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Confining calcium oxalate crystal growth in a
carbonated apatite-coated microfluidic channel to
better understand the role of Randall's plaque in
kidney stone formationf

Samantha Bourg,? Karol Rakotozandriny,®® Ivan T. Lucas,® Emmanuel Letavernier, Christian Bonhomme,®
Florence Babonneau® and Ali Abou-Hassan*?

Effective prevention of recurrent kidney stone disease requires the understanding of the mechanisms of its formation. Numerous in vivo
observations have demonstrated that a large number of pathological calcium oxalate kidney stones develop on an apatitic calcium
phosphate deposit, known as Randall's plaque. In an attempt to understand the role of the inorganic hydroxyapatite phase in the
formation and habits of calcium oxalates, we confined their growth under dynamic physicochemical and flow conditions in a
reversible microfluidic channel coated with hydroxyapatite. Using multi-scale characterization techniques including scanning electron and
Raman microscopy, we showed the successful formation of carbonated hydroxyapatite as found in Randall's plaque. This was possible
due to a new two-step flow seed-mediated growth strategy which allowed us to coat the channel with carbonated hydroxyapatite.
Precipitation of calcium oxalates under laminar flow from supersaturated solutions of oxalate and calcium ions showed that the
formation of crystals is a substrate and time dependent complex process where diffusion of oxalate ions to the surface of carbonated
hydroxyapatite and the solubility of the latter are among the most important steps for the formation of calcium oxalate crystals. Indeed
when an oxalate solution was flushed for 24 h, dissolution of the apatite layer and formation of calcium carbonate calcite crystals occurred
which seems to promote calcium oxalate crystal formation. Such a growth route has never been observed in vivo in the context of kidney
stones. Under our experimental conditions, our results do not show any direct promoting role of carbonated hydroxyapatite in the
formation of calcium oxalate crystals, consolidating therefore the important role that macromolecules can play in the process of
nucleation and growth of calcium oxalate crystals on Randall's plaque.

Introduction

The prevalence and recurrence rates of nephrolithiasis
increase every year, more specifically in the industrialized
population.”

The majority of kidney stones (KSs) are composed of
calcium oxalates (CaOx) that form by heterogeneous
nucleation on calcium phosphate (CaP) deposits.”>™ Tiselius®
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both hyperoxaluria and hypercalciuria lead to the formation
of intratubular rather than interstitial deposits.'®

The main inorganic component of RP is carbonated
hydroxyapatite (CHA) and amorphous calcium phosphate
mixed with an organic matrix that is rich in proteins,

glycosaminoglycans and lipids, as collagen
3,9,11-13

well as
fibers.

Several studies have investigated the formation of RP and
the role it plays in the nucleation of CaOx stones, and a
recent update has been published.” Xie et al'* proposed a
phase transformation from amorphous CaOx clusters (known
to be potential intermediates in biomineralization)" to
multicrystal aggregates promoted by amorphous calcium
phosphate (ACP) complexes. The role of pH in the dissolution
of CaP crystals and the release of Ca®>" ions has also been
highlighted as an important factor in the formation of CaOx
on RP.’ Moreover, studies of the interfaces between CaOx
stones and RP have brought further support for the role of
RP as a nucleus in the heterogeneous nucleation process of
CaOx crystals.>'®'” Scanning electron microscopy (SEM)
studies detailed the organization of RP in microspherules
attached to COM crystals.>>'®'® Assumptions have been
formulated to explain the formation of CaOx stones from RP
as a final response to: (i) high urine calcium concentration,
(ii) reduced urine volume and (iii) decreased pH leading to
loss of papillary epithelial integrity.”'®'® However, to date,
the mechanism of KS formation from RP is still an open
debate and different questions remain on the role of RP
including the role of the apatite phase in the formation and
crystal habits of CaOx. In fact, KS formation occurs in a very
complex dynamic chemical and flow environment whose
characteristics are difficult, if not impossible, to fully
reproduce in vitro. However a suitable model for CaOx crystal
growth, which could even partially mimic these conditions,
would certainly contribute to a better understanding of
ex vivo observations.

