and washing. There has been a lot of efforts towards
prediction of non-specific signal and development of the probe set with the maximum
specificity.70–72 Washing is an important step, which determines the relative signal difference
between the specific and non-specific binding. Washing number, duration, and solution
composition are experimentally optimized such that it reduces non-specific signal significantly,
while preserving the specific signal. This is possible because the kinetic off rate for non-specific
binding is typically up to a couple orders of magnitude higher than hybrids from perfect match
targets.40,73
Common microarray hybridization experiments follow four steps depicted in Figure 1.7: PCR
amplification and labeling, hybridization, wash, and scan.74 PCR amplification step converts
mRNA into cDNA, to significantly increase the sample amount and to label DNA with
fluorophores (e.g. Cy3 or Cy5). Labeled DNA sample after amplification is mixed with
hybridization buffer including salts, denaturants, and surfactants. Approximately 100 µl of
hybridization mixture is loaded in a microarray hybridization chamber, sealed to prevent
evaporation, and incubated at an elevated temperature overnight. The rule of thumb for the high
reaction rate and sensitivity is to incubate at the 15 °C below the melting temperature of the
strands. Mixing is often employed to promote hybridization using an incubator equipped with
rotating racks that hold microarray slides. Immediately following hybridization, microarrays are
washed to remove unreacted species and mismatch hybrids. Usually slides are washed three times
with wash buffers containing a small amount of surfactant and salts, followed by drying of slides
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with blowing air or with centrifuge. In the scanning step, microarray confocal scanner takes
fluorescence images of microarray slides, and then signal intensity from spot locations is
extracted using image analysis. The entire protocol takes approximately 20 h, and the majority of
the assay time is spent in the hybridization step.

Figure 1.7 Flow chart of typical microarray protocol summarized in four steps: amplification,
hybridization, washing, and scanning. Typically, RT-PCR amplification is performed to convert mRNA to
cDNA, and during amplification, they are labeled with a fluorescent dye. The labeled amplicons are loaded
in a hybridization chamber, and incubated overnight to hybridize. Following hybridization, the slide is
washed in a low ionic strength solution, and dried out. The washing step removes mismatch hybrids and
unreacted targets. The scanning step is performed with a confocal microarray scanner equipped with a laser
and a PMT (photo-multiplier tube). The scanning time depends on the area of microarray, but typical
duration for a whole array scan is < 1 h. Note hybridization is the major portion of the entire assay time.

1.3.2 Second order reaction kinetics for hybridization on surfaces
The biggest difference of heterogeneous DNA hybridization from homogeneous hybridization is
that the reaction occurs only at specific locations where probes are immobilized on a solid
substrate. Therefore, heterogeneous DNA hybridization problem cannot be considered separately
from molecular transport by convection or diffusion. Here, we limit the molecular transport
mechanism to diffusion alone, and simplify the problem such that suspended target molecules
react with one spot of immobilized probes. Results from this analysis can be applied to an array
consisting of multiple spots that are located sufficiently far apart where the neighboring spots
goes through hybridization process independently. Assuming an isotropic Fickian diffusion, the
equation of the coupled reaction and diffusion problem can be written as
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∂cT
= Dmol ∇ 2cT
∂t

(1.20)

where cT is the concentration of target as a function of space and time and Dmol represents
molecular diffusion coefficient with a unit of m2/s. The partial differential equation requires one
initial condition, and two boundary conditions in each direction. Note that reaction term only
appears in boundary condition. The initial condition is expressed as

t = 0, cT = T0

(1.21)

where T0 is initial concentration of targets at time equals zero. Assuming axisymmetric condition
in a cylindrical coordinate whose origin is at the center of a circular spot, the two boundary
conditions in radial direction can be written as

∂cT
=0
.
∂r
(ii) r = +∞, cT = T0

(i) r = 0,

(1.22)

In the normal direction of the surface, we apply non-penetration boundary conditions except for
the area where the spot is located:

(i) y = d (all r) and y = 0 (r > a),
(ii) y = 0 (r ≤ a), Dmol

∂cT ∂c! PT
=
∂y
∂t

∂cT
=0
∂y

(1.23)

where c! PT denotes the concentration of immobilized hybridization product with a unit of mol/m2.
We use tilde sign to denote quantities based on surface concentration. On the spot surface, we
assume that the net amount of molecules diffusing towards the spot surface is equal to the amount
of hybrid pairs formed during a given time interval. Following many literatures,75–77 we use 2nd
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order kinetics for forward reaction, and 1st order kinetics for revers reaction, which is expressed
as

∂c! PT
= kon cT
∂t

y=0

( P!0 − c! PT ) − koff c! PT ,

where P!0 denote molar surface concentration of free binding sites at t = 0 . cT

(1.24)

y=0

is volumetric

target concentration at the immediate vicinity of the immobilized probes with a unit of
mol/m3 (M). The value of cT

y=0

is determined by diffusion processes in the bulk liquid. This is a

fairly complicated system of partial differential equations (PDE), and requires numerical schemes
to solve it. Several literature has been published around the numerical solution of this system of
equations.78,79
A simple analytical solution to this problem exists under two assumptions. First, we assume
perfect mixing, thus cT is only a function of time, and not a function of spatial coordinates.
Perfect mixing assumption eliminates the diffusion part in the problem, and the PDEs simplify to
an ordinary differential equation (ODE) written as

dc! PT
= koncT (t)( P!0 − c! PT ) − koff c! PT .
dt

(1.25)

In addition to the first assumption, we assume negligible consumption of targets species by
surface hybridization, which in turn allows us to express concentration of target as a constant
taking the value of its initial concentration T0. The validity of this assumption can be examined by
comparing the ratio of targets consumed during reaction to the total number of available targets at
t = 0. If the ratio is very small, the total number of target molecules can be approximated as
constant during the whole time: cT (t) = T0. Hence, the condition for this limit can be expressed as
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P!0 Aspot
T0Varray

<< 1 ,

(1.26)

where Aspot denotes the area of circular spot and Varray indicates the total volume of reaction
chamber. Calculation based on the typical size of microarray and spot results in the ratio of 0.02
at concentration 10 fM. Concentration higher than 10 fM leads to even lower value, easily
satisfying the assumption at the most interesting range of target concentration of 10 fM –
100 nM.79 Finally, Equation (1.25) transforms to pseudo-first order kinetics given as

dc! PT
= konT0 ( P!0 − c! PT ) − koff c! PT ,
dt

(1.27)

with initial condition of c! PT = 0 at t = 0. We can easily derive the analytical solution to this
equation using separation of variable:

f! =

T0
−( K +T0 )kont
(1− e
),
K + T0

(1.28)

where f! denotes fraction of hybridized immobilized probe defined as c! PT / P!0 . This is a wellestablished analytical solution for kinetically limited hybridization reactions applicable to wellstirred cases.77,80,81 Equation (1.28) resembles the analytical solution to homogeneous DNA
hybridization, Equation (1.16) where the excess species concentration A0 is substituted with target
concentration T0, thus the dynamics of this solution follows the same trends depicted in Figure
1.5.
From Equation (1.28), the fraction of hybridized probes at the equilibrium, feq can be easily
derived by setting t → ∞ ;

f eq =
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T0
.
T0 + K

(1.29)

The above relation shows that the signal intensity is directly proportional to the initial target
concentration for cases with T0 << K, which is the desired design criterion for quantitative
microarray analyses. Further, the initial target concentration limits the theoretical maximum
signal of the assay. This limitation has prompted the use of long incubation times, in efforts to
approach thermodynamic equilibrium and maximize sensitivity.81,82 We note Equation (1.29) is
also applicable to the equilibrium state of diffusion-limited reactions under the assumption that
spots consume negligible amount of target from the solution through binding reactions.81,82
Several studies have been published in measuring kinetic on-and off-rate constants and
dissociation constants for surface hybridization. Kinetic parameters of surface hybridization are
often quite different from those of hybridization in free solution even with the same sequence and
same hybridization condition. The dissociation constant, which governs the steady state signal,
falls in much narrower range of 10-6 – 10-11 M compared to K for bulk hybridization ranging from
10-3 to 10-33 M. And for the identical sequence and condition, the K tends to be higher for surface
hybridization compared to hybridization in free solution.83 The higher K is attributed to either
lower association rate constant or higher dissociation rate constant by 1 – 3 orders of
magnitude.84,85 Kinetic rates are a strong function of temperature, however currently there is no
systematic approach to predict the behavior.38 It has been found that dissociation rates increase
exponentially with temperature, but association rates either increased, decreased, or nonlinearly
changed.36,38,86

1.3.3 Diffusion in surface hybridization
The analytical solution derived in Section 1.3.2 assumes perfect mixing, however in reality,
perfect mixing is very challenging to achieve. Therefore, most microarrays incubated with gentle
or no mixing, are diffusion-limited.79,87,88 If reaction is diffusion-limited, diffusion is the ratelimiting process, namely, the diffusion time scale is much larger than the reaction time scale.
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Depletion zone formation at vicinity of the spot is the most distinct characteristics of diffusionlimited hybridization.78 In the depletion zone, targets adjacent to the probe spot are locally
exhausted, because rapid initial reaction rate leads to a quick consumption of targets near the
spot, while targets from regions surrounding the spot have not yet diffused into the spot location.
Squires et al. developed a numerical simulation of diffusion-limited reactions for a various
channel geometries.89 The results of the simulation depict the depletion zone formation dynamics
right above the spot (Figure 1.8). The thin layer of depletion zone propagates into wall normal
direction, and finally extends across the channel height. After this, the concentration becomes
uniform across the channel, and then the depletion zone width grows in the axial direction.

Figure 1.8 Numerical simulation results for diffusion-driven biosensors by Squire et al.89 The depletion
zone starts relatively flat, and grows radially until it spans the channel. For shallow channel, depletion zone
eventually extends far into the channel, and becomes essentially uniform across the channel.

Diffusion limitation is attributed to small diffusion coefficient of DNA and the spatially restricted
reaction. The diffusion coefficient, Dmol of DNA in free solution is only 10-10 m2/s,90,91 and the
dimension of the microarray is in the order of centimeter. Calculating the diffusion length over an
overnight 12 h incubation time using the relation δ diff = Dmol t shows that molecules only travel
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2.5 mm from its original location, which is one tenth of the array length scale. Therefore, once
depletion zone forms, it takes very long time to recruit sample from neighboring region into the
spot, which significantly retards the reaction rate compared to well-stirred kinetically limited
reactions (perfect mixing). Pappaert et al.78 presents numerical simulation results of diffusion
limited microarray hybridization as shown in Figure 1.9. Diffusion limited cases (grey lines) take
several orders of magnitude longer time to reach steady state compared to kinetically limited
reactions (dotted line).

Figure 1.9 Effect of Da on the onset of diffusion limited reaction studied by Pappaert et al.78 Evolution of
the average fraction of hybridized within a spot, hav, versus nondimensional time τ = (koff + konT0 )t is
presented for Da-values of 100, 10, 1, 0.1 and 0.01 for the case of diffusion-driven (grey curves),
convection-driven (black curves), and reaction-driven (dotted curves) systems.

Damkohler number Da is the most appropriate nondimensional number for analyzing a system
with coupled reaction and diffusion. Definition of Da is given by the ratio of forward reaction
rate to the diffusion rate in the wall normal direction, which can be written as

Da =

kon P!0T0
k P! h
= on 0 .
DmolT0 / h
Dmol

(1.30)
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As per its definition, high Da cases indicate that the reaction rate is much faster than the diffusion
rate, hence are subject to diffusion-limited reaction. As predicted, the results by Pappaert et al.78
in Figure 1.9 demonstrate the deviation of the diffusion-limited solution (grey line) from the
purely kinetically limited case (dotted line) grows stronger with increasing Da. The deviation is a
convenient indicator of the depletion zone formation and the onset of diffusion-limited reaction. It
is important to note that all curves follow closely the kinetically limited curves in the short time
limit, and Da determines when the reaction starts deviating from the kinetically-limited solution.
Extensive efforts have been exerted towards overcoming the diffusion-limitation with active
pumping and/or mixing of liquid solution containing the target molecules.87 Successful
microarray hybridization speed-up has been demonstrated using a wide variety of methods. These
include syringe-pump-driven mixing,92 microfluidic integrated peristaltic pump mixing,93 mixing
using 7 mm scale magnetic stir bars,94 pumping and mixing discrete sample plugs through
serpentine

microchannels,95

acoustic

microstreaming,96

pumping

with

displacement

micropumps,97 centrifugal liquid pumping,98 pneumatically driven mixing,99–101 and electrokinetic
sample dispensing and washing.102,103 Introducing vigorous pumping or mixing improved
diffusion limitation, and brings the reaction closer to the perfect mixing case. However, even if
we successfully overcome the diffusion limitation, slow reaction kinetics remains a challenge in
DNA surface hybridization involving rare target species. Applying Equation (1.18) to the surface
hybridization involving trace targets (T0 << K), the characteristic reaction time scales as 1 / koff.
The kinetic off-rate is a function of probe length, G-C content, salt concentration, and
temperature, and published values of koff at common hybridization condition ranges from 10-5 to
10-3 s-1.40,104 As an example, assuming well-stirred reaction chamber and koff of 10-4 s-1, 90%
completion will take 6 h, and 99% completion will be only reached after over 13 h of incubation.
DNA microarray hybridization with vigorous mixing still holds a significant challenge caused by
slow reaction kinetics.
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1.4 Scope of thesis and major contributions
The objective of this thesis is to improve nucleic acid hybridization, with a particular focus on
speeding up DNA hybridization in both liquid and solid phase. We leverage a microfluidic
platform and electrokinetic preconcentration to reduce assay time and increase sensitivity, while
maintaining the high specificity of gold-standard techniques.
The dissertation makes the following major contributions:
1. Development and experimental validation of model of DNA hybridization kinetics
coupled with ITP focusing dynamics.
2. Quantification of order 1000 – 10,000 fold acceleration by ITP hybridization through
direct experimental comparisons.
3. Integration of ITP reaction with capillary zone electrophoresis (CZE) to demonstrate
improvement of sensitivity by separating background signal from unreacted probes.
4. Design of microfluidic system and ITP buffer chemistry optimized for ITP based
microarray hybridization, which enables parallel analysis of multiple sequences.
5. Analysis of reaction regimes for typical ITP hybridization system.
6. Development and validation of the ITP surface hybridization model predicting better
sensitivity and rapid hybridization.
7. Experimental demonstration of rapid and high sensitivity microarray hybridization by
ITP compared to a conventional method.
This thesis is composed of two main chapters. In Chapter 2 we present the theoretical and
experimental study on ITP enhanced free solution DNA hybridization. The experimentally
validated model reveals the characteristic time scale that is distinct from that of second order
kinetics. We also experimentally demonstrate the significant acceleration of molecular beacon
probe reaction using ITP. We further improve the ITP hybridization technique by coupling with
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CZE to separate background signal from unreacted probes after hybridization. In Chapter 3 we
present application of ITP to enhance surface hybridization. We present scaling analysis
predicting sensitivity increase and reduced reaction time. We then present experimental results
comparing the conventional and ITP hybridization, which validate the scaling analysis. Lastly, we
verify that our technique does not increase non-specific signal compared to conventional
hybridization. In Chapter 4 we summarize our work, describe our main achievements, and present
recommendations for future directions of ITP-enhanced hybridization.
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2 ITP enhanced homogeneous DNA hybridization
Several sections of this Chapter are based on two recent articles. One is by M. Bercovici and
C.M. Han, J.C. Liao and J.G. Santiago, in Proceedings of the National Academy of Sciences
(PNAS),105 and M. Bercovici and C.M. Han contributed equally to the work. The other is by S.S.
Bahga, C.M. Han and J.G. Santiago in Analyst.23 S.S. Bahga and C.M. Han contributed equally to
this work. The details presented hear strongly emphasize the contributions of C.M. Han to the
above articles, and are reproduced here with minor modifications.

2.1 Introduction
We present application of on-chip isotachophoresis (ITP) to control and increase the rate of
nucleic hybridization reactions in free solution. We developed models to predict dynamics of
coupled reaction kinetics and ITP preconcentration and validated the models with a set of
controlled experimental data using molecular beacon (MB). We also demonstrated up to 14,000fold speed up compared to standard second-order hybridization. The model and methods
presented are generally applicable to acceleration of reactions involving nucleic acids, and may
be applicable to a wide range of reactions involving ionic reactants. Lastly, as an extension to ITP
enhanced hybridization, we demonstrate 20-fold improved sensitivity by removal of background
signal from unreacted molecular beacons through coupling ITP reaction with capillary zone
electrophoresis (CZE).
DNA hybridization is essential to a wide range of diagnostics and biological sample processing
steps. For example, DNA hybridization is deployed in methods for genetic profiling25 and many
nucleic acid based pathogen detection assays.106 Diffusion, transport, and reaction rates limit
hybridization of nucleic acids at low concentrations.107 While diffusion and transport limitations
can be effectively overcome using mixing and flow control methods,89 reaction rates still limit
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assay times and sensitivity.96,108,109 Slow, second-order hybridization kinetics at low
concentrations of DNA samples often results in long analysis times,89,110 limiting assay speed and
applicability. We here apply ITP preconcentration to DNA hybridization to enhance reaction
kinetics. We present analysis aimed at understanding the dynamics of 2nd order kinetics coupled
with ITP focusing. With our model, we find the kinetics of ITP hybridization has an inverse
square root dependence on concentration of excess reactant, which is in contrast to the inverse
dependence for the standard second order hybridization. We also present a detailed experimental
study using molecular beacon probe to validate our model. We observe good agreement between
model and experiments, and characteristic time scale correctly captured by model. We
experimentally demonstrated 960 fold and 14,000 fold increase in speed depending on the initial
target concentration. Further, we showed 20 fold improved sensitivity of molecular beacon probe
by detecting 5 pM target within 3 min. We achieved this through bidirectional ITP,111 which
couples ITP enhanced reaction and capillary zone electrophoresis (CZE).

