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Concentration gradients of simple salts in microfluidic channels
control the transport of a common photoredox catalyst.

Controlling how species move in response to chemical stimuli is
key for understanding complex biological systems. Microfluidics
experiments have provided significant insight into how biologi-
cally relevant species spatially respond to changes in their
chemical environment, including for nucleic acids,"” proteins,’
and bacteria.* Flow experiments have also been used to monitor
the movement of small ionic molecules in response to salt
gradients.® Suspended particles can respond to salt gradients,®
such as the movement of charged colloids'”"" in solutions of
chloride salts. Salt gradients can also direct and aggregate surfac-
tant vesicles,'? as well as controlling the formation and movement
of DNA and protein-based condensates."® Magnetic fields have
been used to precisely control the movement of microparticles,"*
and supramolecular nanomotors have been developed with
temperature-controlled speeds.”® Chemotactic studies using
host-guest interactions'®'” or catalysis'®'® have manipulated
macromolecules,*®" while other aspects of small molecule diffu-
sion during chemical reactions remain controversial.** Despite
these examples, control of small molecule movement remains a
significant challenge.

Herein we report a simple microfluidics system using the
variable diffusivities of ions in sodium salts to generate liquid
junction potentials and control the movement of a small
cationic dye. We used a microfluidic device with three-inlets
(Fig. 1a), based on an established design used for chemotaxis
studies.”® The known diffusivities®* of Na* (1.33 x 10" m*s™ %),
Cl™ (2.03 x 1072 m* s "), and SO,>~ (1.07 x 10 ° m® s~ ) cause
the cation and anion to disperse at different rates and can

“School of Chemistry, UNSW, Sydney, NSW 2052, Australia.
E-mail: j.beves@unsw.edu.au
b Departments of Chemical Engineering and Chemistry, The Pennsylvania State
University, University Park, Pennsylvania 16802, USA
i Electronic supplementary information (ESI) available: Experimental details and
additional data are supplied. See DOI: https://doi.org/10.1039/d4cc06182a
i These authors contributed equally.

This journal is © The Royal Society of Chemistry 2025

19 Isis A. Middleton,
@ Ayusman Sen

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

lonic gradients in flow to control transport of

#° Hamid Rashidnejad, (22 Aditya Sapre,”

® and Jonathon E. Beves (2 *@

a) Salt b) Na:CI
c‘i> M
<« Nat {5
«—1 CI +—

S0, >

+ve -ve +ve

e

L =360 pm

Fig. 1 Schematic representation of salt diffusion down a three-inlet
microfluidic device. (a) Three-inlet microfluidic channel, width 360 pum
and depth 50 pm. Schematic of ion diffusivities with arrow size indicating
relative rate for (b) NaCl and (c) NaySOyg.

create a liquid junction potential (Fig. 1b and c). Such liquid
junction potentials can be used to control the migration of
charged species.

We first modelled the diffusion of ions when sodium
chloride or sodium sulfate are added to the central inlet of a
device, assuming the movement of each ion follows a simple
Fickian diffusion profile.’” A full description of the model is
provided in ESI,{ S3. Fig. 2a shows a simulation of the diffusion
of the ions across the channel where the salt is added to the
central inlet. Each ion carries a charge, and the different
concentration profiles of the cation and anion (Fig. 2b) result
in a net charge difference across the channel. At the initial time
points the net charge distribution is localised to the boundaries
of the channel centre. For sodium chloride, the chloride ions
diffuse slightly faster than the sodium ions, generating an area
of negative charge just outside the flow of the salt. For sodium
sulfate the opposite effect is observed as the sulfate ions diffuse
more slowly than sodium ions. At the later time points, the ions
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Fig. 2 Modelling the formation of liquid junction potentials based on
Fickian diffusion of salt ions over time. (a) The concentration profiles of
ions of sodium chloride (left) or sodium sulfate (right) following simple
Fickian diffusion after addition via the central inlet of a 3-inlet device. (b)
The net charge distribution formed across the width of the channel over
time as a result of the different diffusivities of the ions shown as a function
of charge (middle) or time (bottom).

have diffused further across the channel, and a liquid junction
potential is formed. With the sodium chloride salt a net
positive charge is formed in the centre of the channel, and
with sodium sulfate a net negative charge is formed. This effect
is shown in Fig. 2b for comparison with the experimental data.

With this data in hand, we set to monitor the formation of
such liquid junction potentials experimentally. We aimed to
use optical microscopy with a luminescent dye to measure
concentration changes. We selected [Ru(bpy);]Cl, as a small,
water-soluble dye which does not readily aggregate in dilute
solution and has well-defined photophysical properties.>®
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Critically, the visible absorption and emission of this complex are
due to MLCT transitions that are only weakly influenced by the
ionic strength of the solution. Static absorbance and emission
measurements of [Ru(bpy);]Cl, (50 pM) in 2-(N-morpholino)-
ethanesulfonic acid buffer (MES, 50 mM, pH 6) in the absence
and presence of salt (1 M NaCl or 1 M Na,SO,), confirmed the
emission of [Ru(bpy);]Cl, is a reliable measure of the concentration
of the complex under this range of conditions (see ESL,} S4).

