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ARTICLE INFO ABSTRACT

Communicated by S. Veesler Pathological crystallization of calcium oxalate (CaOx), the most common constituent of kidney stones, has
attracted much attention due to recent surge in reported natural and synthetic additives effectively inhibiting its
nucleation and growth. The aim of this study is to investigate the effect of L-alanyl-glycine (Ala-Gly), a dipeptide
commonly found in human urine, on CaOx crystallization and its phase transformation in the presence of an
artificial urine media. The nucleated CaOx crystals are characterized by XRD, FTIR, SEM, and dynamic light
scattering in terms of changes in their crystalline form, morphology, and size. XRD and FTIR results revealed that
Ala-Gly inhibited the formation of the thermodynamically most stable phase of CaOx, calcium oxalate mono-
hydrate (COM) crystals. SEM images revealed that hexagonal plate-shaped COM crystals are transformed into the
smaller tetragonal bipyramidal calcium oxalate dihydrate (COD) crystals with increasing additive concentra-
tions. At 125 ppm Ala-Gly concentration more pronounced aggregation of CaOx crystals is observed accom-
panied with higher negative zeta potential value of —27.1 + 2.9 mV. Moreover, the phase transformation from
COM to COD is also confirmed through thermogravimetric analysis. Consequently, these results suggest that
Ala-Gly has a profound effect on preventing the formation of COM crystals and helping to stabilize the COD
crystals, a CaOx phase that is reported to have a lower tendency to stick to kidney cells thus decreasing the risk of
stone formation. The reported suppression of COM in the presence of Ala-Gly might be significant to clinicians in
their attempt to develop a long-term effective treatment for kidney stones.
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calcium oxalate monohydrate (COM, CaCy04-H20O, whewellite), a
monoclinic crystal, (2) calcium oxalate dihydrate (COD, CaC04-2H20,

1. Introduction

Deposits of minerals and organic compounds in the human urinary
tract (kidney, ureter, and bladder), also known as kidney stones or uri-
nary/renal calculi, occurs in ~12% of the world population and affects
people under all socioeconomic conditions [1-3]. According to litera-
ture, conditions, such as high salt concentrations in the urine, pH, in-
fections, and a decrease in the body’s natural crystal inhibitors, may
result in the formation of these stones. Kidney stone formation is a
complex process of four sequential processes—nucleation, growth and
aggregation, attachment, and retention [4-6].

Approximately 90% of kidney stones commonly comprise calcium
oxalate (CaOx), calcium phosphate, and uric acid. Because CaOx is the
most common constituent at 70-80%, CaOx crystallization and inhibi-
tion mechanisms have received the most attention in the literature
[7-10]. CaOx crystallizes into the following three different forms: (1)
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E-mail address: sevgi.polat@marmara.edu.tr (S. Polat).
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weddellite), a tetragonal crystal, and (3) calcium oxalate trihydrate
(COT, CaCy04-:3H30, caoxite), a triclinic crystal [11-14]. Kidney stones
can comprise all three forms. Among these, COM is the most thermo-
dynamically stable and the primary crystal within pathogenic stones.
Because of its stability, COM is more difficult to remove in the urine than
the more unstable COD and COT and it sticks more to the walls of the
kidneys [15-17].

Surgical, drug, and ultrasonic treatments are the main methods by
which kidney stones are treated; however, the results of these treatments
are short termed and recurrence of stones at higher frequency after
treatment has been reported. Several drugs have had positive effects on
eliminating kidney stones; however, their therapeutic mechanisms
remain unclear [18-20]. In addition to these drugs, natural and syn-
thetic modifiers have been proposed in the literature. These additives
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interfere with the nucleation and/or growth of CaOx or induce COT or
COD formation instead of COM. Crystal growth modifiers are small
amounts of additives that can be used to either promote or inhibit
crystallization/transformation processes. Several types of additives,
such as amino acids [21-28], proteins [29,30], carboxylic acids [31-33]
and polymers [34-36] have been shown to affect CaOx crystallization.
In addition, studies have shown that peptides containing aspartic acid-
glutamic acid, glutamic acid-glutamic acid, alanine-aspartic acid
amino acids have a profound effect on the CaOx crystals and could
promote the formation of COD and COT crystals and stabilize these
metastable phases over very long periods of time [37-42]. Therefore, the
investigation of peptide effects on the CaOx crystallization process,
especially inhibition of COM crystals, is highly significant. Some reports
have shown the roles that alanine and glycine as individual additives
have on CaOx crystallization [22,27]. However, the combined effect of
these additives has not been reported. The present study aimed to
elucidate the combined effects of adding CH3CH(NH3)CONHCH,COOH
(L-alanyl-glycine or Ala-Gly), a dipeptide, on CaOx crystallization in an
artificial urine medium. The structural, morphological, and thermal
characterization of the obtained crystals are detailed in this report.