2.2 Theory
2.2.1 Numerical Model
Defining A, B as single-stranded nucleic acid species and AB as double stranded hybrid, the
reaction equation is expressed as
k

on
⎯⎯⎯
⎯⎯
→ AB
A + B←
⎯

koff

(2.1)

where kon and koff are respectively the reaction on- and off-rate constants. ITP drives simultaneous
mixing and focusing of reactants into a common electromigrating reaction zone in which reaction
is accelerated due to the high concentration of reactants. For simplicity, we consider a case in
which the species A and B are initially mixed with LE and TE, respectively (in practice, we can
alternately mix together both species in TE and/or LE, allowing reaction to start as soon as
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reagents are mixed), such that A and B meet and react only at the ITP interface. This is possible
as DNA mobility in aqueous buffer is only weakly dependent on its size, and varies
approximately in the range (3.2 – 3.8) × 10-8 m2V-1s-1.13 Our choice of electrolytes have mobilities
that are much different from DNA mobility, therefore, DNA species co-focus at the interface.11
The schematic of this process is shown in Figure 2.1.

Figure 2.1 Schematic diagram depicting acceleration of nucleic acid hybridization reactions using ITP.
Two single-stranded DNA species A and B are focused at a narrow (order 10 µm) interface between the TE
and LE in a microchannel. TE and LE are chosen such that their mobilities bound the nucleic acid mobility.
In this model system, species A is mixed with TE, and species B is mixed with LE, thus reaction occurs
only at the ITP interface where both species focus. High concentrations of reactants at the interface lead to
a corresponding increase in hybridization reaction rate. The arrow lengths at the top respectively denote the
speed of species A in TE and B in LE relative to the ITP interface velocity, VITP (LE and TE ions migrate at
velocities equal to that of ITP interface). We consider a control volume moving with the interface at the
same velocity as ITP interface. The control volume extends over a length L, which is significantly larger
than the characteristic interface width, δ, as shown.

Assuming negligible electroosmotic flow, we can neglect radial electromigration and radial
diffusion associated with advective dispersion, so that the concentration distribution and electric
field vary only along the axial coordinate of the channel.13 The area-averaged, coupled
electromigration-diffusion-reaction conservation equations for species A, B, and AB can then be
expressed as
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∂cA ⎤
∂cA ∂ ⎡
+
⎢ µA E − VITP cA − DA
⎥ = −koncA cB + koff cAB
∂t ∂x ⎣
∂x ⎦
∂cB ⎤
∂c
∂ ⎡
(ii) B +
⎢ µ B E − VITP cB − DB
⎥ = −koncA cB + koff cAB
∂t ∂x ⎣
∂x ⎦

(i)

(iii)

(

)

(

)

(2.2)

∂cAB ⎤
∂cAB ∂ ⎡
+
⎢ µAB E − VITP cAB − DAB
⎥=k c c −k c
∂t
∂x ⎦ on A B off AB
∂x ⎣

(

)

where µi and Di respectively denote electrophoretic mobility and diffusivity of each species; i
represents species A, B, or AB; and E is the local electric field. We define the electrophoretic
mobility as µ = u / E where u is species drift velocity.
As shown in Figure 2.1, we consider a control volume centered at the ITP interface and moving
with it at a constant ITP velocity VITP. Under the assumption of negligible electroosmotic flow,
VITP can be expressed as µ LE j / σ LE where j is the current density along the microchannel and σLE
is the conductivity of the LE buffer. We assume that ITP is controlled by constant current such
that the velocity of ITP interface, VITP, remains approximately constant over time. The width of
the ITP interface theoretically remains constant under ideal condition taking the form given by
Equation (1.10).	
   However, in practice several factors may cause increase in the interface width
(e.g., time varying residual electroosmotic flow).9,112 Thus, we assume the ITP interface width to
be a function of time, δ (t) to sustain general applicability of the model. Our control volume
extends over a distance L which is significantly larger than the ITP interface width, δ (t), at all
times.
We integrate Equations (2.2) over this control volume (per unit area of channel). Assuming
diffusive fluxes are zero at the control volume boundaries, the electromigration and diffusive flux
terms (the second term on the left hand side) become known area integrals at the inlet and outlet.
For the source terms involving species concentrations, the contribution of the integral outside the
interface width is negligible since the species concentrations are several orders of magnitude
greater within the interface than beyond the interface. Thus, we approximate the integrals of
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concentration over the control volume size, L, by the integrals over a region very near the
interface width, δ:

∫L ci dx ≈ ∫δ ci dx .

(2.3)

We then define average concentrations, ci as

ci =

1
c dx .
δ ∫δ i

(2.4)

In treating the volume-averaged source terms cA cB and cAB , we assume that concentration
distributions of species A, B, and AB are Gaussian in shape, and that all of these Gaussian peaks
are located at the same axial coordinate within the ITP interface. This assumption is considered as
reasonable when the mobilities of analytes are significantly greater and significantly less than
those of TE and LE, respectively, and when analyte concentrations are significantly lower than
those of the TE and LE, as we consider here.9 This enables us to approximate the concentration
profile of each species as

ci = cimax e

−

x2
2σ 2 for

i = A, B, and AB

(2.5)

where σ is the standard deviation of the Gaussian profile of the species (standard deviation of all
species are assumed equal). Given this assumption, we elaborate on the control-volumeintegration over the interface width from Equation (2.3) as equal to an integral over −3σ to +3σ
of the Gaussian concentration profiles. Thus, the integration across the interface width covers
approximately 99.7% of the area under each ci profile. Using these integration limits, the mixed
term cA cB which appears in the integration of Equation (2.2) can be approximated as
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cA cB =

3

π

cA cB .

(2.6)

Again, the integration boundaries reflect the fact that hybridization product is produced only
within the narrow ITP interface region, while influx of species (and their contribution to global
accumulation rates) can be estimated relatively far from the interface. Combining the assumptions
and approximations given above, we derive control-volume-averaged equations as:

(i)

dcA ηTEVITP
1 dδ
3
=
A0 −
cA −
kon cA cB + koff cAB
dt
δ
δ dt
π

(ii)

dcB ηLEVITP
1 dδ
3
=
B0 −
cB −
kon cA cB + koff cAB
dt
δ
δ dt
π

(iii)

dcAB
1 dδ
3
=−
cAB +
kon cA cB − koff cAB
dt
δ dt
π

(2.7)

where ηTE and η LE are

⎛ µ
⎞ µ µ − µ LE cLE
ηTE = ⎜ A − 1⎟ TE CI
,
well
⎝ µTE ⎠ µ LE µCI − µTE cTE

η LE

µ
= 1− A .
µ LE

(2.8)

Here, subscript CI denotes the (cationic) counter ion. The superscript “well” denotes an
upstream reservoir property. A0 and B0 represent the reservoir concentrations of species A and B
respectively in the TE and LE. We solve this set of non-linear ordinary differential
equations (ODE) numerically to describe the simultaneous focusing and reaction dynamics of the
volume averaged species concentrations over time.

2.2.2 Analytical Model
Starting from the numerical model shown in Equations (2.7), we derive an analytical solution by
making two key assumptions. The first, most restrictive assumption, states that the ITP interface
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width remains constant over time, δ (t ) = δ o , such that the terms involving derivative of δ can be
eliminated. In this limit, the time integrals of linear combinations of Equations (2.7) yield simpler
equations for the conservation of species relations:

(i) cA + cAB =

ηTEVITP
A0t
δo

η V
(ii) cB + cAB = LE ITP B0t
δo

.

(2.9)

Here, the right hand sides of the equations represent the ITP focusing dynamics of molecules
starting from either TE or LE reservoirs. We use the conservation of species relations to express

cA and cB in terms of cAB . We highlight a key difference between the standard second order
reaction kinetics and ITP-based hybridization kinetics. ITP continuously focuses reactants into
the interface, thus the total concentrations of species A and B linearly increase over time. This
results in an increase in the available reactant concentrations within the interface. The
conservation relations are therefore in sharp contrast to those of the standard second order
reaction kinetics, (namely, cA + cAB = A0 and cB + cAB = B0 ) wherein total concentrations are
fixed at the initial values.
We further impose conditions on initial reservoir concentrations of A and B, namely A0 and B0 .
We assume that one species has excess concentration at the ITP interface, and that the excess
concentration is much higher compared to the dissociation constant, K. These can be expressed
as:

ηTE A0 >> ηLE B0 and

ηTEVITP
A0t >> K .
δo

(2.10)

These conditions are in fact less restrictive than the second order kinetics’ assumptions of

A0 >> B0 and A0 >> K, since the value of ηTE is typically several times larger than ηLE , and the
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ITP focusing coefficient ηTEVITP / δ o is typically order 10. Plugging in Equations (2.9) and
applying these assumptions simplify (iii) in Equations (2.7) to the following linear,
inhomogeneous ODE with non-constant coefficients:

dcAB
+ 2atcAB = bt 2
dt

(2.11)

where
2

⎛V ⎞
3 kon ηTEVITP
3
a=
A0 and b =
konηTEηLE ⎜ ITP ⎟ A0 B0 .
δo
⎝ δo ⎠
π 2
π

(2.12)

This equation can be readily solved using variation of parameters. After applying the initial
condition of cAB = 0 at t = 0 , the analytical solution to the differential equation is obtained as

cAB =

b ⎡ 1 π − at 2
e erfi
⎢t −
2a ⎢⎣ 2 a

( at )⎥⎥⎦
⎤

(2.13)

where erfi is the imaginary error function, erfi( x) = −ierf (ix) (which yields real quantities).
Expanding erfi in a Taylor series and keeping only the leading order term yields the approximate
analytical solution:
3 ηTEVITP
⎛
−
A0 kont 2 ⎞
η LEVITP
δo
π
2
⎟.
B0t ⎜ 1− e
cAB ≅
δo
⎜
⎟
!#"#$ ⎝
⎠

(2.14)

B0,ITP

2.2.3 Hybridization acceleration by ITP
We investigate the approximate analytical model (Equation (2.14)) in comparison with the
standard second order kinetics (Equation (1.19)) to gain physical insights on hybridization
kinetics under ITP conditions. Both are written in a similar form, yet with two key differences.
38

First, the ITP case contains a time-dependent pre-factor B0,ITP in contrast to a constant
concentration B0 in standard hybridization. B0,ITP is a linear function of time, and represents an
ever increasing limit for the possible product concentration at the ITP interface. Normalizing cAB
by B0,ITP, we derive the fraction of reactants hybridized within the ITP interface,

f ITP

−
c
= AB ≅ 1 − e 2
B0,ITP

3 ηTEVITP

π

δo

kon A0t 2

.

(2.15)

From this result, we point out the second difference from the standard case: the second-order time
dependence in the exponent (versus first-order). This the time square term, t2, in the exponent
reflects the combined effects of the second-order reaction and ITP focusing of the excess species
A, which is proportional with time. Note a fITP approaching unity indicates that approximately all
low-abundance species in the ITP zone are hybridized, even as new single-stranded reactants
arrive to form hybrids. In this limit, the volume averaged concentration of hybrids in the ITP zone
is simply B0,ITP, a quantity which increases proportionally with time. The characteristic
hybridization time scale for half of the low-abundance species to be hybridized at the ITP
interface is given by

τ ITP ≅

ln 2

ηTEVITP
kon A0
δo

.

(2.16)

We see the standard case’s time scale was inversely proportional to initial concentration, A0,
while the ITP-driven reaction time scale has an inverse square-root proportionality on reservoir
concentration of abundant species. We can thereby define a figure of merit for the hybridization
“acceleration” as the ratio of the standard hybridization time scale to the ITP-driven hybridization
time scale as follows:
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τ std
η V
≅ TE ITP .
τ ITP
δ o kon A0

(2.17)

This result demonstrates the dramatic speed-up in reaction rate offered by ITP, particularly in the
most challenging regime of low kon and A0 values. Figure 2.2a shows a plot of tstd / tITP for a
range of reactant concentrations and relevant kinetic on-rate constants. For example at 100 pM,
the approximate analytical model predicts tstd / tITP of 10,000.

Figure 2.2 Analytical model results comparing figures of merits for ITP-based nucleic acid hybridization.
(a) Ratio of standard hybridization half-time to ITP hybridization half-time for a relevant range of initial
reactant concentrations and on-rate constants. The acceleration factor (time scale ratio) increases with both
decreasing initial concentration and decreasing on-rate constants. For example, for a typical kon of order
103 M-1s-1, and A0 of 100 pM, we see over 10,000 fold increase in hybridization rate. (b) Ratio of fractions
of reactants hybridized of the ITP-based hybridization to standard hybridization as a function of time. For
long times, the values approach unity since fstd and fITP each approach unity. fITP / fstd values greater than
unity imply that fITP reaches the state of complete hybridization (in ITP zone) faster than fstd. For
calculations, we used typical parameter values of ηTE = 50, VITP = 100 µm/s, and δo = 50 µm.

As a further comparison to the standard case, we show in Figure 2.2b the ratio of the expected
hybrid fraction resulting from ITP to the hybrid fraction from the standard case, fITP / fstd, on a
time axis. These curves show how ITP offers vastly higher reaction completion fractions at finite,
relevant times. For example, at 200 s, the ITP-based hybridization at 100 pM with kon of

103 M −1s−1 (konA0 of order 10-7 s-1) shows roughly 5,000-fold higher fraction of reactants
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hybridized than standard case. The increased hybrid concentrations translate to increased signalto-noise ratio for experiments involving fluorescent hybrid products. Note the results of Figure
2.2 are independent of the absolute value of B0 so long as B0 is much lower than A0, as per our
assumptions.

2.2.4 Comparison of analytical and numerical model
We developed the analytical model based on two key assumptions: a constant interface width and
excess of one species over the other at the ITP interface. Defining the ratio ηTE A0 / η LE B0 as γ,
our latter assumption can be restated as γ >> 1.Here we evaluate the effect of each assumption on
the accuracy of the solution, by comparing three models:
1. Numerical model assumes co-located Gaussian shape concentration profiles of all focused
species, constant ITP velocity, and a linearly increasing ITP interface width, δ (t) = mt + b . This
model is obtained by numerically integrating Equation (2.7). We use experimentally measured
parameter values, VITP =107 µm/s, δ (t) = mt + b with measured values of 0.4 µm/s and 12.7 µm
for m and b, respectively, and k on = 4750 M -1s-1 .
2. Numerical model 2 shares all the assumptions of numerical model 1, but also assumes a
constant ITP interface width, δ (t ) = δ o . The assumption of constant interface width simplifies
Equation (2.7) to

(i)

dcA ηTEVITP
3
=
A0 −
kon cA cB + koff cAB
dt
δo
π

(ii)

dcB η LEVITP
3
=
B0 −
kon cA cB + koff cAB ,
dt
δo
π

(iii)

dcAB
3
=
kon cA cB − koff cAB
dt
π

(2.18)
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but these must still be solved numerically. We used an ensemble averaged and time averaged ITP
interface width value of 59 µm for calculation of this model.
3. Analytical model assumes both constant ITP interface width and excess of one species over the
other, γ >> 1. This model is described by Equation (2.13).

Figure 2.3 Comparison of the analytical and numerical models for ITP-based hybridization kinetics.
Shown are fractions of reactants hybridized f ITP = c AB,ITP / B0,ITP versus time at target concentrations of 1,
10, and 100 nM, and a fixed molecular beacons concentration of 10 nM. Solid lines present numerical
model 1 based on the Equation (2.7) using a time-varying width function approximated as a first order
polynomial. Dash-dot lines present numerical model 2 based on Equation (2.18) using the time-averaged
constant ITP width. Dashed lines present the analytical model based on Equation (2.13). Differences
between the solid and dash-dot lines help demonstrate the errors associated with assuming a constant
interface width, and the differences between the dash-dot and dashed lines demonstrate errors associated
with violating the assumption that one species is in strong excess.

