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Abstract Nucleic acids serve as biomarkers of disease and it
is highly desirable to develop approaches to extract small
number of such genomic extracts from human bodily fluids.
Magnetic particles-based nucleic acid extraction is widely
used for concentration of small amount of samples and is
followed by DNA amplification in specific assays. However,
approaches to integrate such magnetic particles based capture
with micro and nanofluidic based assays are still lacking. In
this report, we demonstrate a magnetophoretic-based ap-
proach for target-specific DNA extraction and concentration
within a microfluidic device. This device features a large
chamber for reducing flow velocity and an array of p-
magnets for enhancing magnetic flux density. With this strat-
egy, the device is able to collect up to 95 % of the magnetic
particles from the fluidic flow and to concentrate these mag-
netic particles in a collection region. Then an enzymatic reac-
tion is used to detach the DNA from the magnetic particles
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within the microfluidic device, making the DNA available for
subsequent analysis. Concentrations of over 1000-fold for
90 bp dsDNA molecules is demonstrated. This strategy can
bridge the gap between detection of low concentration
analytes from clinical samples and a range of micro and
nanofluidic sensors and devices including nanopores, nano-
cantilevers, and nanowires.

Keywords Magnetophoresis - DNA concentration - DNA
conjugated magnetic particles - Uracil linker - Uracil-specific
excision reagent enzyme

1 Introduction

Serving as biomarkers of diseases or risks, a patient’s genomic
extracts can indicate probability and state of diseases as such
as cancer (Das and Singal 2004; Laird 2003). DNA based
diagnostics often uses PCR, ELISA and fluorescence hybrid-
ization and these approaches require isolation and purification
of DNA for analysis (Kiianitsa and Maizels 2014; Nagy et al.
2005; Sirdah 2014). However, conventional methods for
nucleic acids extraction are not suitable for low volume of
genomic extracts from human bodily fluids (Mariella 2008;
Niemz et al. 2011). For small number of DNA molecules,
magnetic particles-based DNA separation methods have been
developed and widely used (Sasso etal. 2012; Wu et al. 2010).
Nevertheless, most conventional magnetic particles-based
DNA collection methods require multiple steps of mixing
magnetic particles with large volume of clinical sample con-
taining precipitated DNA, washing, recollecting, eluting
DNA, and re-suspending in final solution, before the target
DNA is amplified (Azimi et al. 2011; Wu et al. 2010).
Specifically, the level of methylated DNA obtainable from
bodily fluids for detection of disease can be extremely low
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(Jahr et al. 2001), and the detection of DNA methylation re-
quires bisulfite conversion that degrades DNA significantly
during the process and thus could compromise detection re-
sults (Murrell et al. 2005).

In the recent past, we have developed methods for detec-
tion of DNA methylation using solid-state nanopores.
Methylation sites on dsDNA were selectively labeled with
proteins with methyl-binding domains, and the nanopore-
based assay selectively detected the methylated DNA-
protein complex with relative deeper and prolonged nanopore
ionic current signatures compared to naked DNA (Shim et al.
2013; Shim et al. 2015). But the integration of such nanopore
sensors with clinical samples requires capture and concentra-
tion of the target genomic DNA molecules from body fluids.
The genomic DNA can be readily obtained from human bodi-
ly fluids such as serum, plasma, urine, and stool samples
(Kandimalla et al. 2013; Kisiel et al. 2012; Laird 2003; Zou
et al. 2009). Further, the feasibility of cancer detection by
analyzing epigenetic patterns, and aberrant DNA methylation
on genomic extracts from bodily fluids has been previously
reported (Laird 2003). For these applications and to be used in
conjunction with nanopore sensors for DNA methylation, a
new method is needed that can result in the concentration of
sequence-specific DNA close to the sensor. In this report, we
demonstrate a nucleic acids extraction method that is compat-
ible with microfluidic and nanosensors-based detection of
DNA. We demonstrate p-magnet integrated microfluidic de-
vice for concentration of target-specific nucleic acids. This
method could be applicable for use with clinical samples in
microfluidic lab on chip devices and especially nanopore and
nanochannel based sensing approaches.

