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lon concentration polarization focusing at a
millimeter-scale microbead junction: towards
higher volumetric throughput

Umesha Peramune, Zisun Ahmed and Robbyn K. Anand (D}

lon concentration polarization focusing (ICPF) is an electrokinetic technique that has shown promise in
achieving even billion-fold preconcentration factors. However, increasing the volumetric throughput of ICPF
is challenging because disruptive processes that reduce preconcentration efficiency worsen as the channel
cross-section extends beyond the microscale. We previously introduced an approach for mitigating the above
challenges in a microfluidic regime. However, in that system, the flow rate was limited to less than 1.0 pL
min. Herein, we report a high throughput and scalable ICPF of charged analytes in a milimeter-scale
channel. Using 3D-printed channels of 4.0 mm? cross-section, we achieve preconcentration factors above
200-fold within 10 min at a flow rate of 30 uL min™. In this system, ICP is accomplished by ion permselective
transport through a packed bed of commercially available cation exchange microbeads (30 um and 200 pm).
We investigate the scalability of the approach by comparing the ICPF performance of channels with four
distinct cross-sectional areas. While ICPF occurs in all four cases, the degree of preconcentration drops below
100-fold (per 10 min) in channels with cross-sections beyond 4.0 mm?. This drop in efficiency is attributed to
dispersion associated with Joule heating. Therefore, by improving the device design to dissipate heat more
effectively, we anticipate that this approach can be scaled up further for applications that demand high
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Introduction

Lab-on-a-chip (LOC) platforms continue to attract interest in
chemical, bioanalytical, and biomedical applications due to
inherent advantages like portability, less reagent consumption,
rapid sample processing and analysis, compartmentalization,
and automation.™® Within the analytical workflow, sample
preparation plays a crucial role.*” Therefore, integrating
purification, preconcentration, and separation steps into LOC
analytical platforms is critical, especially when the target of
interest is present in significantly low concentrations along with
other interferents.>” In these platforms, the preconcentration
step is especially important since the sample volume on chip is
small and only a fraction of the analyte molecules may interact
with the detection or sensing mechanism. Therefore,
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t Electronic supplementary information (ESI) available: Current transients
obtained during ICPF experiments at 100 V in the four devices (0.5, 1.0, 1.5, and
2.0 mm-tall channels). ICPF experiments carried out in a single-channel device
at 100 V. ICPF experiments carried out in a dual-channel device at 110 V.
Calculating the enrichment factor, percent dye leakage and downstream
conductance. The .stl files of the design of the dual-channel millimeter-scale
device (0.5 and 2.0 mm tall). See DOI: https://doi.org/10.1039/d51c00183h
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volumetric throughput electrokinetic focusing.

concentrating the analyte before detection is needed to improve
sensitivity and accuracy.® Analyte preconcentration in pTASs is
often achieved by stacking or focusing through isotachophoresis
(ITP) and field amplified sample stacking (FASS), gradient
focusing methods like isoelectric focusing (IEF), electric field
gradient focusing (EFGF), and temperature gradient focusing
(TGF).> ™ Although well established, these techniques have
their own drawbacks, which make their applications limited.
For example, ITP requires at least two electrolytes with distinct
mobilities (the leading and the trailing electrolyte), and the
analyte of interest is focused between them. In IEF, a pH
gradient is required to stack ampholytic targets according to
their isoelectric points."* TGF needs an appropriate buffer/
mixture of buffers capable of generating an electric field
gradient when a temperature gradient is applied along the
microfluidic channel.”

In contrast to the above preconcentration techniques, ion
concentration polarization focusing (ICPF) leverages electric
field gradients but does not require multiple and/or specific
electrolytes and sample preparation steps. Several researchers
have demonstrated ICPF using nanochannels and
nanomembranes integrated in microchannels.® For example,
Zhang and Timperman showed 300-fold preconcentration of
fluorescein within 40 min, using ICPE."” They used a PDMS
microfluidic  channel integrated with a track-etched
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polycarbonate nanocapillary array. Wang et al'® achieved
million-fold preconcentration of proteins and peptides by
trapping the analytes in an extended space charge region near a
nanofluidic filter. Unlike in ITP where the sample is trapped
between two electrolytes, ICPF allows for a continuous supply of
sample and perpetual maintenance of the steep electric field
gradient, thus permitting high preconcentration factors."

