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We identify a phenomenon where the onset of channel flow cre-
ates an unexpected, charge-dependent accumulation of colloidal
particles, which occurs in a common-flow configuration with gas-
permeable walls, but in the absence of any installed source of
gas. An aqueous suspension of either positively charged (amine-
modified polystyrene; a-PS) or negatively charged (polystyrene;
PS) particles that flowed into a polydimethylsiloxane (PDMS)
channel created charge-dependent accumulation 2 to 4 min after
the onset of flow. We unravel the phenomenon with system-
atic experiments under various conditions and model calcula-
tions considering permeability of the channel walls and CO2-
driven diffusiophoresis. We demonstrate that such spontaneous
transport of particles is driven by the gas leakage through
permeable walls, which is induced by the pressure difference
between the channel and the ambient. Since the liquid pres-
sure is higher, an outward flux of gas forms in the flow. We
also observe the phenomenon in a bacterial suspension of Vib-
rio cholerae, where the fluorescent protein (mKO; monomeric
Kusabira Orange) and bacterial cells show charge-dependent sep-
aration in a channel flow. Such experimental observations show
that diffusiophoresis of charged particles in an aqueous suspen-
sion can be achieved by having gas leakage through perme-
able walls, without any preimposed ion-concentration gradient
in the liquid phase. Our findings will help resolve unexpected
challenges and biases in on-chip experiments involving particles
and gas-permeable walls and help understand similar config-
urations that naturally exist in physiological systems, such as
pulmonary capillaries. We also demonstrate potential applica-
tions, such as concentrating and collecting proteins below the
isoelectric point.

microfluidics | diffusiophoresis | CO2 leakage | protein purification

When a particle suspension flows at a constant flow rate in a
microfluidic channel, we expect a steady flow of uniformly

dispersed particles (1). Such particle-laden flow is ubiquitous in
physiological and diagnostic systems (2–9). Here, we identify a
phenomenon where the onset of channel flow creates an unex-
pected, charge-dependent accumulation of colloidal particles.
With experiments and a model considering permeability of the
channel walls (10–14) and CO2-driven diffusiophoresis (15–17),
we demonstrate that the spontaneous transport of particles is
driven by gas leakage through permeable walls. Diffusiophoresis
is a motion of particles under a concentration gradient of solute.
Some previous studies demonstrate particle motion driven by
dissolution of CO2 in an aqueous phase (and generation of H+,
HCO−3 , and CO2−

3 ions) (15–17). In this article, we demon-
strate and validate the migration of charged particles in the
absence of any installed CO2 source. Due to the pressure-driven
flow, there is a flux of CO2 from the liquid to the ambient,
which creates an ion-concentration gradient in the flow. The
unusual particle accumulation is also observed in a bacterial
suspension of Vibrio cholerae cells, where a fluorescent pro-
tein and bacterial cells show charge-dependent separation in a
channel flow.

We present our observations in multiple geometries, includ-
ing straight and serpentine channels, a branching–merging net-
work, and channels with grooves on the side walls. More-
over, we show that diffusiophoresis of charged particles (18,
19) can be achieved without any preimposed ion-concentration
gradients in a channel flow and demonstrate potential appli-
cations to concentrating and collecting proteins below the iso-
electric point. This limit of a small ion-concentration gradient
is ubiquitous and is opposite from the high-salinity regime
studied in ref. 20.

