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Abstract

A new design of microelectrode was introduced to generate electrochemically steady-state linear
concentration gradients perpendicular to the flow direction throughout the cross section of
microchannels. The shape and geometry of the electrode were established based on operating regimes
at microchannel electrodes. Before implementation, optimal conditions were preliminary delineated by
numerical simulations according to the flow velocity and microchannel dimensions. To assess
experimentally these predictions, a specific microfluidic platform was developed with optimized
geometry to simultaneously allow the generation of linear concentration gradients and the mapping of
concentration profiles by confocal fluorescence microscopy. As a model, the electrochemical reduction
of a quinone in presence of fluorescein was selected to both generate and monitor a linear proton
gradient. A good agreement was observed between theoretical and experimental data, establishing the
proof of concept. These results should broaden the performance and applications of electrochemical
platforms, particularly in the field of active control of microenvironments in biology, biochemistry and

analytical chemistry.



INTRODUCTION

Concentration gradients play an important role in many biological and chemical processes, such
as chemotaxis, drug screening, volumetric titration, surface patterning, and microfabrication. They can
be easily produced by microfluidic microchannel networks" 2 in particular to investigate physiological
and pathological processes ranging from immune response,’ development,’ embryogenesis,” cancer
metastasis® to axon guidance.” Such experimental platforms are very promising due to a precise control
of mass transport and hydrodynamic conditions. They constitute alternative strategies to macroscale
methods® by achieving unprecedented spatial and temporal resolutions for active control of
microenvironments.”'> Conventional methods traditionally developed with hydrogels, micropipettes
and chambers are non-ideal for establishing chemical and biochemical gradients.'® They usually produce
concentration profiles that are unstable and limited in length scales. Thanks to advanced
microfabrication techniques and miniaturization, microfluidic devices allow generating more accurate
and reproducible concentration gradients with tailored spatial and temporal profiles down to the single-
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cell level." In addition, many other operations like species mixing can be coupled ensuring the

flexibility and functionality of the platforms while considerably reducing the volumes of analytes.

According to the areas of application, concentration gradients with complex shapes and various
patterns are required.'” '® They need also to be tuned accurately either under dynamic or steady-state
conditions. Several microfluidic platforms have been thus designed to establish concentration gradients
in a quantifiable way.'*?! They are all based on properties of laminar flows in monophasic systems with
diffusive mixing of parallel flow streams. Gradient profiles can be produced in 1D*** and 2D*** with
gradient generators displaying typical Tree-shape structures.’® In this case, the number of inlets and
parallel steams determines the gradient resolution?” whereas the combination of structures enables the
generation of complex profiles. However, although the time-constant of these generators is small, the
circuits occupy substantial space on the chip. Structures with Y-shape overcome this issue® but the
useful region is limited to a short portion of the main channel where only sigmoidal gradients are
generated perpendicular to the flow field. To separate the location of gradient generation from flowing

streams, other generators apply passive diffusion through two-compartment diffusion chambers,**>' a



flow barrier of membranes® or hydrogels.** ** Shear stress induced by flow is eliminated with these
generators but larger time constants are reached compared to convective ones. Only hybrid systems can
produce gradients in a relatively fast way by pressure balance to decouple flow around diffusion
chambers.** *® Hence, despite the ease to yield output concentration gradients, the reliability of these
generators relies on continuous fluid replenishment with precise control and adjustment of fluid in
parallel streams. Moreover, even if the accuracy is improved by increasing the number of splitting steps,
this approach requires large networks and leads to greater risks of blocking or leakage due to high driving

pressure.

