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ABSTRACT: The formation of crystals under physicochemical and flow dynamic
conditions in constrained dimensions is ubiquitous in nature and of great interest
to different disciplines in science. In this report, using a physicochemical approach,
we investigated the spatiotemporal precipitation of calcium oxalate (CaOx)
crystals, the most common chemical compound found in kidney stones, at the
dynamic interface generated by the interdiffusion of oxalate and calcium ions in a
microchannel. Spatiotemporal crystal habit distributions were mapped and
analyzed using scanning electron microscopy, and their formation was correlated
to a numerical model that accounts for supersaturation and gravity. We show that
while monohydrated CaOx crystals are the most frequent with random distribution
in the channel, the dihydrated CaOx phase crystals are mainly formed at the
contact line between oxalate and calcium at the oxalate side, where gradients are large and supersaturation is low. In addition, the
size of the crystals correlates well with the supersaturation with increasing monodispersity over time. These results are supported by
the numerical model. The simulations also show that nucleation can occur everywhere in the channel; however, with time,
nucleation is limited to the upper level of the channel, while crystals on the bottom continue to grow from the reactants.

■ INTRODUCTION
The growth of crystals under physicochemical and flow
dynamic conditions is a hot topic nowadays in the field of
chemistry and materials science.1−5 Kidney stones are among
other biomaterials that form out-of-equilibrium dynamic
conditions in constrained channels in kidneys with medical
and societal consequences.6 Kidney stones are composed of
organic and inorganic species, among them and in majority
calcium oxalate crystals.7 Reproducing, even partially, the
precipitation of calcium oxalate (CaOx) crystals in confined
channels is interesting for several disciplines including physical
chemistry, materials science, and medicine.8−10

Microfluidic channels are microsystems that offer the
opportunity to reproduce and mimic the dimensions and
hydrodynamic conditions encountered, for example, in the
tubular part of nephrons where calcium oxalate crystals can
nucleate and form.8 Previous work by our group11,12 allowed
us to investigate in a microfluidic device the effect of diffusive
mixing on the crystalline phases of calcium oxalate
precipitating at miscible liquid−liquid dynamical interfaces in
physiological conditions (concentrations and flow rates). The
results were discussed and confronted by medical observations.
In addition, due to the reversibility of the system, it was
possible to image and characterize using different multiscale
techniques the precipitated CaOx crystals. Kinetic studies on a
single CaOx crystal were also possible using this system and

permitted one to acquire single-crystal growth kinetics by
tracking the size and morphology using light microscopy.

In continuous microfluidics, the flow is laminar, so one may
assume that space can be converted to time. The space-time
equivalence has been exploited by several groups for kinetic
studies in different problems including nanomaterial synthesis
or crystal formation.13−16 In the case of CaOx formation,
spatial analysis of crystals in the direction of the flow at
different positions of the channel may reflect their evolution
with time during their formation by interdiffusive mixing and
may allow us consequently to better describe the dynamics of
growth in the channel as well as the habits of the crystal’s
formation.

In this study, following our previous reports, and in a
physicochemical approach, we mapped the spatiotemporal
distribution of CaOx crystals inside a 100 × 100 μm2 cross
section microchannel of similar dimensions to the collective
duct in nephrons. The precipitation was induced under the
comixing of supersaturated calcium and oxalate aqueous
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different sizes. Near the outlet, the reactants are almost
completely mixed, giving rise to crystals of relatively similar
sizes, and the clear contact line seen at the inlet vanishes
(Figure 1(b)).

It can be seen from Figures 1(c) and 2(a) that at regions
farther from the point of confluence after 30 min of injecting
the reactants, the crystals are relatively small and uniform in
size. Near the inlet, the crystal size distribution is
comparatively high. Two hours after flowing the reactants
into the microchannels (Figures 1(d) and 2(b)), the crystals

appear to be of similar sizes and their distribution is narrow
compared to crystals obtained 30 min after reactants’ injection.

During the calculations, the size distribution of particles was
investigated both spatially and temporally. Although many
particles sedimented, the flow along the tube was dominant
(��/�� = 100:1); therefore, most of the particles drifted out of
the reactor. In order to support the experiments, the initial part
of the microfluidic channel, after the point of confluence, was
divided into five 150 μm long segments. The number of the
particles and their sizes were determined at each of these bins
at three different times. The cumulative particle size

Figure 2. Cumulative particle size distribution of calcium oxalate
monohydrate crystals formed in microchannels. Different colors
indicate particles analyzed at a given distance from the point of
confluence after injecting the reactants for 30 min (a) and 2 h (b).

