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ABSTRACT

Among various preconcentration strategies using nanofluidic platforms, a nanoscale electrokinetic phenomenon called ion concentration
polarization (ICP) has been extensively utilized due to several advantages such as high preconcentration factor and no need of complex buffer
exchange process. However, conventional ICP preconcentrator had difficulties in the recovery of preconcentrated sample and complicated
buffer channels. To overcome these, bufferchannel-less radial micro/nanofluidic preconcentrator was developed in this work. Radially
arranged microchannel can maximize the micro/nano membrane interface so that the samples were preconcentrated from each microchannel.
All of preconcentrated plugs moved toward the center pipette tip and can be easily collected by just pulling out the tip installed at the center
reservoir. For a simple and cost-effective fabrication, a commercial printer was used to print the nanoporous membrane as “Nafion-junction
device.” Various analytes such as polystyrene particle, fluorescent dye, and dsDNA were preconcentrated and extracted with the recovery ratio
of 85.5%, 79.0%, and 51.3%, respectively. Furthermore, we used a super inkjet printer to print the silver electrode instead of nanoporous
membrane to preconcentrate either type of charged analytes as “printed-electrode device.” A Faradaic reaction was used as the main mecha-
nism, and we successfully demonstrated the preconcentration of either negatively or positively charged analytes. The presented bufferchannel-
less radial preconcentrator would be utilized as a practical and handy platform for analyzing low-abundant molecules.
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INTRODUCTION such as isotachophoresis,'”'® field amplified stacking,'”~*" etc., have
been competitively reported using micro/nanofluidic platform.

Since a preconcentration is an essential step for sensing various ) .
Among the technologies, a nanoscale electrokinetics phenomenon

low-abundant analytes in bio- and environmental applications,' ™ a

number of mechanical mechanisms such as membrane filtration, ™ called the ion concentration polarization (ICP) mechanism has
inertial focusing,” acoustophoresis,” diffusiophoresis,”'* and ther- extensively utilized recently, due to several critical advantages of
mophoresis,lS’l(’ etc., have been actively investigated. More recently, high preconcentration factor (most of the target analytes from
due to the easiness of electrical operations, electrokinetic techniques infinite volume of reservoir would be stacked at specific locations
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inside a microchannel) and no need of complex buffer exchange
processes.””* ™ ICP is the electrochemical phenomenon that
observed at the interface of the nanoporous membrane and electro-
lyte solution.”™*' When a dc voltage bias is applied to the micro/
nano hybridized platform which contains electrolyte, the imbalance
of ions occurs at both ends of the nanoporous membrane due to
the ion selective permeability of the membrane. To balance electro-
neutrality, an extended space charge (ESC) layer was formed adja-
cent to the electrical double layer.””* Inside ESC layer, the
concentration of cation is higher than that of the anion. This is the
typical process of balancing cation and anion in ICP phenomenon
rather than water splitting or metal oxidation. In the case of the
cation-selective membrane, an jon depletion zone appears at the
anodic side of the membrane and an ion enrichment zone appears
at the cathodic side of the membrane. Then, the charged molecules
in the electrolyte are preconcentrated at the boundary of the ion
depletion zone by the force balance between convective drag force
and electrophoretic migration in the microchannel.”**>***” While
one can achieve a high preconcentration factor over a 10°-fold by
ICP,” it is extremely difficult to recover the preconcentrated plug in
the microchannel because the concentration gradient of the precon-
centrated plug to the depletion zone is so large that it dissipates
momentarily when the voltage bias is turned off for extracting the
plug. To overcome this problem, several studies have been con-
ducted to use preconcentrated plug in situ such as confining the
preconcentrated plug in the oil phase in combination with the
droplet generator'® or immobilizing functionalized beads at
the microchannel bottom where the target molecules were precon-
centrated for immunoassay.”’>' However, a simple extraction
method without losing the useful preconcentration factor should
still be required for downstream analysis.