Alternative strategies to the diffusive mixing of parallel flow streams can be developed by
generating electrochemically concentration gradients in a single microfluidic channel. Indeed, as soon
as species are electroactive, an electrode within a microchannel can be used to locally monitor and
control their concentrations. Compared to microfluidic generators described above, the advantage will
undoubtedly be the use of a unique microchannel, allowing rapid formation of concentration gradients
while preventing issues related to multiple and parallel microchannels. In this context, electrochemical
techniques can be exploited in microfluidic platforms not only for passive sensing®’** but also for active
control of microenvironments.**** The potential of electrochemistry in exerting precise modulations of
concentration in constrained volumes has been successfully demonstrated for example to control

H*: %" or the on-demand oxygen generation.* Concentration gradients can be

dynamically the p
established in laminar flow using a two-electrode configuration.! In a previous study, we
demonstrated that using a microband electrode as working electrode, concentration gradients can be
produced dynamically along a microchannel under Taylor-Aris dispersion.”? Thus, concentration
gradients of different shapes and amplitudes can be generated to allow a sequence of various stimulus
patterns at a specific location within the microchannel. In other studies, we showed that concentration
gradients can be also implemented from steady-state diffusion layers.**** Under these conditions, shapes
of gradients are arbitrary. They result from different operating regimes at electrodes that determine their

amplitude in concentration and size. In the present study, the objective will be to design an

electrochemical generator in order to produce steady-state concentration gradients perpendicular to the



flow field. This approach is original since it relies on specific electrode geometries (Figure 1) able to
modulate downstream the concentrations of generated species throughout the cross section of the
microchannel. To this end, a theoretical approach will be developed based on known operating regimes
of microchannel electrodes under laminar flow. In particular, these regimes will be considered to design
an electrode with optimized geometry in order to produce transverse linear concentration gradients.
Numerical simulations will be carried out both to assess the performance of these gradient generators
and to delineate their optimal operating conditions. The predictions will be compared to experimental
measurements. A specific microfluidic device will be designed to simultaneously generate concentration
gradients and map their profiles by confocal fluorescence light microscopy. As a proof of concept, a
gradient of proton will be established by electrochemically reducing a quinone in presence of
fluorescein.”® 3 Fluorescein is a common fluorophore that exhibits a pH-sensitive fluorescence signal

to monitor proton gradients.
EXPERIMENTAL SECTION

Materials. Aqueous solutions of 8 10°mol L™ fluorescein (CaHioNa:Os, 98.5% Sigma
Aldrich) and 102 mol L' 1-4 benzoquinone (C4sH402,98% Sigma Aldrich) was prepared in 0.3 mol L™
potassium chloride (99% Fluka) used as supporting electrolyte. Water was preliminary purified by a

Milli-Q purification system. The diffusion coefficient of benzoquinone was equal to 7.8 10 cm’s™".%’

Microfluidic devices. The microsystems consisted in PDMS-NOA glass hybrid microdevices
specially designed to perform photoelectrochemical measurements in confocal microscopy. As
described in Figure 2, it consisted of one microchannel (15 mm length, 800 um width, 47 um height)
connected at each end to a reservoir (4 mm diameter). The bottom and top of the microchannel were
two parallel glass slides, 1 mm thick at the top (Thermoscientific 76 x 26 mm) and 147 um thick at the
bottom (Menzel 30 x 45 mm). The sidewalls were made of NOA 81 (Norland Optical Adhesive 81). For
inlet and outlet, two holes were preliminary drilled mechanically into the glass slide (top layer) by
projecting silicon carbide beads (20 pm) with a sandblaster (Microjet 1-2-3, Bibol). Two PDMS blocks
(several millimeters thick) with engraved reservoirs (about 20 um height, 4 mm diameter) were bonded