2 Results and discussion
2.1 DNA attachment to magnetic particles

To selectively capture target DNA, sequence-specific comple-
mentary DNA was designed along with addition of four uracil
bases, a twelve-carbon spacer, and an amine at the 5’ end. The
four uracil bases were added to later detach the DNA from
magnetic particles by enzymatic reaction using uracil-specific
excision reagent. The twelve-carbon spacer was added to al-
low enough room for the enzymes to access the four uracil
bases. Schematic shows DNA-magnetic particles conjugation
and detachment of DNA from magnetic particles (Fig 1a).
Carboxylated magnetic particles were obtained (see the mate-
rials and methods section) and resuspended at final concentra-
tion 0f 22.2 pM (corresponding to 1x magnetic particles) in 1x
Tris-EDTA solution. The complementary DNA was mixed
with the 0.5x Saline-Sodium Citrate (SSC) solution to capture
the target DNA in a micro-centrifuge tube (see the materials
and methods section). The DNA-magnetic particles
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conjugation was formed through carboxyl-amine crosslinking
as indicated in instructions given from manufacturer. After
capturing the target DNA, the magnetic particles were recol-
lected at the bottom of the tube using magnets, and superna-
tant was gently collected to measure the amount of unbound
target DNA using qPCR. DNA, Primers and probe are care-
fully designed to avoid any possible secondary and tertiary
structures (*See Supplementary Information, Fig. S1).
Figure 1b shows the recovery of quantified unbound DNA
after DNA-magnetic particles conjugation, showing high
yield of conjugation ratio at various DNA and particle con-
centration. We show that more than 97 % of DNA is conju-
gated to magnetic particles at concentration of 1.67 nM DNA
and 221.67 pM magnetic particles. After gently removing the
supernatant, 1 pl of 20x USER enzyme was added to the 20 pl
of magnetic particles pellet remained in the tube. The tube was
stored at the room temperature (24 = 2 °C) for 30 min without
any agitation. The double-stranded DNA was detached from
magnetic particles using uracil-specific excision reagent
(USER) enzyme that contains uracil-DNA glycosylase
(UDG) and DNA glycosylase-lyse endonuclease VIII.
Compared to other DNA detaching method, enzymatic reac-
tion method does not require elution (Azimi et al. 2011).
Consequently, DNA remains in double-stranded form and in
concentrated conditions. The concentrated dSDNA could then
be coupled with various DNA methylation measurement as-
says using electrical measurement or fluorescent optical mea-
surement (Cerfetal. 2011; Shim et al. 2013; Shim et al. 2015).
The detached DNA was gently collected and quantified using
qPCR (*See Supplementary Information, Fig. S2). The de-
tachment of DNA was tested at various ratios between DNA
conjugated magnetic particles and USER enzyme, more than
90 % of DNA was recovered when 1.3 x 10> of magnetic
particles in 1 pl is mixed with 6.6 x 10° molecules of USER
enzymes in 1 pl (Fig 1c). In addition, we have repeated the
entire DNA-magnetic particles coupling and decoupling with
single-stranded complementary DNA without capturing target
DNA. The detachment rate by USER enzyme was very low
and in the range of 1.8 % and 3.5 % while having high con-
jugation rate of over 99 % with magnetic particles. A possible
reason for the low detachment is that EDAC, which is the
coupling activator between carboxyl and amine, produces ter-
tiary structure of ssDNA (Sheehan et al. 1961). The tertiary
structure of ssSDNA can prevent the USER enzyme reaching
and cleaving the Uracils.