Microscale fluidic devices are suitable in vitro systems for
reproducing a 3D  microenvironment  mimicking
nephrons.”*> Our team has previously studied CaOx
precipitation after co-mixing of supersaturated -calcium
and oxalate aqueous solutions using a microfluidic
platform under physicochemical conditions mimicking
those of pathological CaOx KS formation in a nephron
collecting duct.**>*> CaOx stones exhibit two crystalline
phases, the more thermodynamically stable monohydrate
whewellite  (CaC,0,-H,0, COM) and the dihydrate
weddellite (CaC,0,4-2H,0, COD). The identification of CaOx
crystals by scanning electron microscopy (SEM) and
Raman scattering was made possible thanks to the
reversible magnetic sealing system of the microfluidic cell;
we were able to show the preferential precipitation of
COM crystals in a boatlike shape in agreement with
in vivo observations.”® Other teams have more specifically
studied the influence of the presence of CaP on the
overgrowth of CaOx KSs using fluidic devices. Indeed,
Gombedza et al?® developed a Y-shaped microchannel

covered with Kkidney cells to mimic the existing
microenvironment for the growth of mixed CaOx/CaP
crystals in the proximal tubule of nephrons. More recently,
Kuliasha et al.*’ reported the development of an easy-to-
use millifluidic platform based on basement membrane
extract (BME) as a biologically relevant crystallization
substrate to explore the in situ growth of CaOx crystals in
the presence of a synthetic RP and urinary inhibitors
(citrate, magnesium ions and osteopontin). This study
followed a prior study by the same group on the
development of a biomimetic model of RP based on the
mineralization of decellularized tissues.*®**° In the flow-cell
crystallization study,®” the authors suggested that the BME
substrate and the urinary inhibitors play a major role in
the control of the crystal nucleation and growth,
compared to the CaP surface. However, they did not
succeed in forming a CaP layer in the channel without
the BME, and thus could not assess the role of CaP in
the absence of organic components. The millienvironment
in this study did not reproduce well the microconfinement
in the renal tissues (=100 um). Also, in these previous
studies, the formation of CaP required the presence of an
organic substrate (proteins, cells) which allowed the
growth of CaP from solution or its attachment from
preformed CaP seeds. To date, the successful formation of
a carbonated mimetic CaP layer in a confined channel, as
encountered in RP, with no organic matrix has never been
reported. Finally, none of these reports have provided
multi-scale characterization of the precipitated crystals,
because of the irreversibility of the systems. Considering
that RP is mostly composed of inorganic phases,
engineering a carbonated apatite structure confined in a
microchannel and subjected to dynamic physicochemical
conditions should provide an opportunity to better
understand the role of the inorganic component of RP in
the crystallization (formation, habits) of CaOx.

In a novel innovative and versatile methodology based on
microfluidics, our work proposes as a first step a simplified
model to study the effect of apatite, the major component of
RP, on CaOx crystallization while considering important
parameters to mimic in vivo conditions such as the
physiological, dynamic (physicochemical and hydrodynamic)
and confinement conditions. We also describe a safe, easy
and reproducible process for coating the inner surface of the
microchannel with CHA based on a new flow seed-mediated
growth approach. Subsequently, an aqueous oxalate solution
was infused alone or co-mixed with an aqueous calcium
solution at the slower total flow rate accessible with the
syringe pumps (=10 times the physiological flow in one
collecting duct) to approach flow physiological conditions.*’
The concentrations in oxalate and calcium ions that have
been used throughout this study correspond to moderate
hyperoxaluria ([Ox*] = 0.4 mM) and pathological
hypercalciuria ([Ca**] = 12.0 mM), respectively. Thanks to the
sealing reversibility of the microfluidic device, ex situ and
multiscale characterization including optical microscopy,



SEM coupled to energy-dispersive X-ray spectroscopy (SEM-
EDX) and Raman microscopy could be used on the one hand
to optimize CHA coating and on the other hand to study its
impact on the formation and crystal habits of CaOx crystals.

Materials and methods

Chemicals

A polydimethylsiloxane (PDMS) kit (Sylgard 184) was
purchased from Dow Corning. Iron pentacarbonyl powder
was purchased from Neochimie. Sodium chloride (NaCl) was
purchased from Carlo Erba. Potassium chloride (KCI) was
purchased from Acros Organics. Sodium bicarbonate
(NaHCO3;), magnesium chloride hexahydrate (MgCl,-6H,0),
calcium chloride (CaCl,), anhydrous di-potassium hydrogen
phosphate (K,HPO,), sodium sulfate (Na,SO,), hydrochloric
acid (37%), nitric acid (67%) and Trizma® base (NH,C(CH,-
OH);) were purchased from Sigma Aldrich and used without
any further purification.