irreversibly on the top of each hole by exposing the PDMS blocks and glass slide to air plasma (Harrick)
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before assembling. A PDMS stamp was fabricated by casting a 10:1 mixture (polymer-to-curing agent
ratio) of polydimethylsiloxane (PDMS, RTV-615; Momentive Performance Materials) onto a patterned
mold of SU-8 2010 photoresist (Microchem). The resulting PDMS stamp comprised on its surface the
negative design of the microchannel with its two reservoirs. Its thickness was controlled by profilometry.
This design was transferred on the previous glass sheet by applying the stamp on its surface. For that
purpose, the whole assembly (stamp and glass sheet) was positioned vertically and a drop of NOA was
deposited on the top in order to fill by gravity after several hours the cavities produced between the
stamp and the glass slide. After complete filling of the cavities and before removing the PDMS stamp,
the assembly was exposed to UV (LC5 Hamamatsu, 15 mWcem™) during 15 s for NOA bonding on glass.
Three platinum electrodes (Ti/Pt with 20 nm /40 nm thickness) were patterned on the second glass slide
by soft lithography and were deposited using a sputtering coater (K675XD; Emitech). The glass slide
was assembled face to face with the former slide by positioning the microchannel perpendicular to the
electrodes. Finally, the whole assembly was UV insolated during 130s for complete bonding.
Connecting tubes were additionally punched in the PDMS blocks for inlet and outlet (Figure 2B).

The electrodes were incorporated in the microchannel according to the configuration reported
in Figure 2A. The reference electrode (RE) and the counter electrode (CE) were 50 pum and 500 pm
width respectively. The working electrode with particular geometry was located between RE and CE at
a distance of about 1 mm from each electrode. After fabrication, the microstructures were checked

optically under optical microscope.

Electrochemical measurements. All electrochemical experiments were performed at room
temperature using a homemade multipotentiostat adapted from an original design.’® The solution of
benzoquinone and fluorescein was flowing continuously within the microchannel. The flow was
pressure driven by means of a syringe pump (Harvard Apparatus, type 11 Pico Plus). The average flow
velocities were calibrated following a known procedure.® During the electrochemical generation of
concentration gradient, the working electrode WE was biased at £ = -0.3 V/RE on the reduction plateau

of benzoquinone.



Confocal fluorescence microscopy. Optical measurements were performed using a laser
scanning microscope (LSM 710, Zeiss) equipped with an immersion objective (Plan Apochromat
63x/1.4 Oil DIC 27). The working distance was 0.19 mm. A compromise was achieved between
resolution and intensity by optimizing the confocal aperture before experiments. The excitation
wavelength of fluorescein was 4 =490 nm. Fluorescein was excited using the 488 nm laser line of argon
laser of sufficiently low power to avoid photobleaching and local increase of temperature. Emitted
fluorescence was measured at 520 nm. Mapping were acquired using ZEN software (Zeiss) at three
different vertical distances within the microchannel z = 13.5, 23.5 and 33.5 um. The vertical position
from the bottom of the microchannel was corrected from optical aberrations by taking into account the
difference in refractive index between water and glass. At each vertical distances, a surface area (200 um
x 200 um) was probed in (x,y) plane leading to the achievement of (512 x 512) data with 0.415 um
resolution in x and y-axis. Therefore, each profile of fluorescence intensity established as a function of

y resulted from 512 data, each of them being the average of 512 data in x-axis.

Numerical simulations. Concentration profiles and current responses of electrodes were
numerically evaluated by solving in 3D space the mass transport equation under laminar regime with
appropriate boundary conditions. A 3D parabolic velocity profile was considered in the flow direction.
COMSOL Multiphysics 5.4 software was used to perform finite element simulations with the

introduction of appropriate dimensionless parameters.
RESULTS AND DISCUSSION

Principle. In order to optimize the electrode geometry for generating transverse linear
concentration gradients (Figure 1B), operating conditions in steady-state regime must be first
investigated according to the hydrodynamic regime and confinement effect near the electrodes.
Hereafter, the flow is assumed to be laminar. The aspect ratio of the microchannel is high enough (viz.,

width / >> height /) to minimize the contribution of sidewalls.*

Dimensionless parameters were introduced for:

- coordinates ng, Y=% and Z =

b

z
h



- microchannel width L =% ,

- electrode size W (Y)= wv) ,

h

c

- concentration C=—_ where ¢ is the initial concentration of species at the entrance of the
¢
0

microchannel,

uav

- and flow velocity by the Peclet number Pe = , where u,, is the average velocity and D the diffusion

coefficient of species.