Figure 2.3 presents a comparison of all three models. Each calculation is based on the same
parameters obtained experimentally from Section 2.3.7 and 2.3.8. First, we focus on the cases
with γ satisfying the assumption of one excess species (γ = 16 and 160). Cleary, the assumption
of a constant interface width (made by numerical model 2 and the analytical model) results in
some deviation from the time-dependent delta model (numerical model 1). This effect of constant
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width assumption is particularly significant at short times where hybridization rate is underpredicted by the analytical model. Importantly, for γ = 16 and 160 cases, we see that there is only
negligible difference between numerical model 2 and the analytical model. This suggests that the
additional assumption of one excess species in the regime of γ = 10 or greater results in negligible
error. The latter is important because the additional assumption of excess species enables a simple
closed-form, explicit solution for the reaction kinetics. Second, we comment on the case of
γ = 1.6. As discussed, the constant width assumption resulted in under- then over-prediction error
of the analytical model at respectively short and longer times. In addition to this, we see that the
error associated with the analytical model is more severe than previous two cases as predicted
from the low value of γ that does not satisfy our assumption. In summary, we conclude that most
of the error in the analytical model relative to the numerical model can be attributed to the
simplifying constant width assumption. Also, we see that errors associated with violating the one
excess concentration assumption are significant for γ values of order 1.6 or less, as expected.

2.2.5 Effect of current density and migration length on reaction kinetics
We further analyze the effects of current density and measurement position on the characteristic
time scale (Equation (2.16)) and fraction of hybridized (Equation (2.15)) of the reaction. We
expand t, VITP and δ o respectively using t = x / VITP , VITP = µLE j / σ LE and δ o = δ theory where x
is electromigration length, δ theory is the MacInnes and Longsworth’s expression for the ITP
interface width under peak mode ITP (Equation (1.10)). The fraction of reactants hybridized and
the characteristic time scale in terms of x and j are given as

f ITP ≅ 1− e

−

3 F ηTE ( µ LE − µTE )
kon A0 x 2
µ LE µTE
2 π RT

, and

(2.19)
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τ ITP ≅

ln 2
F ηTE µ LE ( µ LE − µTE )
j
kon A0
RT
µTEσ LE 2

∝

1
j kon A0

,

(2.20)

where the ∝ denotes proportionality. These forms highlight proportionalities important in
designing ITP-based reaction experiments. For example, given the values of k on and A0 , the
fraction of hybridized probes in ITP is determined solely by the electromigration length and is
approximately independent of the current density. This means that we can effectively control the
percentage of reactants hybridized by changing the observation point in the microchannel. In the
application of diagnostics or sequence detection, the higher percentage of reactants hybridized
usually yields the brighter fluorescence intensity.
With the previous observation in mind, we note that the characteristic reaction time is inversely
proportional to current density. Higher current density leads to faster ITP velocity; therefore it
yields a shorter time to travel to a fixed observation location. In practice, applied current is
typically limited by either the maximum output voltage of the current source meter or by Joule
heating considerations. Note the TE zone is lower conductivity than the LE zone, so that the
required voltage increases as ITP progresses under galvanostatic conditions.

2.3 Materials and Methods
2.3.1 Reagents and materials
We quantified hybridization kinetics using DNA molecular beacons (MBs)33 and synthetic DNA
oligonucleotides (targets). MBs yield 10- to 100-fold fluorescence intensity enhancement as they
bind to target sequences.33,113 The 27 nt MB probe sequence was perfectly complementary to our
target sequence, and was flanked by 6 bases complementary to each other. We labeled the 5’
terminus with Cy5, and the 3’ terminus with Black Hole Quencher 2 (BHQ2): 5’-/Cy5/CCG AGC
[CAT CGT TTA CGG CGT GGA CTA CCA GGG] GCT CGG/BHQ2/-3’ (probe sequence in
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brackets). The probe sequence we used is a 27 base universal probe sequence for bacteria.114 The
target sequence was 5’-TAG ATA [CCC TGG TAG TCC ACG CCG TAA ACG ATG] TCG
ACT-3’. The DNA species were purchased from Integrated DNA Technologies (IDT, Coralville,
Iowa), and 100 µM MBs and 1 mM target oligonucleotides stock solutions were stored at -20°C.
For the ITP hybridization model validation experiments (Figure 2.13), we mixed 10 nM MB in
the leading electrolyte (LE) buffer composed of 250 mM HCl, 500 mM BisTris, 2 mM MgCl2,
and 0.1% polyvinylpyrrolidone (PVP). We used PVP for suppression of elctroosmotic flow
(EOF)115 and 2 mM (same in all experiments) of Mg2+ to promote kinetic rates of hybridization.45
We used 1, 10, and 100 nM target DNA concentrations in the trailing electrolyte (TE) buffer
composed of 100 mM Tricine, 100 mM BisTris.
For demonstration of rapid ITP hybridization (Figure 2.14), we used the same LE buffer in
validation experiments, except we used 1% PVP for enhanced EOF suppression. Here, our TE
buffer was 20 mM Tricine, 40 mM BisTris, and 1% PVP. The lower, 20 mM TE buffer
concentration results in higher electric fields in the channel connected to the TE reservoir,5 thus
providing higher accumulation rates at the expense of lower buffering capacity for that reservoir.
For the demonstration of 960-fold acceleration, we performed both ITP and standard
hybridization experiments using 10 nM MBs and 20 nM targets. To show 14,000-fold speed-up,
we performed ITP experiments using 50 pM MBs with 500 pM target DNA, and compared the
data with theory based predictions.
For higher sensitivity assay using bidirectional ITP, we need two oppositely charged pairs of LE
and TE ions. We used 150 mM sodium bicarbonate for LE+/LE- mixture; 10 mM sodium
hydroxide and 34 mM HEPES for the LE+/ TE- mixture; and 100 mM pyridine and 50 mM
hydrochloric acid for the TE+/LE- mixture (cationic TE). Here and + and – sings correspond to
cations and anions, respectively. Note that the cationic TE mixture is titrated with hydrochloric
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acid instead of carbonic acid. However this does not affect our bidirectional ITP experiments as
chloride ion remains in the anodic reservoir and does not enter the separation channel. To the
LE+/LE- mixture, we added 1% w/w of hydroxyl ethyl cellulose (HEC) to serve as a sieving
matrix for DNA separations. We also added 1% w/w PVP to all electrolyte solutions to suppress
electroosmotic flow.
Tricine, BisTris, and MgCl2 were obtained from Sigma-Aldrich (St. Louis, MO). PVP (MW
1.3 MDa) was purchased from ACROS Organics (Thermo Fisher Scientific, NJ). All solutions
were prepared in UltraPure DNase/RNase free deionized (DI) water (GIBCO Invitrogen,
Carlsbad, CA). 1 M concentration buffer stock solutions were kept at room temperature.

2.3.2 Microchannel preparation
We used two microchannels for experiments presented in this section. For all hybridization
experiments except for bidirectional ITP cases, we used straight channels constructed of
freestanding capillaries. This setup lets us achieve a cheap and reusable microchannel with a
suitably small inner diameter to minimize the effects of dispersion on ITP preoncentration.9 We
glued 21 µm inner diameter, 360 µm outer diameter, and 40 mm (50 mm for the demonstration
experiments) long circular capillaries (TPS020375, Polymicro Technologies, Phoenix, AZ) on a
2.5 cm x 7.5 cm glass cover slide (micro slides, VWR, Radnor, PA). We burned away the
polyimide coating using a lighter. We used the ~1 cm long larger end of 1-200 µL pipette tips
(VWR, Radnor, PA) as reservoirs. We glued the capillary and the two reservoirs on the glass
slide using UV-cure optical adhesive (Optical Adhesive 68, Norland Products Inc., Cranbury,
NJ), and cured the glue under a portable UV lamp (B-100A, IVP, Upland, CA) for 15 min. Once
the glue hardened, we covered the entire length of the capillary with the same optical adhesive
glue to match the index of refraction, and then cured under a UV lamp for another 40 min for
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complete cure. Prior to each set of experiments, we cleaned the microchannel by flowing 200 mM
NaOH for 2 min, and then rinsed it with DI water for 2 min.
For high sensitivity bidirectional ITP experiments, we used a crown glass microfluidic chip
(NS12A, Caliper, Mountain View, CA) consisting of four wet-etched channels arranged in a
cross-channel layout. Figure 2.4 shows a schematic of the microfluidic chip, and the insets
provide the channel lengths and the cross-section dimensions. We measured fluorescence using a
point detector located at 44 mm downstream of the West (W) reservoir.

Figure 2.4 Schematic of Caliper NS12A microfluidic chip and dimensions of microchannels. The inset
table provides contour lengths of four channels, and the cross-sectional dimensions are presented in the
inset figure. A point detector was located at length 44 mm from W reservoir.

2.3.3 Experimental setup for ITP homogeneous hybridization
We performed all experiments on an inverted epiﬂuorescent microscope (IX70, Olympus,
Hauppauge, NY) equipped with a Cy5 filter-cube (Cy5-4040A, Semrock, Rochester, NY). We
used a custom point-wise confocal setup coupled to the microscope. Schematic of the setup is
given in Figure 2.5. We used a 642 nm laser diode (Stradus-642, Vortran Laser Technologies,
CA) at 40 mW input power as a light source. The light from laser source was coupled to the
microscope though a multimode optical fiber (M31L05) and a beam collimator (F230FC-A), both
from Thorlabs, Newton, NJ. The light emitted from fluorescence was collected by the 60×
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objective and filtered by the emission filter of the Cy5 filter cube. We used a 400 µm pinhole to
reject out-of-focus light, and the transmitted light was then refocused on to a photomultiplier tube
(PMT) module (H6780-20, Hamamatsu Photonics, Japan). The PMT was powered by a function
generator (E3631A, Agilent Technologies, Santa Clara, CA) and operated at a rate of 66.7 Hz
(15 ms sampling period with 10 ms integration time). The PMT signal was recorded using the
data acquisition unit (C8908, Hamamatsu Photonics, Japan).

Figure 2.5 Schematic of pinhole-based point-confocal microscopy experimental setup. We used a red laser
of wavelength 642 nm as a light source. The epifluorescent microscope included a Cy5 filter-cube and a
60×, NA = 0.9 water immersion objective. The 400 µm pinhole in the image plane rejected lights out of the
focal plane. For data acquisition, we used photomultiplier tube (PMT) module to record fluorescence
intensity as a function of time.

2.3.4 Experimental protocols
Here, we summarize protocols for homogeneous ITP hybridization and standard hybridization as
a comparison case to ITP hybridization. We also present the protocol of coupling ITP and CZE
coupling to obtain higher sensitivity. For ITP hybridization, we initially filled the channel with
LE buffer including MBs. The TE well was rinsed with deionized water and loaded with TEtarget mixture. We then immediately applied a 1.3 µA constant current from a high voltage
source meter (2410, Keithley Instruments, Cleveland, OH) between the two reservoirs and started
recording fluorescence intensity. From each ITP hybridization experiment, we recorded the
fluorescence intensity versus time at seven fixed stations located 4 mm apart. For ITP
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hybridization speed-up demonstration data, we applied 2200 V constant voltage immediately
following the injection. We used two source meters sharing a common ground and
applied -1100 V and +1100 V from each device. We used six observation points located at
distances of 4, 12, 20, 24, 28, and 32 mm from the TE well for 10 nM MBs and 20 nM target
hybridization. We used ten observation points at distances of 8, 16, 20, 24, 28, 32, 36, 40, 42, and
44 mm (total channel length was 50 mm for this case) for hybridization of 50 pM MBs with
500 pM target. For each ITP hybridization experiments, we repeated the experiment under the
same condition with no targets in TE and MBs in LE to record the background fluorescence of
MBs.
For the standard hybridization and kinetic on-rate measurement data, we injected premixed MBs
and targets in LE buffer from a 1 mL syringe covered by aluminum foil to the microchannel at
1 µl/h flow rate using a syringe pump (KDS210 KD Scientific Inc., Holliston, MA). We initiated
acquisition of fluorescence intensity data in less than ~5 min from the time of MB and target
mixing, and continued recording until the steady state.
For high sensitivity bidirectional ITP experiment, we used Caliper NS 12A chips with four
reservoirs. We present step-by-step protocol with schematics in Figure 2.6. We first filled the
entire channel with LE+/LE- buffer by vacuuming from W reservoir. W and E reservoirs were
rinsed with water, and then respectively loaded with LE+/TE- buffer and TE+/LE- buffer. We
first applied electric field between W and S reservoirs for about 40 s to move anionic ITP
interface to some point inside the channel. This delayed the initiation of CZE, and thus allowed
longer ITP hybridization, resulting in higher sensitivity. Next, applying a constant voltage across
W and E reservoir started the anionic ITP focusing DNA from E to W well and cationic ITP
migrating from the E well towards the W well. At a location determined by our channel geometry
and buffer system, the anionic and cationic ITP interacted and CZE was triggered. The separated
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reacted and unreacted probe signals were recorded at a point detector located downstream. Note
that the optional step shown in Figure 2.6c can be omitted.

Figure 2.6 Protocol for performing coupled ITP-based hybridization and CZE separation using
bidirectional ITP. For bidirectional ITP experiments on Caliper NS 12A chips: (a) we injected LE+/LEmixture by filling N, S, E wells, then applying vacuum on the W well. (b) We then emptied the E and W
wells and filled them with TE+/LE- and LE+/TE- mixtures, respectively. The DNA target and probe were
initially mixed with anionic TE (LE+/TE- mixture). (c) As an optional step, we preconcentrated target and
probe DNA fragments in anionic ITP by applying voltage between W and S wells. This step allows target
and probe to have longer time to hybridize. (d) We then switched voltage across E and W wells. This step
initiates bidirectional ITP, and is therefore characterized by anionic and cationic ITP fronts approaching
each other. (e) After the interaction, unreacted probe and target-probe hybrid separate electrophoretically.
We recorded signal of the separated DNA fragments close to the cross-junction.

2.3.5 Electrolyte design for coupling ITP and CZE
In our bidirectional ITP experiments, we use anionic ITP to preconcentrate, mix and hybridize
DNA fragments, and cationic ITP to generate a strong counter-migrating pH gradient across the
LE+/TE+ interface. In Figure 2.7 we present schematic diagram of the process. Anionic ITP
containing DNA reactants and cationic ITP approach each other and interact. When the cationic
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ITP shock washes over the focused DNA zones, TE+ replaces LE+ as the counter-ion for anionic
ITP. This change in counter-ion of anionic ITP results in a sudden change in pH of the anionic
ITP zones. We choose electrolyte chemistry such that the pH change associated with shock
interaction causes effective mobility of LE- to decrease to a value lower than the effective
mobility of all focused DNA fragments. Consequently, shock interaction disrupts ITP focusing of
DNA fragments and triggers electrophoretic separation.

Figure 2.7 Schematic illustrating preconcentration and hybridization of DNA followed by electrophoretic
separation using bidirectional ITP. (a) The microchannel is initially filled with LE-/LE+ mixture. The left
(cathodic) reservoir is filled with a mixture of TE-, LE+, ssDNA target, and probe. The right (anodic)
reservoir is filled with the LE-/TE+ mixture. (b) When voltage is applied, anionic and cationic ITP
interfaces form, respectively, at the cathodic and anodic ends of the channel and propagate towards each
other. Probe and target preconcentrate and hybridize in anionic ITP. (c) Within about 2 minutes of ITPdriven hybridization, the cationic ITP interface interacts with focused hybridization products, and triggers
CZE separation. The resulting electropherogram shows peaks corresponding to the fluorescent unreacted
probe and the target-probe hybrid.

Figure 2.8 shows effective mobility of LE-, TE- and DNA fragments as a function of pH for our
electrolyte system. Prior to shock interaction, pH of anionic ITP zones is around 8.1. At this pH,
effective mobilities of LE- and TE- ions bracket the mobility of DNA fragments. Therefore, DNA
fragments focus in anionic ITP. After shock interaction, pyridine (TE+, pKa,+1 = 5.2) replaces
sodium (LE+, pKa,+1 = 13.7) as the counter-ion for anionic ITP. Pyridine being a weaker base than
sodium hydroxide lowers the pH of anionic ITP zones to a value of ~5.7, which is lower than the
pKa,-1 of carbonic acid (pKa,-1 = 6.4, pKa,-2 = 10.3). Therefore, the effective mobility of LE51

becomes significantly smaller than the mobility of DNA fragments (which is fairly constant over
pH > 5), as shown in Figure 2.8. Thus, shock interaction in our bidirectional ITP experiments
causes DNA fragments to overtake the LE-/TE- interface and separate as in CE.

Figure 2.8 Effective mobilities of LE-, TE- and DNA as a function of pH. LE- is carbonic acid and TE- is
HEPES. Before the shock interaction, the pH of anionic ITP zones is approximately 8.1, and LE- and TEmobilities bracket the mobilities of DNA. Therefore, DNA strands focus in ITP, and the hybridization
between them are accelerated. After the interaction of anionic and cationic ITP shocks, anionic ITP zones
get titrated to a pH of 5.7. At pH 5.7, mobility of LE- decreases below the mobility of DNA. As a result,
DNA overtakes LE-/TE- interface and separate as in CZE. We calculated the effective mobilities of LEand TE- using Peakmaster code116 by neglecting the effect of ionic strength. We used a representative range
of DNA mobilities, 25.9 – 32.1x10-9 m2V-1s-1 for 72-310 nt DNA in 0.6% HEC sieving matrix.117
According to Costantino et al.,118 we assumed pH do not change the effective mobilities of DNA in the pH
range from 5 to 8.5.