ICP is an electrokinetic transport phenomenon associated
with ion permselective structures such as nanochannels and
nanoporous membranes.'”” When a voltage bias is applied
across the ion permselective structure, concentration
gradients arise at both ends of it due to preferential transport
of counter-ions (ions of opposite charge to that of the
nanochannel or the nanoporous membrane) and exclusion of
co-ions. Due to this preferential transport of ions, the local
concentration of both anions and cations at one end of the
ion permselective structure decreases, giving rise to an ion
depletion zone (IDZ). Simultaneously, the local concentration
of both types of charges increases at the opposite end,
resulting in an ion enrichment zone (IEZ). It is notable that
ICP occurs even when there is partial charge selectivity, as
long as the majority of the current through the nanostructure
is carried through the electrical double layer (EDL).>° Thus,
the primary parameter that governs the ICP phenomenon is
the ratio of surface conductance to bulk conductance
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(Dukhin number, Du).>' Due to localized depletion of ions of
the background electrolyte (BGE), the ionic conductivity of
the IDZ is extremely low. Therefore, a significant amount of
the applied voltage drops across the IDZ, resulting in a steep
electric field gradient at its boundary. It is the migration of
charged analytes within this steep gradient that facilitates
focusing in the presence of opposing fluid flow. Faradaic ion
concentration polarization (fICP) is an analogous technique
that accomplishes localized depletion of BGE ions by charge
transfer reactions at electrodes, not preferential charge
transport through nanoporous membranes or nanochannels
as in ICP. In both ICP and fICP-based preconcentrators,
focusing of a specific analyte occurs at a distinct location
where the electrophoretic velocity of the analyte balances
with its opposing convective velocity (Fig. 1a), which is
usually driven by a combination of pressure-driven flow and
electroosmosis.

It is important to recognize that concentration polarization
is not a recent discovery; it has been a well-established
phenomenon in classical membrane systems such as
electrodialysis, reverse osmosis, and fuel cells.*” In the context
of micro and nanofluidics, ICP (and fICP) has been
demonstrated not only for analyte preconcentration but also for
applications such as separating nucleic acids from serum,*
separating microparticles,® seawater desalination,*?® and
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Fig. 1 (a) Focusing of a negatively charged analyte at the boundary of the IDZ when the electrophoretic velocity (vep) of the analyte
counterbalances the convective velocity (v.). (b) Illustration of the device architecture: the 3D-printed bottom thermoplastic layer with the main
channel and the auxiliary channel, the top PDMS layer with channel inlets, bead inlets, and electrode reservoirs. (c) Image of the assembled dual-
channel device with the packed bead beds. A schematic is included for clear visualization of the arrangement of the bead beds.
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droplet-based microextraction applications.>’*® However, most
ICP-based preconcentrators, similar to other electrokinetic
preconcentration techniques like ITP, are limited by the volume
of sample they can process within a reasonable amount of
time.”® Higher volumetric throughput is vital when the
preconcentrated plug must be sent for downstream analysis
such as by mass spectrometry.”>*° Moreover, the required
volumetric throughput for certain microfluidic applications,
such as nucleic acid and protein detection is in the range of 1-
2.5 uL min", whereas it can be as high as 100-1000 uL min™
for separation of circulating tumor cells and purification of
ionic radioisotopes.*® Therefore, to successfully adapt ICPF for
such applications that demand high flow rates, increasing the
volumetric throughput is equally important as improving the
preconcentration factor.

Kwak et al. addressed the challenge of improving
volumetric throughput in ICPF by developing a continuous-
flow ICP concentrator.”® Their device consisted of a main
channel of 15 pum height and a bifurcated microchannel
integrated with a Nafion nanoporous membrane (a cation
permselective membrane) to continuously elute the
preconcentrated plug through the bifurcation. With an
applied voltage of 80 V, they were able to achieve maximum
enrichment factors up to 200-fold for a model fluorescent
tracer (fluorescein sodium salt) flowed at 5 L min™" in a
channel of 15 um height and 980 pm width. In continuous
flow ICPF reported by Papadimitriou et al, the electric field
was applied perpendicular to the sample flow for the
continuous focusing, separation, and extraction of three
anionic fluorescent tracers.”® The focused tracers were
extracted continuously through a comb-like array of
channels. They reported a concentration factor of 10-fold in
blood plasma flowing at 15 puL min~'. Ouyang et al. reported
a staged ICP preconcentrator to enrich nucleic acids and
proteins up to 10°fold in 30 min by processing several
milliliters of sample, with applied voltages ranging from 200-
600 V.*' Their device consisted of 4 stages of massively
parallelized (over 38000) microchannels interconnected by a
nanoporous membrane.