2.2 Magnetophoretic-based microfluidic device

In spite of recent reports such as the control of magnetotactic
bacteria using integrated nanofabricated metallic islands
(Gonzalez et al. 2014) and microfluidic magnetophoretic sep-
aration of rare mammalian cells (Forbes and Forry 2012),
technique for in-situ biomolecules collection and
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Fig. 1 Conjugation and detachment between Methylated DNA and
magnetic particles. a-1 EDAC activated carboxyl-amine bonding
between surface of carboxylated particles and amine group at terminal
of C12 spacer. a-2 The carboxyl-amine bond conjugated DNA to the
particle. a-3 A USER enzyme was introduced to the conjugation to cleave
the four Uracils. a-4 DNA was released from the particle after
enzymatic reaction. b After conjugation between DNA and magnetic
particles, DNA-conjugated particles were collected at the bottom of tube

concentration on the same chip are still needed for sample
collection to high throughput sensing. In this work,
magnetophoresis was utilized in microfluidic devices for mag-
netic particles collection and DNA concentration. Initially,
microfluidic channels were fabricated to have simple V shape
using conventional photolithography and PDMS fabrication
techniques. The 100 pm channel width and 40 pm of channel
height were chosen to provide enough space for magnetic
particles to flow in the channel. A chamber of 360 pm diam-
eter was fabricated to be slightly larger than the channel width
for collection of magnetic particles at the bottom corner of V
shape. A Neodymium magnet (BX084PC-WHT, K&J
Magnetics), which is known for strong magnetic field at low
mass, was placed at 8§ mm from the bottom of the chamber to
gently control the motion of magnetic particles in microfluidic
flow (As shown in Fig. 2c but the distance between the magnet
and the microfluidic device is 8 mm). The plain magnetic
particles were prepared at final concentration of 2.22 pM in 1x
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using a magnet and then the supernatant was collected for quantification
of unbound DNA using qPCR. The quantification result, showing a low
density of unbound DNA, indicated that most DNA was successfully
conjugated to the particles. ¢ Enzymatic reaction to detach DNA from
beads was tested at various concentrations between USER enzymes and
DNA-conjugated beads. A high recovery was obtained from dsDNA
while ssDNA showed extremely low recovery. (Supplementary
Information Table S1 for concentration x in Fig. 1b and 1c)

Tris-EDTA solution, and 200 ul of the magnetic particles so-
lution was injected into the microfluidic channel at a constant
fluidic flow using 1 ml syringe mounted on a syringe pump
(see the materials and methods). The flow rate of 1.5 mm/s
was set to complete injection of 200 pl in an hour. Despite the
strong magnetic field, most magnetic particles escaped to the
outlet channel with the fluidic flow rather than captured in the
chamber (*Supplementary Information, Fig. S3). Increase of
the chamber size was needed to reduce the flow velocity for
controlling of the magnetic particles motion with magnet.
Flow velocity depending on chamber size was calculated
and simulated using COMSOL with equation of
Vchamber = (din/ dchamber)'vinp where Vchamber represents flow
velocity in chamber, d;, for width of inlet channel, d¢pamber
for width of chamber, and Vj,, for flow velocity in inlet chan-
nel. COMSOL results (Fig. 2a) shows that flow velocity in the
chamber can be reduced 15-fold at ~0.1 mm/s when the diam-
eter of chamber is enlarged to 5.6 mm.
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Fig. 2 Simulation and (a)
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experiment of magnetic particle
concentration using
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multiphysics simulation shows
the reduced flow velocity in the
chamber. The flow rate of X
1.5 mm/s at the input channel
drops to 0.1 mm/s in the chamber. .
b The derived magnetic force
decreases exponentially as a
function of distance from the front
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permanent magnet. ¢ The image
shows capturing of particles in a
magnetophoretic-based
microfluidic device without the
array of p-magnets. d The
capturing of particles was
demonstrated at 85 % at the flow
rate of 5 pl/min

The distance between chamber and magnet was care-
fully chosen for optimal magnetic flux density, as mag-
netic force decreases exponentially with distance. The
neodymium magnet that we used in this experiment has
a magnetic flux density of 1.32 T. The magnetic force
versus distance is plotted in Fig. 2b. Magnetic force was
calculated using Fapp = AX'VV (B?/2110), where AX is
the relative susceptibility of the magnetic particle, V,, is
the volume of a single magnetic particle, B is the magnet-
ic flux density, and p, is the magnetic permeability con-
stant. The distance was set at 3 mm to have sufficient
magnetic force capturing and holding magnetic particles
in the microfluidic flow. An image of magnetic particles
collection at the bottom of the chamber using a
magnetophoretic-based microfluidic device is shown in
Fig. 2c. To measure the magnetic particle collection rate,
the magnet was moved away from the chamber and the
entire chamber was flushed with 1x Tris-EDTA solution.
The number of magnetic particles in flushed solution was
counted using flow cytometry. The magnetic particle cap-
ture rate at various fluidic flow velocities is shown in
Fig. 2d. The magnetic particles capture rate increased up
to 82 % with flow velocity reduction when the fluid was
injected at the same velocity used in *Supplementary
Information, Fig. S3.