Microfabrication of the microfluidic platform

The microfabrication of the device was adapted from our
previous publication.”® A Y-shaped microchannel of 100 um
in height and width and 2.5 cm in length was designed with
3D CAO software Inventor® (Autodesk). The design was then
transposed on a brass mold (0.5 x 8.0 x 8.0 cm) by
micromachining (Minitech®) at Pierre-Gilles de Gennes
Institute (Paris, France). Afterwards, magnetic PDMS was
prepared by mixing the silicone elastomer with iron carbonyl
powder and the curing agent in a 10:10:1 weight ratio. The
black viscous mixture was poured onto the brass mold and
the air bubbles were removed under vacuum. The magnetic
PDMS was heated at 70 °C for 2 h and after curing, the
microchannel was peeled off the mold and holes were drilled
in the reservoirs with a 0.5 mm punch (Harris Uni Core).
Prior to the CaP deposit, a glass coverslip (24 x 60 mm, VWR)
was pretreated with dioxygen (O,) plasma (10 sccm of O,, 90
W, 5 min, Electronic Diener, Femto) before assembling the
microfluidic device. For the other experiments, the glass
coverslip was just rinsed with ethanol and ultrapure water.
All experiments were performed with the glass coverslip on
top of the microfluidic platform which was sealed with
magnets.

Hydroxyapatite deposition through a flow seed-mediated
growth method

The two-step procedure to deposit HA on the inner surface of
the assembled microchannel was adapted from Liu et al**
(see ESLj Table S1) and is presented in Fig. 1. 20.0 mM
calcium chloride prepared with Tris-HCI buffer (10.0 mM, pH
7.4) and 12.0 mM di-potassium hydrogen phosphate
prepared with ultrapure water were first infused through the
two inlets at the same flow rate (Q;) (1.0 uL min™") (i.e. Qo =

2.0 uL min™') at 37 °C (seeding step). The nucleation of CaP
depends largely on the time of infusion of the two precursor

1) Surface activation
0, plasma

=

12 mM K,HPD,, 1 pl/min 2) CaP nucleation
(37°C; 1h30)

20 mM Cally, 1 pl/min

3) CaP growth

1.5 5BF ; 1 pl/min (37°C; 13h)

1.5 SBF ; 1 pl/min

Fig. 1 Experimental procedure used for the 2-step flow seed-
mediated growth deposition of HAp on the inner surfaces of the
microchannel composed of magnetic PDMS on the bottom side and a
glass coverslip on the top side (100 x 100 um x 2.5 cm). The blue
arrows indicate the fluid flow direction.

solutions;** three infusion times (15 min, 30 min and 1 h 30
min) were tested and 1 h 30 was selected as the best
condition. In the second step, a solution with ionic
concentration 1.5 times greater than the classical simulated
body fluid solution (1.5 SBF)** was infused at 37 °C for 18 h
at Q; = 1.0 uL min~" (i.e. Qi = 2.0 pL min ') to promote the
growth of the biomimetic apatite coating.’****> The 1.5 SBF
solution (chemical composition given in ref. 32) was prepared
with Tris-HCl buffer (10.0 mM, pH 7.4). Finally, the
assembled microchannel was then washed by injecting
ultrapure water for 10 min at Qg = 2.0 uL min™*.

Formation of CaOx crystals

The calcium chloride (12.0 mM) and sodium oxalate (0.4
mM) solutions prepared with ultrapure water or the sodium
oxalate solution alone were introduced with the same flow
rate (ie. Q; = 0.1 uL min") into the microchannel coated, or
not, with HA.

Characterization

The phases and the morphologies of CaP and CaOx crystals
identified by optical microscopy (Leica, 5x
magnification), Raman microscopy (LabRAM HR Evolution,
Horiba), SEM-EDX (Hitachi S-3400) and SEM-FEG (Hitachi
SU-70). The thickness of the CaP coating on the glass
coverslip was measured by SEM-FEG (45° tilt) after scratching
it with a scalpel tip. Prior to the characterization by SEM-
FEG, the microchannel was washed with ultrapure water with
a flow rate of 2.0 uL min™ for 10 min and unsealed and the
sample was left to dry. This was followed by 2 nm platinum
coating using a Polaron E5100 sputter-coater (Polaron
Equipment, Watford, Hertfordshire, UK).