The operating regimes at a regular microband electrode (Figure 1A) were first considered to account for
the influence of confinement at electrodes. Three main regimes (I, II and III) were identified as a function
of the electrode size ¥ and flow velocity Pe.> They are reported in a zone diagram in Figure 3A. Regime
I, observed at low Pe and large W, corresponds to the thin layer regime where all electroactive species
at the entrance of the microchannel are consumed at the electrodes. Conversely, regime 111, at relatively
high Pe and low W, corresponds to the so-called Levich regime. This latter is a convective regime while
the former is a diffusion one. Regime II, which prevails between | and III, is intermediate with a
predominance of both diffusion and convection. According to these regimes, a regular microband
electrode can generate electroactive species downstream with output concentrations C, ranging between
0 and 1. G are concentrations established after flow homogenization beyond a minimal distance Gy
downstream of the electrode. Simulated variations of Cy, are given in Figure 3B as a function of the ratio
W/Pe. As expected, highest concentrations are reached in regime I while lowest concentrations achieved
in regime III. This property is precisely the one that need to be considered in order to modulate
downstream the concentration Cy. Thus, to generate a linear concentration gradient perpendicular to the

flow field, the electrode width W should vary with the coordinate Y to fulfill the condition:
Y
G, = 7 (1)

This amounts to replacing in Figure 3B the coordinate Cy, by the ratio Y/L to establish first the variation

of W/Pe throughout the channel cross section. Figure 3C shows this variation imposed by mass transport



within microchannels of high aspect ratios. The electrode width W(Y) along the channel section can be
deduced if a value of Pe is introduced. Note in Figure 3C that all the operating regimes from zones I to
IIT are implemented by the electrode. Regime II is predominant as its contribution covers more than
90 % of the channel width L. If the upstream edge of the electrode is straight (see in Figure 1B),
Figure 3C already describes its profile or geometry. Hence, the electrode geometry is fixed from

dimensionless parameters, which are the flow velocity Pe and microchannel width L.

Theoretical electrode profile. In the following, an analytical equation of W(Y) was derived

from simulated data with:

ool

Eq 2 has two terms. The first one corresponds to Levich regime (regime III) while the second is a
function f{Y) accounting for the transition between Levich and thin layer regimes (regime I). f{Y) was
established from a parametric fit of simulated data. Since W/Pe tends to infinity when Y/L = 1, the limit
W/Pe =2 between regimes Il and 1 was arbitrary chosen as the boundary condition for f(Y)

determination. In this case, it led to:
Y
f(Y)=1+2.557exp [8.237[2— 1)) ®)

As shown in Figure 3C, the ratio W(Y)/Pe obtained by eqs 2 and 3 fits the simulated data, except for Y/L
very close to 1. In this case, W(Y)/Pe does not tend to infinity but to the maximum value Wpya/Pe = 2,
where Wax is the widest width of electrode.

The electrode geometry is also reported in Figure 4A. In this figure, the blue curve depicts the profile of
the downstream edge of electrode derived from eqs 2 and 3 while the grey area stands for the whole
electrode surface area. This electrode geometry was considered for simulations of concentration
gradients generated downstream by the electrode. One example with L =40 and Pe = 40 illustrates in
Figure 4B the concept for generating steady-state linear concentration gradients perpendicular to the
flow direction. The concentration gradient is fully established at minimal distances from the downstream

edge of electrode.



