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The effect of mixing calcium and oxalate precursors by diffusion at
miscible liquid interfaces on calcium oxalate crystalline phases,
and in physiological conditions (concentrations and flow rates), is
studied using a microfluidic channel. This channel has similar
dimensions as the collection duct in human kidneys and serves as
a biomimetic model in order to understand the formation of
pathological microcalcifications.

During the last decades, epidemiological studies have
suggested an increased frequency of kidney stone (KS)
diseases affecting up to 10% of the industrialized
population." Nowadays, most of the kidney stones are made
of calcium oxalate (CaOx) crystalline aggregates.”> Due to these
alarming perspectives, a large number of investigations have
been dedicated to in vitro crystallisation methods.? Their aim
is to study the impact of local physico-chemical variations on
the formation of the stable CaOx monohydrated form
whewellite (calcium oxalate monohydrate, COM) or the less
stable CaOx dihydrated form weddellite (calcium oxalate
dihydrate, COD). However, some studies pointed out the fact
that the morphology and the nature of CaOx phases could be
significantly affected by the flow procedure used for
precipitation.*
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Indeed, CaOx crystals leading to stones appear at the end
of the collecting duct, which is the most distal part of the
kidney  tubular  structure  responsible for  urine
concentration.* The human diuresis (urine secretion) varies
between 0.3 ml min™" and 10.0 ml min™" with an average
nephron (urine forming unit) number ranging from approxi-
mately 200 000 to more than 2.5 million in human kidneys.”
Considering that about 10 nephrons give birth to one single
collecting duct, the flow rate inside one collecting duct is
around 10.0 nl min™" under a standard diet in human beings.
Such a flow rate is in the order of magnitude to those
injected in microsystems. Moreover in humans the diameter
of a collecting duct is =100 um (which can be easily mim-
icked using microchannels).® It follows that urine flow is lam-
inar in collecting ducts.” Finally, it is anticipated that KS
growth kinetics should be mainly controlled by diffusion gra-
dients in a state of continuous flow with a constant replen-
ishment of oxalate and calcium solutions (i.e. maintaining a
constant supersaturation (SS) state). Such gradients can be
easily reproduced using a microfluidic channel. In conclu-
sion, it appears clear that a biomimetic model using micro-
fluidics can be built to mimic the conditions for CaOx precip-
itation in kidneys.

Due to their small dimensions, flows are laminar in con-
tinuous microfluidic devices and mixing occurs by molecular
diffusion at the dynamic interfaces of two or several miscible
liquids. Previously, the laminarity of the flow has been used
to generate structures by patterning of metals, organic poly-
mers, inorganic crystals, and ceramics at interfaces.® More-
over a laminar microfluidic device offers great potential to
mimic organs on chips.’ For instance, Wei et al.'® developed
a bio-inspired kidney model to understand the molecular
and pharmacological basis of calcium phosphate stone for-
mation in the epithelial or other similar cellular microenvi-
ronments. To the best of our knowledge, investigating the ef-
fect of diffusive mixing on the crystalline phases of calcium
oxalate obtained at miscible liquid-liquid dynamical inter-
faces in a microfluidic device and in the physiological
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conditions (concentrations and flow rates) has never been
reported. Such a biomimetic model is important in order to
understand the formation of pathological microcalcifications.

The principles of our experimental approach are illus-
trated in Fig. 1a. The upper part of the device is composed of
a “Y-shaped” polydimethylsiloxane (PDMS) microchannel
where calcium and oxalate precursor solutions are injected
through separated inlets in the microchannel, mixed by mo-
lecular interdiffusion at the interface and resulting in the
precipitation of CaOx crystals in the interdiffusion zone.