It is notable that in the above examples, the microchannel
height was below 100 pm. Moving to larger channel heights
(and cross-sections) is a straightforward strategy for
increasing the volumetric throughput, yet challenging in ICP-
based systems. This challenge stems from two scenarios that
decrease the preconcentration efficiency: (i) in most work,
the ion-permselective structure is a planar nanoporous
membrane, and therefore the IDZ is not distributed across
the entire channel cross-section, leading to “leaking” of
focused analytes over the IDZ, (ii) steep electric field and
concentration gradients at the boundary of the IDZ lead to
strong electroconvective vortices, which results in unwanted
re-mixing of focused analytes and the disruption of the
boundary of the IDZ.

Approaches with varying degrees of sophistication and
design have been developed to overcome these problems.
MacDonald et al wused an “out-of-plane” nanoporous

This journal is © The Royal Society of Chemistry 2025
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membrane, oriented vertically within the channel wall. They
were able to generate a stable IDZ boundary that spanned over
the entire channel height at flow rates up to 20 pL min~" with
an applied voltage of just 20 V.** To mitigate the fluidic
instability arising from electroconvective vortices, Kim and co-
workers incorporated PDMS microfins next to the nanoporous
membrane.*® These micro fins, which were spaced 100 um from
each other across the entire width of the microchannel, acted as
geometrical constrictions that minimized merging of primary
vortices into larger secondary vortices. Thus, a stable
preconcentrated plug and a uniform IDZ boundary were
maintained. In addition, the micro fins facilitated the surface
conduction of cations through the IDZ towards the nanoporous
membrane to circumvent slow bulk transport, thereby
supporting overlimiting current without the need for
electroconvective mixing. In another work from the same group,
it was shown that surface conduction can be augmented by
protruding the nanoporous membrane further into the
nanochannel to create an alternate path for the ionic current.**
Other strategies to minimize vortex flow are to decrease the
current density at the permselective membrane by increasing its
surface area, and minimizing the size and the lateral motion of
vortices using microstructured membranes.*>*°

Inspired by the above work, our group introduced out-of-
plane fICP as a means of improving volumetric throughput
in fICPF.*” The device comprised two microbead beds: (i) a
silver bead bed that acted as a 3D flow-through electrode to
generate an IDZ distributed across the entire channel cross-
section, thus minimizing the “leaking” of the focused analyte
plug, (ii) a polystyrene carboxylate bead bed that aided in
stable focusing of analytes by geometrically obstructing the
growth of smaller vortices into larger ones.

In this paper, we demonstrate that the above packed bed
approach can be scaled up further for stable focusing of
charged analytes in millimeter-scale channels. We first
studied the electrokinetic behavior of the packed bed device
using current-voltage (I-V) curves to see if the system exhibits
the three-regime I-V curves characteristic of ICP. After
identifying a voltage suitable for ICPF based on these I-V
curves, we performed ICPF experiments in millimeter-scale
channels of four distinct cross-sectional areas to investigate
the scalability of the packed-bed approach. To understand
the effect of the size of the cation-permselective beads on
ICPF, we carried out ICPF experiments with two distinct bead
diameters.

Using commercially available ion exchange resin as the
ion-selective structure in 3D printed microchannels, we were
able to achieve ICPF even at a flow rate of 60 uL min .
Although “packed bed ICP” has been reported previously by
Syed et al*® and Ouyang et al.,* they involved nanoscale
beads (100-500 nm) and therefore required more complex
device fabrication procedures, such as reactive ion etching,
and device architectures that are not readily scaled up. The
significance of our approach is that we were able to generate
ICP using a combination of 30 pm and 200 pm cation
exchange microspheres. Because of the larger size of the
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beads, we did not require lithography to fabricate bead
retention structures. Instead, larger (1 mm-tall and 4 mm-
wide) 3D-printed channels containing an array of 100 um-
wide bead retention structures were sufficient. Further, bead
handling and packing were more straightforward. Therefore,
this approach can be used as a user-friendly sample
preparation technique that can be integrated with LOC
applications.

Experimental

Chemicals

The charged fluorophore, BODIPY>™ (4,4-fluoro-1,3,5,7,8-penta-
methyl-4-bora-3a,4a-diaza-S-indacene-2,6-disulfonic acid,
disodium salt) was obtained from Invitrogen (Carlsbad, CA). All
other solutions were prepared using reagent-grade chemicals
(Fisher Scientific, Waltham, MA) and diluted with double
deionized water (18.2 MQ cm, Sartorius Arium Pro, Gottingen,
Germany) to the desired concentration. Clear Microfluidic
Resin V7.0a was obtained from CADworks3D (Concord, ON,
Canada). Poly(dimethylsiloxane) (PDMS) (Sylgard 184 elastomer
kit) was obtained from Dow Corning Corp. (Midland, MI).
Cation exchange beads of 30 um (DOWEX® 50WX8, 200-400
mesh, strongly acidic hydrogen form) and 200 um (DOWEX®
50WX8, 50-100 mesh, strongly acidic hydrogen form) were
purchased from Sigma (St. Louis, MO). Both these bead types
are styrene divinylbenzene beads with surface sulfonic acid
groups (DVB-SO;°). Acid-washed glass beads (200 um) were
obtained from Sigma (St. Louis, MO). Epoxy adhesive (Double/
Bubble®) was purchased from Royal Adhesives & Sealants
(Wilmington, CA).