The crystals obtained from droplets (total volume of about
24 uL) collected at the end of the microchannel were
observed by SEM-FEG (Hitachi SU-70) after drying at room
temperature on a clean glass lamella. The concentration of
calcium in the droplets at the exit of the microchannel was

were



measured by atomic absorption spectroscopy using a Perkin
Elmer AAnalyst 100.

Results and discussion
Formation of the hydroxyapatite coating

To mimic the inorganic component of RP, the CaP coating
was first deposited on the internal surface of the
microchannel (Fig. 1) and then washed under water flow. An
SBF-based solution was used to ensure that the final CaP
composition was close to that of a biomimetic apatite. The
coating on the glass coverslip was characterized by optical
microscopy (Fig. 2a), SEM-FEG (Fig. 2b and c), SEM-EDX
(Fig. 2d) and Raman spectroscopy (Fig. 2e). The contrast
observed all along the microchannel by optical microscopy
(Fig. 2a) suggests the presence of a coating whose well-
defined microstructure is revealed by SEM imaging (Fig. 2b).
Its thickness is around 600 + 100 nm (Fig. 2c). EDX element
mapping confirmed the presence of CaP (Fig. 2d) with a
homogeneous distribution of Ca and P ions at the surface
and the removal of NaCl crystals, largely present before the
washing step. The resulting microstructure of the coating
presents an alveolar morphology (Fig. 2b). Although studies
on in situ synthesis of CaP under flow in microchannels have
already been reported, SEM images of the coatings were not
shown due to the irreversibility of the channel.** The coating
morphology is very similar to what has already been obtained
by Kuliasha et al.?” in a millifluidic channel. In this work,
they already noticed that the overall morphology was
different from the usual CaP spherules seen at the surface of
RP.>*1%18 Interestingly, Daudon et al® stated that the
carbonated hydroxyapatite based stones are made of needles

Raman shift {em?)

Fig. 2 CaP coating in the microchannel. a) Optical micrograph; b and
c) SEM-FEG micrographs of the coated glass coverslip; d) SEM-EDX
image of the coating with element mapping; e) Raman spectrum of the
CHA coating.

aggregated as spherulites, but that in contrast, the interface
between RP and the CaOx crystals does not show crystals, but
rather a smooth interface, suggesting the presence of an
amorphous material (either amorphous CaP and/or proteins).
The morphology shown in Fig. 2c could therefore be
considered close to that observed for CaP in RP.

EDX analysis and Raman characterization were performed
on both microchannel surfaces (magnetic PDMS and glass
coverslip). First, the average Ca/P atomic ratio measured
along the microchannel was equal to 1.4 + 0.1 on both
surfaces. This value agrees with those reported in the
literature for hydroxyapatite (HA) synthesized from SBF
solution on bioactive surfaces, which is Ca-deficient HA (i.e.
<1.67).>*%%%” Raman analyses definitively confirmed the
formation of HA with the bands at 437, 595 and 962 cm*
assigned to v,(PO,), v4(PO,) and v,(PO,) vibration modes,
respectively (Fig. 2e).>**° The position of the v,(PO,) band at
962 cm ' is characteristic of crystalline HA; however, the
slight dissymmetry of the band reveals the presence of a
component at ~950 cm ' assigned to the presence of
amorphous calcium phosphate.*®

The broad band between 1000 and 1100 cm™* combines
the v,(CO;) vibration mode at 1070 cm™' with the v;(PO,)
vibration modes at 1048 cm™" (medium intensity) and at
1075 cm™" (weak intensity).>* The amount of carbonate ions
is difficult to estimate. A method was proposed in the
literature based on the intensity ratio of v;(CO;) and v4(PO,)
modes,*! which leads to 5 wt%. Also the relative intensities
between the v;(CO;) and v3(PO,) bands, with the maximum
intensity for v;(CO;3), are consistent with what Kerssens
et al.**> have reported for a 6 wt% carbonate content. We can
thus estimate the carbonate content to be around 5 wt%.