Figure 3. Calculated cumulative particle size distribution at various
distances from the point of confluence at � = 1300 (black), 1600
(red), and 1900 s (green).

Figure 4. Histogram of the calculated particle size distribution at
various distances from the point of confluence at � = 1900 s.

Figure 5. Growth of the largest particles from each zone.

Figure 6. Result of two calculations with the same parameters. The
cumulative distribution of the zones 450−600 μm and 600−750 μm is
presented for both calculations.
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distribution in Figure 3 indicates that the size of the particles is
larger and closer to the inlets; moreover, they grow fiercely
compared to those situated further away. The slope of the
curves increases toward the outlet; thus, further away from the
point of confluence, the particle size distribution is more
monodisperse. Moreover, the slopes do not vary significantly
over time, so the dispersity of the bins is constant throughout
the numerical experiments. The differences among the bins,
regarding the final particle size and the growth rate, become
less significant further away from the inlet.

The number of particles closer to the outlet is greater (see
Figure 4), which explains the position-dependent growth rate
and size of the particles. In crowded regions, the amount of
substance responsible for growth is distributed among many
particles; thus, their growth rate is less and they reach smaller
sizes than the isolated particles at the front.

Therefore, the largest particle in each bin was chosen, and its
growth was monitored. Figure 5 confirms that larger particles
can be found closer to the inlet. Moreover, the growth rate of
the chosen particles decreases gradually toward the outlet. A

significant change is observed in the growth of the particle
situated in the zone between 300 and 450 μm, which is due to
the sedimentation of another particle close to the observed
one.

For the sake of completeness, it has to be mentioned that
because of the random nucleation, unusually large particles
may form in the zones as, due to the perturbation upon
nucleation, each calculation contains a random factor. Thus, in
some cases, larger particles can also be found in zones that are
far from the inlet, but the overall behavior of the particles in
the bins is identical. Such a case is represented in Figure 6,
where the cumulative curves of two zones (450−600 and 600−
750 μm) are plotted in case of two calculations with identical
parameters. Although the shapes of the curves are a good
match with each other, there are two larger particles in the
zone furthest from the inlet in the case of calculation No. 2.
The two particles are exceptions from the characteristics of the
zone.

The spatiotemporal behavior of the particles can be further
investigated by exploring the spatial distribution of nucleation.

Figure 7. Time and location of nucleation sites for particles that sediment in the channel (a) and its 2D presentation (b).
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In Figure 7, the time and location of nucleation sites are
presented for particles that sediment in the channel.

The two coordinates � and � denote the distance from the
inlet and the channel height, respectively. At the beginning of
the numerical experiments, particles nucleate everywhere in the
channel independent of their position as the reactant solutions
fill the reactor (cf. Figure 8). In the later stages, nucleation only
close to the inlet and at the upper region of the reactor
generates particles that sediment in the channel. Since
nucleation and growth are two competing processes, at the
lower regions, where the growth of sedimented particles is
dominant, the criterium in eq 10 is never fulfilled; thus,
nucleation only takes place at the top of the reactor. Further
away from the point of confluence, the reactants are
completely depleted due to the continuous growth of already
existing particles.

■ CONCLUSIONS
In this work, we investigated the spatiotemporal precipitation
of CaOx crystals in a reversible microchannel. The habits of
the crystals were examined through careful imaging and
statistical analysis of the precipitated crystals at different
experimental times and positions in the microchannel. Our
results show that upon mixing the reagents under laminar flow
by interdiffusion, the size of the precipitated particles decreases
from the inlet to the outlet of the microchannel following the
changes in the supersaturation. With time, the polydispersity of
the crystals becomes narrower, while the growth of each
particle is dependent on the position in the channel. In
addition, it allowed us to conclude that for COD crystals, the
unstable phase is promoted by low supersaturation but steep
reactant gradients. Our observations by numerical simulations
reproduce the experimental results and suggest that nucleation

Figure 8. Temporal evolution of the nucleation sites for each particle that sediments in the following channel length intervals 0 < � ≤ 5 mm (a), 10
mm < � ≤ 15 mm (b), and 20 mm < � ≤ 25 mm (c) from the point of confluence.
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occurs in the entire channel contrary to the growth, which
seems to continue only with time for the crystals further from
the point of confluence. We hope these results can help
rationalize the formation of CaOx crystals in confined channels
and shed light on processes observed in nature, such as in
kidney stones.
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