Device fabrication

The devices consisted of two layers (Fig. 1b): (i) the bottom
thermoplastic layer comprising the main channel and the
auxiliary channel and (ii) the top PDMS layer with punch-
holes for fluid inlets and outlets and reservoirs to
accommodate the electrodes. The main channel was 30 mm
long, 4.0 mm wide, and 1.0 mm tall, while the auxiliary
channel was 2.0 mm wide, 8.5 mm long, and 1.0 mm tall
unless otherwise specified in the results and discussion
section (see ESIt for the .stl files of the 3D design). Each
channel consisted of three 2.0 mm-wide bead beds defined
by four rows of rectangular pillars (200 um by 200 um spaced
100 pm apart). The thermoplastic layer was 3D printed using
Clear Microfluidic Resin V7.0a (Miicraft Ultra 50 3D Printer,
CADworks3D, Concord, ON, Canada). After printing, the
chips were thoroughly rinsed with 2-propanol and UV-cured
(CureZone MKII LED Light Cure Box, Creative CADWORKS,
Toronto, ON, Canada) according to the manufacturer's
instructions. For the top layer, 10 parts of PDMS monomer
were mixed with 1 part of crosslinker and cured at 65 °C for
3-4 h. After curing, punch holes were made for channel
inlets, bead inlets, and electrode reservoirs. Both layers were
treated with air plasma (PDC-001, Harrick Plasma, Ithaca,
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NY) for 60 s and bonded together, followed by incubation at
65 °C for at least 4 h.

Bead packing

The bead bed closest to the main channel outlet and the
bead beds on either side of the central bead bed of the
auxiliary channel were filled with a suspension (50 pL, w/v
~300 mg mL™") of 200 um cation exchange beads using a
micropipette. The bead bed furthest away from the main
channel outlet was filled with a suspension of 200 um glass
beads. The bead inlets were sealed with a drop of epoxy
adhesive. Finally, the central bead bed, which interconnects
the main channel and the auxiliary channel, was filled with
30 um cation exchange beads, and the bead inlets were
secured with epoxy adhesive.

I-V characteristics

To facilitate filling, the devices were evacuated for 30 min-1
h prior to the experiments. Then, a solution of 10.0 mM NacCl
was introduced through the main channel outlet using a
pipette. Gentle pressure was applied using the pipette such
that all the bead beds and both the main channel and
auxiliary channel
fluorescence image was taken, which was later used for
background subtraction. Pt electrodes (1.0 mm diameter)
were inserted into the main channel and auxiliary channel
Then, 10.0 mM NaCl spiked with 0.1 uM
BODIPY>™ was infused through the main channel inlet at a
flow rate of 30-60 pL min~" (as described in the results and
discussion section) and withdrawn from the outlet with the
aid of two 5 mL BD plastic syringes attached to two syringe
pumps. Once the channel was fully filled with the electrolyte
containing the fluorescent tracer, a DC voltage sweep was
applied (0-120 V, 0.1 V s™') between the main channel and
the auxiliary channel, using a power supply (2450
SourceMeter®, Keithley Instruments, Cleveland, OH). The I-V
curves were recorded using KickStart software (Keithley
Instruments, Cleveland, OH). While running the voltage
sweep, a fluorescence image was recorded every 10 s using an
SMZS800N stereoscope (Nikon Industries, New York, NY)
equipped with a Sola Lumencor Light Engine (Lumencor,
Beaverton, OR) and Photometrics Cool Snap Dyno camera
(Tucson, Arizona).

were wetted with the solution. A

reservoirs.

Focusing an anionic tracer within the glass bead bed

The same procedure used for device filling in the I-V curve
experiments was followed in focusing experiments as well.
Once the flow was established, a DC voltage bias was applied
between the main channel and the auxiliary channel for 10
min. Current transients were recorded using the KickStart
software. A fluorescence image was recorded every 10 s to
visualize the IDZ formation and subsequent focusing of
BODIPY>". Fluorescence intensities used for enrichment
factor calculation were background subtracted and analyzed
using NIS-Elements 4.6 software (Nikon), and Image].