While two microchannels connected with a nanoporous
membrane have been served as a basic platform of the ICP pre-
concentrator,””*” a simple straight microchannel with nanopo-
rous membrane only at the bottom of microchannel have
reported to realize the ICP preconcentrator as well.”""** We
had reported this concept for the first time, and this simple
device can minimize the unnecessary electrical connections while
keeping the similar preconcentration factor so that it would
provide more commercializable platform.”’ Eliminating buffer
microchannel would greatly save the space so that it provides
beneficial freedom for the high degree of multiplexing or radial
design. For further enhancement of throughput and easiness of
sample recovery, we have invented a radial type microchannel
network in 2010 to maximize the microchannel/nano membrane
interface, which results in significantly improved throughput.”
However, this patent was abandoned recently because the
bufferchannel-less concept in this patent (Nafion on top of elec-
trode) was hard to be realized, and we have been developing a
different bufferchannel-less concept, which is the new
bufferchannel-less concept, in this work (straight microchannel
with Nafion at the bottom of microchannel). Using this radial
concentrator, not only the throughput but also electrokinetic
stability”™®” can be enhanced. Radial configuration confined the
preconcentrated sample in each microchannel, and, thus, the
effective length scale can be discretized.”*>™®” In such micro-
confined environment, undesirable electrokinetic instability can be
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largely suppressed. Furthermore, the preconcentrated plugs in each
radial microchannel receded toward the center so that one can
easily extract the whole plugs using a conventional pipette tip at
the center. The dynamics of the preconcentrated sample are cate-
gorized into two behaviors.”® If the plug was pinned near the
nanojunction, it is called “stacking behavior.” If the plug is
receded from the nanojunction, which is the case of this work, it is
called “propagating behavior.” Thus, the plugs of local extremely
high concentration in front of each ion depletion zone can be col-
lected at the center, meaning we fully utilized the advantages of
ICP preconcentrator. For example, 50 ul of the sample solution
can be 5ul of the preconcentrated sample solution at the center,
which is sufficient volume for downstream chip-to-world analysis.
This type of ICP device was named as “a bufferchannel-less radial
preconcentrator and online extractor.” Few other radially struc-
tured preconcentrator had already been reported,””’” but their
basic layout was traditional main microchannel-membrane-buffer
microchannel connection so that it could collect the analytes only
inside the radially positioned microchannel itself.

In this work, our bufferchannel-less radial preconcentrator can
preconcentrate the whole analytes in the inserted pipette tip so that
one can achieve both reasonably useful preconcentration factor and
easy sample recovery for a direct downstream analysis. Here, we suc-
cessfully demonstrated that microbead, fluorescent dyes, and
dsDNA were preconcentrated and easily extracted. Moreover, since
the Nafion based preconcentrator mainly works on negatively
charged molecules, silver electrode was printed instead of Nafion for
the more general applicable preconcentrator. With printed-electrode
preconcentrator, the ion depletion zone was generated using the
Faradaic reaction’”’* as the main mechanism and the negatively
charged molecules as well as the positively charged molecules were
successfully preconcentrated in this bufferchannel-less radial type
device. Therefore, this device is greatly useful in the lab on a chip
platform for most of the sample preparation steps in biochemical
analysis. Preconcentrating low-abundant molecules at reasonably
high amplification factor and easy extraction of the preconcen-
trated sample would have significant commercial capability.

EXPERIMENTAL METHODS
Device design

In this work, two types of device were demonstrated. The major
difference between them was the way they mediated the ion deple-
tion zone. ICP was used to mediate ion depletion zone using nano-
porous membrane called as “Nafion-junction device,” and Faradiac
reaction was employed using printed silver electrode called as
“printed-electrode device.” Both types have the same operation pro-
cedures, and the step-by-step operation procedures were shown in
Fig. 1. Buffer solution without analytes was injected into the micro-
channel by pressure in advance. Then, step (i) was injecting a com-
mercial pipette tip which contained sample solution at the center
of each device. Step (ii) is sample loading and preconcentration
by applying electric field between the radial electrode and the
pipette tip. The polarity of dc electric field was determined by the
target analytes, i.e., positive at center and ground at the electrode
for negatively charged analytes and vice versa. Then, solvent in
the pipette tip flowed out toward the rims by electro-osmotic flow
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FIG. 1. Schematics of operation procedures and device pictures of (a) Nafion-junction device and (b) printed-electrode device. Both devices had the same operation pro-
cedures. (i) Buffer injection and preparation of the sample solution, (ii) sample injection and preconcentration of molecules, (iii) extraction and recovery of preconcentrated

molecules, and (iv) photo of fabricated device.

(EOF) and pressure driven flow. Because the depletion zones at
each microchannels converged toward the center pipette tip, it
prevented the target analytes from flushed outward and all of ana-
Iytes in the pipette tip were sieved by the depletion boundary,
leading high preconcentration factor. Step (iii) is the recovery of
the analytes. After removing the solution from all the rims, the
pipette tip containing preconcentrated analytes with minimum
amount of solvent was pulled out for easy recovery of the analytes.
It was expected that the preconcentration and recovery efficiency
could be easily increased by changing the number of branch chan-
nels of the device or duration time of preconcentration, etc. A fab-
ricated 16 branch channel device with Nafion and 64 branch
channel device with printed electrode were also shown in Fig. 1.
For the Nafion-junction device and printed-electrode device, each
microchannel had the dimension of 100um width x 50 um
depth x 7 mm length and the dimension of 50 um width x 50 um
depth x 7mm length, respectively. In order to operate ICP at
stable conditions, the characteristic length scale should be around
0(10) um as suggested in previous literature studies.””*>*> We
have tested 75um height device, but the results were extremely
unstable. This is the consideration for choosing 50 um height.