These results obtained on the CaP coating are consistent
with the formation of a majority phase of carbonate-
substituted HA (CHA) and a minority phase of amorphous
calcium phosphate (ACP). These phases are similar to what is
reported for the mineral part of RP,'>** which therefore
validates our model.

The effect of the substrate on the crystallization of CaOx
under flow

Several scenarios were selected to study the influence of CHA
coating in the microchannel on CaOx crystallization (Fig. 3).
The first scenario, SA, consisted of infusing for 2 h in the
uncoated CHA microchannel aqueous calcium and oxalate
solutions at concentrations corresponding to pathological
hypercalciuria  ([Ca**] = 12.0 mM) and moderate
hyperoxaluria ([Ox*"] = 0.4 mM).** This scenario was already
studied in our previous report and served as a reference
experiment.>* The second scenario, SB, was similar to SA but
the microchannel was coated with CHA. The total flow rate
for the infused solutions for the two scenarios was equal to
0.20 uL min™', ie corresponding to 10 times the
physiological flow inside one collecting duct of nephrons.*
This flow rate was found to be a good compromise to observe



Fig. 3 Crystallization of CaOx in the microchannel after infusion of
calcium and oxalate solutions. a-c) Scenario A (SA): uncoated channel
- a) SEM-FEG image of the glass coverslip at 300 um from the
microchannel junction with an optical micrograph of the microchannel
in the insert. b and c) SEM images of crystals collected at the end of
the channel. d-f) Scenario B (SB): CHA coated channel - d) SEM-FEG
image of the glass coverslip at 300 um from the microchannel junction
with an optical micrograph of the microchannel in the insert and
enlarged images of crystals formed in the channel. g) Scenario C (SC):
SEM-FEG image of the CHA coated coverslip at 300 um from the
microchannel junction. The white arrow in all figures indicates the
direction of the flow. h) Magnification of the zone delimited by a white
circle in image g). The red arrows indicate similar protuberance
structures on the surface of CHA and CaOx crystals. The same images
are provided at higher format in the ESI.}

the formation of CaOx crystals in a reasonable experiment
time. After infusion of the precursor solutions into the
microfluidic platform, the two parts (magnetic PDMS and
glass coverslip) were separated and the precipitated CaOx
crystals characterized by SEM-FEG and Raman
microscopy analysis. We found that they are mainly located

were

at 300 pm from the microchannel junction (ie. at the
entrance to the 2.5 cm long microchannel), and consequently
all optical and electron imaging was made at this position. In
addition, the characterization was carried out on the glass
slide which represents the upper part of the channel during
the experiment allowing us to avoid any misinterpretations
generated by deposition of CaOx crystals by gravity. The
droplets at the end of the microfluidic channel that can
mimic the urine of patients were characterized after drying
by SEM in order to identify the nature of CaOx crystals
formed in solution.

The in situ formation of CaOx crystals by co-mixing of
calcium and oxalate aqueous solutions in the uncoated

channel (scenario SA) resulted in the formation of two
families of CaOx crystals (Fig. 3a). More specifically, we
observed a majority (96%) of “boat-like” and “twinned” COM
crystals with sizes equal to 6.7 + 3.6 pum (measured on the
(100) face) and 7.2 + 3.6 um (measured on the (010) face),
and a minority (4%) of bipyramidal COD crystals with a size
(measured along the c¢ axis) equal to 4.1 + 2.0 um (see ESI;f
Fig. ES1). These results are in good agreement with
previously reported ones.>* In the droplets collected at the
end of the microchannel, SEM imaging showed the presence
of COD crystals with two morphologies, “truncated
octahedral” crystals with a size (measured on the (111) face)
equal to 2.8 + 1.7 um (Fig. 3b) and bipyramidal crystals with
a size (measured along the ¢ axis) equal to 3.0 + 1.9 pum
(Fig. 3c). Although very few, the presence of only COD crystals
in the droplets at the end of the channel is in complete
agreement with the in vivo observations of Daudon et al**
made from the wurine of patients with idiopathic
hypercalciuria. The bipyramidal morphology is the classical
one, indeed predicted for hydrated COD crystals by means of
ab initio total crystal surface energy minimization.*®
Nevertheless, to the best of our knowledge, crystals with a
truncated octahedral morphology were neither reported in
batch crystallization, nor found in urine of patients.**
However interestingly, some truncated morphologies have
been theoretically predicted.”” In addition, one important
result from SA is that CaOx crystals formed in the
microchannel (a large majority of COM) differ from those
collected at the end of the channel (only COD). This may be
explained by the difference in adhesiveness of COD and COM
crystal faces, with COD crystals being less adhesive.*® All
these results may support again our previous hypothesis on
two possible mechanisms for CaOx formation in the absence
of CHA coating: (i) homogeneous nucleation in the flow of
COD crystals and (ii) heterogeneous nucleation on the
microchannel surfaces of COM crystals.>*

