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Steep pH Gradients and Directed Colloid Transport in a Microfluidic
Alkaline Hydrothermal Pore
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Abstract: All life on earth depends on the generation and
exploitation of ionic and pH gradients across membranes. One
theory for the origin of life proposes that geological pH
gradients were the prebiotic ancestors of these cellular
disequilibria. With an alkaline interior and acidic exterior,
alkaline vents match the topology of modern cells, but it
remains unknown whether the steep pH gradients persist at the
microscopic scale. Herein, we demonstrate the existence of 6
pH-unit gradients across micrometer scales in a microfluidic
vent replicate. Precipitation of metal sulfides at the interface
strengthens the gradients, but even in the absence of precipitates
laminar flow sustains the disequilibria. The gradients drive
directed transport at the fluid interface, leading to colloid
accumulation or depletion. Our results confirm that alkaline
vents can provide an exploitable pH gradient, supporting their
potential role at the emergence of chemiosmosis and the origin
of life.

In modern cells, pH and ionic gradients across nanometer-
thick phospholipid membranes drive energy conversion and
storage. This “chemiosmotic coupling” is ubiquitous to all
branches of life and points towards an early emergence during
evolution. On the early Earth, alkaline hydrothermal vent
systems offered rich geochemical and physical far-from-
equilibrium conditions with striking resemblances to
modern biology.[1] The interface between the Hadean ocean
and the alkaline effluent naturally provided steep gradients of
temperature, pH, ion concentration, osmotic pressure, and
redox and electric potentials.[2] Precipitation reactions further
created microporous networks of catalytic metal–sulfur
precipitates. These have been hypothesized to represent
rudimentary inorganic analogues to modern phospholipid
membranes, and seem to be poised to drive early carbon and
energy metabolisms.[3]

Sharp liquid interfaces are typically not stable due to
elution by diffusion. Mechanisms for the stabilization and
steepening of concentration gradients are thus required for
the evolution of functional membranes. We show that
precipitation reactions and hydrodynamic flows can readily
serve this purpose. Previous studies have shown that chemical
garden structures can maintain pH gradients for several

hours.[4, 5] However, the macroscopic nature of these experi-
ments could not assess the steepness of the gradient. Herein,
we apply fluorescence microscopy to measure the pH
distribution in a microfluidic vent replica on the microscale.

Besides powering (bio-)chemical processes, such as redox
reactions for carbon fixation, ion gradients can also induce
directed colloid transport. The transport in chemical potential
gradients has been known as diffusiophoresis since 1947,[6] but
has historically received scant attention in the literature. Only
recently has it regained attention in diverse research fields, for
example in material sciences[7] and microfluidic lab-on-a-chip
technologies.[8–10] Furthermore, it has been shown that dif-
fusiophoresis can enhance DNA translocation through nano-
pores,[11,12] and drive bacterial chemotaxis[13] and self-propel-
ling devices.[14, 15]

The coupling of physical transport in far-from-equilibrium
settings has already led to the discovery of phenomena in the
origin-of-life context. For example, temperature gradients
were exploited to trigger essential aspects of basic Darwinian
evolution, such as accumulation,[20] polymerization by hybrid-
ization,[21] replication,[22] and selection[23] of DNA. Here, we
applied fluorescence microscopy to monitor diffusiophoresis
of fluorescent microspheres and developed a finite-element
model to explain our experimental results.