Simulated performance of electrodes. The concentration gradient is established downstream
only when local concentrations become homogeneous over the microchannel height. Simulations
showed that this condition is reached at a minimum distance Gy from the electrode (Figure 1A) equal

to:

G, =Sr=04Pe )

where Gy is defined from the widest edge of the electrode. Figure SA gives some concentration gradients
simulated at distance Gy under various conditions (Wmax, Pe). As expected, concentration gradients in
Figure 5A are all superimposed and linear throughout the cross section of the microchannel. However,
small deviations are observed for Y/L < 0.04 and Y/L > 0.96 due to the influence of axial diffusion close
to the sidewalls. Note that axial diffusion locally re-homogenizes the solution over distances Y/L that
exceed one channel height. At distance Gy, this effect is already greater than the influence of velocity
profile expected near sidewalls.” These deviations increase at distances higher than G, (Figure 5B).
However, up to 100 Gy the concentration gradients remain linear in the central portion of the
microchannel. Full homogenization of flow at the concentration Cy, = 0.5 is expected for distances higher
than 1600 Gn. Therefore, these results show that linear concentration gradients can be generated
transversally from minimal distances Gn Apart from the sidewall effects due to axial diffusion, the

gradients retain downstream their shape and amplitude up to 100 G, (Figure 5B).

Alteration of gradient linearity can be also evaluated when flow velocity Pe deviates from its
optimal value Pegy = Winax/ 2. The Influence of Pe is illustrated in Figure 6A for a given Wpax,. Two
distinct behaviors are observed. When Pe < Pegp, concentrations C(Y) are higher than those predicted at
Peyy . Conversely, when Pe > Peqy, concentrations C(Y) are lower but deviate less in comparison. In
order to quantify these deviations, linear correlation coefficients R* were calculated under various
conditions (Wmax, Pe) and plotted in Figure 6B as a function of Pe and Peqy. In this 3D plots, the surface
(R?, Pe, Peoy) confirms that lower deviations from gradient linearity takes place when Pe > Peqy.
Therefore, this allows access experimentally to a wider range of Pe (other than Pe,p) to generate linear

concentration gradients without the need to control drastically the flow velocity.



Experimental conditions for mapping concentration gradients. The electrochemical
reduction of 10* mol L' benzophenone (BQ) in presence of 8 10° mol L' fluorescein was chosen to
investigate experimentally concentration gradients of protons by confocal fluorescence microscopy.>>

36 Reduction of BQ at electrode leads locally to an increase of pH by consumption of protons such as:

BQ +2e+2H —= HQ (5)

In this experimental setup, the medium cannot be easily degassed. Dissolved oxygen participates also

to the process with:

0,..,+4e+4H —= 2H,0 (6)

2 (aq)
However, oxygen contribution is weak at the potential selected for BQ reduction (£ =-0.3 V/RE) (see
Figure 9A). Concentration of dissolved oxygen is also one order of magnitude lower than BQ
concentration. Under these conditions, unbuffered solutions of fluorescein exhibit pH-sensitive
fluorescence signals that allow probing proton concentrations. At pH > 5, fluorescein (FH) undergoes

the following dissociation step:
FH—F +H" pKa=6.0 @)

The deprotonated form F~ absorbs at A =490 nm and fluoresces at A= 520 nm with much higher
intensity than FH.®' At pH > 7, a relationship between F~ and H" concentrations is derived from eq 7

with:

[F]=Ch —7.310° [H'] R*=0.99938 ®)
This function is affine and ensures direct monitoring of concentration gradients during BQ reduction.

The BQ-HF mixture was set initially at pH = 7 in order to investigate experimentally any increase in pH

by the generation of concentration gradient.

The influence of mismatches in refractive index between glass and water was also considered
prior to the mapping of concentration gradient. For that purpose, fluorescence intensity was monitored
by confocal microscopy inside the microdevice preliminary filled by a solution of BQ-HF mixture.