When a dilute suspension of positively charged (zeta poten-
tial ζ ≈ 60 mV) (21), micrometer-diameter particles flows into a
serpentine microfluidic channel (width, height, and length are,
respectively, w = 250 µm, h = 70 µm, and `= 16 cm) made of
three sides polydimethylsiloxane (PDMS) and one side glass
(Fig. 1A), we observed a nonuniform, transient particle focus-
ing on top of the mean flow (Movie S1). We refer to this
phenomenon as a “pulse” throughout the paper. The pulse is
generated spontaneously several minutes after starting the flow.
As the pulse is generated, it travels along the channel at a nearly
constant speed that is much smaller than the mean flow veloc-
ity 〈u〉 (Fig. 1 B and C). Negatively charged particles do not
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Fig. 1. Spontaneous pulse generation in various channel geometries. (A) Schematic of the first experimental setup (details in Materials and Methods) and
channel geometry. Centerline length of the channel is `= 16 cm. (B) A pulse of particles in a single, serpentine channel, visualized with fluorescent images
at different positions and times. The numbers are assigned to each section of the channel to measure the pulse speed. (C) Measurements of the pulse
speed for five different experiments performed at a mean flow speed 〈u〉≈ 400 µm/s. The pulse speed is nearly constant along the channel, and its value
is significantly smaller than the mean flow velocity. (D) Schematic of the geometry used for pulse experiments with a complex network. a-PS particles of
diameter d = 1 µm are flowed into the channel and generated a pulse. (E) Time sequence of pulse images taken at different times and positions. (E, ii)
When the pulse flows into the multiple-branch network, its position can be tracked by the change in the intensity along the branches. (E, iii) After the pulse
flows through the network, it merges into one pulse again, and then flows downstream. (F) Schematics of the geometries used for pulse experiments with
grooves. The first four channels have either asymmetric or symmetric grooves located halfway (x = 2.5 cm) along the channel, and the last two channels
have asymmetric grooves located at x≈ 3.5 cm. (G and H) Time sequence images obtained from the geometries 3 and 6. For all channels with the grooves of
different sizes and configurations, entrainment of accumulated particles into the grooves is observed after the pulse flowed past the grooves. [Scale bars:
500 µm (B), 1 mm (D), and 500 µm (G and H)]. All arrows indicate the location of the pulse.

create a pulse, but accumulate near the permeable side walls
(discussed later; see Fig. 4).

Also, we observed pulse generation in channels with a complex
network (Fig. 1 D and E and Movie S2) and grooves (Fig. 1 F–H
and Movie S3). In the branching–merging network, the focused
particles on a pulse separated into the subchannels (Fig. 1 E, ii),
then merged at the outlet of the network (Fig. 1 E, iii). In the
channels with grooves (Fig. 1F), we observed a pulse, followed
by entrainment of particles in the grooves as the pulse traveled
downstream (Fig. 1 G and H).

To the best of our knowledge, the generation of this type of
nonuniformity, or pulse, has not been documented previously,
but its ubiquity and ready generation mean that it may influ-
ence many colloidal measurements that occur in physiological
and diagnostic systems. Therefore, we establish a hypothesis for
the origin of the pulse and provide systematic proof with experi-
ments and a model calculation (SI Appendix). In particular, we
hypothesize that the pulse is induced by CO2-driven diffusio-
phoresis of particles. Under a gradient of CO2 concentration (or
the ions H+ and HCO−3 ) in an aqueous suspension of charged
particles, the particles move either up or down the gradient,
depending on their charge (15–17). In our system, which is sim-
ilar to most designs currently utilized in laboratories, as well as
common portable devices, the CO2 concentration gradient can
be created by leakage of gas through PDMS, which is induced by
a pressure gradient across the wall material.

Two observations about pulse generation are: 1) There is ini-
tial focusing of particles within several millimeters downstream
of the inlet, and 2) the accumulated particles (pulse) travel down-
stream at a constant speed that is significantly smaller than the
mean flow speed (Fig. 1C). Once the flow starts, there is an
increase in the liquid pressure, which we hypothesize establishes
a pressure gradient across the PDMS wall (Fig. 2 A and B). As a
result, a nonzero flux of liquid and gas (that is already dissolved
in the liquid phase) may form across the channel wall. However,

since PDMS has very small permeability to liquid, only gas has
an effective flux. In the liquid, as the predissolved gas (15) is
lost to the surroundings, a concentration gradient of gas forms.
A gradient in dissolved CO2 in water can create the motion of
charged particles, i.e., diffusiophoresis. In our experiments, the
positively charged amine-modified polystyrene particles (a-PS),
as a result of CO2-driven diffusiophoresis, move toward higher
CO2 concentration (Fig. 2 A and B). Further downstream, the
particles accumulate near the glass surface, which is observed
as the initial focusing (Fig. 2 B and C). The focused parti-
cles then flow along the channel at a constant speed (Fig. 2C),
much slower than the mean, since the particles are close to the
glass wall.

