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A B S T R A C T

An automated DNA hybridization transfer in a microflow reactor is demonstrated by moving paramagnetic beads
between two spatially separate solutions with different pH values. The microbeads-based microfluidic platform
is fully automated and programmable. It employs a robust chemical procedure for specific DNA hybridization
transfer in microfluidic devices under isothermal conditions based on reversible pH alterations. The method
takes advantage of high-speed DNA hybridization and denaturation on beads under flow conditions, high fidelity
of DNA hybridization, and small sample volumes. The microfluidic platform presented is saleable and applicable
to many areas of modern biotechnology such as DNA hybridization chip microarrays, molecular computation,
on-chip selection of functional nucleic acids, high-throughput screening of chemical libraries for drug discovery,
and DNA amplification and sequencing.

1. Introduction

Micro-and-nano-fluidics have been used for the development of
various lab-on-a-chip platforms for many different applications in
modern biotechnology. Such applications include real-time detection of
gene expression (Yan et al., 2016), microRNA analysis (Shamsi et al.,
2016), cyanobacteria identification (Olcer et al., 2015), single cell ar-
rays (Zhao et al., 2016), DNA sequencing and SNP analyses
(Penchovsky, 2013b), PCR-based amplification (Pekin and Taly, 2017),
(Yu et al., 2017) virus detection (Na et al., 2018), and many others.
Therefore, it is important to engineer various microfluidic devices that
can be used as functional elements in building complex microfluidic
platforms. Here we demonstrate the application of one microfluidic
module for automated DNA selection by hybridization and denatura-
tion on movable paramagnetic microbeads under isothermal condi-
tions. We applied already established a chemical procedure for re-
versible pH alterations for multiple DNA selections on beads placed in
cascade microchambers (Penchovsky and McCaskill, 2002)
(Penchovsky, 2013b). Here, we employ different microfluidic design
using switching paramagnetic beads between microchannels with hy-
bridization or denaturation solutions. The method is fully automated,
programmable, and reusable since the beads can be moved, im-
mobilized with different DNA oligomers, and replaced automatically
into the microreactor. It takes advantages of small reaction volume
needed, fast DNA hybridization kinetics on beads under flow condi-
tions, the instant DNA denaturation by NaCl under flow conditions

(Penchovsky, 2013b). The approach is applicable to many biotechno-
logical applications, including DNA detection, selection, and amplifi-
cation. It can be integrated into complex microfluidic designs for var-
ious applications such as DNA/RNA computing (Penchovsky and
Ackermann, 2003), (Penchovsky and Breaker, 2005), (Penchovsky,
2012), molecular diagnostics (Penchovsky, 2012), (Penchovsky,
2013b), selection of functional DNA molecules (Penchovsky, 2014), and
drug discovery (Blount et al., 2006), (Penchovsky and Stoilova, 2013),
(Penchovsky, 2013a), (Penchovsky and Traykovska, 2015). The appli-
cation of DNA selection under isothermal conditions can allow us to
integrate more selection modules on a single-wafer than that using a
temperature gradient because silica is a very good thermo-conductor.

2. Materials and Methods

2.1. Synthetic DNA oligomers, DNA immobilization to super-paramagnetic
beads, and PCR amplification

The deoxyoligonucleotides were obtained from IBA-NAPS
(Göttingen, Germany). All of them were purified by HPLC. Carboxyl-
coated PVA beads, diameter= 15 μm ± 3, with a high magnetic con-
tent (50%), were purchased from Chemagen (Baesweiler, Germany).
The beads were essentially monodispersed. Amino-modified (5′-end)
deoxyoligonucleotides at a concentration of 10 μM were immobilized to
the carboxyl-coated beads in the presence of 50mM EDAC (Ethylene Di
Amid Carbodiimide), 100mM MES buffer, pH 6.1, and 100mM NaCl in
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a final volume of 200 μl at room temperature under shaking. The im-
mobilization reaction results in the formation of a peptide bond be-
tween the 5′-end amino-group of the modified DNA oligomer and the
carboxyl-group on the bead surface. The beads were moved from the
left–hand part of the chamber to the right-hand part and backward
applying a magnetic stand (IBS Magnet, Berlin, Germany) put onto the
micro-reactor bottom. A NdFeB block magnet, 30×18×10 mm, pro-
duced of DIN type material, code 360/95. The magnet was placed on
the bottom of the microreactor and moved by a small robotic arm
guided by LabVIEW software (National Instruments, Austin, Texas).