The final microfluidic device was equipped with two
additional functions (Fig. 3a); (i) Two side inlets were con-
nected to the bottom of the chamber for efficient delivery
of USER enzymes directly to the DNA conjugated
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magnetic particles, and (ii) An array of p-scale magnetic
flux density enhancer (p-magnets) was added at the mag-
netic particle collection region. The p-magnets enhance the
magnetic flux density in the chamber, thus enabling the
capture of more magnetic particles. As the magnetic parti-
cles are captured by the p-magnets, the subsequent injec-
tion of USER enzymes through the side inlets would not
remove the magnetic particles out of the collection region.
Also, as each p-magnet in the array attracts magnetic par-
ticles in the collection region, the magnetic particles are
spread over the array, which also helps to allow the
USER enzyme to reach the magnetic particles and increase
the DNA recovery rate from the magnetic particles. To
determine the size of the up-magnets, the magnetic flux
density was calculated as B = po(H + M), where H is
the magnetic field strength, and M is the magnetization,
and o is the magnetic permeability constant, 47t x 107
[N/A?]. However, the magnetization is also accompanied
with demagnetization in the opposite magnetic field direc-
tion. Demagnetization is expressed as Hy = —Ny'M, where
Nwm is demagnetization factor. A shape-induced demagneti-
zation factor for a prolate ellipsoid was reported, and Ny
was determined by the difference between longest length
and shortest length (Osborn 1945). The side aligned with
magnetization direction is denoted as 1, the side perpendic-
ular to the magnetization direction is denoted as w, and the
thickness of p-magnets is denoted as t. The various side
lengths in a range of 10 and 100 were simulated using
COMSOL, and approximately 10- to 60-fold enhancement
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Fig. 3 The integration of the p-
magnets array into
magnetophoretic-based
microfluidic device. a The image
shows the integrated p-magnets
array in the magnetic particle
collection region at the bottom of
the chamber. b Simulation of
normalized magnetic flux density.
The dashed line is superimposed
to show the saturation of the
magnetic flux density. ¢ The
COMSOL simulation shows the
enhanced magnetic flux density
on the p-magnet at the distance of
10 mm from the permanent (c)
magnet. d . The optical
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of magnetic flux density was obtained (Fig. 3b). The max-
imum enhancement of magnetic flux density is generated
when the shape factor, 1/(w-t), reaches 100 and above. The
dimension of final p-magnets was chosen at I = 10 um,
w = 10 um, and # = 0.1 um to have shape factor of 100,
and the simulation showed 60-fold increment of magnetic
flux density (Fig. 3¢). An array of 20 x 20 p-magnets with
these dimensions was fabricated in the particles collection
region (Fig. 3d). The rate of magnetic particles collection
was improved from 85 % without the p-magnets to
up to 95 % with the p-magnets at 5 ul/min of flow veloc-
ity (Fig. 3e). In addition, the magnetic particles were spa-
tially distributed over the array of p-magnets as shown in
Fig. 3f and Supplementary Information Fig. S4. The wide
distribution of particles accommodates USER enzymes to
reach particles more uniformly.