To verify the gas-leakage hypothesis, we performed control
experiments with different channel materials: ultraviolet (UV)-
curable epoxy and glass. In the impermeable epoxy channel (22),
which has the same dimensions as the original experiments,
we set up the same flow (〈u〉= 400 µm/s) and then chose one
position to take the fluorescent images. Another steady-flow
experiment was done in a straight glass capillary with a square
cross-section (200 µm × 200 µm). In both epoxy and glass chan-
nels, we did not observe any pulse or focused particles passing
the fixed position during ∼ 30 min of recording time (Fig. 2 D
and E and Movie S4). Therefore, we conclude that the sponta-
neous pulse generation is related to the gas permeability of the
PDMS walls in the system.

In the PDMS channel, gas is lost through three permeable
walls (Fig. 2F), and, thus, a-PS particles are expected to migrate
away from the PDMS walls and toward the glass surface by
diffusiophoresis. Confocal microscopy (Leica TCS SP5) exper-
iments (Fig. 2 G–I and Movie S5) showed the cross-sectional
view of pulse experiments, both in normal and upside-down con-
figurations, and visualized that the particles focus near the glass
slide. The result that the pulse flows near the glass slide suggests
that the particle motion dominates any buoyancy effects and is
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Fig. 2. The hypothesis of CO2-driven diffusiophoresis. (A–C) Schematic of the inlet region of a channel, which describes CO2 loss through PDMS and
induced diffusiophoresis of particles. For the model (SI Appendix), we assume a constant gas flux and shear flow approximation. (A, Inset) Diffusiophoresis
of a particle is described with different diffusivities of H+ and HCO−

3 . (B) Schematic of a channel flow. (C) Schematic showing the accumulated particles near
the glass substrate. (D and E) Control experiments in gas-impermeable channels: epoxy channel (D) and a glass capillary (E). No pulse was observed (Movie
S4). (F) Schematic of a cross-sectional view of the channel flow, describing diffusiophoretic focusing of a-PS particles. (G–I) Experiments with PDMS channels
in regular and upside-down configurations. In both configurations, we observe that particles are focused near the glass substrate. The time increments
between two successive images are, respectively, 8 s (H) and 16 s (I). [Scale bars: 500 µm (D), 200 µm (E), and 50 µm (H and I).] All arrows indicate the
position of the pulse.

consistent with the directionality predicted from the diffusio-
phoresis hypothesis.

In a channel, the pulse speed does not change as it travels
downstream, even though, for a longer channel, the absolute liq-
uid pressure is higher near the inlet. In a rectangular channel,

the pressure gradient
∆pL
`
∝ µ〈u〉

h2
, and so the liquid pressure pL

relative to the atmosphere (pa) is pL− pa =αµ〈u〉
h2 (`− x ), where

µ, α, and x are, respectively, the viscosity of liquid, a constant,
and the coordinate along the flow. Our observations of the pulse
speed proportional to the mean flow speed (Fig. 3A) indicate that
the pulse speed is related to the pressure gradient in the channel
rather than the absolute liquid pressure. Moreover, the negligi-
ble dependence on the length of the channel ` (Fig. 3B) suggests
that the main event of pulse generation occurs only near the
inlet, at the early stage of the flow (Fig. 2 A and B). Initial focus-
ing of the particles near the inlet, followed by a constant-speed
movement of the pulse, indicates that the particle distribution
at the inlet reaches steady state after the focusing (SI Appendix,
section III).