This journal is © The Royal Society of Chemistry 2025
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(a) Current-voltage curves obtained in 1.0 mm-tall channels with four distinct bead bed configurations. Background electrolyte: 10.0 mM

NaCl, flow rate: 30 uL min™*. Fluorescence micrographs recorded (b) before and (c), (d) during (at 80 V and 110 V) current-voltage curve. Channels

contain 0.1 pM BODIPY?™ in 10.0 mM NaCl.

Results and discussion

I-V characteristics

Before conducting ICPF experiments, we characterized the
1.0 mm-tall, packed bed device in terms of its current
response to an applied DC voltage sweep. Fig. 2a shows the
I-V curves obtained in four distinct device configurations.
The first configuration had three bead beds: 200-um glass
beads, 30 um DVB-SO;~ beads, and 200 pm DVB-SO;  beads
(green curve). The second configuration also had three bead
beds: a bed of 200 um glass beads and two beds of 200 pm
DVB-SO;  beads (blue curve). The third configuration had
only two bead beds, 200 um glass beads and 200 um DVB-
SO;  beads with the downstream bed left empty (red curve).
The final configuration contained only one bead bed; 200 pm
DVB-SO;~ with the two upstream beds left empty (black
curve). In each case, the electrolyte consisted of 10.0 mM
NaCl spiked with 0.1 uM BODIPY*", and a flow rate of 30 uL
min~' was maintained while recording the I-V curves.

According to Fig. 2a, the three configurations that do not
incorporate the 30 um DVB-SO; beads (black, red and blue
curves) exhibit the three-regime I-V curve characteristic to ICP:
(i) ohmic region - current increased linearly with increasing
voltage, (ii) limiting region - current plateaued (80-88 V in the
black curve, 86-91 V in the red curve, and 81-84 V in the blue
curve) due to reaching mass-transfer limitation as the IDZ
expanded, (iii) over-limiting region: current increased again due
to the formation of electroconvective vortices. A shift in the
onset of limiting behavior to higher voltages occurs with
addition of the glass beads (red curve), which increase ohmic
resistance (evidenced by a shallower slope of the I-V curve),
decreasing the current that drives depletion. Addition of a
second bed of sulfonated beads (blue curve) improves the
permselectivity of ion transport, thereby lowering the onset
voltage for the limiting regime, despite the high ohmic
resistance of this configuration.

This journal is © The Royal Society of Chemistry 2025

For the device configuration with smaller, 30 pm DVB-
SO;™ beads between the 200 um DVB-SO;™ beads and 200 um
glass beads (green curve), there is no limiting region in the I-
V curve. Nevertheless, the fluorescence micrographs obtained
during the voltage sweep indicate BODIPY>™ depleting
downstream of the bead beds at 80 V (Fig. 2c¢), and
accumulation of BODIPY>™ on the glass bead bed (Fig. 2d).
Therefore, these observations suggest that even though the
characteristic three-regime I-V curve is not observed in the
three-bead bed configuration, ICP still occurs. We have
reported a similar observation in our previously published
work on out-of-plane fICP, where we attributed the smoother
transition from the limiting to over-limiting regime to the
enhanced surface conduction of cations through the IDZ by
the upstream bead bed.?” In our current system the upstream
bed comprises larger 200 um glass beads (with low zeta
potential), and the effect of surface conduction is less
pronounced. However, the 30 um beads enhance surface
conduction towards the 200 pum DVB-SO; beads. With
hydrodynamic instabilities suppressed by the upstream
coarse glass beads, this configuration enables faster and
more efficient enrichment.

Focusing an anionic tracer on the glass bead bed

Since we observed depletion of BODIPY?~ downstream of the
bead bed starting from 70 V during the voltage sweep, ICP
preconcentration experiments were conducted at several
distinct voltages (data shown only for 90 V and 100 V, see Fig.
S3t for 110 V data) at a flow rate of 30 uL min™", in the 1 mm
tall channel. In all these experiments, 0.1 uM BODIPY>" in 10
mM NaCl was used as the model analyte.