The initial mold used for PDMS replication is fabricated
using a standard soft lithography process described in ESLf
The microchannel dimensions are fixed to 5 cm in length,
100 pm in width and 100 um in depth to correctly mimic a
collecting duct in human kidneys. In contrast to the standard
elastomer-based device fabrication process, we selected a re-
versible sealing assembly’' in order to remove the upper
PDMS part from the flat support substrate. For that purpose,
we manufactured a specific metallic holder to maintain me-
chanically a homogeneous compression between both parts
of the microchannel and to avoid any leakage (see Fig. 1b).
This technological solution is selected for several purposes:
first, the very small amount of synthesized crystals (a maxi-
mum quantity of 1 mg could be obtained in a hypothetic
integral filling of the microchannel) is not suitable for ex situ
analyses such as '>C solid state NMR in natural abundance.
As a consequence, it is of paramount importance to charac-
terize the crystals directly inside the microchannel. Secondly,
the reversible sealing assembly is not limited to standard ma-
terials (PDMS, flat glass or silicon) to close the microchannel
on the bottom part. Microscope glass slides have been se-
lected for X-ray diffraction (XRD) analysis and for observa-
tions using field emission scanning electron microscopy
(SEM) as well as for Raman scattering experiments. Although
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Fig. 1 a) Principle of the dismountable two-phase laminar flow micro-
fluidic device used for the synthesis and characterization of precipi-
tated CaOx crystals. b) Image of the microfluidic device assembled
within the compressive metallic holder. c) Optical micrograph showing
the “conic shape” precipitation of CaOx crystals at the dynamic inter-
face in the zone of molecular interdiffusion.
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coupling these techniques to microfluidic systems have been
described separately using different geometries and materials
due to the requirements of each technique,'” herein the re-
versibility of our microfluidic system allows us to undergo
different characterizations on the same channel as well as
the same sample without any technical limitations, thus
avoiding the problems of reproducibility from one channel to
another.

To initiate the precipitation of the CaOx crystals, the two
inlets of the microchannel were filled with a calcium chloride
aqueous solution at 12.0 mmol L™ and a sodium oxalate
aqueous solution at 0.40 mmol L™, respectively. These con-
centrations correspond to hypercalciuria and moderate
hyperoxaluria, which are frequent settings in kidney stone
formers and relate statistically to the presence of both COM
and COD phases in patient urine and stones.>* Two syringe
pumps (Harvard apparatus, Pico 11 plus) were used to inject
both precursors with flow rates set to 1 ul min'. After 2
hours at room temperature (22 °C), a dark conic shaped film
appeared at the dynamic interface in the zone of molecular
interdiffusion. Precipitation progressively increased toward
the outlet (see Fig. 1c). At the end of the experiment, both
parts of the microchannel are retrieved from the metallic
holder. The glass slide support (with the CaOx crystals) is
rinsed thoroughly with deionized water and ethanol. Finally,
the slides were stored at 4 °C to limit the transformation of
the unstable COD phase into the stable COM phase.

SEM observations performed on the channel walls such as
in Fig. 2 show different crystal shapes and sizes (ranging
from 1 to 20 um), depending on the lateral position (perpen-
dicular to the flow) in the precipitation cone. Trying to ratio-
nalize qualitatively these observations, the concentration of
each precursor and the resulting SS (see ESIt for the defini-
tion and Fig. S1-S3) gradients established due to diffusion
under laminar flow in the microchannel were calculated
using COMSOL multiphysics. Nucleation and growth of CaOx
involve homogeneous and heterogeneous phenomena and
have been largely studied in different media including

Calcium Interdiffusion zone Oxalate

Fig. 2 SEM image of precipitated crystals obtained in the microfluidic
device from oxalate and calcium solutions at the dynamic interface.
The white inset shows a zoom of the upper part of the precipitate
containing twinned crystals. The red inset shows a zoom of the lower
part of the precipitate containing mixed twinned and tapered
bipyramid crystals.
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Fig. 3 a) Optical image of a portion of the microchannel, and b)
corresponding Raman mapping for two spectral regions, 1452-1468
cmtin green and 1470-1480 cmtin blue. The Raman spectra A and B
correspond to the A and B zones indicated in b).