951 %

0 5 10 13
Distance

100 pum

0

10 20
Flow rates

[uL/min]

2.3 Collection and concentration of DNA

DNA conjugated magnetic particles were prepared and
injected into the p-magnets integrated magnetophoretic-
based microfluidic device using methods described above
(for more information, see *Supplementary Information,
Fig. S5). After capturing the magnetic particles, fluidic flow
through the inlet was stopped for 5 min at room temperature
(24 + 2 °C) to collect the slow moving magnetic particles.
Then, in order to detach DNA from the magnetic particles,
the USER enzymes were delivered to the collection of DNA
conjugated magnetic particles through side inlets. The de-
vice was kept at room temperature for 30 min for comple-
tion of the enzymatic reaction. Providing no direct measure-
ment of DNA concentration in the collection region, solution
containing DNA was recollected out of the device for the
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Fig. 4 The result of collecting and concentrating DNA using the p-
magnets integrated magnetophoretic-based microfluidic device. a The
input DNA at the concentration of 0.167, 1.67, and 16.7 [pM] were
concentrated to 0.3, 4.1, and 55.7 [nM] in the collection region. b The
concentrated DNA at the collection region was 1000 to 3000-fold
concentration compared to the initial DNA concentration

concentration measurement. The detached DNA in magnetic
particle collection region was gently flushed through outlet
channel using 500 pl of 1x Tris-EDTA solution. The DNA
concentration in the magnetic particles collection region was
calculated as M¢o, = (Vout/Veon) Mous Where Mo, and Mgy
are concentrations of magnetic particles in the collection
region and flushing solution, respectively, and V., and
Voue are volumes of magnetic particles collection region
and flushing solution, respectively. Quantification of flushed
DNA was performed using qPCR as described earlier in this
report (see *Supplementary information, Fig. S2). The col-
lection region volume of 22.4 nl was used to calculate the
DNA concentrations, which were increased to 0.3 nM from
0.167 pM, 4.1 nM from 1.67 pM, and 55.7 nM from 16.7
pM (Fig. 4a). Hence, the DNA was concentrated over 1000-
fold using the p-magnet integrated magnetophoretic-based
microfluidic device (Fig. 4b).

@ Springer

3 Conclusion

A magnetophoretic-based microfluidic device integrated
with p-magnets is developed for specific capture, collection,
and concentration of target DNA. Complementary DNA is
designed to capture target-specific DNA on magnetic parti-
cles, which are collected and concentrated using the device.
The device features magnetics on chip to collect magnetic
beads, enhancement of magnetic flux density, and detach-
ment of DNA using enzymatic reactions. The entire process-
ing takes about an hour to complete with 90 % of DNA
recovery from the samples. The p-magnet integrated
magnetophoretic-based microfluidic device demonstrates
simplified processing steps and DNA concentration of over
a 1000-fold. The results show feasibility of using pM range
concentration of genomic extracts can be collected and con-
centrated to the level directly applicable for the-state-of-art
micro and nanosensor assays on a chip. The concentrated
double-stranded genomic extracts are good candidate for
methylation assay using protein labeling (Shim et al. 2013;
Shim et al. 2015).

4 Materials and methods
1) Materials and sample preparation
A. Microfluidic channel fabrication

Microfluidic channels were microfabricated by conven-
tional photolithography and PDMS techniques. The SU-8
(MicroChem, MA, USA) was coated on a clean silicon
wafer in two steps, 500 rpm for 10 seconds and
1000 rpm for 30 seconds. The SU-8 coated silicon wafer
was pre-baked at 65 °C for 10 min, then soft-baked at
95 °C for 30 min on a hotplate, and followed by cooling
for 5 min. The SU-8 coated silicon wafer was exposed to
UV (350-400 nm) at a dose of 480 mJ/cm? of EVG 620
mask aligner (EVG, NY, USA), and followed by a two-
step post-expose-bake at 65 °C for 1 min and 95 °C for
10 min on a hotplate. After cooling down to the room
temperature, the wafer was soaked in SU-8 developer so-
lution and placed on the shaker for 15 min to develop
patterns. The developed patterns were then rinsed with
isoprophyl alcohol (IPA) and dried gently with nitrogen.
Dow Corning Sylgard 184 Silicone Elastomer (Ellsworth,
WI, USA) was mixed with a curing agent at the weight
ratio of 10: 1, degassed in a vacuum desiccator, and
poured on the SU-8 mold, which was cleaned and coated
with 3-mercaptor propyl trimethoxy silane in a vacuum
desiccator for at least 30 min. The PDMS on the SU-8
mold was placed in an oven at 65 °C overnight. The cured
PDMS master with microchannels was gently peeled off
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from the mold, and inlet and outlet holes were made using
a biopsy punch.