Fig. 3a shows a series of fluorescence micrographs
obtained in one such experiment where 100 V was applied to
drive ICP. The device consisted of three bead beds in the
main channel; 200 pm glass, 30 um DVB-SO;7, and 200 pum

Lab Chip, 2025, 25, 3495-3505 | 3499
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Fig. 3 (a) Series of fluorescence micrographs showing the focusing of 0.1 uM BODIPY?" in 1.0 mm-tall channel consisting of three bead beds; 200
um glass, 30 pm DVB-SOs~, and 200 um DVB-SOs". The background electrolyte is 10.0 mM NaCl. Flow rate: 30 uL min™, voltage: 100 V. (b) Plot
showing the evolution of maximum enrichment factor and (c) percent dye leakage over time, at two distinct voltages. Flow rate: 30 pL mint. (d)
Variation of conductance downstream of the bead bed with time before, during and after application of 100 V to drive ICP. 10.0 mM NaCl, 30 pL

min’t, n = 3.

DVB-SO;". We observed that the dye slowly starts to focus
within the glass bead bed after about 30 s of voltage
application. Within 5 min, a stable focused plug is formed.
Meanwhile, the fluorescence intensity downstream of the
bead beds started to decrease due to the fluorescent tracer
being retained upstream of the cation permselective bead
bed. Interestingly, we also noticed that the fluorescence
intensity of the entire upstream segment of the bead beds
starts to decrease after about 8 min of voltage application.
This effect was more visible at 110 V (see the fluorescence
micrograph at 10 min in Fig. S3at). This decrease in intensity
can be due to one or both of two reasons: pH changes
quenching the tracer molecule or the tracer undergoing
thermal bleaching because of Joule heating.

Fig. 3b shows the evolution of the maximum enrichment
factor with time, at 30 uL min~', under 90 and 100 V. The
enrichment factor increases with time, reaching more than
100-fold at 90 V and 150-fold at 100 V within 10 min. This
rate of enrichment is comparable with that achieved by
Ouyang et al. (~95-fold in 10 min) for ICPF of the fluorescent
tracer Alexa fluor 488 in 1x BSA, in a microfluidic channel
containing a nanoporous membrane and a packed bed of
bioconjugated nanospheres.”® At 110 V (Fig. S3bf), the
enrichment factor first increases and then starts to decrease

3500 | Lab Chip, 2025, 25, 3495-3505

towards the end of the experiment. This decrease is mainly
due to the decreased quantum efficiency of BODIPY>™ as
described earlier.

Apart from the maximum enrichment factor, a rough
estimate of the overall enrichment factor can be made using
the total volume swept and the volume of the enriched plug.
Considering the fluorescence micrograph at 5 min (Fig. 3b),
the volume of the plug was approximately 1.48 pL, and the
volume swept in 5 min is 150 pL. Therefore, the enrichment
factor achieved within 5 min at 100 V is roughly 100-fold.

Fig. 3c shows the percent leakage of the model analyte
through the cation-selective bead bed. This result provides
insight into how well the IDZ can repel the negatively
charged analyte. At both 90 V and 100 V, the percent dye
leakage reaches below 10% within 3 min. That is, more than
90% of the analyte is retained upstream of the cation-
selective bead bed due to repulsion from the IDZ.

However, at 90 V, the percent dye leakage increases with
time to more than 20% due to the bursting of the focused
plug. This suggests that 100 V performs better than 90 V in
preventing leaking of the focused analyte through the cation
permselective bead bed at this flow rate.

Fig. 3d shows the variation of the conductance downstream
of the bead beds before, during, and after the application of 100

This journal is © The Royal Society of Chemistry 2025
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V to drive ICP in the system. The current downstream of the
bead bed was measured at 1.0 V using a custom-made circuit
board, and the current was converted to conductance. This
experiment provides information on how well the overall
charged species in the electrolyte (analytes + electrolyte ions) are
repelled from the IDZ/ retained upstream of the bead bed. We
observed that the downstream current reduces to 92% of its
initial value 2 min after the initiation of ICP. This result
indicates that more than 90% of ions in the electrolyte are
repelled from the IDZ. After turning off the voltage that drives
ICP, the focused analyte and electrolyte ions leak through the
bead bed, thus, increasing the conductivity again.