Device fabrication

The SU8 microchannel mold was fabricated on the silicon
wafer by soft-lithography fabrication method. To replicate the

microchannel mold on the polydimethylsiloxane (PDMS, Sylgard
184 Silicon elastomer kit, Dow Corning, USA), a PDMS precur-
sor solution (the mixture of pre-polymer and curing agent at the
ratio of 10:1) was poured on the silicon wafer which had micro-
channel mold and cured in an oven at 75°C for 4h. For the
Nafion-junction device, Nafion® resin solution (wt. 20%,
Sigma-Aldrich, USA) was used as a cation perm-selective mem-
brane. Nafion printing method was used to pattern the atypical
shape of nanoporous membrane on the glass using commercial
inkjet printer (EPSON, K-100, Japan). Nafion was diluted by DI
water at the ratio of 1:7 for matching the viscosity of commercial
ink as shown in Table I. On the commercial inkjet printer,
diluted Nafion and glass were used instead of commercial ink

TABLE 1. The comparison chart of viscosity among the DI water, commercial ink,
and diluted Nafion solution.

Material Viscosity Nafion vs DI water
DI 1

Commercial ink 3.89

Nafion solution 6.15 1:4

Nafion solution 5.32 1:5

Nafion solution 3.26 1.7

Nafion solution 2.49 1:9
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and printing paper, respectively, and then, Nafion was simply
printed on glass. Finally, printed Nafion was heated on the hot
plate at 95°C to remove the solvent from the Nafion solution,
with only solid Nafion solute on the glass remaining.

For the printed-electrode device, silver ink (Silverjet DGP
40LT-15C, Advanced Nano Products, USA) was circularly printed
on the glass by a super inkjet printer (SIJ-S030, SIJ Technology,
Inc., Japan). Printed silver electrode was heated on the hot plate at
130 °C for 2 h to have 11 uQ cm of electrical resistivity. Then, PDMS
mold with microchannels was bonded with the Nafion patterned (or
electrode printed) glass by O, plasma treatment (FemtoSience,
CUTE-MP, Korea) and cured on the hot plate at 95 °C for 2 h.

Materials

For the Nafion-junction device, the mixture of 1 mM potas-
sium chloride (Sigma-Aldrich, USA) and fluospheres polystyrene
[1um, blue-green (430/465) particle, Invitrogen, USA], the mixture
of 1 mM potassium chloride and Alexa fluorescent dye [Alexa 488,
(200 nM), Invitrogen, USA] solution, and 947 bp length of A260
double stranded DNA (Oligonucleotides were customized by
Macrogen Inc., Korea) with 0.1x Phosphate-Buffered Saline
buffer (Sigma-Aldrich, USA) were used. For the printed-electrode
device experiment, the 1 mM Tris-HCl (pH 5.6) solution was
prepared by a mixture of tris(hydroxymethyl) aminomethane (Tris
base, Sigma-Aldrich, USA) and hydrochloric acid as a buffer, and sul-
forhodamine B (SRB) (50 nM, Sigma-Aldrich, USA) was used as a
negatively charged dye, while rhodamine 6G (50 uM, Sigma-Aldrich,
USA) was used as a positively charged dye.

Experimental setup

Viscosity of DI water, commercial ink, and diluted Nafion was
measured by a viscometer (SV-10, A&D, Japan). An electrical voltage
was applied by source measure unit (Keithley 236, USA) through
Ag/AgCl electrode. The behaviors of analytes were traced by an
inverted fluorescent microscope (IX-53, Olympus, Japan) and ana-
lyzed by Image], CellSense, and spectrophotometer for dsDNA
experiment (Qiagen, Germany).

RESULTS AND DISCUSSIONS

As previously stated, experiments were conducted on two types
of devices (Nafion-junction device and printed-electrode device).
First, Nafion-junction device was demonstrated with preconcentration
and extraction of microparticles, fluorescent dye, and dsDNA, and
then the printed-electrode device was demonstrated with preconcen-
tration of either positively or negatively charged fluorescent dyes.