We used polydimethylsiloxane (PDMS) based microfluidics
devices, mounted on 1 mm glass slides to enable optical
monitoring with a high-sensitivity laser scanning confocal
microscope. The channel width of the device is 360 um, depth
is 50 pm and length is 4 cm, corresponding to a cross-section of
18000 pum? The emission intensity was measured across the
channel width, always at 2 mm from the channel entry point to
ensure a stable concentration gradient. Flow rates were varied
from 1-20 uL min~" to give residence times in the channel
before detection of 0.11-2.16 s. Solutions were flowed through
the devices via all three inlets simultaneously with identical flow
rates. In all cases the emission intensity was normalised across
the width of the channel for each time point (see ESL,{ S5).

Solutions of [Ru(bpy);]Cl, (50 uM) in MES buffer (50 mM,
pH 6) were flowed through all three inlets at variable rates
(1-20 pL min~"). The salt was added to the dye stock solution
and flowed either through only the central inlet, or through the
two external inlets. The experimental data is shown in Fig. 3.
Where sodium chloride was added to the central inlet the dye
was displaced from the centre of the channel towards the edges
(Fig. 3a). Where sodium sulfate was added to the central
channel, the dye concentrated in the centre, moving in from
the edges (Fig. 3b). These observations match the expected
behaviour shown in Fig. 2. The opposite effect was observed
when flowing the salt solutions through the two outer inlets
rather than the central inlet. That is, where sodium chloride
was added to the outer inlets the emission intensity increases
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Fig. 3 The distribution of [Ru(bpy)s]Cl, across the main channel of a three-inlet microfluidic device influenced by the addition of 1 M salt solutions via
either the central inlet (shown by a single central arrow) of the two externalinlets (indicated by two arrows). [Ru(bpy)z|Cl, (50 pM in 50 mM MES buffer, pH
6) is pumped through the device via all three inlets and (a) 1 M NaCl is added via the central inlet, or (b) 1 M Na,SOy, is added via the central inlet or (c) 1 M
NaCl is added via the external inlets or (d) 1 M NaySO, is added via the external inlets. Images were recorded 2 mm from the start of the channel.
Residence times are determined by flow rate (20-1 pL min~Y). The data in both rows is the same but presented as normalised fluorescence intensity (NFI)

or residence time.
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Fig. 4 (a) Schematic summary of the controlled displacement of the catio-
nic dye [Ru(bpy)s]Cl, following the addition of either sodium chloride or
sodium sulfate to a three-inlet microfluidics device. (b) NaCl is added to the
central inlet, a net positive charge is generated in the centre of the channel,
and the dye migrates towards the walls of the channel; (c) Na,SO, is added to
the central channel, the dye is focused in the centre of the channel.
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in the centre of the channel as the dye is concentrated into the
centre. The focusing of the dye into the middle of the channel is
more pronounced as twice as much salt is added when two
inlets are used compared to the single central inlet. When
sodium sulfate was added to the external inlets, propagating
waves of the dye are observed on either side of the centre as the
dye migrates towards the edges.

Increasing the salt concentration added to the central inlet
(0.1, 0.25, 0.5 and 1.0 M) increased the displacement of the dye
(see ESL i S6). These experiments establish that simple salt
gradients can control the migration of emissive ions over
hundreds of micrometres, distances which enable controlled
movement in microfluidic systems (Fig. 4). The three-inlet
design allows both the focusing and dispersion of the emissive
ion. The estimated potential based on the simulated ion con-
centrations is 8 mV, similar in magnitude to the membrane
potential of erythrocytes (red blood cells) (see ESL} $3).%°

We then applied the system to separate species with differ-
ent charges (Fig. 5). Solutions of [Ru(bpy);]Cl, and fluorescein
were flowed through all three inlets and then sodium chloride
was added to the central inlet, forming the liquid junction
potential. The flow rates were varied from 20-1.2 pL min~* and
imaged using 458 nm and 488 nm excitation optimised using
ZEN Black 2010 for the two dyes (see ESI,1 S7). At pH 6.5, the
two dyes are oppositely charged, the [Ru(bpy);]Cl, migrates to
the edges of the channel, and the fluorescein is concentrated
into the centre. The spectral properties of fluorescein did not
significantly change in the presence of salt (see ESI,T S4).

The experiment was repeated with just fluorescein in the
absence of [Ru(bpy)s]Cl, (see ESLt S8). While such movement in
response to ionic gradients is obvious, microfluidic devices allow
stable gradients to be generated under conditions suitable for the
direct observation of molecular transport. Regulating the move-
ment of photoredox catalysts like Ru(bpy);Cl, could allow spatial
control of reactions. The generated liquid junction potentials
could control the formation of concentration-dependent self-
assemblies”” and offer insight into how concentration gradients
control the movement of species in biology.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Controlling the separation of two dyes, Ru(bpy)sCl, (black) and

fluorescein (green), in flow using passive electrophoresis in a three-inlet
microfluidic device. A solution of [Ru(bpy)s]Cl, and fluorescein (50 uM and
50 uM in 50 mM MES buffer, pH 6.5) is pumped through the device via all
three inlets and 1 M NaCl is added via the central inlet. (b) Normalised
fluorescence intensity (NFI) across the width of the channel for the two
dyes, showing Ru(bpy)sCl, (excited by 458 nm) migrating to the edges of
the channel and fluorescein (excited by 488 nm) being focussed into the
centre. Images were recorded 2 mm from the start of the channel.
Residence times are determined by flow rate (20~1.2 uL min™3).
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