To investigate the effect of bead diameter and the length of
the cation permselective bed on the enrichment factor (and
therefore, the preconcentration efficiency), we performed
control experiments. In the first control (Fig. 4a—-c, red curve),
the main channel consisted of three bead beds; one 200 pm
glass bead bed, and two 200 um DVB-SO;~ bead beds (no 30 pm
beads). The second control (Fig. 4a-c, blue curve) consisted of
two bead beds; one 200 um glass bead bed and one 200 pm
DVB-SO;™ bead bed, with the downstream bead bed left empty.
The final control (Fig. 4a-c, green curve) consisted of only a 200
pm DVB-SO; bead bed. All experiments were performed in 10.0
mM NaCl at 30 uL min~", and 100 V. As shown in Fig. 4a, none
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of these configurations produced enrichment factors >100,
unlike in the configuration with the 200 um glass, 30 um DVB-
SO;7, and 200 um DVB-SO;  bead beds (black curve). The
percent dye leakage through the cation-selective bed (Fig. 4b) is
higher than that of the configuration which incorporates the 30
pum DVB-SO;™ beads. Note that the spikes in the percent dye
leakage in the blue curve (above 100%) is because of the
bursting of the enriched plug, which introduces a concentrated
plug of analyte downstream the bead bed with a concentration
higher than the initial analyte concentration before the
application of voltage. Based on the percent dye leakage, the
efficiency at which the analyte is retained at the boundary of the
IDZ was also calculated and is shown in Fig. 4c (when
calculating the efficiency, dye leakage >100% was considered as
0% efficiency, and dye leakage of 0% was considered as 100%
efficiency). This efficiency is lower in all the controls than that
of the configuration which incorporates the 30 um DVB-SO;~
beads.

These finer cation-selective beads are strategically placed in
our device design to drive ICP through enhanced surface
conduction, which can be attributed to the increased Dukhin
number in the system. The size of the interstitial spaces in the
cation-selective bead bed decreases ~6-fold (from ~31 um to
~5 um) when moving from 200 um beads to 30 um beads. That
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is, the critical dimension of the system decreases. The surface
area-to-void volume ratio similarly increases by 6.67-fold, which
is expected to enhance surface conductivity effects and
contribute to a higher Dukhin number, improving cation
selectivity. Furthermore, suppressed flow instabilities in the
IDZ, due to the presence of a region of coarser glass beads
upstream, ensure more stable and efficient preconcentration.
Consequently, this two-region configuration is critical for
achieving high preconcentration performance and flow stability.

Scalability of the packed bed ICPF

With the aim of testing the scalability of the packed bed
approach, we then conducted focusing experiments in a 2.0
mm-tall channel. In the 2.0 mm-tall channel, the bead
diameters, bead bed lengths and other channel dimensions
remained the same as in the 1.0 mm tall channel, except the
channel height. And, the pillars that defined the bead beds
were replaced by a mesh structure (see the .stl file provided
in ESIf), since the reduced aspect ratio of the pillars made
them unsteady. Our hypothesis was that if the approach is
scalable, the channel-cross section and the volumetric
throughput can be doubled without significantly sacrificing
the enrichment factor even though the applied voltage is the
same as the voltage used for focusing in a 1.0 mm-tall
channel.

Fig. 5a is a series of fluorescence micrographs showing
the extent of BODIPY*™ enrichment within the glass bead bed
in a 2.0 mm-tall channel at 60 uL min™", under an applied
voltage of 100 V. Similar to the focusing experiments in the
1.0 or of roughly 100-fold, which was the same value
estimated for the 1.0 mm-tall channel at 30 uL min .
However, after 5 min, we observed quenching of BODIPY>™ in
the 2.0 mm channel, indicated by the distribution of the plug
at ¢ = 10 min (Fig. 5a) which covers only half of the main
channel width. pH measurements (using pH paper) at the
anodic reservoir before and after voltage application showed

(&M Channel height: 2.0 mm
)
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that pH drops from ~7 to ~2 due to the voltage application.
This observation suggests that pH changes resulted in
decreased quantum yield of BODIPY>™ in the channel.

To test this hypothesis, we performed ICPF experiments in
10.0 mM Tris-HCIO, (pH 8.3), instead of in 10.0 mM NacCl.
We hypothesized that if pH changes in the system affect the
quantum yield of the fluorescent tracer, the use of a buffered
system like Tris-HCIO, would minimize those effects. Fig. 5b
are fluorescence micrographs obtained during ICPF of 0.1
uM BODIPY?™ in 10.0 mM Tris-HCIO, (pH 8.3) in a 2.0 mm-
tall channel at 60 uL min~", under an applied voltage was 100
V. 1t is clear from these fluorescence micrographs that the
fluorescence intensity upstream of the bead beds does not
drastically decrease as in the experiment shown in Fig. 4a
(1.0 mm-tall channel) and Fig. 5a (2.0 mm-tall channel),
where 10.0 mM NaCl was used as the background electrolyte.
This observation supports our hypothesis that pH changes
that occur during ICPF in 10.0 mM Nacl affect the quantum
yield of BODIPY>", and thus, the enrichment factor as well.
Therefore, 10.0 mM Tris-HCIO, (pH 8.3) buffer was used as
the background electrolyte in subsequent experiments.