Measurements were performed along the microchannel height without polarizing the electrode. A profile
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of fluorescence intensity was established as a function of the vertical distance z given by the translation
of the objective relative to the microdevice position. The profile given in Figure 7A clearly demonstrates
the issue of focused incident beam thanks to the difference in refractive index. On the one hand, the
effective vertical position z” of the focus point at which the solution is probed inside the microchannel
is shifted to lower values respective to the position z. Indeed, at small beam angles, the first refraction

law affords:

z ~ nglass _ 1.52

~ — 9
" n 1.33 ©

‘water

N

After a complete scan of the microdevice section, it led in Figure 7A to an overestimation of the
microchannel height 4. On the other hand, the fluorescence intensity decreases as a function of z,
demonstrating a variation with z of the sampled volume delineated by confocal microscopy. To assess
quantitatively the influence of refractive index on such measurements, a drop of fluorescein solution
was deposited on a glass slide similar to the one of the microdevice. Fluorescence intensity was also
monitored as a function of z (Figure 7B). As in Figure 7A, the same trend was observed but over a wider
range of z, enabling a calibration curve to be established for vertical distances z of interest. This
calibration curve in association with eq 9 allow thus accounting for the mismatch in refractive index and
evaluating their effects on optical measurements. To check the calibration, data in Figure 7A were
processed accordingly. Fluorescence intensity was corrected by dividing each value by the one issued
from the calibration curve at the corresponding distance z. These corrected values, ir cor Were then plotted
in Figure 7C as a function of z’ using eq 9. Within the experimental uncertainties, ir cor Was almost
constant within the microchannel as expected for a homogenous solution of BQ-HF mixture.
Furthermore, the width of ir cor plateau corresponded to the nominal microchannel height 4. These
observations confirmed experimentally the above assumptions and procedure defined for reconstructing

the concentration profile from fluorescence intensity measurements.

Figure 8 shows a schematic representation of the experimental setup. The electrode was
designed according to the theoretical profile established by eqs 2 and 3 with Pe=40 and L =40.

Assuming that the microchannel height was /4 =50 um, this corresponded to an electrode size
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Wmax = 4000 pm and to a microchannel width /=2000 um. However, for practical reasons, theses
dimensions could not be envisaged experimentally. Large platinum electrodes as well as large
microchannels often lead experimentally to fluid leakages inside the microdevices. To overcome these
issues, we only considered a part of the electrode profile within a narrower microchannel. Therefore, by
setting / = 800 pm, the electrode profile was theoretically exposed from w(y) = 0 to W' max = 300 pm. An
optical image showing the experimental setup is provided in Figure 8B. After microfabrication the
characteristics of the microdevice were slightly different due to the inherent microfabrication
procedures. The microchannel position with respect to the electrode profile was misaligned with a slight
tilt. After microfabrication, the width and height of the microchannel were 780 um and 47 pym
respectively, values that were close to the nominal values (viz., 800 um and 50 um). Assuming for HQ
a diffusion coefficient D =7.8 10° cm’",%" the optimal flow rate corresponding to Pe = 40 was
1.5 uL min™. The misalignment between the microchannel and the profile of electrode was not so critical
since the position of the area probed by confocal microscopy was defined with respect to the electrode
profile and not relative to the position of the microchannel sidewalls (see Figure 8B). The probed area
was located at an average distance exceeding 880 um, which was higher than the distance g, = 752 um
evaluated under these conditions (eq 4). The size and location of the probed area were defined in order
to monitor significant variations of fluorescence light intensity over limited time durations. This area
was positioned away from the microchannel sidewalls to discard their influence on mass transport.
Hence, the probed area was a square of 200 x 200 um as schematized in Figure 8B (dashed area).
Measurements were monitored and data were averaged from numerous scans as described in
experimental section. It must be emphasized that the accuracy of these electrochemical tests was
conditioned by the stability of the electrode performance. As long as no significant electrode passivation
took place and that flow was well controlled, concentration gradients could be produced for several
minutes to allow the mapping by confocal microscopy. Concentration gradients could be reproduced

several times to perform measurements at different vertical distances within the microchannel.