2. Materials and methods
2.1. Materials

Calcium chloride dihydrate (CaCly-2H;0) and sodium oxalate
(NayC204) used as reactants were analytically pure and obtained from
Merck (Darmstadt, Germany). Ala-Gly used as the additive was pur-
chased from Sigma-Aldrich (Gillingham, UK) and used without further
purification. Distilled water was used in all experiments.

2.2. Experimental methods

The CaOx crystals were synthesized as a result of the reaction be-
tween CaCly and NajyCy04 solutions in a double-jacketed crystallizer
with an active volume of 500 mL. The experiments were conducted at
37 °C and 400 rpm. The temperature was controlled by a thermostat

Journal of Crystal Growth 566-567 (2021) 126176

three-bladed propeller installed in the center of crystallizer was used. To
monitor the pH and keep it constant, a pH meter was connected to an
automated pH control unit and the pH of the solution was adjusted to 6.5
using 0.05 M HCI (aq) and NaOH (aq). The experimental setup is shown
in Fig. 1.

At the beginning of the experiment, 0.5 M stock solutions of CaCly
and NayCy04 were prepared by dissolving an appropriate quantity of
each reagent in artificial urine. The artificial urine was prepared as
described in Miyake et al. [43] and Dong and Wu [44] and its compo-
sition was as follows: 0.01695 M NaySO4, 0.00385 M MgSO4-7H-0,
0.0455 M NH4CI, 0.0637 M KCl, 0.1055 M NaCl, 0.0323 M NaH,POy,
and 0.00321 M NagCgHs0y7. The solution was filtered through a 0.22-um
membrane filter before use.

To synthesize the CaOx crystals, 0.5 M CaCl; solution was placed into
the crystallizer and left to reach thermal equilibrium for 30 min, after
which 0.5 M NayCy04 solution was continuously fed into the crystallizer
at a rate of 4 mL/min using a peristaltic pump. The total volume of each
experimental solution was 200 mL. After continuously stirring for 1 h,
the final suspension was filtrated using a 0.45-um Millipore membrane
filter, rinsed thoroughly three times with distilled water and ethanol,
and dried at room temperature. The dried samples were used in the
analyses. All experimentation was performed in triplicate.

To investigate the effects Ala-Gly and its concentration on the
crystallization processes, specific amounts of the modifier were added to
the CaCl; solution before adding the NapsCy04 solution. The concentra-
tion of Ala-Gly ranged from O to 125 ppm.

2.3. Characterization

LabX X-ray diffraction (XRD-6100; Shimadzu) using a CuKa radia-
tion source was used to analyze the structure and crystalline forms of the
obtained crystalline particles. Analyses were performed at 40 mV and
30 mA over a 26 range of from 10 to 70° at a rate of 2°/min. Quantitative
phase analysis of the samples was accomplished using the Rietveld
refinement method [45] employing the Materials Analysis Using
Diffraction (MAUD) software (developed by Wenk, Matthies & Lutterotti
and Ferrari & Lutterotti). The functional groups of the crystals were
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Fig. 1. Experimental setup.
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spectroscope (FTIR; Shimadzu) equipped with ATR accessories. Mea-
surements were conducted at room temperature between 600 and 4000
em ™! in transmission mode with a resolution of 4 cm™!. The surface
morphology of the obtained crystalline particles was observed using the
EVO LS 10 scanning electron microscope (SEM; Zeiss). The particle size
of the samples was calculated by the image analysis software based on a
predefined scale. The calculation was conducted using over 100 number
of crystals and different SEM images of a sample to improve the accuracy
of the results. The volume-based particle size distribution was measured
using the Mastersizer 2000 laser particle size analyzer (Malvern Pan-
alytical, Malvern, UK). The zeta potential ({ potential) of the samples
was measured using the Zeta Sizer Nano Series Nano-ZS (Malvern). Each
measurement was repeated at least 10 times, and the average value was
calculated. All experiments were performed at 25 °C and pH 6.5. The
thermal behavior of the samples was determined using the SDT Q600
thermogravimetric analyzer (TA Instruments) from 25 to 1000 °C at a
heating rate of 20 °C/min. High purity nitrogen (99.999%) with a flow
rate of 30 mL/min was used as carrier gas to maintain the inert atmo-
sphere. The simultaneous evolution of the gases during thermal
decomposition was detected using the Tensor27 FTIR (Bruker) coupled
with thermogravimetric analysis (TGA) with a heating rate of 20 °C/
min. The transfer line from TGA to FTIR was kept at 200 °C to avoid gas
condensation.