The same analysis was conducted for SB to check the
effect of CHA coating on CaOx crystallization under
experimental conditions similar to SA. Surprisingly, the
number of crystals was much lower than in SA (Fig. 3d) and
no crystals were observed elsewhere in the channel (see ESL
Fig. S2). The SEM images (Fig. 3d) showed the presence of
only two types of single crystals, twinned COM and
bipyramidal COD crystals. Moreover, unlike SA, no boat-like
COM crystals were observed and the size of the bipyramidal
COD crystal (measured along the ¢ axis) was larger (11.4 + 0.1
pum) while for the twinned COM crystal, the size was similar
(7.8 £ 0.5 um). At higher magnification (Fig. 3e and f), the
crystalline particles deposited on the surface of CHA showed
protuberances, apparently caused by engulfment of small,
freshly nucleated CaOx crystals. Moreover the COM crystal
appeared to lie on the surface (Fig. 3e), in contrast to the
COD crystal (Fig. 3f) which was more embedded in the CHA
layer. Analysis by SEM of the droplets collected at the exit of
the microchannel in the case of SB showed the presence of a
large aggregate with almost 15 pm diameter formed by



smaller particles (see ESL} Fig. S3). The agglomerated
precipitate is composed mainly of calcium and oxalate ions,
as shown from EDX analysis. The concentration of calcium in
the droplets collected at the exit for SA and SB was analyzed
using calcium AAS spectroscopy. A similar average
concentration value of calcium ions of about 8.1 mM was
obtained in both cases. In addition, the SEM images of the
coating after 2 h of flushing calcium oxalate solution showed
little changes, supposing little dissolution of the CHA phase
(see ESL} Fig. S4). These results taken together demonstrate
that calcium ions were consumed in majority by precipitation
in the droplet outside the channel which can explain the
small number of crystals observed inside the channel for SB.
In mimetic batch solutions and urine samples, including
under continuous flow, growth of CaOx crystals from
supersaturated solutions containing HA seeds is proposed to
occur by heterogeneous nucleation via macromolecules that
promote the growth of CaOx.>”*” However, in the case of SA
despite a microfluidic configuration similar to that of SB, in
the absence of macromolecules on the glass slide and after a
relatively short contact time of 2 h, a high number of crystals
was observed indicating that the surface of the substrate
plays a role also in promoting the formation of CaOx crystals.
These observations indicate that the formation of crystals on
CHA is a complex time dependent phenomenon, which
involves different stages: first, the diffusion of calcium and
oxalate ions to the CHA/liquid interface, the dissolution of
CHA at the CHA/liquid interface and finally the formation of
CaOx on CHA. At the time scale of 2 h, the first two stages
are probably limited due to the slow diffusion of ions to the
solid/liquid interface and the low solubility of CHA. At the
molecular level and for short residence times, we may
assume the following hypothesis: the hydrogen bonds
between the surface -OH of CHA and water are prominent
rather than the —-OH-oxalate bonds leading to very limited
diffusion of oxalate molecules and solubility of CHA. For
longer residence times, the oxalate molecules can reach the
surface of CHA, facilitating the formation of CaOx by
heterogeneous nucleation and/or through dissolution of Ca>*
from the apatite surface and its recrystallization to CaOx.
Indeed when an aqueous oxalate solution ([OX*"] = 0.4 mM)
was injected at Q; = 0.2 uL min™' into the CHA-coated
microchannel (scenario SC), strong dissolution of the HA
coating (Fig. 3g and ESI;t S4) occurred after 24 h, confirming
this hypothesis. In this case, only large (16-18 um) boat-like
and twinned COM crystals could be identified. These results
indicate that the crystallization of CaOx crystals from the
partially dissolved CHA coating can induce the exclusive
formation of COM crystals with a specific morphology. A
higher magnification on the surface of CHA in SC showed
the presence of protuberances with an approximative edge of
0.6-1 um (some indicated by an arrow in Fig. 3h) which
sometimes fused together into larger multidimensional
aggregates such as in the basal section of the COM crystals.
This suggests that these small crystals are probably the first
building blocks and can serve as starting points for the