Experimental performance of the microdevice. Steady state concentration gradients were

established by probing the fluorescence light intensity at three vertical distances z. For each z, mean data
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were calculated from 512 scans along x-axis and they were plotted as a function of y (Figure 9A). As
observed, profiles resulting from fluorescence measurements were almost linear irrespective of the
vertical distance z. Within experimental uncertainties, linear regressions were obtained with R values
higher than 0.975. As demonstrated above, fluorescence intensities depend on z due to the influence of
refractive indexes on focused beam. By considering the calibration curve in Figure 7B, data were thus
corrected to fit the intermediate position z=26.9 um (z’ = 23.5 um). As shown in Figure 9B, corrected
profiles were superimposed. Linear variations were observed over 200 um distance, eliminating any
influence of refractive index. In comparison, the theoretical concentration gradient corresponding to
these experimental conditions was also plotted with concentrations C of generated hydroquinone HQ
ranging between 0.25 and 0.4. A fit of data was performed to match the scales between fluorescence
light intensity and concentration. Note that the relationship obtained between fluorescence light intensity
and concentration depends on many experimental parameters including the fine-tuning of the confocal
microscope before each series of measurements. Finally, in order to support all these results, the
electrode current was investigated experimentally according to the flow velocity. In this case, the
electrode current can be also simulated and predicted accurately. In Figure 9C, electrode currents were
monitored for flow rates encompassing the optimal value of 1.5 ulmin"' for the microdevice.
Experimental currents were then compared to currents simulated for the two-electron reduction of
benzoquinone BQ (eq 5). A very good agreement was observed between data, thus validating again the
predictions and the underlying conditions for generating linear concentrations gradients. These results
with those reported in Figure 9B support the concept introduced in the present work. Note that this
concept is not limited only to the generation of linear gradients since more complex concentration
gradients can be envisaged using a similar approach. Whatever the gradient profile, steady-state and

transverse concentration gradients can be easily electrogenerated.
CONCLUSION

Electrodes were designed for generating in microchannels steady-state linear concentration
gradients, perpendicular to the flow direction. Based on operating regimes identified at microchannel

electrodes, the electrode geometry was optimized theoretically by considering an infinity of
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experimental conditions. According to the microchannel characteristics, numerical simulations
demonstrated that the performance of these electrodes was optimal for a given range of flow velocity,
making easier their implementation in microfluidic platforms. This approach was investigated
experimentally by generating linear proton gradients through the electrochemical reduction of a quinone.
The concentration gradients were successfully monitored by confocal fluorescence microscopy,
showing a good linearity in concentration profiles over a selected area of the microchannel. These results
were also supported by monitoring the electrode current as a function of flow velocity. In this case, the
good agreement observed between theoretical and experimental data clearly established the proof of
concept and the underlying conditions for producing concentration gradients of any profile. In
comparison to microfluidic generators, concentration gradients are generated without any splitting steps
and parallel streams up to the gradient location. The implementation of steady state gradients is relatively
fast due to the short diffusion lengths required. Furthermore, it does not require an accurate control of
flow velocity and pressure balance within the microfluidic circuit. As soon as concentration gradient
can be generated, directly or indirectly from electroactive species, this concept is valid and opens
undoubtedly new perspectives in microfluidics for investigating the influence of active

microenvironments on biological processes or modulation of concentration for analytical purposes.
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Figure 1. Schematic representation of working electrode operations within rectangular microchannels.
(A) Case of amicroband electrode leading to the generation of homogeneous concentration ¢y at distance

gn. (B) Case of an electrode with optimized geometry leading to the generation of a linear concentration

gradient perpendicular to the flow field at distance g.
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Figure 2. Schematic views of the NOA-glass hybrid microdevice. (A) Top view showing the
microchannel, its reservoirs, and positioning of the three electrodes with their contact pads: reference
electrode RE, working electrode WE and counter electrode CE. (B) Side views showing the multi layers
with two glass sheets for top and bottom, and NOA as sidewalls of the microchannel. The schematic