3. Results and discussion
3.1. XRD and FTIR

Resulting crystals were analyzed to determine the crystalline struc-
ture and hydrates of the CaOx crystals obtained with and without the
additive. The XRD patterns for the samples obtained with different
concentration of Ala-Gly within the range of 10-70° are presented in
Fig. 2a.

As shown in Fig. 2a, the XRD pattern for the crystals obtained in the
artificial urine media without any additive showed COM (Joint Com-
mittee on Powder Diffraction Standards [JCPDS]: 00-020-0231) as the
only crystalline product. Neither any of the other hydrate phases nor
impurities were detected, which indicated that the product was highly
pure within the accuracy of XRD. All main diffraction peaks observed at
14.94, 24.52, 30.22, 36.14, and 38.18° corresponded to the (101),
(020), (202), (112), and (1 30) lattice planes of the monoclinic COM
crystal structure, respectively. The refined unit cell parameters of the
crystals obtained in pure media were calculated to be a = 6.2917 A, b =
14.5823 A, ¢ = 10.1171 A, g = 109.43°, and cell volume (V) = 875.35 A
(Table 1). These results agreed with those reported from earlier studies
[46,47]. Similar to that in pure media, the crystals obtained in the
presence of 25 ppm Ala-Gly were pure COM. There was no change in
crystal structure, which indicated that the presence of 25 ppm additive
had no effect on the crystal form. At Ala—Gly concentration of 50 ppm, a
new crystalline phase was detected in addition to the COM phase. The
new peaks appeared at 14.34° (200), 20.08° (211), 28.88° (400),
32.22° (411), and 40.20° (213) and coincided with JCPDS: 00-017-
0541, which were characteristic of the COD crystalline structure. That is,
the characteristic diffraction peaks of both COM and COD appeared
together, which indicated partial phase transformation from COM to
COD. The COM diffraction peaks weakened as the corresponding main
COD diffraction peaks grew stronger. Using Rietveld refinement quan-
titative analysis, the mass fractions of COM and COD forms for the
samples obtained at 50 ppm Ala-Gly were 35.4 and 64.6%, respectively.
As Ala-Gly concentration increased, the diffraction peak intensity of
COD increased, while the corresponding diffraction peak intensity of
COM decreased. Such results suggest that as the concentration of the
additive increased, the COD amount increased. When the Ala-Gly con-
centration was at 75 ppm, nearly all of the COM peaks completely dis-
appeared and all peaks detected were related to the COD form.
According to Rietveld refinement results, the mass fractions of COM and
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Fig. 2. a) XRD results and b) Fourier-transform infrared spectroscopy results
for the calcium oxalate (CaOx) crystals obtained at different concentrations of
L-alanyl-glycine (Ala-Gly). Black: O ppm, red: 25 ppm, blue: 50 ppm, magenta:
75 ppm, olive: 100 ppm, navy: 125 ppm.

COD were determined to be 2.5 and 97.5%, respectively. At 100 and
125 ppm Ala-Gly, the characteristic peaks corresponding to the COM
form transformed completely into those corresponding to the COD form.
Thus, the Ala-Gly dipeptide at different concentrations had a significant
effect on the CaOx hydrates and led to the formation of the COM to COD
phase.