The PCR experiments were performed by a gradient thermo-block
LKB Quantarus Q Cycler. The amplification program started with an
initial denaturation at 93 °C for 3min followed by 28 cycles of dena-
turation at 93 °C for 30 s, annealing at 53 °C for 40 s and elongation at
72 °C for 30 s. The Taq polymerase was purchased from Qiagen (Hilden,
Germany) and used in a concentration of 0,1 U/μl. The amplification
reactions were carried out in a 1x incubation buffer in the presence of
1 μM sense primer, 0,5 μM antisense primer (capture probes – see
Fig. 3B), 1 pM single-stranded DNA template and 250 μM dNTP mix-
ture. The PCR products were analyzed on 4% agarose gel electrophor-
esis, in the presence of a 0.5x TBE buffer. The gels were stained in a 1x
SYBR Green One dye (Molecular Probes, Eugene, OR). The gel pictures
were obtained by a gel documentation system from ImageQuant300
(Applied Biosystems, USA).

2.2. Design and manufacturing of microflow reactors

The microflow reactor was photolithographically etched onto
100mm silicon wafers using tetramethylammonium hydroxide (TMAH)
and KOH at 80 °C using two masks etched to different depths. The first
mask (Fig. 1B), producing the bead chamber, was etched to a depth of
10 μm. The second mask (Fig. 1C), representing the inlet (on the top)
and outlet (on the bottom) channels, is etched to a depth of 75 μm and
to a width of 180 μm. After this, the microreactor was sealed with
anodically bonded 500 μm thick Pyrex (borosilicate) glass wafers. Ul-
trasonically drilled holes in the Pyrex wafers (distance between the
holes 3.5 mm) were connected with capillary tubing (0.8 mm in dia-
meter) using UV-hardening glues.

2.3. Fluorescence imaging setup

Fluorescence imaging of DNA/DNA hybridization on beads placed
in microreactor chambers was performed using an inverted microscope
model Axiovert 100 TV (Carl Zeiss, Jena, Germany). The microscope
was connected to an argon-ion laser model 2080–15S (Spectra-Physics
Lasers, Inc., CA) by an optical fiber. A homogeneous pool of light was
created by the acoustic vibration of the optical fiber at 80 Hz with an
arbitrary wave by a generator model 3312A (Hewlett-Packard, Palo
Alto, CA). The images were detected by 12-bit CCD cameras (models
CH250 or Quantix, from Photometrics, Tucson, AZ) connected to the
microscope by a C-Mount adapter (Fig. S1). An emission filter opening
at 540 nm and closing at 580 nm (Oriel Instruments, Stanford, CT) was
employed. The images were obtained and analyzed by the PMIS image
processing software (GKR Computer Consulting, Boulder, CO). In all
flow experiments, the fluids were delivered to the microreactors by a
precision syringe pump model 260 (World Precision Instrument, Sar-
asota, FL). Constant temperature in the microflow reactors during the
experiments was maintained using heating plates connected to a tem-
perature regulator (Philips, Kassel, Germany) and thermometer (Ahl-
born, Holzkirchen, Germany) The whole instrumental setup for fluor-
escence imaging is schematically presented in Fig. S1 in the
supplementary section.

3. Results and discussion

3.1. Probing hydrodynamic flow stability and segregation in the microflow
reactor used

Here we present a microfluidic module for multi-step biomolecule
selection in a cascadable (Fig. 1A). The microflow reactor is made by
using two lithographic masks (Fig. 1B and C) etched at different depths.
It consists of three inlet channels, a chamber with a bead barrier, and
three outlet channels (Fig. 1D). The etched bead barrier restrained the
12 μm super-paramagnetic beads, delivered through the inlet channels,
from leaving the bead chamber.

The spatially separated flow patterns in the standard transfer
module (STM, see Fig. 1D), and the flow stability was tested using a
fluorescence solution of 1 μM rhodamine 6G (R6G) while the microflow
reactor was illuminated with an argon-ion laser. The fluorescence
images were obtained by using tandem optics with a combination of