According to the diffusiophoresis hypothesis, negatively
charged polystyrene (PS) particles are expected to accumulate
toward the sides with PDMS walls (SI Appendix, section II). The
side-wall accumulation of negatively charged particles can be
visualized in a channel with a groove (Fig. 4 A–D and Movie
S6) by using an inverted microscope (Leica DMI4000B). We per-
formed experiments in PDMS and UV epoxy channels with the
same geometry (Fig. 4 A and B). In the groove, we observed
penetration of particle streamlines and entrainment of PS parti-
cles both in PDMS and epoxy channels (23, 24). However, in the
PDMS channel, there were more particles entering the groove,
which were from side-wall accumulation (Fig. 4 A and D). The
intensity plot across the main channel (Fig. 4C) shows that there
are more particles on the PDMS side walls (x = 0 and x =
0.25 mm) than the epoxy walls. An increase in the particle

concentration in the groove (Fig. 4D) clearly shows that there
are extra particles from the side wall of the PDMS channel,
supporting our hypothesis.

We argue that our results are consistent with a mechanism
where particle diffusiophoresis is created by a flow-generated
CO2-concentration gradient and so potentially impact simi-
lar microscale measurement devices with gas-permeable walls.
To describe diffusiophoresis, we typically need the diffusio-
phoretic mobility of a particle Γp , concentration of ions ci ,
and the diffusivity of CO2 in water Dc . An estimate for the
diffusiophoretic speed and so the distance `⊥characteristic of
the transverse motion of particles in a channel of length `

is then `⊥≈
`

〈u〉Γp∇ ln ci ≈
Γp√
Dc/γ̇

`

〈u〉 ≈O(10−3− 10−2) m,

much larger than height, which confirms that it is possible for

Fig. 3. Pulse-speed measurements done at different mean flow speeds (A)
and in the channels with different lengths (B). (A) The speed of a pulse
is linearly proportional to the flow speed. (B) The average pulse speed is
almost independent of the channel length, when the flow speed is constant
(〈u〉= 400 µm/s). The normalized channel length 1 corresponds to the ser-
pentine channel in Fig. 1A; `= 16 cm. The normalized lengths 0.23 and 0.3
are that of straight channels.
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Fig. 4. Behavior of PS and a-PS particles under various conditions. (A–D) PS particles flowing past a groove (shape 4 from Fig. 1) in PDMS (A) and epoxy (B)
channels. In both systems, penetration of particle paths into the groove is observed. Without gas-permeable walls, there is no additional entrainment of
wall-accumulated particles. (A and B) The arrows indicate entrainment of PS particles in the grooves. (C and D) Intensity measurement along the channel (C)
and in the groove (D). (E and F) Effect of CO2 flux on the particle diffusiophoresis. (E) a-PS particles flowing in DIW (i) and CW (ii) PDMS channels, showing
that the particle focusing is affected by reverse CO2 flux. (F) PS particles flowing in DIW (i) and CW (ii) PDMS channels. In the CW PDMS channel, the PS
particle stream is detached from the side walls. (G and H) a-PS (G) and PS (H) particles flowing past multiple grooves. (G) A pulse is generated (i), and the
accumulated particles are entrained into the grooves (ii). (G) The purple arrow (i) indicates the pulse, and the orange arrows (ii) indicate entrainment of
a-PS particles in the grooves. (H) PS particles that accumulate along the side walls are also entrained in the grooves. [Scale bars: 300 µm (A and B), 200 µm
(E and F), and 500 µm (G and H).]

particles to focus toward the glass substrate while flowing
through a channel of length ` (SI Appendix, section III).

In order to prove that the gas which causes leakage-
driven diffusiophoresis is CO2, we performed experiments
using deionized-water-saturated (DIW) and carbonated-water-
saturated (CW) PDMS channels (Fig. 4 E and F and Movie
S7). In the DIW channels, a-PS particles created a pulse and
PS particles showed side-wall accumulation, whereas in the CW
channels, there was no pulse for a-PS particles, and the PS
particle stream detached from the side walls. This set of exper-
iments demonstrates that the unusual accumulation of charged
particles is suppressed by having CO2-concentrated surround-
ings, supporting our hypothesis that the phenomenon is driven
by CO2 leakage. These experiments also show that the vapor
transport through PDMS is not a major parameter for pulse
generation.