To better understand the system's scalability, we
compared the performance of channels with four distinct
channel heights: 0.5 mm, 1.0 mm, 1.5 mm, and 2.0 mm,
while maintaining other channel dimensions and bead
dimensions the same throughout. All the experiments were
performed in 10.0 mM Tris-HCIO, (pH 8.3), and the flow rate
was maintained at 15, 30, 45, and 60 pL min™", respectively,
while the applied voltage was 100 V. Fig. 6a shows the
variation of maximum enrichment factor with time for the
four channel heights. Both 0.5 mm- and 1.0 mm-tall devices
reach maximum enrichment factors of above 200-fold within
10 min. However, in the 1.5 mm-tall channel, the maximum
enrichment factor reached within 10 min is about 150-fold,
and in the 2.0 mm-tall channel, the enrichment factor
reaches only about 75-fold. The rate of enrichment plotted in
Fig. 6b shows that the performance of 0.5 mm-, 1.0 mm-, and

In 10.0 mM NaCl

In10.0 mM Tris-HCLO,
10 min

Fig. 5 Fluorescence micrographs showing the focusing of 0.1 uM BODIPY? in a 2.0 mm-tall channel at a flow rate of 60 uL min™, under an applied
voltage of 100 V, when the background electrolyte is (a) 10.0 mM NaCl, (b) 10.0 mM Tris-HCIO,.
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followed by Tukey’s multiple comparison test (n = 3, = 0.05).

1.5 mm-tall devices is not statistically significantly different
from each other. However, there is a significant difference in
the device performance when comparing the 0.5 mm and 1.0
mm-tall channels (rates of enrichment reaching 30-fold per
min) with the 2.0 mm-tall channel (rate of enrichment less
than 10-fold per min). That is, after a certain threshold
height, the efficiency of preconcentration drops. This drop
can arise mainly due to two reasons: leaking of the focused
analyte over the IDZ and broadening of the focused plug due
to diffusional dispersion. According to Fig. 6c, the percent
analyte (dye) leakage over the IDZ in the 1.5 mm- and 2.0
mm-tall channels is relatively higher than that of the 0.5
mm- and 1.0 mm-tall channels before ¢ = 5 min. This
significant leakage of analyte explains the low enrichment
factors of 1.5 mm- and 2.0 mm-tall channels during the first
5 min of voltage application.

After 5 min, the percent dye leakage in all four channel
heights reaches less than 15%, and therefore, leakage no
longer has a significant influence on enrichment. However,
as shown in Fig. 6d, for the 1.5 mm- and 2.0 mm-tall
channels, the area of the focused analyte plug is
approximately as twice that observed for the smaller channel
heights. This broadening explains the low enrichment factors
and the slower rate of enrichment in the taller channels. We

This journal is © The Royal Society of Chemistry 2025

attribute this broadening to Joule heating, which becomes
more detrimental when the channel height increases, due to
increased current and poor heat dissipation (see Fig. S1} for
current transients obtained during the focusing experiments).
Therefore, further optimization of the device design is
required to efficiently dissipate the heat generated at the bed
during these experiments.

Conclusions

We have demonstrated high volumetric throughput
preconcentration of charged analytes using ICPF at a packed
microbead bed junction in 3D-printed millimeter-scale
channels. Specifically, we used commercially available 30 pm
cation exchange microbeads as the ion-selective structure to
generate ICP. I-V characteristics of the system showed the
typical ohmic, limiting, and over-limiting regimes when 200
pm cation exchange microbeads were used. When 30 pum
cation exchange microbeads were used, the I-V characteristic
was smoother with a direct transition from ohmic to an
overlimiting regime, indicating that the finer beads aid in
better surface conduction of cations. During ICPF
experiments in a channel 1.0 mm-tall by 4.0 mm-wide, we
achieved enrichment factors over 200-fold at a flow rate of 30

Lab Chip, 2025, 25, 3495-3505 | 3503
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uL min~', within 10 min. Importantly, this result was
obtained using 30 pm cation-selective beads, which allow for
more facile device fabrication than nanometer-scale beads.
Larger cation selective beads did not produce such high
enrichment factors, indicating that the bead size cannot be
scaled further. A 2.0 mm-tall channel supported 60 uL min",
but increased current led to localized pH changes due to
water electrolysis, which were mitigated when a buffer was
introduced. ICPF experiments in four channels with distinct
cross-sectional areas, under the same applied voltage, show
that after a threshold cross-section of 6.0 mm?, the
enrichment factor drops, mainly due to dispersion arising
from Joule heating. Therefore, features that mitigate Joule
heating should be incorporated into the channel for the
successful scalability of the channel cross-section above 6.0
mm?, without compromising the preconcentration efficiency.
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