Nafion-junction device
Polystyrene microparticle demonstration

To demonstrate the feasibility of bufferchannel-less radial pre-
concentrator, the preconcentration of 1 um-size polystyrene micro-
particle at 1 mM potassium chloride buffer background solution
was firstly operated in the 8-way radial preconcentrator, and the
fluid motion of microparticles was visualized as shown in Fig. 2(a)
(Multimedia view). The image was taken from only 2 channels out
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of 8 radial channels. After injecting solution into the microchannel,
10V was applied between center pipette tip and the end of the
channel for preconcentration step. With the voltage bias, an ion
depletion zone was formed at the anodic side of the Nafion, and
microparticles were started to be preconcentrated as shown in
Fig. 2(a). Since the strong vortical flow inside the depletion zone
induces a weak vortex outside the depletion zone,”**””” the shape
of the preconcentrated particles involved both compact plug and
vortical cloud at the boundary of the depletion zone. As dc bias
was applied continuously at the device, the preconcentrated plug
and vortical cloud of microparticles were propagated to the center,
while solvent in the center pipette tip was flushed out toward the
rim at each branches. After 2 h of operation, most of the micropar-
ticles contained in the pipette tip were gathered at the bottom of
the pipette tip as shown in Fig. 2(b). In this experiment, 35ul of
the microparticle solution was operated for 2h to become 3 ul of
concentrated solution. The theoretical concentration ratio was cal-
culated by dividing the final volume by the initial volume, which
results in about 11.7-fold of preconcentration factor. To calculate
the experimental result of concentration ratio after preconcentra-
tion, the number density of microparticles at the bottom of the
center pipette tip between before and after preconcentration step
was compared. Region of interest (ROI) to count the number
density was set to be an annular shape as shown in Fig. 2(b). We
excluded the center region where the pipette tip was inserted.
Before preconcentration step, ~80 particles were counted inside the
ROI, while ~800 particles were counted inside the ROI after pre-
concentration step (particles within the same focal length was only
counted). Thus, the measured preconcentration factor after the
operation was calculated to be 10-fold. Dividing the experimental
concentration ratio by the theoretical concentration ratio, it
showed 85.5% of particle recovery ratio as in Fig. 2(c). This result
proved that most of the particles were captured by the depletion
zone and collected to the center pipette tip. While previously
reported preconcentrating techniques can preconcentrate the ana-
lytes only in a small volume (few picoliters to nanoliters) of micro-
channel, the radial preconcentrator in this work has advantages over
them since it can collect all the analytes into relatively large volume
of pipette tip (few microliters). Although we demonstrated with the
10 ul pipette tip (white tip), we can achieve higher preconcentration
ratio if one uses a larger volume of pipette tip (blue tip of 1 ml).
However, in this case, the preconcentration time should be longer
so that it is necessary to leverage the preconcentration ratio and the
operation time according to one’s discretion.

Fluorescent dye demonstration

Since we confirmed that most of the particles in the pipette
tip were preconcentrated at the bottom of the pipette tip, while
the solvent was flushed out, small analytes (200 nM concentra-
tion of Alexa 488 fluorescent dye) with 1 mM potassium chloride
buffer background solution were used to demonstrate both
preconcentration and extraction steps. Figure 3(a) (Multimedia
view) showed the preconcentration of fluorescent dye at a 16-way
radial device with a voltage of 10 V. At 10s, fluorescent dyes
started to form plugs at each anodic side of Nafion and the pre-
concentration plugs propagated to the center pipette tip as shown
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FIG. 2. (a) Microscopic snapshots of microparticle preconcentration, demonstration using Nafion-junction device. When dc bias was applied, particles showed both
compact plug with vortical cloud. Multimedia view: https:/doi.org/10.1063/1.5092789.1. (b) Microscopic image at the bottom of center pipette tip at t= 0 min (before precon-
centration, left image) and ¢ =120 min (after preconcentration, right image). Number density of particles at the same focal length in the ROl was compared. (c) Diagram of
number density of particles from (b) and number density of particles calculated by the volume ratio before and after preconcentration step.

in the right image of Fig. 3(a) (Multimedia view). In order to
quantify the preconcentration efficiency, electro-osmotic velocity
(Veor=€0&,C|E|/u, where £y and &, are the permittivity of free
space and relative permittivity of the sample solution, respec-
tively, 4 is the viscosity of the sample solution, ¢ is the zeta-
potential of microchannel wall, and |E| is the applied electric
field to each microchannel) was calculated for measuring the
operation time. Here, the parameters were given as &, = 8.854 x
1072CV'm™, £,=80, £ =0.001Nsm™> and {=~ —80mV.”""”
Since the radial preconcentrator had a parallel connection structure
and the length of each channel was fixed at 7 mm, the average elec-
tric field across at each branch channel was assumed to be constant
at 14 V/m with 10V constant bias. Then, v, was calculated to
~80 um/s on each microchannel. Multiplying the width and height
of each microchannel (100 um and 50 um, respectively), the volume
flow rate induced by electro-osmotic flow (vol.,s) was calculated
to be ~20 nl/min on each microchannel. Three types of device with
4, 8, and 16 branch channels were prepared to verify device opera-
tion time according to electro-osmotic flow and number of chan-
nels, and we calculated the time taken for the solution to decrease