In our experiments, two high-precision syringe pumps
ensure a reproducible laminar co-flow of two solutions with
sustained pH and ionic gradients. To reduce the complexity of
the system and to exclude side effects due to buffering or
redox reactions, we used pure Na2S (10 mm, pH 11.8) and
FeCl2 (10 mm, pH 5.8) solutions to emulate the hydrothermal
effluent and the Hadean ocean. A solid barrier forms at the
confluence of the two solutions (Figure 1). A full microscopy
movie of the precipitation process is provided in the
Supporting Information. First, a thin, smooth barrier forms.
Later, the barrier thickens and a granular structure develops
at the ocean-facing side. This behavior suggests the existence
of a compositional gradient across the barrier in accordance
with the literature, which provides detailed structural analyses
of similar precipitates.[5, 16–19] All of the experiments were
performed under anoxic conditions to simulate the situation
on the early Earth. Thus, the precipitates are expected to
mainly include FeS and Fe(OH)2. Both salts have rich
chemistries that involve multiple transformations into each
other as well as other salts, such as Fe3S4, Fe3O4, and FeS2, with
significant consequences for geochemistry and geochemically
powered catalysis.[19,24] The pH distribution within the micro-
fluidic flow cell was imaged with micrometer resolution using
the ratiometric, pH-dependent fluorescence of SNARF1. The
stability of the pH gradient against diffusion was tested by
stepwise reduction of the inflow rate (Figure 2a). To elucidate
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the role of precipitation, control experiments were per-
formed, in which the FeCl2 solution was substituted by
a non-precipitate-forming NH4Cl solution (10 mm, pH 6.8).
Details on the microfluidic design, the optical setup, and
experimental methods for sample preparation, image analy-
sis, and ratiometric pH imaging are provided in the Support-
ing Information.

The experimental pH images (Figure 2b) reveal that the
initial difference of 6 pH units between the FeCl2 and the
Na2S solution is maintained for inflow rates of 100 nLs@1 and
10 nLs@1 with a gradient of approximately 0.024 pH units per
mm at 1 mm distance from the inlets. Even when the flow rate
is reduced to 1 nL s@1

, the gradient is still stable for several
hundred seconds before a slow relaxation sets in. In the
control experiment without precipitation, diffusion attenuates
the gradient even at high inflow rates, and a diminished
maximum gradient of 0.01 pH units per mm is observed
(Figure 2c). The agreement with finite-element simulations
(Figure 2d) confirms that this experiment is fully described by
hydrodynamics, diffusion, and the acid-base equilibrium of
ammonium. The initial H+ concentration in the flow chamber
is negligible, owing to the logarithmic nature of the pH scale
and a near-neutral starting pH of the ocean solution. Thus, pH
dynamics are mainly driven by OH@ diffusion leading to an
alkaline final pH. In contrast, the final pH with precipitation
is acidic, as OH@ is consumed by the precipitation reactions. A
detailed description of the model can be found in the
Supporting Information. In experiment and simulation,

a new steady-state pH distribution is established within
a few seconds after each flow rate reduction step. In contrast,
the final relaxation of the pH gradient in the experiment with
precipitation requires several tens of minutes. This points
towards a reaction-controlled rather than diffusion-controlled
process, limited by the depletion of precipitation resources.
The final relaxation further implies that the ongoing precip-
itation reactions, and not the barrier itself, stabilize the pH
gradient. Thus, the fluid interface facilitates steep gradients
without being completely impermeable to ions. Leakiness of
barriers is considered an important feature for early life to
avoid chemical equilibrium before an active pumping machi-
nery had evolved.[25]

The sharp ionic gradients at vent-ocean interfaces suggest
diffusiophoresis to be an important phenomenon. Diffusio-
phoresis describes the directed transport of colloids in salt
gradients driven by osmotic pressure posm (chemiphoresis)
and spontaneously emerging electric fields Ediff (electropho-
resis). Chemiphoresis typically transports colloids along ionic
strength gradients per vosm ¼ Dosm

DP rlog Ið Þ, where I is the
ionic strength and Dosm

DP is the colloidQs osmotic diffusiopho-
retic coefficient. This parameter is very sensitive to the ionic
environment and its prediction for arbitrary electrolytes is not
possible.[26] The different diffusion coefficients of the individ-
ual ionic species further lead to the generation of an electric
field Ediff in free solution, which transports colloids according

Figure 1. Sketch of a hydrothermal vent chimney and the experimental
setup. Syringe pumps ensure reproducible laminar flow conditions,
sustained gradients, and defined precipitation at the fluid interface
between the minimally emulated hydrothermal effluent and Hadean
ocean in a glass capillary dimensions of 3 mm W 3 cm, with a depth of
300 mm (not shown). Platinum electrodes allow measuring the electric
potential across the chamber. The fluorescence image is taken at the
end of a typical experiment and shows the darkening of fluorescence
by the precipitate at the fluid interface. Being smooth on the hydro-
thermal interface and granular at the ocean interface, the structure of
the precipitate indicates a compositional gradient in accordance with
the literature.[5, 16–19]