FTIR analyses were conducted to further ascertain the trans-
formation process from COM to COD and identify the functional groups
of the crystals. The COD form showed an FTIR spectrum that was
significantly different from that of the COM form, which enabled
detection of phase transformation. The FTIR spectra for the crystals
obtained in the absence and presence of different concentrations of
Ala-Gly dipeptide are illustrated in Fig. 2b. We observed from Fig. 2b
that all the main characteristic absorption bands of COM were seen in
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Table 1
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Unit-cell parameters and distribution of the calcium oxalate (CaOx) phase in the products obtained using different L-alanyl-glycine (Ala-Gly) concentrations.

L-alanyl-glycine (Ala-Gly) (ppm) Phase Wt (%) Unit cell dimensions
a® ) c@) A V)
0 COM 100 6.2917 14.5823 10.1171 109.43 875.35
25 COM 100 6.2983 14.6028 10.1166 109.39 877.68
50 CoM 35.4 6.2942 14.5863 10.1162 109.43 875.86
COD 64.6 12.369 7.3548 1125.23
75 COM 2.5 6.3164 14.5411 10.1166 109.38 876.53
COD 97.5 12.375 7.3585 1126.89
100 COD 100 12.378 7.3610 1127.81
125 COoD 100 12.384 7.3616 1129.00

the FTIR spectra for the crystals obtained in the absence of the additive.
Consistent with the XRD results, the COM crystals prepared without
Ala-Gly dipeptide were pure products. The five absorption peaks be-
tween 3510 and 2950 cm™! are attributed to the O—H bond of crystal
water in the samples. Moreover, the absorption peaks of COM were
detected at ~950 cm™! (C—O stretching vibration), 880 cm? (c—C
stretching vibration), and 661 em~! (0—C—O0 plane bending vibration)
[44,47-49]. The crystals obtained with 25 ppm additive consisted of
COM forms similar to those in pure media. No difference was observed
after adding 25 ppm Ala-Gly to the crystallization medium, and no new
crystallization product was found. The FTIR spectrum for 50 ppm ad-
ditive showed that COM crystals partially converted to COD forms, a

2 pm

result cooperated with XRD given in Fig. 2. After adding 50 ppm Ala-Gly
to the medium, the COM peaks gradually weakened while new COD
peaks appeared. In addition, the FTIR characteristics of the COD form
were different from those of the COM form. The most obvious change in
the FTIR shift occurred at 1600 and 1305 cm ™! in the samples, and these
peaks shifted toward 1604 and 1312 cm ™. This shifting was related to
COD/COM ratio in the mixture; therefore, we suggest that the crystals
prepared using the 50 ppm Ala-Gly were forms of both COM and COD.
The crystals obtained in 75 ppm additive medium were nearly
completely converted to COD form, and the characteristic COM peaks
subsequently weakened. At 100 and 125 ppm Ala-Gly concentration,
FTIR spectra indicate that the characteristic absorption peaks of the

Fig. 3. Scanning electron microscopy images of the calcium oxalate (CaOx) crystals obtained at different concentrations of L-alanyl-glycine (Ala-Gly). a) 0 ppm, b)

25 ppm, ¢) 50 ppm, d) 75 ppm, e) 100 ppm, f) 125 ppm.
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COM form no longer existed, which meant that the COM crystals had
completely transformed into the COD form. That is, with higher con-
centrations of Ala-Gly, the resulting crystals consisted of only the COD
form, which was consistent with the XRD results. In addition, when
compared to the COM spectrum, one strong peak at ~3400 cm™* was
obtained only within the range of 3510-2950 cm ™! and there were no
weak bands. A new peak located at ~915 cm ™ was related to the COD

form.

3.2. SEM

The effect of different Ala-Gly concentrations on the morphology of
CaOx crystals was investigated using SEM. In addition to XRD and FTIR
analyses, CaOx hydrates were determined using SEM on the basis of
morphological criteria because COM crystals with hexagonal shape are
easily distinguished from COD forms with tetragonal bipyramidal
appearance. The SEM images and particle-size distribution results are
illustrated in Figs. 3 and 4, respectively.