from 35 ul to 1 ul using the above volume flow rate, giving the oper-
ation time as T,p = (Vipitiai = Viina)/nvoleos (where T,, the device
operation time, Vi, and Vi, the initial and final volume, respec-
tively, and n the number of branch channels). The calculated T,s
were ~360 min, ~180 min, and ~90 min for n=4, 8, and 16 branch
channels, respectively. Experimental T,,s were measured (time taken
by the initial volume of 35ul is reduced to 1ul) were ~190 min,
~120 min, and ~75 min on average for 4, 8, and 16 branch chan-
nels, respectively, as shown in Fig. 3(b). Main reason for the differ-
ence between the calculated device operation time and measured
device operation time was pressure driven flow. Corresponding
flow rates of pressure driven flow are ~20 nl/min, ~10 nl/min, and
~5 nl/min for 4, 8, and 16 branch channels. Since pressure differ-
ence was induced by the level difference between center pipette tip
and each reservoir at the end of each branch, more branch caused
less pressure difference. Thus, the flow rate from pressure driven
flow should inversely proportional to the number of branches as
we have shown above.

Since 304l and 504l solution was preconcentrated until
Viinar= 5 ul, we aimed to achieve the preconcentration ratio was 6- and
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FIG. 3. (a) Microscopic snapshots of fluorescent dye preconcentration demonstration using 16-way Nafion-junction device. Preconcentrated dye plugs formed (left image)
and propagated toward the center (right image) with applied dc bias. Multimedia view: https:/doi.org/10.1063/1.5092789.2. (b) Graph showed the amount of solution left in
the pipette tip as the device operated and the calculated T, for 4-, 8-, and 16-way device. (c) Diagram showed the concentration of My and Mg, compared to expected

concentration by the volume ratio before and after preconcentration step.

10-fold, respectively. In previous ICP works, such as 10°-fold precon-
centrator,” the analytes were preconcentrated inside a microchannel,
and the factor was measured again inside the microchannel, whereas
our radial preconcentrator measured the concentration ratio after
extracting the preconcentrated analyte out of the microchannel so
that there should be an inevitable dilution occurred in micro-to-world
interfacing, With setting the maximum factor as 10° one may expect
the maximum factor inside microchannel of 100(10° x 100 um (plug
length) x 100 um (plug width) x 50 um (plug height)/5 ul). However,

since our design is “bufferchannel-less” and there should be an inevi-
table dilution at world-to-chip interfacing, the factor obtained by
volume ratio (initial volume/final volume) would provide more accu-
rate estimation than the factor by above simple calculation. While
~10-fold can be considered low, it is expected that one can accom-
plish a preconcentration ratio higher than 10-folds using a larger
pipette tip at the center reservoir.

In order to extract the preconcentrated sample, the solvent at
the entire rims was removed first and the remaining preconcentrated
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solution at the center was extracted by just pulling out the pipette.
The extracted solution was injected into straight microchannel of
15 um height and 100 #m width, and the intensity of the fluorescent
dye was analyzed using Image]. Recovery ratio of the dye was calcu-
lated as R =V, M./ VisitiaiMiniiay Where V., the extracted solution
volume and M,,,;;,; and M,,, the initial and extracted molar concen-
tration of the dye, respectively. The value of R by the experimental
data gave ~79%, and ~4.5-fold of preconcentration factor for
30ul solution and ~75%, and ~7.5-fold of preconcentration
factor for 50 1l as shown in Fig. 3(c). We expected the preconcen-
tration ratio (the ratio of the initial sample volume to the recov-
ered sample volume) of 6-fold when we injected 30ul of the
initial sample and recovered 5 ul of the preconcentrated sample.

t=10s

(a)

oA

GND at the

10 V/ at the L

pipette

200 pm

—
O
~

scitation.org/journal/bmf

In the case of 50 il initial volume, the recovered volume was 5 ul
so that the expected value was 10-fold. However, experimentally
measured preconcentration ratio was 4.5-fold and 7.5-fold. This
small discrepancy against the expected preconcentration ratio was due
to the natural diffusion before dc bias was applied and the sample
loss due to induced advection when the pipette tip was pulled out
from the device.

dsDNA demonstration

The preconcentration and extraction of dsDNA were also con-
ducted to verify the possibility of the radial preconcentrator/extrac-
tor to BIoMEMS applications. The initial concentration of dsSDNA

FIG. 4. (a) Microscopic snapshots of
dsDNA preconcentration demonstration
using Nafion-junction device. Multimedia
view: https:/doi.org/10.1063/1.5092789.3.