views are not at scale. Dimensions are indicated in experimental section.
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Figure 3. Operating regimes simulated at a microband electrode. (A) Zone diagram showing the regimes
(I to III) according to the operating conditions (W,Pe). (B) Homogeneous concentration Cy of species
generated downstream of the electrode as a function of W/Pe. (C) Predicted variation of the ratio W/Pe
along the microchannel width L to generate downstream a linear concentration gradient. Data from (B)
(dots) fitted by eq 2 (solid curve). In (B,C), the dashed lines delimit the operating regimes (I to I1I) on
WiPe axis. (WPe) > 15.
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Figure 4. Optimized electrode geometry to generate downstream a linear concentration gradient. (A)
Representation of the electrode shape on the microchannel floor. (B) Simulated concentration profiles

of generated species. Wmax = 80, L =40 and Pe = 40. In (A,B), the Y-scale is expanded twice.
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Figure 5. Simulated concentration gradients at several distances from the electrode. (A) Concentration
profiles simulated at the distance Gy, for several couples (Wmax,Pe): (20,10), (40,20), (60,30), (80,40),
(100,50) and (200,100). L=40. The dashed lines delineate zones due to sidewall effects. (B)
Concentration profiles simulated at distances Gy (solid line), 10Gy (a), 25Gn (b), 50Gh (¢) and 100Gy (d).

Wmax = 80, L = 40 and Pe = 40.
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Q0T

Figure 6. Influence of Pe on simulated concentration gradients at distance Gy, = 0.4 Peoy. (A) Simulated
concentration gradients at Pe = 20 (a), 30 (b), 40 (c), 50 (d) and 60 (e). Wmax = 80, L =40 and Pe = 40.
(B) R? values from simulated concentration gradients as a function of Pe and Peoy. Values calculated
for 0.04 < Y/L <0.96, L =40, 40 < Wnax <200 and 20 < Pe < 100. The white dashed line corresponds

to the condition Pe = Pegpyt = Winax / 2.
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Figure 7. Fluorescence light intensity as a function of vertical distance. (A) Microdevice filled by a
solution of 8 10 mol L' fluorescein, pH =8. (B) Drop of 30 pL fluorescein 10° mol L' solution
deposited on a glass slide, pH = 8; experimental data (symbols) and calibration curve (solid blue line).
(C) Corrected fluorescence intensity profile deduced from data in (A). In (A) and (C) the channel height

was 47 pm.
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Figure 8. Experimental setup for generating and probing linear concentration gradients. (A) Schematic
representation of fluorescence mapping by confocal microscopy. (B) Top-view photo of the electrode
within the microchannel. Electrode designed for Peo, =40 and L =40. The black lines are optical
markers. The superimposed dashed lines delimit the microchannel sidewalls whereas the superimposed
hatched area locates the probed zone (212 um x 212 um). The reference electrode and counter electrode
are located outside the optical field, respectively upstream (left side) and downstream (right side).

Characteristics of microdevice: /=780 um, 4 =47 pm, w¥nax = 300 pm, and g = 880 um.
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Figure 9. Experimental data. (A) Steady-state voltammograms in 0.2 mol L' KCI (dashed line) with
addition of benzoquinone cgo = 10~ mol L™ (solid curve). (B) Fluorescence light intensities as a function
of y for three vertical distances z within the microchannel; z=16.9 um (z’ = 14.7 um, diamantes),
z=26.9 um (z’=23.5 um, circles) and z=36.9 um (z ‘=32.2 um, squares); linear regressions (blue
lines). (C) Corrected fluorescence intensities from data in (A) and comparison with theoretical
concentration profile (red line). In (A,B,C), flow rate 1.5 L min™'. (D) Current intensity of electrode as
a function of flow rate with experimental (solid circles) and simulated data (red curve). cgg = 10~ mol L°

/0.2 mol L' KCl.
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