The effect of varying gas flux through PDMS was studied
experimentally by controlling the thickness H and gas perme-
ability P of PDMS, as the gas flux through a membrane j ∝P/H
(SI Appendix, section III). The permeability of PDMS was var-
ied by changing the mixing ratio between the monomer and the
cross-linker at the soft-lithography stage (10). For both control
experiments (Fig. 5), we obtained that the pulse speed was faster
for larger gas-flux conditions, even though the liquid flow con-
dition was maintained consistent over the experiments (channel
dimension of Fig. 1A, with the flow speed 〈u〉= 400 µm/s). When
the 4-mm-thick PDMS channels made with a 10:1 mixing ratio
were degassed under vacuum (Materials and Methods) before
the experiments, the measured pulse speed was ≈ 103 µm/s.
Degassed PDMS is prone to higher absorption of CO2 from both
the ambient and the liquid flow. Even under this condition, the
liquid pressure is higher than the ambient, and we observed a
pulse that was faster due to the increased outward gas flux. Our
model calculations in SI Appendix, section III-F show that the
smaller gas flux through PDMS resulted in a particle accumu-
lation that was closer to the glass slide, which caused a smaller
travel speed of pulse.

We further visualized different groove-entrainment behaviors
of a-PS and PS particles in a channel with multiple grooves
(Fig. 4 G and H and Movie S8). We observed that the particles in

the pulse (a-PS) entrained deeper into the grooves compared to
the PS particles from the side wall. This observation suggests pos-
sible charge-dependent particle collection in side-wall reservoirs.
The complete step-by-step validation is reported in SI Appendix,
sections II and III.

Next, we studied a bacterial suspension of wild-type V. cholerae
in the channel flow, as the solution was recognized as a natu-
ral mixture of negatively charged (cells) and positively charged
(fluorescent protein mKO; monomeric Kusabira Orange in the
surrounding liquid) materials (17, 25–27). In ref. 17, it is sug-
gested that the background fluorescent protein undergoes CO2-
driven diffusiophoresis. When a suspension of V. cholerae wild-
type cells in 10 % M9 solution (Materials and Methods) was
flowed into the PDMS channel with multiple grooves (Fig. 6 A–
C and Movie S10), a pulse was generated, and then part of the
pulse entrained into the grooves. However, the bacterial cells are

Fig. 5. Pulse-speed measurements under different gas-flux conditions.
While the liquid-flow condition inside the channel is maintained as identical
(channel dimension of Fig. 1A, with 〈u〉= 400 µm/s), the gas flux through
PDMS walls is varied by changing the thickness H of PDMS (gas flux ∝ 1/H)
(A) and varying the mixing ratio between monomer and the cross-linker at
the soft lithography stage (this tunes the gas-permeability P) (B). (A) The
mixing ratio is 10:1. (B) The PDMS thickness is 4 mm. In both sets of experi-
ments, the pulse speed is higher with the larger gas flux. The orange arrows
indicate how the gas flux changes as the independent variable in the figure
changes.
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negatively charged, so we do not expect pulse generation. In the
grooves (Fig. 6B), we observed that the material that created the
pulse was the background fluorescent protein mKO. Pulse gener-
ation was suppressed in the CW channel with grooves (Fig. 6D).
mKO accumulated due to CO2-leakage-driven diffusiophore-
sis in channel flow similar to a-PS particles; more control
experiments showing this analogy are reported in SI Appendix,
section II-B.

Pulse generation of protein molecules can be further applied
to a microfluidic protein extraction (28–30). In the protein-
purification systems, it is often challenging, or it requires extra
steps, to concentrate target proteins to a desired amount. If
the target protein in a liquid phase can generate a pulse by
flowing in gas-permeable channels, the protein can be con-
centrated without any pre-imposed external driving force on
the initially dilute solutions. If a straight channel was used,
a pulse can be simply collected at the outlet of the chan-
nel. Otherwise, we can also design side-wall reservoirs to col-
lect the pulse materials (Fig. 6 E and F). Since the size of
mKO is O (1 to 10) nm, the molecules can disperse (Dp ≈
10−10 m2/s; Stokes–Einstein diffusivity) in the microfluidic chan-
nel and be collected at one end. However, the concentration
of collected protein does not increase by simple dispersion
(Fig. 6 E, i–iii).