(b) Diagram showed the concentration of
Miiia and Mgy compared to expected
concentration by the volume ratio before
and after preconcentration step.
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was ~16.6 ng/ul with 0.1x PBS, and 10V bias was continuously
applied at 8-way radial device. As shown in Fig. 4(a) (Multimedia
view), preconcentrated plugs of dsDNA was successfully converged
to the center pipette tip, while solvent was flushed out toward the
rims. After the preconcentration step, preconcentrated samples
were extracted in the same manner as the fluorescent dye experi-
ment, expecting 10-fold of the preconcentration ratio (30 ul sample
solution was preconcentrated to 3 ul). The extracted solution was
analyzed with the spectrophotometer, and the results are shown in
Fig. 4(b). The concentration of DNA extracted from the center
pipette tip was measured to be 87.8 ng/ul on average with a stan-
dard deviation of 31.2, showing a concentration ratio of ~4.9-fold
compared to the initial concentration. Considering Vo and Ve,
the expected concentration ratio was 10-fold. The measured pre-
concentration ratio of dsDNA showed large deviations due to the
same reason stated in the previous section. Furthermore, dsDNA
has lower zeta potential® than that of the fluorescent dye’” used in
this work, leading to high probability of leaking through the ion
depletion zone (i.e., lower preconcentration factor). The recovery
ratio, R, by the experimental data gave ~51.3% of dsDNA.

With a view of recovering preconcentrated sample for
chip-to-world analysis, this bufferchannel-less radial preconcentra-
tor has advantages over previously reported radial preconcentra-
tor.”” It demonstrated two types of radial preconcentrator: (i) empty
chamber type and (ii) finned chamber type. The empty chamber
type has a chamber volume of 100 nl (xx 1.2 mm?x 20 um) and a
preconcentrated sample volume of 20 nl (700 x 700 x 40 um®), and
the preconcentration factor was measured at 168-fold. Thus, there
should be 1/250-fold dilution for chip-to-world analysis, if 20 nl of
168-folded sample was extracted by laboratory apparatus such as
pipette. (We assumed that 5 ul is the minimum volume for delivering
the sample to another conventional analyzer.) Also, the finned
chamber type has a chamber volume of 1.5l (% x 3.5 mm”* x 40 gm)
and a preconcentrated sample volume of 10 nl (400 x 700 x 40 um>),
and the preconcentration factor was measured to be 20-fold. Thus,
there should be 1/500-fold dilution for chip-to-world analysis, if
10 nl of 20-folded sample was extracted by the laboratory appara-
tus. Furthermore, both structures can preconcentrate the sample,
which was already filled inside the chamber so that the extracted
sample volume is always limited by the chamber volume. Therefore,
this comparison led that these previously-developed radial precon-
centrators are suitable for chip-to-chip analysis, not for chip-to-world
analysis. Note that there should be an additional structure to prevent
an avoidable dispersion even in the chip-to-chip analysis.

