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Molecular dielectrophoresis (DEP) is employed to rapidly (<ms)
trap ssDNA molecules in a flowing solution to a cusp-shaped
nanocolloid assembly on a chip with a locally amplified AC electric
field gradient. By tuning AC field frequency and DNA DEP mobility
relative to its electrophoretic mobility due to electrostatic repulsion
from like-charged nanocolloids, mismatch-specific binding of DNA
molecules at the cusp is achieved by the converging flow, with
a concentration factor about 6 orders of magnitude higher than the
bulk, thus allowing fluorescent quantification of concentrated DNAs
at the singularity in a generic buffer, at room temperature within
a minute. Optimum flow rate and the corresponding hybridization
rate change by nearly a factor of 2 with a single mismatch in the 26
base docking sequence and are also sensitive to the mismatch loca-
tion. This dielectrophoresis and shear enhanced pico-molar sensi-
tivity and SNP selectivity can hence be used for field-use DNA
detection/identification.

The potential use of a genetic approach for the detection of micro-
organisms has created an urgent need to develop a rapid, portable
and highly sensitive DNA hybridization assay platform for point-of-
need or field applications.’ A major challenge for the portable DNA
detection is the development of detection devices that neither use
sophisticated instruments nor reagents. Another requirement is to
eliminate the repeated washing steps in current assays to prevent non-
specific binding. Differentiating a target DNA sequence from its
congeneric sequence with only a few mismatches or identifying
a mutation with SNP represent the most stringent selectivity and
specificity metrics for field-use assays.*® Commonly used DNA
hybridization detection protocols, such as Southern blot and micro-
array techniques, use complicated protocol and instrumentation and
rely on surface bound hybridization, which makes both techniques
too slow for field applications due to transport-limiting kinetics.%’
Here we show an open flow-based rapid, simple, specific, and
sensitive microfluidic detection platform that detects the DNA
hybridization within a minute, without repeated rinsing/washing,
heating and complicated hybridization buffers in its detection
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protocol (Scheme 1). It also offers pico-molar sensitivity, which is
adequate for most field applications, even though the resolution is
lower than the most sensitive lab-based fluorescent assays with
confocal detection. This simple microfluidic platform operates by
dielectrophoretic (DEP) trapping of 26 base sequence probe func-
tionalized on 500 nm silica nanocolloids in a microfluidic platform
coupled with a fluorescence detector and is used to perform DNA
hybridization detection of fluorescently labeled target oligonucleo-
tides using diluted 0.08X PBS at room temperature. This approach is
very sensitive and specific to mismatch discrimination and also the
location of mismatches present in the 26 bases of the target DNA
hybridization region. The optimum flow rate provides high shear-
enhanced discrimination between target DNA sequence and a single
mismatch sequence, as well as continuously removing any non-
specifically bound molecules. With the nanocolloid assembly focusing
the electric and flow fields, the fluorescently labeled target nucleotides
in the injected solution are trapped and concentrated at the cusp of
the probe functionalized nanocolloid assembly in the chip
(Scheme 1). The cusp shaped geometry of the nanocolloid assembly
produces a large positive field gradient that helps to trap the target
DNAs. This allows rapid hybridization and accumulation of
detectable fluorescence intensity in less than a minute at 100 pM
target DNA concentration. The nanocolloid assembly facilitates high
detection sensitivity as it provides high surface to volume ratio for
DNA hybridization*® and amplifies the electric field provided by
microelectrodes to enhance the dielectrophoretic molecular trapping
rate. The open-flow platform enhances detection sensitivity by
filtering a low number of target molecules from a large sample
volume, thus improving detection sensitivity to pico-molar levels, and
SNP-discriminating selectivity with its high shear-rate. With the long-
range dielectrophoretic trapping force, the nanocolloid assembly
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needs only to occupy a fraction of the flow channel and hence offers achieving rapid concentration and hybridization of DNA molecules
very little hydrodynamic resistance. A large throughput is possible before its degradation and attaining high specificity by shearing off
with simple sample injection instrumentation like a hand-held any non-specifically bound oligonucleotide sequences or other non-
syringe. The linear velocity at a typical operating flow rate of 1 puL/ target molecules. Hence, no washing step is required in our platform
min is estimated to be 1.7 mm/s producing a transit time of 1.8 ms of unlike in conventional assays. Our platform uses buffer solution with