artificial and natural urine."® It is well accepted that the driv-
ing force of CaOx nucleation is the SS. When SS > 1 and in
the zone of unstable SS, CaOx nucleates and grows."*” As can
be seen in Fig. 2 the biggest crystals of CaOx are located at
the centre of the precipitate, i.e. in the middle of the channel
where the SS is at a maximum (ESLj Fig. S3). From the center
to each edge, a gradual decrease of crystal sizes is observed
which is correlated as well to a progressive decrease of oxa-
late (or calcium) concentrations and consequently of SS. Out-
side the precipitation cone, no nucleation is observed be-
cause the supersaturation regime was not reached. In the
upper region of the image (rich in oxalate), a majority of
twinned crystals representative for the COM phase were ob-
served (see white inset in Fig. 2)."* In terms of physiology,
this condition corresponds to a low calciuria with a moderate
hyperoxaluria inducing more frequently the predominant oc-
currence of the COM phase in patient stones.** In the lower
region of the image bipyramids (representative for the COD
phase), were additionally observed.'® At that location, the ox-
alate concentration is lower than the calcium concentration,
which physiologically corresponds to hypercalciuria with a
low oxaluria inducing indeed the presence of the COD phase
in patient urine stones more frequently.*

XRD diffraction experiments were performed on the pre-
cipitate obtained on a microscope glass slide, which is not
the best suited substrate due to high scattering: only the
COM phase was clearly identified as presented in ESIf
(Fig. S4). ATR FT-IR spectra of the precipitated crystals were
also recorded in the upper and lower regions of the micro-
channel (see Fig. S5 in ESIf): the resulting spectra confirm
the presence of the COM phase in the upper region, but fail
to clearly identify the COD phase. Indeed, the identification
of COM and COD in a mixture has been reported to be diffi-
cult to establish by FT-IR, especially when one compound
(COM) is in excess.'® Furthermore, the low signal to noise in-
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herent with the ATR-FT-IR imaging system that was used
didn't help for this purpose.

We thus decided to rely on Raman scattering experiments
to distinguish COM and COD phases, which is rather
straightforward with this spectroscopy since COM is charac-
terized by two Raman bands at 1463 and 1490 cm ™', while
COD presents only one Raman band in this frequency range,
at 1472 cm " A portion of the microchannel where the two
crystal morphologies found by SEM could be seen (Fig. 3a)
was imaged thanks to a Raman microscope (Fig. 3b). The two
types of crystals, twinned crystals (A zone) and bipyramids (B
zone) indeed correspond to two different Raman spectral re-
sponses that are in total agreement with COM and COD
phases, respectively. Raman mapping is indeed a powerful
technique to distinguish between the two CaOx phases pres-
ent in the microchannel and definitely strengthen the inter-
pretation proposed from the SEM experiments.

In this work, the effect of mixing by interdiffusion on cal-
cium oxalate crystalline phases from calcium and oxalate pre-
cursors at miscible liquid interfaces and under physiological
conditions (concentrations and flow rates) was studied using
a microfluidic channel. Such a channel had similar dimen-
sions as the collection duct in human kidneys and acted as a
biomimetic model in order to understand the formation of
pathological microcalcifications. Moreover due to the versatil-
ity of the microsystem, structural characterizations on the
CaOx crystals in the microchannel could be performed using
SEM, ATR FT-IR, Raman diffusion and XRD techniques. In
agreement with observations related to urinary lithiasis in pa-
tients, the variation in oxalate and calcium concentrations
along the lateral section of the microchannel oriented the
preferential formation of COM or COD phases. These prelimi-
nary results highlighted the potential of microfluidic devices
to obtain crystalline phases relevant to human pathological
calcifications. Moreover, our microfluidic approach opens up
new opportunities to study the mechanisms leading to the
first steps of kidney stone formation in collecting ducts. In
the near future, the influence of various physico-chemical pa-
rameters such as the role of biological fluids (urea, ionic
salts...) and growth inhibitors (citrate, catechine...) will be
investigated quantitatively.
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