Printed-electrode device

With the Nafion-junction device, the negatively charged mole-
cules (microparticle, fluorescent dye, and dsDNA) were able to be
preconcentrated and extracted because the convective drag force
and electrophoretic force affected to the negatively charged mole-
cules in the opposite direction. However, since those forces aligned
in the same direction in the case of positively charged species such
as rare earth elements, heavy metals, and positively charged amino
acids (lysine, arginine, histidine, etc.), it was difficult to preconcen-
trate positively charged molecules on the cation-selective mem-
brane device. To preconcentrate the positively charged molecules in
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the ICP preconcentration device, an anion-selective membrane was
needed to be used as a nanoporous membrane. However, utilization
of either cation- or anion-selective membrane hindered the versatil-
ity of the device. Consequently, it is highly required to have a
tunable preconcentrating device for either positively or negatively
charged analyte at one’s discretion. In this work, we fabricated the
silver electrode patterned radial preconcentrator for switchable
Faradaic reaction on the printed electrode for preconcentrating
either type of charged molecules.”"”" The schematics of the precon-
centration by Faradaic reactions at the single straight microchannel
were shown in Figs. 5(a) and 5(b) (Multimedia view) for negatively-
(50 nM of SRB) and positively charged analyte (50 uM of rhodamine
6G), respectively. Due to the nonspecific binding of the cationic dye
to negatively charged PDMS surface, one need to use thicker cationic
dye than anionic dye (but they have similar fluorescent intensity);
see the supplementary material, Note 1, for details about the
electrode reaction. The direction and thickness of blue arrows in
Fig. 5(a) corresponded to the directions of electro-osmotic flow
(EOF) (along with the applied electric field) and the magnitudes of
EOF (greater inside the ion depletion zone than outside the zone
due to the amplified electrokinetic response only inside the zone’”),
respectively. In the case of negatively charged molecules, the direc-
tions of EOF and electrophoresis (EPH) [Fgpy in Fig. 5(a)] are oppo-
site to each other and are preconcentrated on the same principle as
the conventional ICP preconcentration. In the case of positively
charged molecules, the directions of EOF and EPH are the same.
However, since the forces received by the molecules inside the
depletion zone are stronger than the forces received outside the
depletion zone, preconcentration occurs with similar principle as
isotachophoresis.'” Without pressure driven flow [red arrow in
Figs. 5(a) and 5(b)], the sample flows toward the center pipette so
that the sample in the pipette gets diluted. To prevent this back-
ward flow, we intentionally applied pressure driven flow in this
printed-electrode device. While the sample was filled from the
pipette tip to the reservoir at the ends of radial channels in the
Nafion-junction device, the sample was filled from the pipette tip,
but the filling was stopped in the middle of microchannels in this
printed-electrode device. Thus, the printed-electrode device
always has a pressure driven flow toward the rim.

Since major carriers at this reaction were hydrogen ion and
chloride ion, we used Tris-HCl buffer as the buffer solution to
contain sufficient hydrogen and chloride ions, while keeping the
buffer solution as weak acid (pH =5.6). When voltage was applied
to the bulk pipette tip and the printed electrode, reduction and oxi-
dations occurred at the cathode and anode, respectively by the elec-
trochemical reaction. Due to the extremely large resistance of the ion
depletion zone, the ionic current through the electrode was less than
10nA so that the generations of gaseous byproducts were largely
suppressed, especially after forming the ion depletion zone. Under
this situation, the gaseous byproducts from the electrochemical reac-
tions that generated near the bulk pipette tip were dissolved into the
bulk solution so that the ion concentration near the bulk pipette tip
was maintained. Any bubbles at patterned electrodes were observed
in the experimental condition in this work; see the supplementary
material, Note 1, for simple calculation of bubble generation vs solu-
bility. Thus, the ion depletion zone near the printed electrode can be
utilized as a preconcentration barrier.
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FIG. 5. (a) Schematic diagram for the generation of depletion zone by Faradaic reaction (anode: pipette, cathode: printed electrode) to preconcentrate negatively charged
molecules. Microscopic snapshot of SRB demonstration was shown in the right image. (b) Schematic diagram for the generation of depletion zone by Faradaic reaction
(anode: printed-electrode, cathode: pipette) to preconcentrate positively charged molecules. Microscopic snapshot of Rhodamine 6G demonstration was shown in the right
image. Multimedia view: https:/doi.org/10.1063/1.5092789.4. Microscopic snapshots of preconcentration demonstration of (c) SRB and (d) Rhodamine 6G using 64-way
printed-electrode device. Multimedia view: https:/doi.org/10.1063/1.5092789.5.
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When the printed electrode was a cathode, a preconcentrated
plug of negatively charged fluorescent dye was formed in the direc-
tion to the pipette tip by the electric field gradient caused by the ion
depletion zone near the printed electrode [Fig. 5(a)] and vice versa
[Fig. 5(b) (Multimedia view)] for positively charged dye. Since the
surface charge on the wall of microchannel was negative, positively
charged dye received electrical attraction from the channel wall, and
the progress of the preconcentration plug was slower than that of
the negatively charged dye.

These principles were directly applied to the 64-way radially
arranged microchannel. The channels were attached on the printed
electrode, and the results were shown in Figs. 5(c) and 5(d)
(Multimedia view). The voltage applied at the center pipette tip was
fixed as ground for both experiments. To preconcentrate the nega-
tively charged molecules, the printed electrode was used as a cathode
and vice versa. The preconcentration plugs of negatively charged dye
were formed and started to propagate to the center within only 3s
under 15V bias [Fig. 5(c); preconcentration factor of 2 within 3 s],
while 10 s were needed for the positively charged dye to form plugs
and start to propagate to the center [Fig. 5(d); preconcentration
factor of 2 within 10 s] under the same dc bias as we expected. Due
to gas bubble generation at the patterned electrode and pH variation
for a long-term operation exceed an hour, the printed-electrode pre-
concentrator is better suited for the platform of on/off sample detec-
tion using the preconcentrated sample at the center reservoir.
However, it is still useful as the preconcentrator and online collector
when the target volume is small so that total operation time is less
than an hour. Also, patterning the chemically stable metal electrode
such as gold or nonpolarizable electrode would be an alternative strat-
egy for longer operations.