2.3.6 Data analysis and measurement of fraction of hybridized
As shown in Figure 2.9, the raw experimental data from ITP based DNA hybridization consists
of several Gaussian peaks of signal recorded at pre-determined locations along the channel. We
first extracted total fluorescence intensity at each station by integrating the signal above the
baseline determined from the auto-leveling baseline correction method.119 We then fit each peak
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with a Gaussian distribution to determine standard deviation, σ, and integrate the underlying
signal over ±3σ time range to obtain fluorescence intensity for each given condition.

Figure 2.9 Typical raw signal obtained from ITP hybridization experiments. At each location, we observed
a Gaussian-like profile as the ITP zone passed through the detector’s measurement area. After recording
signal at one location, we moved the microscope stage to the next location, and repeated the process seven
times. Inset shows a close-up view of raw signal data.

We normalized the hybridization signal from ITP hybridization, Ihyb by an ensemble averaged ITP
signal of MBs in the absence of target, Ibg, to yield a signal-to-noise ratio. We express the relation
between the SNR and the species concentrations as SNR = (α cAB + β cB ) / β B0 ( B0 is replaced by

B0,ITP for ITP cases) where α and β respectively denote the relative level of fluorescence signal
involved with open beacon and closed beacon. We can rearrange this equation to express the
fraction of reactants hybridized in terms of SNR:

f =

SNR − 1
.
α / β −1

(2.21)

We experimentally measured the ratio α / β for both standard second-order kinetics and for ITP
hybridization. When reaction is taken to completion ( cB → 0 and c AB → B0 ), SNR approaches

α / β as f approaches unity. We can therefore measure α β by estimating the steady state SNR
value. We experimentally quantified α / β as 29.3 ( ±4.8 STD) for standard hybridization and
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36.3 ( ±2.3 STD) for ITP hybridization. We hypothesize that the difference between the two cases
is associated with the fact that MBs under ITP are in an inhomogeneous buffer (e.g., roughly half
resides in LE, and half in TE). Different buffering agents and slight pH differences between TE
(pH = 7.3) and LE (pH = 6.5) may, for example, change fluorescence yield. When analyzing
experimental data, we used corresponding α / β values for each respective case.

2.3.7 Measurements of the kinetic on-rate constant
We conducted independent standard hybridization experiments using premixed reactants solution
for quantitation of kinetic on-rate constant k on of molecular beacon-target hybridization. We
dissolved molecular beacons (species B) at concentration of 10 nM and excess targets (species A)
at concentrations of 2.5, 5, and 10 µM in a buffer identical to the LE buffer used in ITP
hybridization experiments. These concentrations satisfy the assumption of excess species, thus we
used the pseudo-first order reaction solution given in Equation (1.19) to extract the on-rate
constant. We used an external vacuum source to flow the mixture of A and B into a
microchannel, and used the PMT to record MB’s fluorescence signal as a function of time. We
continued recording the fluorescence signal until there was little change in fluorescence intensity
over time (indicating steady state of reaction).
To analyze the data we first subtract the buffer-only background signal from the raw fluorescence
intensity versus time data. We then divide this background-subtracted signal by the MB
background in the absence of target (fluorescence intensity before adding target) to obtain the
SNR. We convert SNR to fraction of reactants hybridized, fstd = cAB B0 , using Equation (2.21).
In Figure 2.10, we present a plot of fstd versus A0t for the experimental data (symbols) and a
nonlinear regression fit (solid line). As per Equation (1.19), all data collapsed into a single curve
on a time axis normalized by 1 / A0 , which confirms that the time scale of this reaction is
proportional to the inverse of concentration of excess species. We estimate the value of k on as
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4750 M −1s −1 using a nonlinear least squares fit on all data points, and report the 95% confidence
interval of ±1.69 M -1s-1 for the fitting parameter, k on . We employed the “fit” function of
MATLAB, which is based on the trust-region-reflective algorithm.119 For all theory predictions,
we substitute this measured parameter value of k on in the model.
Figure 2.10b shows the fraction of reactants hybridized, fstd , versus time on a log basis
coordinate for the same data. Here, we also include an additional experimental result using 10 and
20 nM concentrations of MB and target DNA, respectively. The solid lines indicate the theory
predictions based on Equation (1.19) using the experimentally measured value of k on . The
comparison between theory and experimental data shows how a single value of k on predicts
observable hybridization reaction kinetics across a wide range of reactant concentrations. Note
the case of 10 nM MB and 20 nM target hybridization (diamonds) falls just outside the
applicability of the model, and yet the model fairly well captures the associated slow kinetics.

Figure 2.10 Measurements of the molecular beacon kinetic on-rate constant, kon. We explored the kinetic
behavior of the MBs at 21°C using a set of fluorescence measurements over time at a range MB and target
DNA concentrations. The data were taken with a sampling rate of 66.7 Hz, and the various symbols
represent different target and MB concentrations, as indicated in the legend. (a) Experimental data for onrate constant measurement (symbols) and nonlinear least square fit (solid line) are shown on a time axis
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weighted by A0. We performed two repetitions for each target concentration. As per Equation (1.19), all the
fraction of reactants hybridized data, f, versus A0t collapsed into a single curve. We used a nonlinear least
squares fit and obtained a kon value of 4750 M-1s-1. We used this single, extracted kon value in all of our
model-based predictions. (b) Presented are the same hybridization data on a physical time axis. We also
present an additional data at lower concentration of 10 nM MB and 20 nM target DNA, together with
theory predictions (solid lines) based on the measured value of kon from (a). The latter data demonstrate that
the use of our kon value in the pseudo-first order hybridization solution (Equation (1.19)) predicts
hybridization kinetics for a wide range of concentrations correctly. This includes the diamonds symbol
series, which is a regime just outside the expected range of the model.

2.3.8 Experimental Measurements of ITP parameters
We measured ITP velocity, VITP and ITP interface width, δ from the ITP hybridization
experiments, and used those values as required parameters in model solutions. As shown in
Figure 2.9, the raw data recorded from ITP-based hybridization experiment consists of peaks in
approximate Gaussian shape. We fit each peak with a Gaussians distribution in the form of

I = Ae(t − µ )

2

/2σ 2

where I is the fluorescence intensity, A is the amplitude, µ is the mean, σ is the

standard deviation of the Gaussian peak. The example raw data, Gaussian fit and all relevant
parameters are shown in Figure 2.11. We define the ITP interface width δ as 6σ of each peak.

Figure 2.11 Example raw ITP-based hybridization data (at one location) and its Gaussian fit. A denotes the
peak value, µ indicates the time corresponding to the peak. We use the obtained standard deviation of the
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Gaussian fit to extract ITP interface width, defined as δ = 6σ . We integrate the fluorescence intensity data
ranging from µ − 3σ to µ + 3σ , and obtain total fluorescence signal.

In Figure 2.12a, we present the peak position versus time data and its linear regression fit. We
used the slope of the fit, 107 µm/s, as the value of VITP in the model equations. We observed that
interface width increased with time as shown in Figure 2.12b. For numerical solutions, we
approximated δ (t) as a first order polynomial: δ (t) = mt + b , extracted the slope, m, and yintercept, b, using a linear regression fit. For the analytical model, we assumed for simplicity a
time-invariant interface width, δ o , and used the time averaged and ensemble averaged values of

δ resulting in a value of 59 µm. This data also provide a measure of the repeatability of the time
of arrival and interface width data. We calculated coefficient of variations at each observation
location. The maximum values of coefficient of variation were 4.9 % and 11.7%, respectively, for
the data shown in Figure 2.12a and b.

Figure 2.12 Measurements of ITP interface and velocity from experimental data. (a) The axial locations of
the ITP peaks versus arrival times at each location. x = 0 corresponds to the tip of the channel in the TE
well, where ITP forms. Nine data points are shown at each peak location corresponding to three realizations
at three target concentrations. We applied a linear regression fit (black solid line), and extracted an ITP
velocity of 107 µm/s from the slope of the fit. (b) Shown are the measured ITP interface widths versus time
(circles). We used a linear regression fit (solid black line) to obtain the slope and intercept values for the
first order polynomial approximation of δ (t) = mt + b . The average of all data points yielded the time and
ensemble averaged value of ITP interface width, δ o =59 µm, which we used for the analytical model.
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2.4 Results and discussion
We experimentally validated the numerical and analytical hybridization models for ITP
hybridization using the reaction between a DNA molecular beacon (MB)33,113 and synthetic target
with complementary sequence. Our experimental data was compared with theory predictions with
no fitting parameters. For our theoretical model predictions, we used experimentally measured
parameter values of kon, δ , and VITP (Figure 2.10 and Figure 2.12), and obtained our numerical
using 4th order Runge-Kutta integration.120

Figure 2.13 Comparison of analytical and numerical predictions based on ITP-based hybridization kinetics
model and experimental data. Shown are fraction of reactants hybridized, fITP, obtained from measured total
fluorescence intensity of hybrid and MBs, as per Equation (2.21). Solid lines present numerical models
based on the coupled ordinary differential equations (Equations (2.7)) with a time-varying width
approximated as a first order polynomial. Dashed lines present the analytical model shown in Equation
(2.13). In the inset, we show the experimental data versus time at target concentrations of 1, 10, and
100 nM, and a fixed molecular beacons concentration of 10 nM. The main plot shows the same data plotted
in log-log scale with the time axis normalized by the characteristic time scale predicted by the analytical
model (Equation (2.16)). No fitting parameters were used in the predictions: kon is determined as

4750 M -1s-1 from independent hybridization experiments without ITP. We used an estimated value
of VITP = 107 µm/s from a linear regression fit of measured peak positions versus time data. For the linear
approximation of time-varying interface width, δ (t) , in the numerical model, we used an observed slope
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and y-intercept of 0.4 µm/s and 12.7 µm, respectively, as extracted from width versus time data with a
linear regression fit. For the analytical model, we used a measured time-averaged δ o value of 59 µm. We
calculated ηTE = 7.8 and ηTE = 0.48 using DNA mobility of 3.4 × 10−8 m 2 V -1s-1 (an estimate based on
Stellwagen13) for our 39-mer MBs and targets.

In the inset of Figure 2.13, we present the fraction of reactants hybridized, fITP, versus time for
the

exact

analytical

solutions

(Equation

(2.13),

dashed

lines),

numerical

solutions

(Equations (2.7), solid lines), and experimental data (symbols). We show three replicates for each
of three experimental conditions: γ = ηTE A0 / η LE B0 = 1.6, 16, and 160. The numerical solutions
incorporate dynamics of increasing ITP peak width as a linear function while the analytical model
uses the average value of the ITP interface width data. We see good agreement between the
experimental data and the numerical model for two orders of magnitude range of excess reactant
concentration. This illustrates that our numerical model is applicable to a wide range
hybridization reactions without restrictions on the initial species concentrations. The analytical
model captured overall trends and the time scale of the kinetics serving as a reasonably close
approximation to ITP reaction kinetics. However, the analytical model shows deviations from the
data that we attribute to its two key assumptions: constant interface width and one excess species
( γ >>1). The former resulted in underprediction of reactant concentrations at low times and
overprediction at high times by time-averaging the increasing interface width. The γ = 1.6 case
shows additional error for times greater than about 100 s as this case falls outside the excess
species assumption.
Figure 2.13 shows the collapse of data trends provided by the scaling derived from our
approximate analytical model. We plotted the same data as the inset on a time axis normalized by
the characteristic time scale suggested from Equation (2.16). We observe good collapse of the
experimental data in a band grouped around the model curves. This scaling strongly corroborates
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the predicted 1/ A0 dependence of the characteristic time scale associated with ITP
hybridizations. As predicted, the analytical solutions are all represented by a single curve, but
slightly shifted from the experimental data band, which we attribute to implementation of the
time-averaged interface width.
In Figure 2.14, we present a demonstration of the reaction acceleration offered by ITP for DNA
hybridization. Plotted are the fraction of reactants hybridized versus time for 10 nM MB and
20 nM target concentration (squares), and for 50 pM MB and 500 pM target concentration
(circles). For the former case, we directly compare half times extracted from the experimental
data of both standard and ITP hybridization. For the latter case, we present experimental
measurements for the ITP hybridization, and compare these to a prediction of the standard case
since the associated hybridization experiments take order 10 days. We attempted these but found
it difficult to extract meaningful data due to long-term effects such as fluorophore photo
bleaching, variations in environmental conditions (e.g., room temperature). We measured a half
time of reaction of 2.4 h for the standard second order reaction at 10 nM MB and 20 nM target
concentrations. By comparison, the ITP hybridization half time for the same reaction was 9 s.
This constitutes a 960-fold acceleration, and gives a direct demonstration of DNA hybridization
speed-up using ITP. The 50 pM MB and 500 pM target hybridization prediction for the second
order experiment was 3.7 days to complete 50% of the reaction. ITP experiments with the same
loading concentrations yielded a reaction half time of 23 s; a 14,000-fold lower time scale. The
results experimentally confirm the predicted reaction acceleration, and validate the new
characteristic time scale derived from the analytical model.
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Figure 2.14 Experimental demonstration of the 960-fold and 14,000-fold hybridization acceleration for
reactions with order O(10 nM) and O(100 pM) DNA oligonucleotides, respectively. The fraction of
hybridized probes is presented against time for both standard hybridization (right two curves) and ITPbased hybridization (left two curves). Solid lines denote theory predictions based on Equation (1.16) using
experimentally measured kon of 4750 M -1s-1 . For the case of 10 nM molecular beacons and 20 nM target
concentration (squares), the half-times for standard and ITP-based hybridization were 2.4 h and 9 s,
respectively, constituting a 960-fold hybridization speed up. For the case of 50 pM beacons and 500 pM
target concentration (circles), we compare experimental data of ITP hybridization with the theoryprediction for the standard hybridization since standard hybridization experiment required more than
10 days to reach steady state. The predicted half time of 3.7 days of the second order standard hybridization
was significantly reduced to an experimentally measured 23 s using ITP, indicating a 14,000-fold
hybridization speed up.

We performed experiments to demonstrate rapid and high-sensitivity sequence-specific detection
of a single 39 nt ssDNA target (T) using bidirectional ITP. We fixed the 39 nt MB probe (P)
concentration at 200 pM, and varied the target concentration from 5 to 30 pM. The total assay
time for each experiment was less than 3 min, including 40 s of hybridization time in
unidirectional anionic ITP (total 120 s of hybridization) prior to the onset of bidirectional ITP.
We estimate ITP here increased hybridization rate by a factor of about 5000 based on
approximate ITP hybridization model given in Equation (2.15) for our experimental condition.
That is, the approximately 40% completion of the DNA hybridization in our 120 s hybridization
would otherwise require 7 days to achieve the same degree of completion using off-line
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hybridization. The inset of Figure 2.15 shows a representative electropherogram (raw
experimental data) for the case of 30 pM ssDNA target. The left and the right peaks correspond to
regions containing unreacted probe and target-probe hybrid, respectively. Excess, unreacted MB
probe and inefficiencies in its fluorescence quenching yield peak fluorescent intensity comparable
to that of the target-probe hybrid peak. Quantifying fluorescence from the target-probe hybrid in
such a case is extremely difficult without removal of background signal from the unreacted probe.
The electropherogram shown in the inset of Figure 2.15 also highlights the high resolving power
of this integrated ITP-CZE separation; here we separate and resolve single-stranded 39 nt probe
from its double-stranded hybrid of the same length within about 50 s of separation time.

Figure 2.15 Variation of peak intensity of the target-probe hybrid for five initial concentrations of a 39 nt
ssDNA target. We varied the target concentration from 5 to 30 pM, while keeping the probe concentration
fixed at 200 pM. The inset plot shows representative raw, electropherogram signals observed after
hybridization and separation. The grey curve is a negative control (no target), and the black curve is for the
case of 30 pM initial target concentration. Here, time t = 0 corresponds to the onset of bidirectional ITP
following 40 s of unidirectional ITP. The signal (black curve) shows two peaks corresponding to the
unreacted probe (P) and the target-probe hybrid (P+T). The contribution to signal from target-probe hybrid
is denoted by signal component h as shown. The main plot shows how observed signal, h, of the targetprobe hybrid zone increases linearly (R2 = 0.95 for linear fit) with the initial target concentration.
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We subtracted the signal of a control experiment with a MB probe and no target (grey curve in
Figure 2.15 inset) from the measured electropherograms to extract the contribution to signal of
the target-probe hybrid peak, h. Note that this method works only when the shape of unreacted
probe peak in hybridization signal is similar to that of negative control. In our experiments the
probe concentration is approximately 10-fold larger than the target concentrations. Therefore
consumption of small amount of probe during hybridization does not change the shape of
unreacted probe peak. In the main plot of Figure 2.15, we show variations of the magnitude of
target-probe hybrid peak h for five initial concentrations of the target. The target-probe peak
signal component h is linearly proportional to the initial target concentration, and a linear fit to
the data (passing through the origin) yields R2 value of 0.95. The linear increase in peak height in
the current case is expected because hybridization reactions obey pseudo-first-order kinetics in
presence of excess amount of probe. Here, we demonstrated 5 pM detection sensitivity of our
assay within 3 min, which is 20-fold improvement over previous ITP-hybridization assays with
no background signal removal.22,23,121
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3 Heterogeneous ITP hybridization
Several sections of this Chapter are based recent article by C.M. Han, E. Katilius, and J.G.
Santiago published in Lab on a Chip,122 and are reproduced here with minor modifications.