the solution across the 30 micron nanocolloid assembly. The an ionic strength 10 times lower than the traditional hybridization
enhanced DEP DNA mobility can hence trap each molecule to the protocols, thus enhancing the specificity further with electrostatic
assembly within 1 ms. The minute-long detection time is determined repulsion. Detailed procedures for chip fabrication and on-chip
by how many target molecules can be trapped from the flowing DNA hybridization assay are provided in the ESL¥

sample solution before the detection threshold is reached. We observed that at high target DNA concentrations (= 100 pM)
In contrast, traditional batch DNA hybridization protocols require the fluorescence intensity starts to appear within 30 s which is clearly
an hour-long detection time with stringent hybridization conditions, indicative of rapid hybridization of target species with the function-
low ionic strength buffer solution and high temperature, which allow alized probe on the nanocolloid surface [Fig. 1 (a and c)]. However, at
only homologous sequences to hybridize with target DNA mole- low target DNA concentration (= 1 pM), the detectable fluorescence
cules.' The employment of certain cations in the hybridization buffer intensity takes longer to appear. It is estimated that ~10° fluo-
overcomes the repulsion between complementary strands that helps rescently labeled target DNA molecules are required to concentrate in
to prevent degradation of the oligonucleotide sequence and also the micron-sized cusp region of the nanocolloid assembly to achieve
enables the recognition of complementary bases.!! Our platform detectable fluorescence intensity for our detection imaging system.
eliminates these hybridization requirements as it employs dielec- The hybridization rate is found to be sensitive to the frequency within
trophoresis to overcome repulsive probe-target interaction—in fact, a window of 800 kHz to 1.2 MHz. Beyond this frequency window,
balancing the two forces such that the target molecules do not foul the detection of DNA hybridization is about 2-3 times slower
the entire nanocolloid array but rather concentrate at its tip, thus (Fig. la). The delayed appearance of detectable threshold

36 713

s D £” o S

—o—0. Y215

30 . ?,:;n:;;"m" g L “l.‘ r// 1

304 e—1mSem” ‘5‘12 % A b

24 5, :;é/ ]

254 g & ‘." -

00 05 15 20

18

12

204 Normallzod quu;l

1541 / |
:%}; Ig/; $ ]

0 500 1000 1500 2000 0 500 1000 1500 2000 2500 3000

Hybridization Time (Min)
Hybridization Time (Min)

10

1

Frequency (kHz) Frequency (kHz)

900kHz, 30 S 600 kHz, 2 min 5 MHz, 5 min

Fig. 1 (a) The effect of frequency with hybridization time as a function of target DNA concentration. Dotted lines represent the optimum frequency
window to obtain maximum hybridization efficiency with our detection platform. (b) The effect of frequency with hybridization time as a function of
conductivity of the buffer solution at 1 pM DNA concentration. The inset in (b) represents a plot of optimum frequency scaled by D/*?, where D is
diffusivity of DNA [D for 300 bases of oligonucleotide is 2 x 107" m? s~' ref. 18] and A is length of Debye double layer (5.32 nm, 3.76 nm and 3.1 nm for
the three PBS buffers at 0.5 mS/cm, 1 mS/cm and 1.55 mS/cm respectively). (c—e) Image of the trapped bead region near the convergent electrode area
when the hybridization reaction is performed with 100 pM target DNA solution (c) in the observed frequency window (w = 900 kHz), showing a high
intensity of fluorescence at a localized area, confirming DNA hybridization after 30 s (d) below the observed frequency window (w = 600 kHz) showing
fluorescence intensity from a dispersed area after 2 min. (e) Above the observed frequency window (w = 5 MHz) showing much less hybridization. The
ssDNA used is the same as in our earlier publication (ref. 7).
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fluorescence intensity outside this frequency window suggests that
target DNA molecule concentrates at a much slower rate at these
frequencies. The DEP force on the DNA molecules is hence a strong
function of the applied AC electric field frequency. This frequency
window is not very prominent at high concentration (= 100 pM), as
it is difficult to determine the change in fluorescent intensity with time
as a large number of fluorescently labeled target molecules reach the
hybridization site rapidly (Fig. la). At lower DNA concentrations
(1 pM), we find that this frequency window is also a strong function
of conductivity of the medium (Fig. 1b). The frequency window shifts
to higher frequency region as the conductivity of the hybridization
medium increases. We will show that the frequency window arises
due to interplay between dieletrophoretic force and electrostatic
repulsive force between the negatively charged nanocolloids surface
and negatively charged DNA back bone.