Fig. 1. DNA selection in microfluidics. (A) Multi-step
biomolecule selection in cascadable connected modules. The
input presents an initial pool of biomolecules, which un-
dergoes N number selection steps. Certain molecules from
the initial pool bind reversibly to a certain selection module
when the selection condition is fulfilled. If not, the molecule
is taken out of system. (B) A scheme of the first mask used to
produce the microflow reactor. It is etched with a 10 μm
depth for the chamber (5) and the bead barrier (4). (c) A
scheme of the second mask introduces the inlet (1, 2, and 3)
and the outlet (6, 7, and 9) channels and has a width of
180 μm and a depth of 75 μm. (D) The complete microflow
reactor consists of three inlets (1, 2, and 3) and three outlets
(6, 7, and 9) channels, a chamber (5) with beads (9) and a
bead barrier (4) that restrains the bead, delivered from the
inlets, from leaving the chamber through the outlets.
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fluorescence filters and a nitrogen-cooled CCD camera or a Quantrix
CCD camera with a combination of a microscope, controlled by PMIS or
ImageJ software. Firstly, the fluorescent solution of 1 μM rhodamine
6G, solved in a 500mM Tris-acetate buffer solution and 50mM NaOH
was pumped through all inlet channels. The fluorescence images were
obtained by using tandem optics with a combination of fluorescence
filters and a nitrogen-cooled CCD (Fig. 2A).

Secondly, to prove the special segregation of the delivered solutions
through different inlet channels a fluorescence solution of R6G, dis-
solved in 100mM NaOH, was delivered through the channel 3, only,
while non-fluorescence solutions of 1M Tris were delivered via the
middle channel 2 and a 500mM Tris-acetate buffer solution and 50mM
NaOH via the channel 1. All solutions are delivered with a flow rate of
0.5 μl/min. The fluorescence images were obtained by using a Quantix
CCD camera as described in the Material and Methods (Fig. S1). There
is a sharp border between the non-fluorescent solution coming from the
middle channel and the fluorescent solution coming from channel 3
(Fig. 2B and C). The result shows that a significant part on the right-
hand side of the bead chamber contains a solution, which is coming
from the channel 3 only. The microflow reactor's design is symmetric,
which means that there is a similar part on the left-hand side of the
chamber, through which the only solution from channel 1 is passing.

3.2. Automated DNA selection with movable magnetic beads and DNA
hybridization kinetics and denaturation on microbeads in the microflow
reactor used

To demonstrate DNA hybridization transfer the PVA super-para-
magnetic beads were incorporated into the microchamber using the
inlet channels (Fig. 3A and B). The DNA1 oligomer with a spacer of
14 dTs was immobilized to the bead (Fig. 3C) as described in Materials
and Methods. The 14 dT-long spacer was used to avoid steric problems
for DNA hybridization on a surface. Note that the beads are delivered
via the inlet channels and are kept restrained in the chamber due to the
bead barrier, which is smaller than the diameter of the beads.

A buffer solution of 500mM Tris, pH 8.3, and 50mM NaOH con-
taining 1 μM, 5′-end R6G labeled DNA2 library in the concentration of
200 μM, assembled as described was delivered through the channel 1
while a 150mM Tris, pH 8.3, solution through the middle and the right-
hand channels with a flow rate of 0.5 μl/min. All beads were moved
into the left-hand channel by a NdFeB block magnet (Fig. 3A). The
fluorescence detection system with the Quantix CCD camera (Fig. S1)
allowed us to measure a hybridization signal on a single bead of 224 AU
(arbitrary units) shown in Fig. 3A. The 5′-end R6G labeled DNA2 library

in a solution has a signal of 49 AU while the background signal of the
microreactor was 15 AU (Fig. 3A). Next, a 150mM Tris solution was
delivered through all channels for 5min at the same flow rate. Then the
flow rate was stopped, and the beads were moved by the magnet into
the right-hand channel within a few seconds. After that, a 150mM Tris
solution was delivered through chambers 1 and 2 while 100mM NaOH
was pumped through channel 3 at the same flow rate for 2min. Next,
fluorescence and white-light images from these beads were taken
(Fig. 3B). The fluorescence signal on the beads (20 AU) has very close to
the background signal (15 AU) due to DNA denaturation. A hy-
bridization transfer of DNA was demonstrated, from channel 1 to
channel 3, by moving beads 15 times, as the output flow was collected.
The beads had a 50% magnetic content. Beads with a lesser magnetic
content were impossible to be moved in the micro-reactor by the
magnetic stand. We move the magnetic beads into microreactor by the
magnetic stand under stop-flow conditions not only to facilitate the
movement itself but also to avoid flow disturbance.