3.1 Introduction
We present an on-chip electrokinetic method to increase the reaction kinetics and sensitivity of
DNA microarray hybridization. We use isotachophoresis (ITP) to preconcentrate target molecules
in solution and transport them over the immobilized probe sites of a microarray, greatly
increasing the binding reaction rate. We show theoretically and experimentally that ITP-enhanced
microarray hybridization can be performed much faster and with higher sensitivity than
conventional methods.
DNA arrays use hybridization between targets suspended in a bulk sample solution and probes
immobilized on a solid substrate. Despite its proven success, application of DNA arrays to rapid
screening of samples remains a challenge.123 In conventional microarray assays, the hybridization
step alone typically requires overnight (15-24 h) incubation to yield measurable signal from a
wide range of target concentrations.124,125 This constraint has impeded the application of
microarrays to point-of-care applications where short sample-to-answer turnaround time is
desirable. Reduction in hybridization time is also favorable because extended incubation times
are associated with solution-dependent cleavage of the linkage chemistry between the probe and
the solid support, negatively affecting the reproducibility and sensitivity.126
There are two main challenges in speeding up hybridization processes: overcoming the slow
diffusion-limited target transport and the slow reaction rates associated with low target
concentrations.87 The first challenge by slow diffusion was successfully addressed with active
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pumping and/or mixing of liquid solution containing the target molecules.92 However, these
approaches do not address the challenge of slow 2nd order reactions whose reaction rate is dictated
by the kinetic parameters and trace concentration of targets. Kinetically limited reactions between
suspended DNA and surface-bound cDNA can take hours to reach equilibrium due to the inherent
dynamics of bulk-to-surface reactions (even for the perfectly mixed cases).40,85 Kinetically limited
hybridization is therefore not addressed by pumping or mixing, but rather by preconcentration of
target species or methods of increasing kinetic parameters themselves (e.g., by varying
temperature). An example of preconcentration-driven microarray enhancement is the work of
Edman et al.,127 who reported 30-fold increased hybridization rate by electrophoretically
accumulating DNA species at the capture probes immobilized on the surface of positively biased
microelectrodes. This method received much attention for a brief time, but has been largely
abandoned by the field. We hypothesize this abandonment is due to its strict requirement of
microfabrication, and the strong sensitivity of hybridization reactions to the effects of
electrochemical reactions (which can damage DNA, dramatically change local pH, and/or
generate bubbles).
Here we present a novel technique to accelerate and control microarray hybridization using ITP
focusing of targets. We use ITP to focus and transport target molecules over an array of probe
sites in relatively simple microfluidic devices. ITP strongly increases the local target
concentration and simultaneously enhances the local mixing through secondary flows and nonaxial electric field components near the ITP focus zone.9 ITP is an electrophoretic focusing
technique, where target analyte ions are focused selectively between leading and trailing
electrolyte ions of the two buffers. Relevant to the current work, ITP has been used to enhance
the speed and sensitivity of 2nd order hybridization between suspended species. For example,
Persat and Santiago21 and Bercovici et al.23,128 used ITP to enhance homogeneous DNA
hybridization between a molecular beacon probe and its complementary target species
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demonstrating as much as 14,000 fold acceleration. Bahga et al.25 showed detection of two target
species sharing a common portion in their sequences by integrating ITP-enhanced, free-solution
hybridization with capillary zone electrophoresis. ITP has been also used to enhance the surface
hybridization reaction between a suspended target and an immobilized probe. Garcia and
Santiago129,130 used ITP to speed up reactions between a single ssDNA species in solution and its
complimentary capture probe immobilized into a polyacrylamide gel. Recently (in work
published during preparation of this manuscript), Karsenty et al.26 showed an ITP aided reaction
between a single target DNA and a single complementary cDNA immobilized on a surface of
paramagnetic beads. However, we know of no studies toward integration of ITP with DNA
arrays. Further, we also know of no studies combining ITP-enhanced reactions and multiplexing
with three or more target species.
In this dissertation, we significantly extend the ITP-accelerated reactions to multiplexed detection
of 20 target species using 60 spots of surface-immobilized probes (3 replicates per each target).
We leverage high accumulation power of ITP to achieve both rapid and sensitive microarray
hybridization. We present a simple analytical model for ITP hybridization, which predicts order
1,000 fold speed up per a column of spots and approximately 10 fold increase in sensitivity
compared to the kinetically limited reaction with no preconcentration. Our system consists of a
single layer PDMS superstructure bonded to a glass slide containing a standard microarray
exposed to the liquid within the PDMS channel. Our technique enables quantitative detection of
26 nt single-stranded DNA (ssDNA) over a dynamic range of 4 orders of magnitude. We
experimentally demonstrate 30 min assay time with 8.2 fold increase in sensitivity compared to
conventional overnight microarray hybridization at 100 fM target concentration.
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3.2 Theory
In this section, we first summarize and examine assumptions used for developing the ITP
enhanced surface hybridization model. We then develop a simple analytical model for ITP
surface hybridization, and present a scaling analysis that reveals linear proportionality between
fraction hybridized and ITP preconcentration. Lastly, we make comparison between ITP based
hybridization model and second order reaction kinetics for perfectly mixed systems.

3.2.1 Regimes of ITP enhanced surface hybridization
We consider a system shown in Figure 3.1, consisting of a microchannel containing a section of
microarray of length l, at location x0 downstream of its inlet. In order to develop theoretical model
for our ITP enhanced hybridization kinetics, we first identify the regime of our ITP hybridization.
We calculate Damkohler nondimensional number, Da, to get a grasp of the interplay between
reaction and diffusion. As per its definition, the higher Da, the higher reaction rate versus
diffusion rate, thus the system is more prone to diffusion limited. With typical parameters for our
system summarized in Table 3.1, we estimate Da for our system is 0.07, which is relatively
small. Pappaert et al.,78 showed that reaction is strongly diffusion limited for cases with Da higher
than 1. Although Da gives a rough idea on whether our system is reaction limited or diffusion
limited, there is no single critical Da which indicates the onset of diffusion regime because
transition to diffusion-limited reaction depends on many other parameters.78

Figure 3.1 Schematic of top view and side view microchannel channel used for our ITP-based microarray
hybridization experiments. We indicate key parameters that define the system. The microarray spot region
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is located x0 downstream of TE well, and the total microarray length is l. The microarray includes many
columns of spot with diameter d. The channel width and height are respectively defined w and h. ITP zone
with a length dimension of δ travels at velocity V. In the side view, the depth of depletion zone is denoted
by λ.

Table 3.1 Summary of typical parameter values of our system (* indicates experimentally measured values
for our system).

Parameter

Dmol
kon

Name
Molecular diffusion coefficient
for target lengths 20-27 nt90,91
Kinetic on-rate constant*

Value
9.2×10-10 m2/s
76 m3/mol-s

koff

Kinetic off-rate constant*

K
T0
P!

Dissociation constant (koff / kon)*
Reservoir concentration of target

5.7×10-7 mol/m3

Molar surface concentration of
immobilized probes78,131
ITP fold preconcentration level*
ITP velocity*
ITP width*
ITP residence time on a spot*
Length of microarray
Width of channel
Microarray location
Array spot diameter
Channel height

2×10-9 mol/m2

0

p
V
δ
tres
l
w
x0
d
h

4.4×10-5s-1
10-9 mol/m3

549
3.2 um/s
746 um
235 s
4 mm
500 um
6.7 cm
6.0×10-5 m
4.0×10-5 m

Here, we verify our assumption that ITP reaction is kinetically limited from an estimation of
length scale of “consumed” species compared to the channel height. In ITP, target concentration
increases by p fold, thus the ratio of the maximum surface concentration to the maximum target
concentration is given as

λ=

c! PT ,steady
cT ,max

T0 !
P
K + T0 0
P!
=
≤ 0 .
pT0
pK

(3.1)

The ratio yields a length scale, which indicates the height that constitutes the volume of target
required to finish the reaction. Clearly the penetration depth is higher for lower target
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concentration, since it requires the more volume of target solution for the required number of
molecules for the reaction. However, there is an upper bound for the penetration depth
determined as λmax = P!0 / pK = 6.4 µm using parameters given in Table 3.1. This is sufficiently
small compared to the channel height, 40 µm, and thus we are far from regime where a depletion
zone occupies the entire channel height, and grows in the axial direction. Importantly, the
diffusion time of target over this length scale is much smaller compared to residence time on one
spot. We calculate the diffusion time required to bring samples to replenish the depleted depth as

tdiff = λ 2 / Dmol = 0.2 s . In contrast, the residence time of TIP zone on the spot was measured
as 235 s for our experimental condition. Therefore ITP reaction time is orders of magnitude larger
than diffusion time, which implies the kinetically limited reaction. The main reason why ITP
avoids diffusion limitation is by a strong preconcentration. The same analysis for non-ITP case
results in the penetration length of 2 mm, which is far larger than the typical hybridization
chamber height of 100 um. This eventually causes a big depletion zone that grows in the channel
axial direction. Be noted that for DNA, it needs ~18 h to diffuse 2 mm, thus resulting in
significantly diffusion-limited hybridized, which is observed in many conventional microarray
hybridization.90 Given the discussion above, we confirm that we can assume kinetically limited
reaction for ITP enhanced surface hybridization.
Secondly, we assume target concentration is maintained constant during the reaction, which
allows us to apply the pseudo-first order kinetics. Potential concentration change over time is
attributed to two reasons: ITP focusing and binding reaction. We here estimate the change of
concentration compared to the concentration in the ITP zone before reaction. According to ITP
focusing dynamics, concentration in the ITP zone is a function of migration length. Ratio of
concentration change to original concentration, Δc / c during the duration ITP passes the reaction
pad of length l can be estimated as l / x0 where x0 denote the migration length before ITP zone
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arrives the microarray (see Figure 3.1). Calculation with the parameter values of our system
gives the ratio of 0.06, which is relatively low. In order to satisfy this condition more strictly, we
can alternatively use a finite injection of sample in the channel, where concentration changes
negligibly once all targets are focused in the ITP zone. Next, we estimate the concentration
change due to reaction using second order forward kinetics of surface reaction expressed as

P!
dcT
~ kon 0 cT
dt
h

(3.2)

where h is channel height and P!0 / h denotes the surface concentration converted into volume
concentration. We rearrange Equation (3.2) to calculate change of target concentration relative to
the initial concentration as
dcT
cT

~ kon

P0
P d
dt ~ kon 0
h
hV

(3.3)

where d is spot diameter, and V is ITP velocity. This value is calculated as 0.07 for our slowest
ITP conditions, which is sufficiently lower than 1. We also note that ITP focusing makes
incremental change (accumulation), and reaction makes decremental change (consumption due to
chemical reaction), thus canceling their effect each other. In sum, no change of target
concentration during ITP reaction is a valid assumption for our system, however this assumption
would no longer holds for bigger spots, shallower channel, and slower ITP speed.

3.2.2 ITP hybridization model
We model ITP hybridization assay as a kinetically limited reaction at an elevated, characteristic
target concentration associated with the ITP preconcentration. As a simple approximation, we
model the concentration profile of ITP focused targets as a top-hat pulse with a characteristic
target concentration value of pT0 and characteristic ITP zone width of δ, traveling at a constant
velocity of V. Here p denotes the fold preconcentration level of the target species in the ITP zone
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compared to the reservoir concentration. Using this simple model of an ITP zone, we estimate the
duration during which an immobilized probe is exposed to the high concentration target as
tres = δ / V. With these, we model that our ITP hybridization is performed at a concentration of pT0
for a short, finite ITP reaction time of tres. We assume target concentration stays constant during
ITP hybridization, and apply the analytical solution for pseudo-first order kinetics. Substituting
pT0 for T0 and tres for t in Equation (1.28), we derive an analytical model for ITP hybridization as
follows:

f ITP =

pT0
(1− exp(−( pT0 + K )kontres )) ,
pT0 + K

(3.4)

where fITP denotes the fraction of surface probes hybridized after ITP zone passes. This simple
model yields insight into ITP-aided hybridization dynamics as well as serves as a comparison
case for the well-stirred surface hybridization with no preconcentration. A similar analysis on the
ITP hybridization was provided recently by Karsenty et al.26 For small times and concentrations
that satisfy ( pT0 + K )kontres << 1 , we can use Taylor series expansion for the exponential
function and obtain our approximate model of

f ITP ! pkonT0tres .

(3.5)

Recall from Section 1.2.1 that kinetically limited reaction with no focusing has relation

f kin ! konT0t in the similar regime. This suggests the initial slope of fraction-hybridized increase
is p fold higher for ITP compared to kinetically limited reaction as shown in Figure 3.2.
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Figure 3.2 Plots of fraction-hybridized as a function of time for ITP hybridization (blue) and kinetically
limited hybridization with no focusing (red). Parameters used for calculations are p = 1000, kon = 105 M-1s-1,

koff = 5 × 10−5 s−1 , and T0 = 10-12 M, which satisfy the condition T0/K <<1. Arrows denote ITP speed up and
sensitivity enhancement. ITP preconcentration requires p fold less time to achieve the same signal as steady
sate signal as kinetically limited hybridization. Given more residence time, ITP enables higher fractionhybridized, thus higher signal. Assuming sensitivity increase by A fold, speed-up is lowered to p / A fold,
but still more than a couple of magnitude smaller than characteristic time scale for kinetically limited
hybridization.

The linear model also gives insights on speed-up and sensitivity improvement obtained by ITP.
First, ITP hybridization can result in the same signal in a much shorter time compared to
kinetically limited reaction for one spot. For kinetically limited reaction, tkin,eq, the time required
to reach 99% of the equilibrium signal defined in Equation (1.29) takes the form of

tkin,eq =

ln(100)
.
(T0 + K )kon

(3.6)

For ITP, we use the approximate linear model to obtain the time required for ITP hybridization to
reach the same signal given as f kin,eq . Equating the 99% of equilibrium signal of kinetically
limited reaction given in Equation (1.29) and our approximate linear model shown in
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Equation (3.5), we obtain ITP residence time required to achieve the same 99% of equilibrium
signal expressed as

tres,eq !

0.99
.
(T0 + K ) pkon

(3.7)

Therefore the ratio of these two time scales can be simplified as tkin,eq / tres,eq = ln(100) p / 0.99 , from
which we observe that speed-up scales with p. In Figure 3.3a, we plot the same ratio calculated
based on our original ITP hybridization model given in Equation (3.4). For a common range of p
and T0 / K values presented here, an order 1,000-fold speedup is predicted. We also see that our
approximate model prediction (dashed lines) starts deviates from the exact solution (solid lines)
for normalized concentrations T0 / K higher than 10-2.

Figure 3.3 Comparison of hybridization time and sensitivity between ITP and well-mixed (kinetically
limited) surface hybridization. (a) Contour lines represent the ratio of characteristic time to reach 99% of
the equilibrium with kinetically limited reaction to that with ITP, tkin,eq / tres,eq, for a common range of T0 / K
and p. Solid contour lines represent the ratio obtained from ITP model in Equation (3.4), whereas dashed
lines used the approximated model shown in Equation (3.5). (b) Ratio of fraction of hybridized probes of
ITP hybridization to that from well-mixed case at equilibrium, fITP / fkin,eq, explored for a relevant values
nondimentional time treskoff and p. The contours are obtained with a fixed T0 / K at 10-4, but we note these
contours have a negligible dependence on the value for T0 / K < 10-2. The gray area represents the range of
parameters treskoff and p, which results in an ITP assay with higher sensitivity than the kinetically limited
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reaction. The square symbol represents the conditions of our experiments (p = 549, tres = 235 s, and koff =
4.3×10-4 s-1), and fITP / fkin,eq is 5.6 at this condition. The uncertainty bars on this point represents 95%
confidence intervals based on a propagation of error analysis.

