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Supplementary Information

Crystal growth of calcium oxalate mono- and dihydrate under laminar flow
in microfluidic devices

1.The overview of mold and chip

The transparent Polydimethylsiloxane (PDMS) mixture is put onto the silicon wafer (see
Figure 1.a) produced microfluidic device (see Figure 1.b) by lithography technique in the

clean room.

Figure S1. a) Silicon wafer to use in the production of PDMS chip. b) A closed microfluidic chip
placed on PDMS coated glass slide after spin coating.

2. COMSOL Model

Velocity profiles in the channel were used in COMSOL to model concentration profiles and
crystal growth. The reaction term was not included in the COMSOL model due to the
reaction's limited growth kinetics. We have calculated Damkoéhler number (Da) as 8.11-107.
If Da is smaller than 1, the reaction between species is very slow compared to the diffusive

mass transport of the species towards the surface.!



Because the Reynold number Re <2000 (Re=6.7 at the maximum velocity of 0.075 m/s) and
because the species were sparsely dissolved, a laminar flow and transport of two diluted
species was chosen for the 3D analysis. Polygons and arcs were chosen in COMSOL as
sketch functions to draw the geometry of the channel. While the height and width of the
channel had the same size, the length of inlets is decreased from 1500 um to 1400 um, and
the length of the main channel was reduced from 6000 to 1500 um. In this way, the created
mesh had fewer elements and it took less time to compute without dramatically affecting the
results (Figure 2). Automatically generated COMSOL microchannel mesh includes 317,354
domain, 38,130 boundary and 1,649 edge elements (in Figure 2.b).

Once the mesh was fixed, laminar flow conditions were applied. Fully developed flows with
the chosen average velocity were used for the two inlets and the outlet was set as a constant
pressure boundary at 101,325 Pa.

Next, the transport equations for diluted species were solved with diffusion coefficients
0.793-10"'m?/s for calcium and 0.987-10-'° m?/s for oxalate.> 3 Only Ox* was introduced in

the upper inlet and only Ca”* was introduced in the lower inlet at the channel.
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Figure S2.a) The view of the channel of microfluidic device. b) Automatically generated COMSOL
microchannel mesh includes 317,354 domain, 38,130 boundary and 1,649 edge elements.

3. COMSOL Velocity Profiles in the Microchannel



The COMSOL model calculated velocity profiles are shown in several slices throughout the
main channel for U = 0.075 m/s in Figure 3.a. The v-profile at x = 800 um is shown in Figure
3.b as a single slice (sample AU3 in Figure 4 in the manuscript). Due to the height value (45
um) being 6.6 times less than the width 295 pm, the majority of the xy-plane is equivalent to
a situation with two “infinite” parallel plates, resulting in a parabolic Poiseuille-flow in the
xz-plane (Figure 3.c). The v-profile is plug-flow-like in the xy-plane, which is due to very
small height compared to width*. The no-slip condition causes the velocity to decrease
towards the walls. As a result, except at its edges, the v in the xy-plane is uniform (Figure
3.d). When varying oxalate inlet concentrations and/or average velocities, similar v-profiles
are seen, where the maximum velocity in the channel (U,,,) corresponds to U as U, = 3/2
U. Besides this, velocity conditions at the bottom and the top of the channel are equal because

of the negligible gravity in the Navier-Stokes equations.

a) Slice: Velocity magnitude (m/s) 011

1.5
0.5 ' s
x10° Um 0
o [m/s]
b)
— 45 0.14
g, lo.iz
T | 225 Hos
o0
U 0.08
* 0
B 0.05
-150 0 145 Q...
Width {um} 0.02
]
c) d)
- y
Z | '\.:._
L .................. p .............................................. LX
X P
—"

Figure S3.a) 3D v-profiles through the main channel of the microfluidic device at different fixed
length positions for sample AU3 in Figure 4 in the manuscript. (b) One example of 3D plot of the 1~
profile as a single slice at x = 800 um(AU3 in Figure 4). (c) Sketch of the parabolic v-profile in the
xz-plane. (d) Sketch of the plug flow behavior of the v-profile in the xy-plane (AU3 in Figure 4).



The effect of varying U is studied by simulating the three velocities in ultrapure water
conditions, such that c.,, = 12 mol/m3and ¢,y , = 1.6 mol/m?, after which these results are
analyzed to deduct o-profiles and areas. In the Ox*-rich side at the channel bottom, COM and
COD boundaries, as well as the maxima, are barely affected by U, since their graphs greatly
overlap (Figure S4). The same trend occurs in the Ca?*- rich side.
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Figure S4: o-boundary and maxima for the channel width vs length at three different
velocities u = 0.015/0.035/ 0.075 m/s (a) o-regions at the channel bottom (z = Oum) for
COM and COD in the Ox*-rich part of the channel. The upper three graphs are the upper
COM boundaries, the middle three graphs the upper COD boundaries, and the lower three
graphs are at maximum o.(b) o~regions at the channel bottom (z = Oum) for COM and COD
in the Ca?*-rich part of the channel. The upper three graphs are the lower COD boundaries
and the lower three graphs are the lower COM boundaries.