formation of the COM mesocrystals. In addition, higher
magnification images (Fig. 3h and S5, ESIT) showed that they
present the typical rhombohedral morphology of CaCOj;
calcite crystals.”*>® The calcite crystals may have formed
from CHA by dissolution crystallization. Indeed, it was shown
that the presence of carbonates in solution increases the
hydroxyapatite solubility.**" To the best of our knowledge,
the COM morphology obtained in SC has only been reported
to date under batch crystallization in the presence of
inhibitors of CaOx crystallization.’>>® The presence of only
COM crystals on the partially dissolved CHA coating is in
accordance with the observations made by SEM on RP.>*'®'8
Tiselius et al.”>* proposed a sequence of events based on
experimental and theoretical considerations for CaOx KS
precipitation. Among the important steps that might lead to
their formation, one concerns the dissolution of RP just
before the appearance of the first CaOx nuclei. It was
proposed that RP dissolution causes release of Ca** ions into
the urine which increases the supersaturation of the medium
and provides favourable conditions for the formation of CaOx
nuclei on RP. Our experiments show that under
supersaturated flow conditions, calcium ions are not the only
limiting factor, but also oxalate ions. Indeed in addition to
their possible role in the formation of CaOx on CHA, oxalate
ions can induce the dissolution of the CHA coating which in
a carbonated medium can generate calcite as a promoter of
CaOx. At the exit of the microchannel (Fig. S6, ESIT) and after
24 h, large aggregates possibly generated from the
dissolution of apatite and decorated with COM crystals are
observed. In addition, small dots with a size of about 1 nm
appear on the large aggregates, sometimes also attached to
the COM crystals. A large population of these dot
nanoparticles are observed to be also deposited on the glass
coverslip, which also sometimes attach and merge with COM
crystals inducing their growth. Such nanodots have also been
observed by other groups during the growth of CaOx crystals
including COM and they were attributed to amorphous CaOx
crystals.>”°

Conclusions

We have developed a reversible microfluidic system and
an easy flow assisted protocol for coating the channel
with carbonated apatite (CHA) similar to the inorganic
part of Randall's plaque. This system allowed us to
investigate in a multi-scale approach the effect of
carbonated apatite on the formation and crystal habits of
CaOx crystals. Our results evidence the complexity of the
crystal formation process with time and its dependency
on the substrate nature and the solubility of CHA, as well
as the important role of oxalate ions in inducing the
formation of CaOx crystals on CHA. We also show that
CaOx crystal growth can be promoted by
carbonate formed by dissolution of the apatite phase.
Giving the versatility of the microsystem and the
methodology, we intend in future work to increase the

calcium



complexity of the system in order to investigate the role
of different organic compounds (lipids, etc.)’’ present in
the apatite layer to better mimic the composition of
Randall's plaque.
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Confining calcium oxalate crystal’s growth in carbonated apatite-coated
microfluidic channel to better understand the role of Randall’s plaque in
kidney stone formation
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Table 1: Chemical composition in Na*, K*, Mg?*, Ca?*, Cl-, HCO5", HPO,* and SO, ions of 1.5 SBF solution
buffered at pH 7.4 with 10 mM Tris-HCI.
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Fig. S1: a,b) SEM-FEG images of COM crystals and d) COD crystals with their respective Raman spectra
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Fig. S2: SEM images of CHA coating at different positions in the channel after perfusion of oxalate
and calcium solutions for 2h (SB)
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Fig. S3: SEM image showing the precipitate formed at the outlet of the microchannel after perfusion
of oxalate and calcium solutions for 2h (SB)
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Fig. S4: SEM-FEG images of the initial CHA substrate and at the end of the experiment for SB and SC
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Fig. S5: a-c) Crystallization of CaOx in the microchannel after infusion of calcium and oxalate
solutions on CHA for 2h (SB)
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Fig. S6: a,b) Crystallization of CaOx at the outlet of the microchannel after infusion of oxalate
solutions on CHA for 24h (SC)