B. p-magnet deposition on glass wafer

A borofloat 33 glass wafer (4-inch, University wafer, MA,
USA) was cleaned using the piranha clean (sulfuric acid: hy-
drogen peroxide =1: 1). The entire glass wafer was spin-
coated with the LOR 3 A (MicroChem, MA, USA) with two
steps, 500 rpm for 2 seconds and 3000 rpm for 35 seconds,
and followed by soft bake at 183 °C for 5 min and cooling
down for 5 min. Then S1805 (MicroChem, MA, USA) was
spin-coated on the LOR 3 A-coated glass wafer in two steps,
500 rpm for 5 seconds and 4000 rpm for 40 seconds, and
followed by soft baked at 110 °C for 90 seconds. The wafer
was exposed to UV at a dose of 28 mJ/cm? using the soft
contact/constant dose mode of an EVG 620 mask aligner
(EVG, NY, USA), and baked at 110 °C for 60 seconds on a
hotplate. The patterned wafer was developed using CD 26
developer (MicroChem, MA, USA) under a base hood for
20 seconds. The developed wafer was cleaned using oxygen
plasma etcher at the power of 300 W for 20 seconds. The Ti
(25 nm)/Ni (100 nm) was deposited on the patterned wafer
using CHA SEC-600 evaporator (CHA Industries, Inc., CA,
USA) and placed in PG Remover (MicroChem, MA, USA)
solution, warmed at 70 °C on a hotplate, for the lift off pro-
cess. Each array of p-magnets was cut using Disco DAD-
6TM Wafer Dicing Saw (Disco Corporation, Tokyo, Japan)
to the size fitting to the microfluidic chip. The PDMS master
and glass plate were treated with O, plasma using the Diener
Electronic Pico oxygen plasma system (Diener Electronic,
Ebhausen, Germany) at 50 % power for 2 min, and then an
array of p-magnets and a microfluidic channel were aligned
and bonded under a microscope.

C. DNA preparation

All DNA were purchased from IDTDNA (Coralville, lowa,
USA) and suspended in 10 mM Tris and 1 mM EDTA
solution.

D. DNA-magnetic particle coupling

The Sera-Mag Carboxylate-Modified Magnetic parti-
cles were purchased from GE Health Life Science (Cat #
4415-2105-050,250). The particles were washed two
times and suspended in autoclaved DI water at desired
concentration before experiment. The 1-Ethyl-
3-(dimethylaminopropyl) carbodiimide (EDAC) was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). To
conjugate DNA to bead particles, 100 pl of EDAC,
100 pl of 500 mM MES (pH 6.0, Bio-world, OH,
USA), 100 pl of the 10x* original stock of the magnetic

particles, 10 uL of 100x* methylated dsDNA solution,
and 690 uL of the autoclaved DI water were mixed at
37 °C overnight using a vortex mixer. The mixture sus-
pends 1x* DNA (10" DNA per pL) conjugated with
magnetic particle (1.33x107 particle per uL) in 1 %
EDAC, 50 mM MES coupling solution. To obtain pure
DNA-conjugated beads, multiple washes and incubations
were processed. Firstly, the DNA-conjugated beads were
washed two times in DI water, two times in 0.1 M
Imidazole solution (pH 6.0, Bio-world, OH, USA), and
incubated at 37 °C for 5 min. Secondly, the DNA-
conjugated beads were washed three times in 0.1 M
Sodium Bicarbonate (Fluka-Sigma-Aldrich, MO, USA)
and incubated at 37 °C for 5 min. Lastly, the DNA-
conjuated beads were washed two times in 0.1 M sodium
bicarbonate followed by incubation at 65 °C for 30 min.
The N42 permanent magnet was used to hold magnetic
particles at the bottom of centrifuge tube while aspirating
and adding wash solution. The washed DNA-conjugated
particles were re-suspended in 1x Tris-EDTA for storage.
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