We believe that the effect of deformable elastic walls is negli-
gible, as the pulse generation is highly dependent on the particle
charge, flow condition, and wall permeability. Also, the wall
charge (ζ ≈−100 mV) (31) has negligible effect on the pulse
generation (a-PS) or side-wall accumulation (PS), since the phe-
nomenon is in the opposite direction to the particle attraction to
(or repulsion from) the walls (SI Appendix, section V).

Our systematic experiments have shown that there is an
unexpected, spontaneous accumulation of charged particles in
channel flows due to CO2 leakage. We are aware that microflu-

idic experiments involving diffusiophoresis of particles are not
linear with the changes in scales, and, thus, the observations
of spontaneous particle accumulation may not be geometri-
cally identical in different systems. We are currently working
to understand the details of the flow structure and the parti-
cle distribution in the system. We believe that our findings will
impact the science of relevant systems with gas exchange, such
as particulate-matter studies or drug deliveries in pulmonary
capillaries. Also, our observations on the diffusiophoresis with-
out a pre-imposed ion-concentration gradient may contribute to
improved particle transport in confined geometries. Finally, the
approach can provide systematic tools for experimental studies
involving charged materials, such as separation, phoresis, and
dispersion. The application for a protein-purification system is
one example.

Materials and Methods
Main Experiments. The experimental setup (Fig. 1A) includes three parts—
channel preparation, particle suspension preparation, and setting up the
flow.
PDMS microfluidic channel. For the microfluidic channel used in the experi-
ments, we followed the standard soft lithography. As we wanted to control
all of the properties, we fixed the recipe as below.

1.) Mix the monomer and curing agent with 10:1 weight ratio, then keep
the mixture under vacuum for 30 min.

2.) Take out the mixture from the vacuum chamber, pour it onto the petri
dish containing a mold, and then keep everything under vacuum for
another 30 min.

3.) Put the mold with PDMS in the 75 ◦C oven and bake it for 3 h.
4.) Maintain at room temperature for 30 min to cool down the PDMS

channel and mold.
5.) Cut the channel, plasma-treat the channel surface and glass slide for 10 s

each with the laboratory corona treater, and then bond to each other.
6.) Put the bonded channels on a 120 ◦C hot plate for 30 min.
7.) Maintain the channels for 1 h at room temperature and then use.

Fig. 6. Bacterial suspension (V. cholerae) flowing past multiple grooves in dry (A–C) and CW (D and E) PDMS channels. (A) We observe one bright signal
(pulse) that travels downstream and entrains its portion into the grooves. (B) We observe that the deep-entrained bright signal in the grooves is different
from the cell entrainment. (C) Intensity measurements along the grooves (10-groove average). (D) In the CW-saturated PDMS channel, only slight entrain-
ment of the cells is observed. (E) Schematics showing two different protein collection scenarios. (E, ii) Since the fluorescent protein mKO is O (1 to 10) nm in
size, it is expected to be dispersed into the grooves faster than the bacterial cells by pure diffusion. (E, iii) Experimental images showing the small reservoirs
at the end of the grooves. No significant collection of mKO is achieved. (E, iv and v) In the presence of flow and pulse generation, entrainment of focused
mKO, and, thus, collection of highly concentrated mKO, is possible in the grooves. (F) Experimental images showing the generation of mKO pulse, followed
by deep entrainment of concentrated mKO into the grooves. (G) Magnified images of one groove showing effective mKO extraction from the bacterial
suspension. (A and F) The arrows indicate the position of the pulse and the entrainment of the charged materials into the grooves from the pulse. [Scale
bars: 500 µm (A), 50 µm (B and D), 100 µm (E, iii), 300 µm (F), and 100 µm (G).]
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As a result of the above steps, we obtained 4-mm-thickness PDMS
microfluidic channels with our single-stream, serpentine design. To avoid
the uncontrollable effect of an outlet tube on the main flow, we chose to
collect the liquid in an outlet reservoir (Fig. 1A).
Particle-suspension preparation. For positively charged particles, we used
a suspension of a-PS particles (Sigma-Aldrich, 1-µm diameter, batches
MKBX6372V and MKCF6014), and the concentration was kept at 0.036 vol%
for all experiments. For negatively charged particles, we used PS parti-
cles (Thermo Fisher Scientific, 1 µm diameter), and the concentration was
0.03 vol%.
Experiment setup. After the channel and the particle suspension were pre-
pared, we first filled the entire channel with deionized (DI) water at a
flow rate of 200 µL/h, and then the channel remained under atmospheric
conditions for 2 min. The 1-mL syringe filled with a 0.5-mL particle sus-
pension was connected with polytetrafluoroethylene (PTFE) tubing to the
channel. PTFE tubing was chosen because it has relatively low permeabil-
ity to CO2 compared to low-density polyethylene tubes (32), which are
commonly used in microfluidic experiments. The particle suspension was
flowed into the channel at 25 µL/h, corresponding to the mean flow speed
〈u〉= 400 µm/s (this is the flow rate we chose for the main experiments).
The pulse (a-PS) and side-wall accumulation (PS) can also be generated
by directly flowing a particle suspension into the initially empty channel
(SI Appendix, section IV), but for the consistent experimental conditions,
we chose to fill the channel with DI water before introducing the particle
suspension.