CONCLUSIONS

In this work, we proposed a bufferchannel-less micro/nano
fluidic device with a simple extraction method while the useful pre-
concentration factor was maintained for downstream analysis. With
the bufferchannel-less design, we minimized the unnecessary electri-
cal connection and employed a radial type microchannel network to
maximize the microchannel/nano membrane interface, which results
in significantly improved throughput and stability. Most importantly,
the preconcentrated samples were easily recovered by just pulling out
the center pipette tip. With the Nafion-junction device, ICP was used
as the main mechanism and preconcentration of 1um-size polysty-
rene particle was firstly demonstrated to verify the basic operation of
the device with the ~85.5% of recovery ratio. The preconcentration
and extraction of fluorescent dye and dsDNA were demonstrated,
and we could recover ~79.0% and ~51.3% of analytes in the whole
pipette tip within analyzable volume, respectively. Operation time of
the device was also compared depending on the number of branch
channels. With the printed-electrode device, a Faradaic reaction was
used as the main preconcentration mechanism. To verify the device
operation, preconcentration of either type of charged molecules was
demonstrated at the single straight microchannel. Then, these princi-
ples were directly applied to the 64-way radially arranged device and
preconcentration was successfully demonstrated.

Despite of these advantages, current design was not suitable at
high buffer concentrations. We performed additional experiments at
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10 mM and 100 mM. The results showed that a constant preconcen-
tration plugs were successfully generated at 10 mM, but serious bubble
generation due to electrolysis was observed at 100 mM; see the supple-
mentary material, Note 2. The original bufferchannel-less preconcen-
trator was demonstrated at 1x PBS condition, but it had only one
microchannel.” The measured current level in bufferchannel-less
device is about 4 times higher than the one in buffered device because
the ionic current can flow simultaneously through electrolyte above
the membrane and through the membrane. It is more serious in the
radial concentrator because the current is linearly proportional to the
number of radial branches and the buffer concentration. For example,
10 nA was measured in typical buffered device at 1 mM and 10 V** so
that ~192 A should flow in 16 channel bufferchannel-less radial con-
centrator at 100 mM and 30V, ie., 10nA x4 (due to bufferchannel-
less) x 16 channels x 100 (due to 100 mM) x 3 (due to 30 V). At such
huge current, bubble generation on patterned electrode should be
non-negligible compared to the microbubble generation at lower
current. The ring electrode can be located within an outlet reservoir,
allowing the evacuation of generated bubbles. However, as shown in
the supplementary material, Fig. S2, the bubble was generated also in
the center reservoir as well to disconnect electric field.

This is the clear limitation of this bufferchannel-less radial pre-
concentrator. Thus, further modifications should require for proper
operation at the high concentration such as changing electrode mate-
rial to suppress electrolysis (for example, a material having higher
surface to volume ratio such as carbon felt) or thicker Nafion pat-
terning to minimize leakage current above the membrane and struc-
tural modification for removing gas bubble (for example,
hydrophobic coating inside the pipette tip and electrode surface
leads to easy evacuation of the bubble). However, there are several
applications that should work at this low buffer concentration less
than 10 mM. For example, environmental monitoring or food moni-
toring applications usually dealt with tap water from faucet or fresh
water from river (or food), etc. whose total ionic concentration is
less than 10 mM (10 mM is the upper limit of potable water). A few
biological applications also required a dilution at low concentration
condition. While drying could be used, it is to concentrate not only
the particles but also the electrolyte ions. On the other hand, ICP
method concentrates only the particles while maintaining the elec-
trolyte ion concentration. Thus, one can choose the suitable precon-
centration method depending on the requirements. For example,
drying method is better if the concentration of background ion does
not matter. However, since there are many cases where background
electrolyte should not be concentrated,””® the ICP preconcentrator
is also useful in those cases. Thus, while our radial layout has the
clear limitation as mentioned, it is still feasible on those applications.
In this sense, the bufferchannel-less radial preconcentrator and
online extractor was expected for handy platform of the sample
preparation step in various biomedical and environmental applica-
tions, requiring an appropriate preconcentration ratio.

SUPPLEMENTARY MATERIAL

See the supplementary material for gas production by
Faradaic reaction and experimental demonstration at high buffer
concentration.
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