The speed-up shown in Figure 3.3 is in based on the physical contact time between each target
and probe, calculated as the ITP zone residence time. The total time of the ITP hybridization
assay is longer because it includes ITP focusing time and the electromigration time over the entire
array length. The total assay time can be expressed as

tassay = t focusin g + thybr =

x0 l
+
V1 V2

(3.8)

where V1 and V2 respectively indicate ITP velocity during focusing and during hybridization. As
explained in Materials and Methods section, we developed our assay using two-step electric field:
a higher value for focusing and a lower value for hybridization. This reduces assay time and helps
us avoid electrokinetic instability during hybridization. The common time range for focusing and
hybridization was respectively 1-5 min and 3-30 min for our channel geometry.
Secondly, we predict an increase of sensitivity for ITP enhanced hybridization. In Figure 3.3b
contour lines represent the ratio of fraction hybridized of hybridization with and without ITP
versus the nondimensional time, koff tres, and preconcentration level, p. A ratio higher than unity is
achieved for the range of parameters highlighted by the gray area. For example, for a typical koff
value of order 10-4 s-1, residence times of 50 s or greater result in fITP / fkin,eq values greater than
unity for preconcentration factors of about 300 or greater. Such preconcentration values and
residence times are easily achievable with ITP for a wide variety of targets and sample types.132
We note that the linear ITP model predicts that increase in sensitivity by A fold is accompanied
with A fold decrease in acceleration (Figure 3.2).
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3.2.3 Effects of electric field on the sensitivity of ITP hybridization assay
The fraction of hybridized probes after ITP hybridization is a function of parameters describing
the ITP focusing such as preconcentration factor p, the ITP zone width δ, and the ITP zone
velocity V whose values depend on the applied electric field. We here present an analysis of the
hybridization reaction dynamics as a function of the electric field (an independent parameter in
this problem). Electric field is an important experimental parameter as it is perhaps the easiest to
vary. Assuming strong suppression of bulk flow, the ITP zone velocity is given as V = µ LE E
where E is electric field in the portion channel filled with the LE buffer. Under constant current
conditions, the value of E does not change during the assay. This is important for ITP
hybridization of microarray to ensure similar hybridization condition for all spots. According to
MacInnes and Longsworth’s analysis,7 ITP zone width is inversely proportional to electric field
(Equation (1.10)). This relation assumes the focused target molecules are in peak mode with a
mobility sufficiently greater than that of the TE co-ion and sufficiently lower than the LE coion.9,11 As per the ITP focusing dynamics model of Khurana et al.,5 we note that the
preconcentration is proportional to electric field. These relations result in the scaling of the ITP
linear mode as

f ITP ~ p(~ E)

δ (~ 1/ E)
1
T0 kon ~ ,
V (~ E)
E

(3.9)

which reveals that the smaller electric field during the hybridization step yields better sensitivity.
In Figure 3.4, we present contours of the ratio of fraction of hybridized probes of ITP (fITP) to the
fraction of hybridized of conventional hybridization at equilibrium (fkin,q) as a function of applied
electric field (abscissa) and kinetic off-rate constant (ordinate) values. The gray area in the plot
represents the parameter values for which ITP yields higher sensitivity than conventional method.
For a given koff, we see that lower electric field results in more sensitivity improvement. In
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contrast to the case of sensitivity, ITP total assay time is inversely proportional to electric field.
This explains a trade-off between sensitivity and reaction time in our technology.

Figure 3.4 Contours representing the ratio of fraction of hybridized probes of ITP hybridization to that of
conventional hybridization at equilibrium, fITP / fkin,eq, as a function of electric field E (abscissa) and
dimensional kinetic off rate constant, koff. For a typical range of electric field for ITP used here, we see
sensitivity increases as electric field decreases. The parameter combination resulting in the ratio greater
than 1 is indicated with gray color, implying that signal from ITP hybridization is higher than equilibrium
signal of conventional experiments. We used estimates for ITP zone width and accumulation rates based on
analytical models of ITP dynamics. We used experimental parameters summarized in Table 3.1 and
mobilities of µTE = −21× 10−9 m 2 V -1s-1 , µ A = −35 × 10−9 m 2 V -1s-1 , µCI = 9 × 10−9 m 2 V -1s-1 , for the case of

T0 / K = 10−4 .

3.3 Materials and methods
3.3.1 Reagents and materials
We used twenty pairs of synthetic target-probe composed of perfectly complementary DNA and
cDNA whose sequences are summarized in Table 3.2. We arbitrarily named target-probe pairs by
numbers from 1 to 20. The target sequences were synthesized with Cy3 dye at the 5’ terminus.
Capture probes were synthesized with amine group on a C6 linker at the 5’ end with additional
hexa-ethylene glycol linker (HEG) separating from the DNA sequence. Targets and the respective
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partner probes had the same length ranging from 20 to 27 nt. Additionally, we purchased and
used as corner markers synthetic DNA with amino modifier C6 at the 5’ terminus and Cy3 at the
3’ terminus. All oligonucleotides were purchased from Integrated DNA Technologies (IDT,
Coralville, IA), and 100 µM of their stock solutions were stored at -20°C.
Table 3.2 Probe and target oligonucleotide sequences.

Name

Probe sequence (5' → 3')

Target Sequence (5' → 3')

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

GGGTCCCATATCCGAAACCCAGCTCA
TGTTCCTTTTCGTCCATTTAGTCAACC
GCCAAGTTGGCCAAGCAGCG
TGTTCCCTCACGTCGCTCACAAACC
CTGGCTTAAATGGATTCGTCGGTGC
CTGGCCGTTGTCAGCGTGAAACATT
CTGTGAAAACACCGAGAAGCAGCCA
CTGGCTAGATATAAACGCAAATTGC
GTGTCTAATACTCAATCCAAGGGGC
TCCTCTGTCCATAACCAGGATCAAA
TGTTCCACACTCGTCAGGCGTGGAC
TGTTCAGTGCCAGCTTAGAGCCAGG
CGGTGAACACTATTTCTAACTCTCA
TTGTGGTGTCTACGACTACTGAAAGC
AACCACGTGGCAATTAAAGAGAGCT
TGGTCAACACATAAGGACGTAGCCC
GTGTCTCGACAATGTGCCAAAAGC
CTGTGTAGACATCGGATACGACCGC
TGTTCCATTTGGCTCACAACATGAA
CGGTCTTCCTGCCACACCAACCCTC

TGAGCTGGGTTTCGGATATGGGACCC
GGTTGACTAAATGGACGAAAAGGAACA
GCCAAGTTGGCCAAGCAGCG
GGTTTGTGAGCGACGTGAGGGAACA
GCACCGACGAATCCATTTAAGCCAG
AATGTTTCACGCTGACAACGGCCAG
TGGCTGCTTCTCGGTGTTTTCACAG
GCAATTTGCGTTTATATCTAGCCAG
GCCCCTTGGATTGAGTATTAGACAC
TTTGATCCTGGTTATGGACAGAGGA
GTCCACGCCTGACGAGTGTGGAACA
CCTGGCTCTAAGCTGGCACTGAACA
TGAGAGTTAGAAATAGTGTTCACCG
GCTTTCAGTAGTCGTAGACACCACAA
AGCTCTCTTTAATTGCCACGTGGTT
GGGCTACGTCCTTATGTGTTGACCA
GCTTTTGGCACATTGTCGAGACAC
GCGGTCGTATCCGATGTCTACACAG
TTCATGTTGTGAGCCAAATGGAACA
GAGGGTTGGTGTGGCAGGAAGACCG

Length
(mer)
26
27
20
25
25
25
25
25
25
25
25
25
25
26
25
25
24
25
25
25

For ITP hybridization, the aqueous LE buffer inside the channel, LE1, contained 250 mM HCl,
500 mM Tris, 5 mM MgCl2, 0.1% w/w 1 MDa poly(vinylpyrrolidone) (PVP), 10% Formamide,
and 0.01% w/w Tween20. We chose the concentration of HCl and Tris as a good compromise
between strong ITP focusing and Joule heating. The gel-phase LE buffer in the LE reservoir,
LE2, was composed of 250 mM HCl, 500mM Tris, and 25% w/v Pluronic F-127. At 25%
concentration of Pluronic F-127, the solution is a liquid below +4°C, but quickly changes to a
solid-phase as it is transferred to the reservoir and exposed at room temperature.133 We used this
thermal gelation property to prevent pressure driven flow in the channel during ITP. The aqueous
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TE buffer contained 25 mM HEPES, 50 mM BisTris, 1% PVP, and varying concentrations of
mixture of ssDNA targets. The loading volume of the TE buffer in the reservoir was 20 µl. Thus
we used 2 attomoles of each sequence for the hybridization of 100 fM target concentration.
For conventional hybridization, target DNA was mixed to the LE1 buffer to final concentrations
ranging from 100 fM to 10 nM. We used total 21.6 µl of the LE1 buffer each experiment, and we
estimate the channel contained only 1.6 µl. So, for example, 2 attomoles and 0.16 attomoles of
each target sequence were used, respectively, in the reservoirs and in the channel for the 100 fM
target concentration experiments. We used the same LE1 buffer for kinetic on-rate measurement
of probe-target pairs.
HCl, HEPES, Tris, BisTris, MgCl2, Pluronic F-127, Tween20 were purchased from SigmaAldrich (St. Louis, MO). PVP was obtained from Polysciences, Inc. (Warrington, PA).
Formamide was purchased from Invitrogen (Grand Island, NY). All solutions were prepared in
UltraPure DNase free distilled water (GIBCO Invitrogen, Carlsbad, CA).

3.3.2 Microarray
Our system consisted of custom-printed microarrays on glass slides. The microarrays were
custom designed and manufactured by Applied Microarrays, Inc. (AMI, Tempe, AZ) using
proprietary non-contact piezoelectric spotting equipment. Glass slides with epoxysaline coating
(Schott Nexterion Slide E, Elmsford, NY) were used as the substrate for immobilization. Each
slide had 6 identical microarrays; each array consisting of 8 repeated spots for 20 probe
sequences (total 160 spots). The spot diameter was 60 µm, and the center-to-center distance
between spots was 150 µm. The corner marker DNA was immobilized to indicate the location
and the direction of the microarrays. Since we purchased blocked arrays, we performed no further
blocking before hybridization. Once opened from their packaging, we stored the unused
microarrays in a vacuumed desiccator (Bel-Art Scienceware, Wayne, NJ).
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3.3.3 Design and fabrication of microchannel
We designed a single layer polydimethylsiloxane (PDMS) microfluidic superstructure. When
bonded to the microarray glass substrate, this structure created a simple channel over the array
consisting of an inlet and an outlet reservoir. This simple structure was used to extract target
DNA from the inlet, focus it, and perform rapid ITP hybridization. We used the identical PDMS
and glass substrate system to perform conventional hybridization without ITP or mixing. In
Figure 3.5 shows details of microarray and microchannel geometry, we show drawing of the
channels of the PDSM superstructure and a superposed image of the microarray (shown as a gray
rectangle). On a standard size (25 mm by 75 mm) glass slide, we had six blocks of identical
microarrays. Each block consisted of a total 160 spots of 20 sequences (with 8 replicates). Our
microchannel was nominally 500 µm wide, 80 mm long and 40 µm deep, except for a middle
portion, which had a smooth transition to and from a 200 µm wide (at the throat) constriction
immediately upstream of the microarray sites. 90 degree low-dispersion turns were used on the
corners.134

Figure 3.5 Drawing of glass microarray and PDMS microchannel superstructure. On each slide, the glass
substrate contained 6 identical microarrays. Gray rectangles indicate the location of microarray blocks. To
each array, we bonded a PDMS superstructure which formed a microchannel leading to and from of the
array. Each DNA array had horizontal and vertical dimensions of approximately 4 and 1.5 mm. Left and
right circles respectively indicate TE (input) and LE (output) reservoirs, where aqueous TE containing
targets and gel-phase LE (LE2) were loaded and electrodes were placed. The width of microchannel is
nominally 500 µm, except at a 500 µm long constriction region where the channel tapered down to a
smooth 200 µm wide “throat” constriction with fore aft symmetry.
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We used a SU-8 master mold fabricated by the Stanford Microfluidics Foundry as a positive cast
for the microfluidic superstructure. To optimize bonding, we experimented with several ratios of
precursor-to-curing agent (Sylgard 184, Dow Corning, Menlo Park, CA), and found a ratio of
20:1 (w/w) formed a spontaneous seal between the PDMS slab and epoxysaline-coated glass slide
with no plasma treatment. We degassed the reagents for 30 min, thoroughly mixed, poured into
the mold, and cured at 65 °C for at least 6 h. We then peeled off the PDMS slab and punched
holes to form inlet and outlet reservoirs. We manually aligned a PDMS superstructure and a
microarray slide based on the alignment markers on the PDMS, and created a reversible contact
bond between them. We observed no leakage of these bonds. The final microfluidic system
contained 40-60 spots within the fluidic channel, depending on the alignment.

3.3.4 Equipment and experimental setup
For the on-chip visualization of microarray hybridization, we used an inverted epiﬂuorescence
microscope (Eclipse TE300, Nikon, Tokyo, Japan) equipped with a 10X objective (Plan, NA
0.45, Nikon, Tokyo, Japan). We used a mercury lamp and a filter cube (XF102-2, Omega Optical,
Brattleboro, VT) for excitation of Cy3 fluorophore. We recorded images with generation III,
intensified CCD camera (IPentaMAX; Roper Scientific, Trenton, NJ), controlled with
Winview32 (Princeton Instruments, Trenton, NJ).
We scanned the microarray slides using a GenePix 4000B array scanner (Axon Instrument, CA)
located in Stanford Functional Genomic Facilities (SFGF). We used hardware settings of 100%
laser power, 5 µm resolution, and either 400 or 800 PMT gain. We used GenePix Pro 6.0
software (Axon Instrument, CA) to extract images and obtain quantitative estimates of
fluorescence intensity from each spot.

3.3.5 Experimental protocol
Immediately before each experiment, we primed a channel by flushing with 50% ethanol (Sigma80

Aldrich, St. Louis, MO) for 5 min. This mitigated problems with air bubble formation during the
loading step.135 We dried the ethanol by flowing air with a vacuum line for 2 min before filling
the channel with LE1. As depicted in Figure 3.6a, ITP hybridization required three buffers: LE1,
LE2, and TE, and performed in three steps: initial focusing, a diffusive homogenization step, and
hybridization and transport. After filling the entire channel with LE1 buffer, we rinsed the two
reservoirs using distilled water, and emptied the reservoirs thoroughly with vacuum. We pipetted
20 µL of aqueous TE buffer and gel-phase LE buffer (LE2) into the input and output reservoirs,
respectively. We then placed platinum wire electrodes into the each reservoir. The LE2 buffer
changed from liquid to solid phase immediately after it was pipetted into the well from the ice
bath, preventing unwanted pressure driven flow.
In the focusing step, we applied a relatively high electric field by applying 1100 V to the LE well
and grounding the TE well using a high voltage sourcemeter (2410, Keithley Instruments,
Cleveland, OH). This rapidly extracts DNA targets from the input reservoir and accumulates
them at the moving ITP interface. The number of molecules accumulated in this step is
determined by the volume of the focusing channel and buffer composition.5,132 During this stage,
high electric field can cause some amount of Joule heating and electrokinetic flow instabilities122
which result in non-uniform distribution of target along the spanwise width of the channel
(Figure 3.6b). To correct this, the ITP zone was positioned within a narrow constriction in the
channel wherein we deactivated the electric field for about 2 min. This process redistributed the
sample via molecular diffusion. We then re-applied relatively low electric field by applying
constant current in the range of 1 – 50 µA, which avoided further instabilities and migrated the
focused targets at constant velocity over the microarray. Microarray spots located immediately
downstream of the constriction were exposed to highly focused target DNA for a finite, local
residence time of the moving ITP zone (typically order 50-250 s per a column of spots depending
on applied electric field). The hybridization reaction is greatly accelerated at the probe sites
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within the ITP zone, and the progression of the ITP zone downstream subsequently acts as an
electrokinetic “wash” where unbound targets are removed from probe spots and collected at the
migrating ITP zone. After the sequence of events, the channel containing the array was washed
with wash buffers and dried with air prior to scanning on the microarray scanner.

Figure 3.6 Schematic of our three step ITP hybridization shown in (a) and images of ITP zones at each step
shown in (b). We used TE including mixture of 1 nM targets and PDMS channel with no immobilized
probes for this independent ITP experiment. The images were taken from a single ITP experiment. During
the initial focusing, rapid-accumulation step, we observed non-uniform distribution of targets migrating at a
high velocity. After the zone arrived the constriction, we deactivated the electric field to allow diffusion to
homogenize the target concentration. The middle “Diffusion” image was taken approximately 20 s after the
field is deactivated. After 2 min, we re-applied the electric field at a lower current, and observed the slow
migration of ITP zone with uniform span-wise concentration profile.

For conventional hybridization experiments, we primed a channel in the same way, filled it with
the LE1 buffer containing target DNA, and then filled two reservoirs with 10 µl of the same
buffer. We taped PCR sealer film (Microseal B Adhesive Sealer, MSB-1001, BIO-RAD) on top
of the PDMS superstructure to prevent evaporation, and wrapped the entire device with aluminum
foil. The microfluidic system was then incubated at room temperature for 15 h.
After each ITP and conventional hybridization experiment, we emptied both reservoirs, and filled
the channel with 1X saline-sodium citrate (SSC, Invitrogen, Carlsbad, CA) for 1 min, then
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completely dried the channel by flowing air with a vacuum line for 2 min. We then peeled off the
PDMS channel superstructure, and carried out an additional two-step washing inside a 50 ml
centrifuge tube. For the latter, the microarray slide was first immersed in a solution containing
0.1XSSC and 0.1% w/w TritonX (Sigma-Aldrich St. Louis, MO) for 1 min, and then transferred
to 0.1XSSC for additional 1 min incubation. At the end of this serial wash, we dried the
microarray slides completely by blowing air from a duster type compressed gas can.