Figure 2. Stability of the pH gradient. a) The inflow rate is stepwise
reduced to test the stability of the pH gradient. b) With precipitation,
a steep and stable pH gradient built up. The relaxation of the gradient
only sets in 600 s after the slowdown to 1 nLs@1. Scale bar =200 mm.
Without precipitation, a less stable pH gradient was observed in
c) experiment and d) simulation. e) pH profiles along the dashed,
white cut lines in panels (b–d). The solid red line is drawn to guide
the eye.
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to their electrophoretic mobility m with vel ¼ m Ediff. Follow-
ing the derivation procedure by Chiang et al.,[27] an expression
for Ediff was derived (Supporting Information) that depends
on the individual ion concentrations ci, the ion diffusion
coefficients Di, the ion valences zi, and on the hydrodynamic
velocity vHD :

Ediff ¼
kBT

e

P
i zi Dirci @ vHDcið ÞP

i z2
i Dici

ð1Þ

Here, we used negatively charged, fluorescently labeled
polystyrene microspheres to observe colloid transport in the
microfluidic vent replica. The single particle time traces
report on the superposition of the hydrodynamic laminar flow
vHD and diffusiophoretic transport vDP ¼ vel þ vosm, and reveal
coupling phenomena both with and without precipitation.

Figure 3a sketches the situation in a typical experiment
with precipitation. The hydrodynamic co-flow of contrasting
solutions creates steep ionic gradients. The precipitation
reactions locally decrease the ionic strength and generate an
osmotic force away from the fluid interface. On the other
hand, the differential diffusion of ions and the ion-exchanging
iron sulfide precipitation give rise to electric forces. The
hydrodynamic streamlines in Figure 3b were simulated by
solving the Navier–Stokes equation using finite-element
methods. In a control experiment without solute contrast,
no deviation of the colloid transport from the hydrodynamic
finite-element simulation became apparent (Figure S3).

In the experiment with solute contrast and precipitation,
the colloid transport in bulk solution at 10 nLs@1 inflow rate
was still mainly governed by hydrodynamics. However,
adjacent to the precipitated barrier, a colloid-free zone
formed (Figure 3 c). A similar effect has been observed
before at ion-exchange membranes by Florea et al.[7] For
explanation, they established a theory based on the combi-

nation of ion exchange reactions and diffusiophoresis, which
supports the model sketched in Figure 3a. Immediately after
slowing down to 1 nL s@1, strongly enhanced lateral migration
towards the ocean was observed and colloid entry from the
ocean reservoir was fully suppressed. The pH gradient was
still stable at this point (Figure 2a), and thus the effect must
be driven by other ions. It would be desirable to explicitly
model the ion distributions within the flow cell to understand
these phenomena. However, missing quantitative data on
precipitation kinetics, and on other properties, such as ion
binding capabilities of the precipitate, render this impossible
without an excessive number of free parameters.

In contrast, the ion distributions in the experiment
without precipitation can be fully simulated by a time-
dependent finite-element model, considering hydrodynamics,
diffusion, and acid–base equilibria. This allows us to infer the
electric field per Equation (1) and the spatiotemporally
resolved colloid velocity vcoll ¼ vHD þ vDP. In the experiment,
accumulation of colloids at the fluid interface was observed at
10 nLs@1 inflow rate (Figure 4a). Upon slowdown, a similar
behavior to that with precipitation was observed; lateral
migration set in and colloid inflow from the ocean reservoir
was hindered (Figure 4b). The simulations nicely reproduce
all of the observations. The properties of the colloid were used
as fit parameters, and the best agreement was found for
m ¼ @9:28> 10@8 mm2 V@1 s@1 and Dosm

DP ¼0 mm2s@1. This
implies that electrophoresis is the major driving force, which
is also supported by the occurrence of electric potentials

Figure 3. Colloid transport with precipitation. The upper inflow delivers
FeCl2 and the lower one Na2S. a) Differential ion diffusion (black
arrows) generates an electric field at the interface. The precipitation
reactions locally decrease the ionic strength and cause an osmotic
pressure. b) Simulated hydrodynamic flow. The shape of the stream-
lines is independent of the inflow rate and the amplitude scales
linearly. c–e) Experimental colloid transport. c) The average fluores-
cence intensity of 100 frames (500 s) in steady state reveals a colloid-
free zone adjacent to the precipitated barrier. d) Time-dependent
migration towards the ocean after slowdown. e) Without inflow, reverse
flows towards the ocean inlet occur. Scale bars= 500 mm.