4. Finding supersaturation (o) values using Jess

The initial concentration of compounds and temperature value were added to find the
supersaturation values using Jess for different experiment conditions. The overview of the
program is below. Jess Urine Expert program is applied to calculate supersaturation of
artificial urine to estimate o-profiles in the channel. Due to OPN and creatinine are not in

Jess, we are not considering OPN to find o-profiles.
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F igﬂre S5. Overview of Jess program. Red rectangular shows the workspace to add initial
compositions. In the blue and green colors where are the outputs composition from program

workspace.

5. The calculation method of Crystal Growth Rate

The image analysis tool Cellprofiler was used to analyze crystal images from experiments.
From the images of channels to single crystal, the “Imagemath » Invert » Crop” module is
used. Following the “IdentifyPrimaryObjects” module is to identify the crystal with a built-in

thresholding system and “MeasurelmageAreaOccupied”.

6. Evaluation supersaturated area with applying COMSOL and JESS

The estimated concentration values of calcium and oxalate from COMSOL were used in
JESS to find supersaturation values of COM and COD in the channel. With this way from
lowest to highest supersaturation values area (Figure 5) were found and it was seen that

crystals emerged between this area (Figure 3 in manuscript).
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Figure S6. 2D display of ¢ boundaries of COM (red dots) and COD (blue dots) at the channel bottom
(z = 0 um) in artificial urine with [Ca]=12 mmol/m? and [Ox]=1.6 mmol/m? at U=0.035 m/s as
sample AU2 (see Figure 3&4 in the manuscript). Highest o is seen with purple color, it is log (c)=
1.67 for COM and log (c)= 1.25 for COD.

7. Identification of crystals via Raman spectroscopy

After completing the experiments, the crystals in the microchannels were identified using
Raman Spectroscopy (Horiba Scientific Raman Spectroscope, Japan) without removing
crystals from the channels. The peaks in the Raman spectrum were determined with a script
which is written in Matlab in Chemical Engineering.’ The observed peak shifts from channels
were compared with literature values in Table 1. The Raman measurement for different
samples is shown in Figure 8 in which Raman shifts associated with COM are indicated in
red, COD in green, PDMS in purple, and urea in black colour circles. Calcium oxalate
monohydrate (CaC,04-H,0, Sigma-Aldrich, CAS563-72-4, St. Louis, MO, USA) was mixed
with artificial urine and sent to the chip (Figure 8.a). The suspensions were left undisturbed
for overnight to allow the crystals to sediment. The crystals were then placed on a glass slide
for analysis. The Raman spectrum has COM peaks at 896, 1463, and 1490 cm'! in Figure 8.a.
Another peak value at 1004 cm™! is seen which represents urea present in artificial urine.®
Only PDMS is used to find the spectrum in Figure 8.b. It shows Raman shifts similar to
literature values for PDMS, with peaks at 490, 616, 709, 1262, and 1411 cm!. The slight
difference in peaks compared to literatures values could be due to the ratio of the mixture of
PDMS and the curing agent which is used to fabricate PDMS chip in Table 1.7 The spectrum
from the tetragonal crystal image in sample AU1 (in Figure 4 in the manuscript) gave peaks
at 910 and 1477 cm™! for COD (green) and the peaks from PDMS (purple) see Figure 8.c. A
second tetragonal crystal image from sample AU7 (Figure 6 in the manuscript) showed peaks

at 1474-1478, representing COD (green) among PDMS peaks (purple) see Figure 8.d.
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Figure S7. The results of Raman spectroscopy to identify COM and COD crystals in the microfluidic

device. Peaks encircled in black, red, green and purple are associated with urea, COM, COD and

PDMS, respectively. (a) COM powder mixed with artificial urine and placed on glass slide, (b) PDMS

material is used to identify background peaks from crystals. (¢c) Raman peaks from COD crystal from

sample AUI(Figure 4 in the manuscript) at the right top corner. (d) Raman peaks from second COD

crystal from sample AU7 (Figure 6 in the manuscript at the right top corner).

Table 1. Raman shift peak values for COM, COD, and PDMS.

COM shifts [em-1]3° 101

COD shifts [cm1]8° 1011

PDMS shifts [em-1]12 13

503, 504, 506 507, 508 488, 492,
896, 897 910,912 618.5

1463 1474, 1477, 1478 688

1487, 1488, 1489, 1490, 1492 | 1632 707,710, 712

1630, 1631

1265, 1414
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Figure S8: Zoomed-in images of COM and COD crystals at t = 7.3 min in conditions AU4,

circled blue and red, respectively.
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