3.3.6 Kinetic on-rate constant measurements
We conducted independent microarray hybridization experiments for quantitation of kon. We
dissolved mixture of targets at 5 nM or 20 nM concentration in a buffer identical to the LE1
buffer used in ITP hybridization experiments. We assume these concentrations satisfy the excess
target condition, thus we use pseudo-first order kinetics expressed as

f = 1− e

− konT0t

(3.10)

to extract the on-rate constant. We filled our channel with this solution, and started recorded
images of the spots at many times until we saw little change in fluorescence intensity over time.
We took images from CCD camera and epifluorescence microscope setup that are same as the
one used for visualization experiments. For higher signal to noise ratio, we used 10X 0.45 NA
objective. We measured kon of all even targets simultaneously by having 5 nM of each target in
the solution. We obtained data for odd targets from two experiments: first, a mixture of 20 nM
target 1,3,5,7, 9, and secondly a mixture of 20 nM target 11, 13, 15, 17, 19.
In data analysis, we first subtract the buffer-only background signal from the raw fluorescence
intensity, and then normalized the value with the steady state intensity. In Figure 3.7, we show an
example data of normalized signal versus time for species with the highest and the lowest
measured kon rate. We relate the normalized signal with the fraction hybridized, f, given in
83

Equation (3.10) and use nonlinear least square regression fit to extract the constant konT0.
Dividing the constant with respective target concentration yielded kon of 2.9 × 104 and

12.2 × 104 M-1s-1 respectively for target 4 and target 5. Experimentally measured kon for other
targets are summarized in Table 3.3.

Figure 3.7 Kinetic on-rate measurement experiment data. We recorded fluorescence image of surface
hybridization of targets at 21°C at various times. In order to capture the fastly changing initial increase in
signal, we took images more frequently during initial times, and slowly decreased the acquisition rate. We
took images until we observed negligible amount of fluorescence change. We enforced excess target
condition (T0 >> K) by having 5 nM and 20 nM concentrations respectively for target 4 and 5. We used
nonlinear least squares fits and obtained kon values of 2.9×104 M-1s-1 and 12.2×104 M-1s-1 respectively for
target 4 and 5. We obtained kon of other species in the same way, and their values were bounded by these
minimum and maximum values. We here included data of target 4 and 5 as examples.

Most of the kon values of target species were bounded by minimum and maximum values
presented in Figure 3.7. In Table 3.3, we provide kon for other species extracted by nonlinear fit
to the data similar to target 4 and 5. However we could not estimate the on-rate constants for
target 3 and 11. The signal increase in spots corresponding to target 3 and 11 was too slow, thus
we could not obtain meaningful data in the time frame of our experiments (up to 4 h). We
hypothesize that the secondary structure of those oligonucleotides promote generation of self-
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dimers, and thus kinetic on-rate is significantly impaired. We estimate the on-rate constant for
these targets are more than an order of magnitude lower than the measured lowest kon.
Table 3.3 Summary of experimentally measured kon values for all targets

Target number
1
2
3
4
5
6
7
8
9
10

kon (M-1s-1)
6.7e4
7.8e4
NA
2.9 e4
12.2e4
3.66e4
9.38e4
7.93e4
11.2e4
5.53e4

Target number
11
12
13
14
15
16
17
18
19
20

kon (M-1s-1)
NA
6.13e4
10.1e4
6.56e4
8.12e4
6.79e4
3.69e4
4.59e4
4.69e4
8.75e4

3.3.7 Measurements of ITP parameters
We measured ITP velocity, V, ITP interface width, δ, and preconcentration level, p, from
independent ITP hybridization experiments (N = 5). For these calibration experiments, we
obtained images of the migrating ITP zone containing twenty Cy3 labeled targets (each with
250 pM reservoir concentration) under a 2 µA constant current condition with an ICCD gain of
40, exposure time of 1 s, and 0.1 Hz frame rate. We first performed image analysis on the raw
image (I) to subtract background intensity (BG) and correct the non-uniform illumination by flat
field image (FF) according an equation of the form

I corr =

I − BG
,
(FF − BG) / max(FF − BG)

(5)

where Icorr denotes corrected intensity of the images. From least square linear regression fit to our
titration experiments, we obtained a relation I corr = 1.02 × 1010 T0 + 41 , which converts the
corrected intensity of ITP zone into concentration of targets as shown in Figure 3.8a. In Figure
3.8b we present ITP concentration profile with Gaussians fit of the form of Ae( x− µ )

2

/2σ 2

where A

is the amplitude, µ is the mean, and σ is the standard deviation. In our model, we approximated
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ITP concentration profile as a top-hat pulse with a characteristic ITP interface width, δ. To this
end, we set δ to be the ±2σ width of the Gaussian peak. We determined the magnitude of the tophat pulse, pT0, such that the area under the pulse, 4σpT0, was equal to the area under the Gaussian
peak,

2π Aσ . This provided estimate for the ITP zone width and preconcentration level:

δ = 746 ± 32 µm and p = 549 ± 49 . Further, the ITP velocity was measured by dividing the
average displacement distance of Gaussian fit obtained from thirty pairs of images taken with 10
s image-to-image delays. The estimated value of V at 2 µA was 3.2 ± 0.05 µm/s. Dividing the
value of δ by V, we obtained the ITP residence time as tres = 235 ± 12 s. For all ITP parameters,
we reported mean values from five experiments along with 95 % confidence interval based on the
Student’s t-distribution.

Figure 3.8 (a) Calibration curve for the relation between fluorescence intensity and target concentration.
All data was taken under the same imaging condition of 1 s exposure time and ICCD camera gain of 40.
These uncertainty bars represent a standard deviation from 30 measurements. Least square fit was used to
extract the linear relation found as I corr = 1.02 × 1010 T0 + 41 . (b) Top-hat pulse approximation of Gaussianlike ITP zone. Experiment was conducted using a 250 pM reservoir concentration, T0. The corrected
intensity was averaged in the span-wide direction of microchannel, and converted to concentration value.
The width and height of the pulse was defined as 4σ and

2π A / 4 where A and σ respectively denote the

magnitude and standard deviation of the Gaussian fit. Like this, ITP preconcentration and zone width were
measured and averaged from five repetitions of ITP experiment.
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3.4 Results and discussion
We first performed on-chip visualization of the ITP hybridization process using a standard
epifluorescence microscopy with CCD camera imaging. In Figure 3.9, we present images taken
from a single ITP microarray hybridization experiment at three times at a fixed location. Here, we
focused twenty Cy3 labeled ssDNA target sequences at 100 pM initial concentration, and let the
ITP zone sweep over the immobilized probe spots. Initially, the probes were in contact with
aqueous LE solution containing no target species, thus we observed no fluorescence signal. After
the ITP zone passed over the reaction spots, we observed fluorescence intensity increase, as
expected. The background signal in these images is higher in the trailing zone of ITP peak as the
TE here contains target species. These images serve as a qualitative description of the assay.

Figure 3.9 Real time Experimental visualization of ITP microarray hybridization with fluorescence images
taken at three times. The ITP-focused Cy3 labeled ssDNA targets migrated over the surface immobilized
complementary probes. After the ITP zone swept by, we observed specific fluorescence signal increases at
the probe sites. The initial concentration targets in this visualization was 100 pM (chosen to easily visualize
the process).

We experimentally validated the approximate analytical ITP hybridization model presented in
Equation (3.5). The model predicted linear proportionality between fraction-hybridized and kon,
T0, p, and tres. Investigating the trends for each parameter independently would require a large
amount of time and effort, plus cost of expensive microarrays. Instead, we conducted a couple of
experiments where ptres was varied during ITP hybridization experiments on a microarray
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containing 20 species with various kon values. During ITP microarray hybridization, we varied
electric field to expose probes with focused targets whose values of product of preconcentration
and residence time varies. Note p and tres cannot be changed independently since both are a
function of electric field, as discussed in Section 3.2.3. As shown in Figure 3.10a, our microarray
layout includes two sets of the same array of probes in the axial direction. We utilize this
redundancy to investigate the effect of changing ptres for each species. We also normalize the
results with kon of each species to validate effect of kon to the fraction hybridized. kon for each
species was obtained from independent experiment presented in Section 3.3.6. In Figure 3.10b,
we present the visualization of ITP zone as we changed the applied current from 1 µA to 50 µA.
Taking into consideration the proportionally faster velocity at higher current, we applied lower
current for longer time in order to ensure the portion of microarray subject to each condition is
evenly distributed in spatial coordinate. We took hundreds of images for approximately 400 s,
and stacked each frame in the positive y direction to generate the spatiotemporal plot, which
represents fluorescence versus time t and axial location, x. The inverse of the slope in this plot
indicates the speed of electromigration.
As shown in the data, the ITP zone containing targets starts wide and faint, and becomes narrow
and focused at higher current. We averaged the signal intensity inside the channel of each image
in y direction, and extracted the ITP width and preconcentration level as a function of axial
location x. We then cross correlated pairs of images that are 10 frames apart to extract
displacement of ITP zone during a given time, which was later converted to ITP velocity. Using
these ITP parameters experimentally measured from series of images, we calculated ptres at each
spatial location. The measured ptres has the highest value at earlier locations, and monotonically
decreases by approximately 10 fold along x. This trend was predicted from our analysis in
Section 3.2.3. In Figure 3.10c, we present the raw microarray image taken by scanner. We
observed that spots located in the initial part of the array are associated with higher signal, as
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expected. The location of species matches those presented in the schematic shown in Figure
3.10a. There were three spots per sequence in each column, thus we averaged their intensities in
the data analysis. As we discussed in Section 3.3.6, we used only 18 species in the downstream
analysis because target 3 and 11 had a significantly lower kinetic on-rate, which was not
measured.

Figure 3.10 Schematic and raw data of experiments with varying electric field ITP hybridization. (a) We
migrated ITP zone over array including 20 spots in a mosaic manner, and the same pattern repeats in the
1.5 mm downstream. The electric current was changed from 1 µA to 50 µA as ITP swept over the
microarray. (b) Experimental result showing spatiotemporal measurements of the ITP zone recorded during
hybridization. Inverse of the slope indicates the ITP migration velocity. ITP zone started with a wide ITP
zone moving slowly, and is concentration and velocity gradually increased as it migrated further. (c)
Experimental raw image of microarray after scanning on a microarray scanner. The same species located in
the section on left is more hybridized than the ones located in the section on right. Smaller dots are
fluorescence markers, which indicate the location of microarray.
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We use data collected from the ITP microarray experiments with varying electric fields to
validate our linear ITP model. In Figure 3.11a, we show the raw data of signal intensity versus
relative spot location. For better visualization, we mirrored the location of signal compared to the
raw image. In the main plot, we present signals from the same sequence with the same color. Two
data points with the same color represent the same sequence, but each of them was exposed to
different preconcentration for a different residence time. Spots exposed with higher product of
ptres showed higher signal for the same sequence. Because of alternating sequences in the column
wise direction, there are two species sharing the same axial location and ptres. The different signal
intensity between them indicates the effect by kon difference between species. In the inset, we
normalized the signal I by kon on the y axis, and changed the x axis with ptres estimated at each
location. This change of axes approximately collapsed data into a linear line as predicted from the
model f ITP ! T0 kon ptres . The collapse in x direction validates the fITP linearly proportional to the
product of ptres, and the collapse in y validates linear proportionality on kon. The slope from our
linear fit on the modified axes should be proportional to initial target concentration. In Figure
3.11b we show data from two target concentrations under the same experimental condition. The
slope is extracted from linear regression fit, which yields R-square values higher than 0.9. The
experimentally measured ratio of slope of 200 pM to that of 50 pM data was 4, which exactly
matched the ratio of initial concentrations. This validates the linear proportionality of our model
to the initial concentrations.
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Figure 3.11 Experimental validation of linear ITP hybridization model. (a) Hybridization signal of 18
species plotted versus relative spot location. The experiment was conducted with mixture of all species at
50 pM concentrations. Inset changes the axis to ptres and I/kon, and shows the collapse of all data into linear
line. (b) Experimental data at two concentrations 200 pM and 50 pM plotted on ptres and I/kon axes. Both
data sets collapsed into a linear line with R square values higher than 0.9. The slope of the fit was 4 fold
higher for data with 4 fold higher concentration.

We demonstrate a wide dynamic range, high sensitivity, and hybridization acceleration of our
technique by comparing titration curves for ITP and conventional hybridization with no mixing.
In Figure 3.12, we present experimental data of fraction of hybridized probes against six
concentrations for ITP (triangle) and conventional hybridization (circle) cases. The hybridization
experiments were performed using a mixture of twenty target sequences, and we varied
initial/reservoir concentrations from 100 fM to 10 nM. Here we show results from only target 1,
and we include additional data analyses for other targets below (Figure 3.13). The fraction of
hybridized probe was estimated by normalizing the background-subtracted fluorescence signal
with the maximum value for the respective methods. In both cases, the fraction of hybridized
probe proportionally increased with increasing concentration over a dynamic range of 4 orders of
magnitude. The fraction hybridized for ITP hybridization was higher than that of conventional
hybridization for all concentrations, showing improved sensitivity by the preconcentration effect
of ITP. For example at 100 fM, the average fraction hybridized for the ITP and conventional
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hybridizations were respectively 1.2 × 10−3 and 3.2 × 10−5 . Using the probe surface density and
−21
spot dimension given in Table 3.1, we calculate that the ITP hybridization recovered 6.7 × 10
3
−22
2
moles ( 4.0 × 10 copies) and conventional hybridization recovered 1.8 × 10 moles ( 1.1× 10

copies). ITP has approximately 1 order of magnitude higher capture amount than conventional
hybridization. In the inset, we compare the raw fluorescence intensities for ITP and conventional
hybridization (here, without background subtraction) for the lowest concentration case (100 fM)
and a negative control of no target in solution. The intensity increase relative to the negative
control was 1.7 for conventional and 14 for ITP hybridization, which translates to an 8.2 fold
increase in sensitivity for ITP hybridization. The ITP assay total duration (for all spots) was
30 min, compared to 15 h for the conventional hybridization; hence the increased sensitivity was
accompanied by a 30-fold speed up for the process.

Figure 3.12 Experimental data demonstrating quantitative and sensitive detection of a target sequence
using ITP microarray hybridization, and its comparison to conventional array hybridization. Titration
curves shown here were obtained for 26 nt ssDNA (target 1) concentrations ranging from 100 fM to 10 nM.
Along with experimental data (symbols), we show results of analytical models with a single fitting
parameter for the conventional (dashed) hybridization, and an additional fitting parameter for the ITP case
(solid). The inset compares raw fluorescence intensity from T0 = 100 fM hybridization data of both
methods and the negative control with no target. The increase of fluorescence intensity over the negative
control was 1.7 for conventional and 14 for ITP hybridization. ITP creates an 8.2 fold increase in sensitivity
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and a 30 fold decrease in assay time. The range bar in the inset was used to indicate maximum and
minimum values of data points across repetitions (N = 3).

Shown together with the experimental data set are analytical models for the conventional and ITP
hybridization (dashed and solid lines). To obtain these theoretical curves, we first fit the
conventional hybridization data with the equilibrium model of Equation (1.29) using K as a
−10
M
single, global fitting parameter. The fitting parameter was determined as K = 5.7 ×10

using ‘nlinfit’ nonlinear fitting function of Matlab. For the ITP model, we used the same value of
K combined with independently measured estimate values of p = 549 and tres = 235 s. A single
additional fitting parameter for the ITP hybridization predictions was determined as
kon = 7.6 × 105 M-1s-1. These hybridization parameter values are typical for heterogeneous
hybridization.40,73,104 For ITP, we observed good qualitative agreement of predicted trends and our
experimental data. For conventional hybridization, we observed good qualitative agreement at
higher concentrations, but a slight discrepancy at concentrations below 1 pM. We hypothesize
that the overprediction by the model of the fraction hybridized is due to the fact that the
conventional hybridization did not reach equilibrium despite its 15 h incubation. We believe
hybridization is diffusion limited at these low target concentrations, and thus requires longer time
to reach equilibrium.
In, Figure 3.13 we present experimental data for targets 7, 12, 18, and 20 as comparisons to the
case of target 1 in the same format. Similar to target 1, we observe good qualitative agreement of
predicted trends and our experimental data. For each target, we used the same method to found
the fitting parameters K and kon, and included these species-specific values in the figure legend.
As expected from their similar lengths, the estimated kinetic parameters for these targets are on
the same order as those for target 1. Note that these kinetic parameters are also in the range of
typical values reported for heterogeneous hybridization.40,73,104 The additional titration data
confirms a 4 orders of magnitude dynamic range of quantitative detection for the various
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sequences. Also the experimental data and theoretical model predictions in all cases demonstrate
higher sensitivity for the 30 min ITP hybridization over 15 h conventional hybridization. We see
that the level of sensitivity increase depends on the kinetic off-rate constant as expected from the
analytical model (see Figure 3.3) For example, the predicted sensitivity increase for target 18
with smaller koff value of 1.6 × 10 −5 s −1 is 2-fold whereas target 20 with koff value of

4.0 × 10−5 s −1 has the calculated sensitivity increase of about 5-fold. This difference in
sensitivity increase is clearly reflected in the experimental hybridization data.