DNA hybridization and denaturation on beads under flow condi-
tions are very rapid reactions. We demonstrate the speed of these re-
actions in the Video_file_1.mp4 under the same experimental conditions
as described above. We have used the DNA1 oligomer immobilized to
the same PVA beads, which this time was much more as they filled
more of the inlet channel 1. We took fluorescence images from the
beads incorporated into the microreactor with an interval of 1 s. From
the first to the 10th second a hybridization buffer without DNA was
delivered with a flow rate of 0.5 μl/min. The fluorescently labeled DNA
library was delivered in the next 30 s as the fluorescent signal on the
beads reached its maximum. In the next 2 s, we delivered a washing
solution and after that denaturation solution of 100mM NaOH. DNA
denaturation from the beads is achieved within 2 s only. Note that the
denaturation solution of 100mM NaOH does not quench our fluor-
escent signal as already published (Penchovsky, 2013b).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bios.2019.04.014.

3.3. Probing specificity of DNA hybridization

We have already proven that we can perfectly well distinguish hy-
bridization between perfectly matching oligonucleotides and these with
2-mismatches over a length of 21 nt in the applied by us buffers for DNA
hybridization transfer under isothermal conditions (Penchovsky, 2013b).
In addition, we have also ready proven that we can perfectly well dis-
tinguish hybridization between perfectly matching oligonucleotides
and these with 2-mismatches over a length of 21 nt on beads applying a

Fig. 2. Fluorescence images of steady flow patterns in a strand transfer module. (A) Tris solutions of rhodamine 6G were pumped through the three inlet channels on
the top of the picture. The solution went out from the three outlet channels on the bottom of the picture. The exposure time was 1 s. (B) Tris solutions free of
rhodamine 6G were pumped through the left-hand and the middle channel, while a sodium hydroxide solution containing rhodamine 6G was pumped through the
right-hand channel. The flow rate on all channels was 0,5 μl/min. A quantix camera was used. The exposure time was half of a second. (C) The fluorescence intensity
profile of the line from picture B is plotted.
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washing step (Penchovsky and McCaskill, 2002).
Here we demonstrate that we can perfectly well distinguish hy-

bridization between perfectly matching oligonucleotides and these with
5-mismatches over a length of 21 nt (Fig. S2). One DNA strand is im-
mobilized on the beads while the other is fluorescently-labeled. The
beads are placed in the microflow reactor. In this case, we prove no
washing step is needed to make distinguish hybridization between
perfectly matching oligonucleotides and these with 5-mismatches over
a length of 21 nt. After saturation of DNA hybridization on beads placed
in the microflow reactor the fluorescent signal of perfectly matching
DNA oligomers is about 1700 AU (Figs. S3A and C). In contrast, the
fluorescent signal of hybridization between the oligomers with 5 mis-
matches is 700 AU (Figs. S3B and C), which is close to the fluorescent
signal in the solution (200 AU) plus the bias signal of the camera (500
AU). After removing the fluorescent solution without any further
washing steps, the fluorescent signal of perfectly matching oligomers is
down with about 200 AU (Figs. S4A and C) while the signal of the
mismatching oligomers is down to the bias signal of the camera (Figs.
S4B and C).

3.4. Probing specificity of DNA hybridization transfer in the microflow
reactor by PCR

The DNA2 is a 12-bit DNA library that encodes binary information
into single-stranded DNA molecules (either “0”, or “1”). Each strand, 5′-
end R6G labeled, is 192 nt long and has 12 bits, as each bit is 16 nt long
(Fig. 4A). The whole library has 4096 different strands (Penchovsky
and Ackermann, 2003). The DNA library was proven to amplify with all
antisense bits/primers with high fidelity under uniform conditions
(Penchovsky and Ackermann, 2003).

The output flow solution of channel 3 was collected during the
experiment described in the previous section (3.2) and was pre-
cipitated, deposited, and finally dissolved in the 50 μl stirrer water. We
used 1 μl of this solution to perform two PCR readouts with primers
either for the 2nd bit with a value ”0” or for the 2nd bit with value ”0”
under conditions described in Materials and Methods (Fig. 4B). Only

the readout with the primer 2nd bit with value”0” gave a signal with a
length of 44 bp (Fig. 4C). These results suggest that the automated DNA
hybridization transfer in our microreactor was performed with a high-
level of specificity under the established protocol.