Control Experiments.
UV epoxy channel. The epoxy channel used in the experiments is made
with a UV-curable epoxy (catalog no. NOA81, Norland Products) using the
microfluidic sticker technique (33). Similar to the main experiments, we
filled the channel with DI water at a flow rate of 200 µL/h. After 2 min, the
syringe filled with a particle suspension was connected with PTFE tubing to
the channel. The experiment was run at 25 µL/h.
Glass capillary. A 8-cm-long glass capillary with 200 µm × 200 µm cross-
section (VitroCom) was attached to a glass slide and connected to the PTFE
tubing. A particle suspension was flowed into the capillary at 57 µL/h, which
corresponds to the mean flow speed 〈u〉= 400 µm/s.

Confocal microscopy. For the confocal microscopy (Leica TCS SP5), a straight
channel with the length `= 3.6 cm was used. For imaging the cross-sectional
view, we chose a position at 3 cm downstream from the inlet (for both
regular and the upside-down configurations).
CW PDMS. We made the PDMS channels with the method described in
PDMS Microfluidic Channel. Then, we stored the channel in a 50-mL tube
filled with carbonated water for 24 h. The carbonated water is made by
a commercial carbonator (SodaStream) with DI water. Liquid in the tube
was replaced once with fresh carbonated water after 12 h. After 24 h,
the PDMS channel was saturated with carbonated water. We flowed non-
bubbly carbonated water into the channel at a flow rate of 200 µL/h for
1 min, and then ran the experiment by introducing a particle suspension
at 25 µL/h.
Degassed PDMS channel. We made the PDMS channels with the method
described in PDMS Microfluidic Channel. Then, the channels were stored
under vacuum for 18 h and brought back to the atmospheric pressure before
each experiment. The particle flow (25 µL/h) was switched on within 1 min
after the vacuum was removed.

Bacterial Suspension. V. cholerae strains (17) were grown overnight at 37 ◦C
in liquid Luria–Bertani (LB) with shaking. After 20 h of growth in LB, the
sample was centrifuged at ≈ 500× g for 7 to 8 min. After removing super-
natant, strains were resuspended in 5 mL of M9 minimal salt solution for
an additional 2 h (at 37 ◦C, with shaking) to achieve exponential phase
(OD600 ≈ 1). Then, for the CO2-driven diffusiophoresis experiments, the
suspension was centrifuged at ≈ 500× g for 7 to 8 min and resuspended
into 5 mL of 10 % M9 minimal salt solution to achieve optical density at
600 nm = 0.23.

Data Availability. Data related to this work are available on DataSpace (DOI:
10.34770/7607-9f26).
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