Figure 3.13 Titration curves of targets 7, 12, 18, and 20 for concentrations ranging from 100 fM to 10 nM.
Experimental data for ITP hybridization is represented with triangles, and that for conventional
hybridization is shown with circles. We used a single fitting parameter K for the conventional hybridization
model (dashed line), and an additional parameter, kon, for ITP hybridization model (sold line). In all cases,
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ITP shows enhanced sensitivity over the conventional hybridization, and the degree of enhancement is a
function of koff as expected.

We determined the limit of detection (LOD) of for both conventional hybridization and ITP-aided
hybridization based on the titration data. The spot fluorescence signal intensity and the local
background intensity around the spot were extracted from GenePix Pro 6.0 software. We
evaluated the LOD as the minimum target concentration which provided a signal-to-noise ratio
(SNR) of 3. Here, we defined the signal as the background subtracted intensity from each spot,
and noise as the standard deviation of the background signals from three repeats at each
concentration. For conventional ITP, we calculated SNR values of 2.2 and 46.7 for target
concentrations of 100 fM and 1 pM, respectively. Linear interpolation determined the LOD of the
conventional hybridization to be approximately 120 fM. For ITP, the SNR at the lowest
concentration we explored, 100 fM, was 40.7. Therefore, the LOD of ITP is approximately 10fold lower than the conventional hybridization.
In Table 3.4, we present the coefficient of variation (CV) calculated as the standard deviation
divided by the mean value of the three repetitions shown in Figure 3.12 for each concentration.
The CV for conventional hybridization ranged from 0.16 to 0.59, and CV for ITP hybridization
ranged from 0.14 to 0.37. These results suggest that ITP hybridization is slightly better than
conventional hybridization in terms of reproducibility.
Table 3.4 Coefficient of variation (CV) for the titration data in Figure 3.12 (N = 3)

Conventional
ITP

100 fM
0.26
0.14

1 pM
0.56
0.37

10 pM
0.41
0.25

100 pM
0.59
0.23

1 nM
0.16
0.26

In Figure 3.14, we present measurements of specific and non-specific signal obtained with
conventional and ITP hybridization. For this demonstration, we included only one target
(target 1) at an initial concentration of 100 pM, and performed conventional and ITP-aided
hybridizations. After hybridization, we recorded the raw fluorescence intensity from all 20 probe
95

sequences. The bar plots represent the background-subtracted fluorescence intensity resulting
from specific (for target 1, white) and nonspecific (for target numbers 2-20, gray) hybridization.
For most of the sequences, the non-specific signal was lower than the local background signal,
indicating negligible non-specific binding of DNA or dye to the array surface. To obtain a
quantitative measure for specificity, we calculated a specificity index defined as the ratio of
specific signal to the highest nonspecific signal (target 4). The specificity index was 160 for
conventional hybridization and 2130 for ITP hybridization. The over a 10 fold increase in
specificity index was achieved mainly by the increased specific signal of ITP hybridization.
Importantly, the nonspecific signals for both conventional and ITP hybridization were of the same
order of magnitude. This confirms that ITP hybridization enables sensitivity increase with no
negative effects on the specificity of the assay.

Figure 3.14 Comparison of specific and nonspecific signal between conventional and ITP hybridization.
Plotted is background subtracted fluorescence signal for each target on a log scale. We here hybridized
target 1 alone at 100 pM concentration, and measured fluorescence intensity from the all 20 probe
sequences across the 60 spots (3 spots per sequence). Data shown is the average intensity from three
experiments with range bars representing the absolute range of measured values. A negative value of the
background-subtracted intensity indicates that non-specific binding was not observed. Ratio of the specific
signal to the highest nonspecific signal was 160 for conventional, and 2130 for ITP hybridization
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4 Conclusions and recommendations
In this chapter, we summarize the conclusions and major achievements of the work presented in
this dissertation. We also present recommendations for future work which we hope will provide
current and future researchers with inspiration and ideas related to applications of our work.

4.1 Summary of contributions
We here summarize the major contributions of the thesis for each of the major studies. The two
sub-sections below correspond to Chapters 2 and 3 of this thesis.

ITP acceleration of homogeneous hybridization contributions
1. We developed a numerical and an analytical model, which captures dynamics of coupled
reaction kinetics and ITP preconcentration.
2. We designed experimental protocols to capture the transient behavior of ITP-enhanced
DNA hybridization between synthetic target and molecular beacon probe.
3. We validated ITP hybridization models with experimental data obtained for various
concentrations ranging three orders of magnitude, and confirmed the characteristic
reaction time scale predicted from the model by showing the collapse of data on a
normalized time axis.
4. We quantified the acceleration of ITP based hybridization by directly comparing the half
time between ITP and conventional experiments at the same condition.
5. We integrated ITP hybridization with CZE, and demonstrated improvement of sensitivity
in sequence specific detection by molecular beacon probe through separation of
background signal from unreacted probes.
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Sensitive and rapid ITP-based microarray hybridization
1. We designed and developed the protocol for ITP based microarray hybridization: our
channel geometry containing a constriction corrects non-uniform concentration profile
due to electrokinetic instability, and reversible PDMS bonding scheme makes our
technique compatible with universal microarray scanners.
2. We developed a simple analytical model for ITP surface hybridization under the
assumption of pseudo first order kinetics, whose validity is confirmed for parameters for
our system.
3. We contrived a simple and effective method to investigate the effect of ITP parameters
and kinetic on-rate on the hybridization signal, which is used to validate the linear
relation suggested by our ITP hybridization model.
4. We optimized buffer composition such that it is compatible with both strong ITP
preconcentration and microarray hybridization.
5. We demonstrated ITP hybridization yields higher signal compared to equilibrium signal
from conventional overnight hybridization within a much shorter assay time.
6. We demonstrated the linear increase of signal for a wide range of target concentrations,
thus validating that our assay is suitable for a quantitative analysis.
7. We demonstrated multiplexed assay for up to twenty sequences, and validated the nonspecific signal did not increase with ITP focusing method.

4.2 Recommendations for future work
We here present our recommendations arising from the current study in this thesis. We hope this
list of recommendations serves as a guideline for future students and researchers.
1. In our work with bidirectional ITP hybridization, we have shown high resolution of the
CZE separates signal of unreacted excess probe from hybrid signal. Use of labeled linear
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probe instead of hairpin-shaped probe like molecular beacon will increase reaction rate,
and in turn increase the sensitivity of detection.
2. Integration of ITP hybridization and CZE separation can be applied for relatively small
number (< 20) of multiple sequence detection. Use of labeled probes with different
mobility (e.g. different length oligonucleotide probes with extensive sieving matrix or
probes synthesized with drag tag) will separate signals of hybrids containing different
sequences.
3. We believe our ITP-based reaction acceleration technique is not limited to DNA. Both
homogeneous and heterogeneous hybridization based on ITP can be applied to a wide
range of biological molecules such as DNA, aptamers, or proteins. In particular, protein
is an interesting target since there is no method currently available to amplify amount of
protein like PCR amplification for DNA. Increase in protein detection sensitivity using
ITP based rapid reaction will benefit a lot of scientific studies.
4. We can integrate ITP hybridization with ITP-based extraction of nucleic acids from
complex samples such as cell lysate, blood serum or plasma, and urine. This will enable a
comprehensive on-chip genetic analysis that includes purification, hybridization, and
detection in a single step. Similar integration has been shown with homogeneous ITP
hybridization.22
5. Higher preconcentration is beneficial for reducing assay time and increasing sensitivity.
By optimizing the channel geometry, we can design an ITP that gives higher
preconcentration. One of the popular manipulation of channel geometry for better
sensitivity is to use the area-variation channel where cross-sectional area changes from
wide to narrow dimensions.136 We were limited by the spot diameter in designing the
current channel, thus area-variation technique may require switching to stripes of
immobilized probes rather than spots.
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6. Integration of homogeneous and heterogeneous hybridization can enable on-chip labeling
and detection in a single assay. This can be realized by sandwich DNA assay where a
label-free target first hybridizes with a fluorescently labeled reporter suspended in
solution in the ITP focusing step. These target-reporter duplex binds to surface
immobilized probes in the later microarray hybridization step. For highly multiplexed
assay, the first reaction between label-free target and reporter can be also replaced with
biotinylated targets and fluorophore-labeled streptavidin.
7. Increase in dimension of ITP microarray hybridization channel by two orders of
magnitude will enable our technique compatible with commercial off-the-shelf
microarrays. This will facilitate applications of our technique in many scientific studies.
Challenges related to large scale ITP involve effectively correcting nonuniform
concentration profile caused by EKI, and avoiding electrolysis, pH change, or Joule
heating.
8. Our ITP hybridization assay would benefit from a finite sample injection scheme, which
can decrease the required sample amount from tens of microliter to submicroliter.
9. The current ITP microarray technology requires manual control of electric field to
deactivate the field when ITP zone arrives the constriction, which requires real time
monitoring of the fluorescence from ITP zone. Automation of electric field control will
eliminate the manual step from our technique.
10. We recommend development of a device that fully integrates on-chip lysis, extraction,
amplification, and detection, to be used in the point-of-care setting for a rapid disease
diagnosis. It has been shown that thermal lysis and ITP extraction can be integrated on a
PCB device.137 Efforts in microchip fabrication and ITP assay development may result in
a valuable microfluidic total analysis system.
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A. Fabrication of microchannels containing
microarray spots
Purchasing custom-printed microarrays
Vender: Applied microarrays, Inc. (AMI), Tempe, AZ
Contacts: Tamma Kaysser-Kranich, tammakk@appliedmicroarrays.com,
Stacey Clarken, stacey@appliedmicroarrays.com
Capability: Minimum spot diameter of ~60 µm, minimum pitch distance of ~150 µm, tight
control of location (provides ‘.gal’ file relating spot locations and sequences), highly
customized microarray design, blocked arrays (non-used surface area inactivated to
yields minimum background signal), laser inscribed barcode.
Procedure
1) Contact AMI via email with basic specification (number of probe sequences, number
of microarrays per slide, number of slides to order) and a rough layout drawing of the
custom-printed arrays. You can use power point for the drawing indicating locations
and dimensions of microarrays on a glass slide.
2) Schedule a phone call to discuss details (layout, spot size, pitch distance, length of
probes, corner marker, surface modification, blocking, etc.)
3) Get a quote via email, and place the order. The price of 20 microarray slides
including 6 microarrays of 160 spots per slide was approximately $2500.
4) Order modified probe sequences and corner marker DNA (e.g. Amine-C6 spacer on
5’ end of the 25 nt probe sequence) from IDT, and ship them to AMI.
5) AMI prints the spots using the oligonucleotide they received from us.
6) Receive the microarrays and ‘.gal’ file within a month.
7) Store the microarray container in a vacuum desiccator designated for microarray
storage purpose.
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Fabrication of PDMS superstructure from master molds
1) Cover aluminum foil inside a 150 mm petri dish.
2) Measure 40 g of PDMS monomer and 4 g of curing agent (Sylgard, 184 Silicon
elastomer kit) in a plastic cup. Vigorously mix until it looks creamy.
Note: The ratio of monomer and curing agent can be adjusted to depending on needs.
For example, for reversible bonding without PDMS, we recommend ratio of 19:1
(monomer: curing agent). And for a large-scale channel with extremely high aspect
ratio, we recommend 5:1 ratio to prevent collapse of PDMS. This ratio worked for
channels with 1 cm width and 40 µm height.
3)

Pour the mixture on the master mold inside the aluminum foil-wrapped petri dish.

4) Move the petri dish into a desiccator chamber connected to a vacuum line. Wait
approximately 30 min to degas all air bubbles.
5) Move the petri dish into an oven pre-heated at 80 – 100 °C. Incubate the PDMS for 3
hours or more for curing.
6) Remove PDMS from the petri dish, and carefully take out the master mold from the
PDMS. Use scraper to cut around the edge of master mold, and carefully peel off the
PDMS from the mold.
Note: repeat procedure 1) – 5) to store the master mold. The best way to keep it
clean is to store it with the cured PDMS on top of it.
7) Cut PDMS with a razor blade to fit on glass slides.
8) Punch holes at locations of reservoirs using a biopsy punch (typically 3 – 5 mm
diameter).
9) Clean PDMS surface using a tape. Store fabricated PDMS superstructures at room
temperature, taped on both sides to keep the surface clean.
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Bonding PDMS superstructure and microarray slide
1) Print out the channel alignment geometry including alignment lines for
microchannels, locations for microarray.
2) Take one microarray from the storage desiccator chamber and clean the surface with
duster-type air jet. Make sure the spotted surface is on the top (Readable barcode
located on the right hand side).
3) Use tape to clean the PDMS especially on the side where channel is molded.
4) Place the microarray on the alignment paper.
5) Manually align the PDMS superstructure using the lines on the alignment paper.
6) Bring into contact the PDMS superstructure on the microarray slide. This forms a
reversible bond between PDMS and glass slide. You can cleanly peel off the PDMS
after the hybridization.
Note: For applications with no DNA on slide, you can use plasma treatment of
PDMS and the glass slide for permanent bonding. Avoid plasma treatment when
dealing with surface immobilized DNA. Plasma treatment of either microarray or
PDMS superstructure can randomly destroy the DNA. For 5:1 or 10:1 PDMS you
need plasma treatment to have good sealing. Put a slide and a PDMS channel
(channel side up) side by side, and arch them by corona discharger. 10-15 times
7) Wait for at least 30 min to obtain firm bond before experiment.
8) Clean the PDMS channel by flowing with 50% Ethyl alcohol or water for at least
3 min. If you fill the channel with LE and conduct ITP on the new channel without
the cleaning step, ITP zone tends to have long tails. This tailing disappears from the
second ITP run.
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B. Protocol for microarray washing and drying
Wash buffer 1: 1X SSC (saline-sodium citrate)
Wash buffer 2: 0.1X SSC, 0.1% w/w TritonX
Wash buffer 3: 0.1X SSC
Procedure
1) Immediately after ITP zone swept over the last column of spots inside the
microchannel, turn off electric field, empty LE reservoir.
2)

Empty TE reservoir, and load with wash buffer 1.

3) Apply vacuum for 1 min from the LE well. The direction is important to make sure
focused target does not interact with microarray during the wash step.
4) Empty the TE well, and vacuum from the LE to completely dry the channel.
5) Peel off the PDMS superstructure. Between step 4) and 5), there can be some time
gap (up to a couple of days).
6) Fill the 50 ml falcon tubes with wash buffer 2 and 3.
7) Put in the microarray slide in wash buffer 2, and gently shake for 1 min.
8) Transfer the slide to wash buffer 3, and gently shake for 1 min.
9) Use tweezers to take out the microarray slide. Identify the spotted surface.
10) Blow air from duster-type compressed air can to dry the surface.
Note: Alternatively, you can place the slide in an empty Falcon tube, and centrifuge
at 1000 g for 2 min.
11) Cover the slide container with aluminum foil to prevent photo bleach, and store it in a
vacuum desiccator until scanned.
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C. Protocol for microarray scanning
Equipment: Axon GenePix 4000B Confocal Microarray Scanner in Stanford Functional Genomic
Facility (SFGF)
Location: Center for Clinical Science Research (CCSR) Rm. 0120
269 Campus Drive West,
Stanford CA 94305
Obtaining Access
1) Contact John Coller (john.coller@stanford.edu) for first time users.
2) Schedule a training with him on the equipment.
3) Set up an account in the shared facilities management website:
https://sharedfacilities.stanford.edu/account/login
4) In the same website, make reservations for the scanner in the calendar on the first
come first serve basis.
5) The building is open during the day, but you can request after hours to SU Hospital
Security Services/Photo ID office (Hospital building, Room H0258C)
Procedure
1) Launch software GenePix Pro.
2) Load the slide inside the equipment facing down.
3) Hit Preview for a high-speed scan of the entire slide.
4) Select wavelength, gain (typical values are 400 – 800), and resolution (typically
5 µm).
5) Select area of interest, and obtain high resolution TIFF image.
6) Load the ‘.gal’ file. Each microarray is grouped into ‘block’, and you can select each
‘spot’ inside the block.
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7) Adjust the selection area and location on each to overlay ‘.gal’ file grid exactly on
top of the image of microarray.
8) Flag bad spots (e.g. dust, abnormally high local background) to exclude from
analysis.
9) Press ‘Analyze’ button to extract signal and background from each spot in the image.
The result is given as a table, and has a format of ‘.gpr’ (genepix result).
10) Save image and the ‘.gpr’ files.
11) Open ‘.gpr’ from excel to see the fluorescence intensity from each spot. You can
easily manipulate and rearrange the table using ‘sort’ and ‘filter’.
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