Dielectrophoresis occurs when a field-induced dipole is endowed
on the target DNA. Earlier experiments on dsDNA'™'* show that
there is a frequency window for which the molecule exhibits positive
dielectrophoresis—they are attracted to the high field region in the
crevices of the nanocolloid assembly. Further, the intensity of
the electric field is very sensitive to the electrode geometry.’* The
field across our micro-electrode pair and at the convergence region
are ~ 2 x 10°V/m and ~ 1 x 107 V/m respectively and we expect an
amplification factor of 10 to 100 by the nanocolloid assembly. Since
the dielectrophoretic force and velocity scales quadratically with
respect to the field, the molecular DEP force at our nanocolloid
assembly is about 3-4 orders higher than the earlier experiments,'>'?
or ~10~"" N and is comparable to the hydrodynamic Stokes drag on
a 1 kb ssDNA in coiled conformation. The upper bound of the
positive dielectrophoresis frequency window corresponds to the
inverse polarization time of the molecule.”'® As was shown recently
with macro-ions, the lower frequency bound corresponds to the
inverse relaxation time of the screening macro-ions onto the electrode
or the high-field region."” Below this frequency, the macro-ions
adsorb onto the high-field region and screen the field to prevent
appreciable molecular dielectrophoresis. This lower bound on posi-
tive molecular dielectrophoresis occurs at the inverse relaxation time
of the macro-ion molecule D/’ where D is the diffusivity of the
molecule and A the Debye double layer length.®* For smaller
nanocolloids and biological molecules, the dielectric force is a strong
function of surface characteristics and double layer conductance.'®*

In the context of earlier work on molecular and macro-ion die-
lectrophoresis, we interpret the observed frequency window in rapid
hybridization of DNA in our open flow-based microfluidic platform
with the following mechanism. At low frequency (w <800 kHz), the
high positive dielectrophoretic force on DNA molecule overcomes
the electrostatic repulsive force between negatively charged nano-
colloid and the negatively charged phosphate backbone on DNA
molecules. This allows the DNA molecules to come close to the
nanocolloid surface, which results in the non-specific adsorption or
hybridization of the DNA molecules onto the outer boundary of the
entire nanocolloid assembly (Fig. 2a) (see video-I in the ESIt). This
global coverage of the nanocolloid assembly prevents further
molecular trapping and prevents the concentration of DNA mole-
cules at the cusp of the nanocolloid assembly (Fig. 1d). On the other
hand, at high frequency (o > 2 MHz), molecular polarization and
dielectrophoretic force become negligible and the repulsive bead-
DNA electrostatic force dominates (Fig. 2b), resulting in negligible
hybridization of DNA even after passing target DNA through the
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Fig. 2 Schematic representation of the DNA hybridization pathway
through cusp-shaped nanocolloid assembly (a) at low frequency (w <
800 kHz), (b) at high frequency (v > 1.2 MHz), (c) at optimum frequency
(800 kHz = w = 1.2 MHz). (d) Effect of flow on DNA hybridization for
perfect match, end and middle mismatch probe sequence with the
mismatch corresponding to a C base replaced by a T base for end
mismatch and T base replaced by an A base for middle mismatch as
shown in Scheme 1. The dotted line indicates the optimum flow rate for
high detection specificity of target DNA with maximum hybridization
efficiency when end mismatch probe sequence is designed for SNP
detection. The inset of Fig. 2d shows the change of fluorescence intensity
for perfect match, end and middle mismatch probe sequence due to
dehybridization of target DNA from the probe functionalized silica
surface at a flow rate of 1.5 pL/min for 3 min.