4. Discussion

The first idea was to implement the automated DNA selection pro-
cedure by moving magnetic beads in STMs under steady-flow condi-
tions without altering the solutions (McCaskill et al., 2001). This was
proven practically not feasible due to two obstacles. The first obstacle
was related to the very difficult bead movement into the chamber of the
microreactor by a magnetic stand. The second problem was to preserve
the flow segregation between the hybridization buffer and denaturation
solution into the chamber under steady-flow conditions during the bead
movement. To overcome these problems we applied beads with 50%
magnetic content, very strong magnetic stands and performed the DNA
selection under stop-flow conditions with altering solutions. It was
possible to move the beads from one corner to other into microchamber
under stop-flow conditions within 2 s in contrast to steady-flow where
the moving beads against the current flow were very much problematic.
In addition, we use а reciprocation between the hybridization buffer
and the denaturation the solutions delivered via the first inlet channel.
We moved the beads from the left-hand (hybridization) corner of the
chamber to the right-hand (denaturation) corner while applying a
washing solution via the hybridization channel and under stop-flow
condition. This solved not only the problem with the bead movement
but also excluded any possibility of contamination of the denaturing
solution with DNA from the hybridization buffer during the bead
movement into the denaturing corner. Because of this, we adopted the
DNA hybridization transfer under stop-flow conditions in adjunction
with reciprocation between the hybridization buffer and the dena-
turation the solutions delivered via the first inlet channel. This made
the DNA hybridization transfer by moving magnetic beads in the mi-
croreactor not only possible but also very accurate as confirmed by our
PCR experiments.

Fig. 3. An automated DNA selection in a microchamber
using movable magnetic beads. (A) Tris-solution, free of
R6G, is pumped through the left-hand (1) and the middle (2)
channel while a sodium hydroxide solution containing R6G
was pumped through the channel 3 of the microflow reactor
(Fig. 1c). The solutions flow out through the outlets (6, 7,
and 8). A fluorescence image of the channel 3 with a part of
the chamber (5) filled with beads (9) that are restricted into
the chamber by a bead barrier (4) with intensity profile is
shown in a picture (10). (B) A solution of the 5′-end-R6G
labeled DNA library is pumped through the channel (1). A
150mM Tris, pH 8.3 solution is pumped through the middle
channel (2) and a 100mM NaOH solution - through the
channel (3). All beads (9) with immobilized DNA (see C) are
fixed in the left-hand corner of the bead chamber (5) by a
magnet (11). As a result, the DNA hybridization on the
12 μm PVA super-paramagnetic beads takes place because
the pH of this part of the chamber is 8.3 units. The fluor-
escence image is shown in the picture (10). The beads (9)
were moved by the magnet (11) into the right-hand corner
of the microreactor chamber (5). DNA hybridized to the
beads was denatured with a 100mM NaOH solution flowing
through the channel (3). A fluorescence image obtained
from the beads (10) and a white light image on the pictures
(12, 13). (C) A 30mer DNA6 with immobilized to PVA
super-paramagnetic beads. A solution of 5′-end eR6G la-
beled DNA library hybridized to the DNA on the beads at the
9th with a value ‘0’. It is 12-bit DNA library that has 4096
different DNA strands each 192 nt long. Each bit is 16 nt
long.
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This automated DNA selection by moving magnetic beads into mi-
croreactors can apply an already published chemical procedure for
multiple DNA hybridization and selection under isothermal conditions
in microchambers connected in a cascade. This chemical procedure
employed reversible pH-alterations of the solutions used and implement
multistep selection based on DNA hybridization/denaturation on beads
in cascade microchambers (Penchovsky and McCaskill, 2002)
(Penchovsky, 2013b). Moreover, we can implement immobilization of
different DNA oligomers to beads placed in cascade microchambers
using already published pH-dependent (Penchovsky, 2013b) or UV-
dependent chemical procedures (Penchovsky et al., 2000). Therefore,
we can regard the presented approach for automated DNA selection
procedure by moving magnetic beads in STMs as an element that can be
integrated into complex microfluidic platforms. If we use magnetic
beads with a capacity high-density DNA immobilization we can also
easily perform a solid-state PCR under isothermal conditions.

5. Conclusions

The presented method takes advantage of the fast DNA hybridiza-
tion under flow conditions by reaching saturation within 30 s, the in-
stant DNA denaturation with 2 s, and small working volumes with a
microliter scale. In addition, the method is fully automated and can
detect DNA hybridization a single microbead that makes it extremely
sensitive within femtograms for 50mer DNA oligomers. Moreover, it
was proven a high-level DNA hybridization on beads under hybridiza-
tion solutions used. After applying a washing step we were able to
distinguish between perfect matches and 2 mismatches over 24bp DNA
oligomer as already published elsewhere (Penchovsky and McCaskill,
2002) (Penchovsky, 2013b). All these features make the proposed
methods very suitable for building complex and integrated microfluidic
devices in fields of fully automated DNA selection, detection, and am-
plification.
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