Figure 4. Colloid transport without precipitation. Comparison of
experiment and simulation. The upper inflow delivers NH4Cl and the
lower one Na2S. Scale bars =500 mm. a) At 10 nLs@1 inflow rate,
colloid accumulation at the fluid interface was observed. b) Upon
slowdown, colloid inflow on the ocean side was suppressed. c) With-
out inflow, reversed transport towards the ocean inlet occurred.
d) Simulated ion distribution and consequential electric field per
Equation (1) at 10 nLs@1 inflow rate 1 mm behind the inlet (dashed
line).
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between the two platinum electrodes in the microfluidic flow
chamber. (See Figure S5 for detailed results).

To illustrate the electric field generation mechanism, the
simulated ion distributions at 10 nLs@1 at 1 mm distance from
the inlet (dashed, white cutline in Figure 4a) and the lateral
electric field per Equation (1) are plotted in Figure 4d. The
black arrows indicate the focusing electric force on negatively
charged colloids. The individual ion contributions to Equa-
tion (1) reveal that the focusing is caused by chloride and
ammonium buffer ions, while the overall drift towards the
ocean is driven by sodium and chloride (Figure S2). This
result can explain the lateral migration in the experiment with
precipitation and allows the conclusion that the precipitate
barrier is widely permeable to these ions.

In summary, we introduced a microfluidic vent replica for
the investigation of electrochemical gradients and associated
transport processes on the microscale. The method ensures
reproducible non-equilibrium conditions for the self-assem-
bly of inorganic barriers in strong ionic gradients. The
combination of ratiometric pH imaging, single-particle track-
ing, electric potential measurements, and kinetic finite-
element simulations provides insight into the electro-geo-
chemical processes at the barrier. We found that the
precipitation reactions alone stabilize and steepen the pH
gradient at the fluid interface. We expect that this effect
occurs in a similar fashion for more complex solutions, as long
as the pH difference and the required ions (Fe2+, HS@ , OH@)
are present. This is because, as we show, pH stabilization is not
a property of the barrier structure, but of the precipitation
reaction itself. The reproducibility of the microfluidic
approach will allow the targeted optimization of the barrier
and the associated disequilibria by adjustment of flow rates
and ionic compositions. More realistic mimics of the ancient
vent and ocean fluids can be applied, which are expected to
contain additional metal ions (for example, Ni2+), high NaCl
concentrations, and diverse dissolved gases (such as CO2,
CH4, and H2). In this way, the approach can be promoted
towards a chemical-flow reactor for the detection of carbon
fixation reactions central to the alkaline-vent theory.[1,3, 20] In
contrast to macroscopic approaches,[20] the microscale nature
of the flow chamber prevents dilution of reaction products
into the bulk solution. Significantly, the reduction of CO2 with
H2 at real Fe(Ni)S hydrothermal vent chimneys has been
suggested to require an electrochemical overpotential of
more than 180 mV, corresponding to a pH gradient of 3 to 4
units.[28] We show such gradient sizes at microscopic scales,
promoting potential studies of carbon fixation pathways
under alkaline vent conditions.

The observation of diffusiophoresis in the vent system
suggests intricate feedback situations. Notably, without tuning
of conditions, we observed interesting phenomena such as
strong accumulation, enhanced migration of colloids, and the
emergence of colloid-free zones. In an additional experiment,
shown in Figure S6, we observe the incorporation of fluo-
rescent phospholipid vesicles into the inorganic precipitate. In
combination with diffusiophoresis, this observation shows
that it is possible to position vesicles within extreme geo-
chemical gradients, which is an interesting setting in the
context of early bioenergetics.[25] The results also agree with

recent publications regarding the incorporation of proteins[29]

into chemical garden structures, and salt-gradient-enhanced
particle deposition on microporous membranes.[30]

In conclusion, the presented microfluidic vent replica can
serve as a test bed for the investigation of geochemical
processes at the microscale, as well as for the discovery of
evolutionary pathways from inorganic to biochemically active
barriers and the emergence of an ion-gradient-driven early
protometabolism.
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