trapped bead region for 5 min (Fig. le). In contrast, within the
observed frequency window (800 kHz = w = 1.2 MHz), both die-
lectrophoretic force and repulsive force are comparable. As a result,
the DNA molecules are attracted to the bead surface by dielec-
trophoresis but do not adsorb due to electrostatic repulsion. They are
then convected by surface flow to the cusp of the nanocolloid
assembly (Fig. 2¢) (see video-II in the ESIt). This allows high number
of DNA molecules to rapidly concentrate at the cusp with maximum
field and DEP force (Fig. 1c). In fact, the optimum frequency scaled
by D/X’ (where D is the diffusivity of the 300 base® ssDNA at 2 x
107" m? s ' and A = /ekT /2N 4¢%1, the Debye double layer length
at the given ionic strength /), can be collapsed (inset of Fig. 1b). This
gives further credence to our theory that indeed the convection of the
DNA molecules to the cusp requires a balance between electrostatic
repulsion and dielectrophoretic forces transverse to the flow.

Our open flow-based microfluidic approach helps to distinguish
between target and non-target DNA with rapid concentration
buildup at the cusp by shearing off the non-target DNA while the
target DNA remains bound by the functionalized probe at the
nanocolloid surface by hybridization. This gives rise to very high
detection specificity in our platform. To evaluate the specificity of our
platform, single mismatch probe sequence having mismatches at the
middle and one end of the 26 bases of hybridization region are
investigated using the same target DNA sequence under identical
conditions. At low flow rate of target DNA buffer solution (= 0.5pL/
min) for an end mismatch probe sequence, we observed a nearly four-
fold smaller fluorescence intensity (compared to perfectly matched
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probe sequence) at the trapped bead region that gradually disappears
as the flow rate increases to an optimum value of 1 pL/min (Fig. 2d).
This clearly demonstrates the shear discrimination of non-specifically
bound target DNA molecules on the nanocolloids surface at high
flow rate and thus offers high detection specificity between end
mismatch probe sequence and target DNA sequence. On the other
hand, the relative change in fluorescence intensity due to dehybrid-
ization of target DNA for a middle mismatch is nearly less than two
times the intensity of a perfectly matched probe sequence under
a similar flow rate of 1.5 pL/min (inset of Fig. 2d). The dehybrid-
ization study at constant flow rate of 1.5 pLL/min clearly demonstrates
that detection is very sensitive to the mismatch location. The cause of
reduction in enhanced shear discrimination effect due to middle
mismatch as compared to end mismatch probe sequence location is
not clear. This needs to be studied in more detail to evaluate the co-
relation between DNA conformations due to interplay of electric field
and shear flow and mismatch location in the 26 base probe sequence.
However, it is clear that the shear discrimination is easier if sequence
is unzipped from one end (Fig. 2d). The fluorescence intensity of
hybridization at optimum flow rate for perfect (1 ul/min) and end
mismatch (0.5 plL/min) show a change of nearly a factor of 4
(Fig. 2d). Further, for a perfect matched probe sequence, the
maximum hybridization efficiency is observed at a flow rate of 1 pL/
min beyond which the target DNA molecules denature from the
hybridized region of the bead surface (Fig. 2d). Thus, to detect SNP,
the mismatch location can be designed at the end of the sequence so
that high specificity and rapid hybridization can be achieved at the
optimum frequency window of 800 kHz to 1.2 MHz and with the
optimum flow rate of 1 ul/min. We expect that this detection plat-
form will be useful in applications such as single polymorphism
analysis, immunoassay-based pathogen detection, point-of-need and
field-use applications where single-mismatch resolution, mismatch
location, sensitivity, rapid detection and simplicity is the determining
criterion for selection of diagnostic tools. For future work,
a stationary nanocolloid assembly would remove the need of
assembling the assembly each time.
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