The SEM image in Fig. 3a shows that CaOx crystals obtained without
Ala-Gly were composed of the aggregated and most thermodynamically
stable form of CaOx, the COM crystals. The COM crystals, the largest
face of which was observed at {100}, had a hexagonal plate-shaped
morphology and included penetrated twins consisting of these hexago-
nal particles. This morphology confirmed the findings from previous
studies [50,51]. At the {100} surface of the hexagonal crystals, the new
crystal formation could be observed, which led to the formation of
intertwined crystals during their additional growth stages. The mean
particle size of the crystals was 20.0 ym with standard deviation of 1.1
measured from SEM images. As shown in Fig. 3b, similar to that seen
without the additive media, the CaOx crystals obtained in the presence
of 25 ppm Ala-Gly had smaller individual and twinned hexagonal COM
crystals with irregular surfaces and intertwined growth. As shown in
Fig. 3b, similar to that seen without the additive media, the CaOx
crystals obtained in the presence of 25 ppm Ala-Gly had smaller indi-
vidual and twinned hexagonal COM crystals with irregular surfaces and
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intertwined growth. That is, the presence of 25 ppm additive had very
little effect on COM morphology, but the size of the crystals decreased by
~50% compared to that in pure media. The mean particle size of crystals
obtained was 9.9 pm with standard deviation of 0.8 measured from SEM
images. Moreover, the new COM crystal formation was observed on the
{100} and {121} faces of the COM with a tendency for aggregation.
Upon increasing the Ala-Gly concentration to 50 ppm, a distinct change
in CaOx morphology and size was observed. As shown in Fig. 3¢, both
COM and COD crystals were observed, which was consistent with the
results of the XRD and FTIR analyses. A new structure emerged as a
result of the intertwined formation of two different forms—hexagonal
COM and tetragonal bipyramidal prisms of COD crystals. Compared to
25 ppm Ala-Gly, there was less formation of COM, with tetragonal bi-
pyramids crystals being more abundant in the crystalline products. The
crystals were smaller compared to those in the pure media and 25 ppm
additive, and slightly aggregated crystals were obtained. As shown in
Fig. 3d, the results of 75 ppm Ala-Gly were similar to that in 50 ppm but
with smaller crystals. The mean particle size of the crystals was 4.2 ym
with standard deviation of 0.7 measured from SEM images. The CaOx
crystals were nearly completely in COD form, and new COD crystal
formation in the {101} faces could be observed. In the presence of 100
ppm Ala-Gly, the crystalline products consisted mainly of uniform
tetragonal bipyramidal COD crystals with a mean size of ~3.5 um, as
shown in Fig. 3e. These crystals had sharp edges and corners. At the
Ala-Gly concentration of 125 ppm, all CaOx crystals were the COD
forms and consisted of weak and thinner aggregates. In other words,
crystal morphology was more variable with a decrease in particle size at
that concentration. As is clearly shown in Fig. 3f, the formed COD
crystals lost their tetragonal bipyramidal appearance, which was
replaced by quadrilateral forms with rounded edges. The COD crystals
obtained were also in the form of thin plates, and new COD crystals in
plate form were created. This also revealed that the tendency for ag-
gregation clearly decreased with an increase in Ala-Gly concentration.
The 125 ppm Ala-Gly had the most enhanced effect on crystal
morphology, size, and aggregation. To sum up, SEM images in Fig. 3
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Fig. 4. Particle size distributions of the calcium oxalate (CaOx) crystals obtained at different concentrations of L-alanyl-glycine (Ala-Gly). a) 0 ppm, b) 25 ppm, c)

50 ppm, d) 75 ppm, €) 100 ppm, f) 125 ppm.
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confirmed the deduced phase transformation from COM to COD from
the XRD and FTIR analyses.

When the results of the SEM and particle size analyses were exam-
ined together, we conclude that presence of Ala-Gly alters not only the
hydrate form crystalizing from artificial urine but also the crystal
morphology and the average crystal size. Several hypotheses have been
put forward to explain the mechanism through which modifiers affect
COM crystallization. One suggestion is that impurities are adsorbed on
the face of the crystals or enter the crystals, while another report pro-
posed that the degree of hydration of COM leads to the formation of a
metastable phase of COD [7,8]. The results of the current study suggest
that Ala-Gly inhibits the growth of COM crystals and has a significant
impact on their size. While conversely the degree of aggregation of the
crystals decreases with the addition of Ala-Gly and some COD is formed.

As stated in the literature [52,53], the ability of COM and COD
crystals to adhere to the walls of the kidneys and/or renal tubules differ.
The reduced adhesion characteristic of COD compared to COM allows it
to be expelled more easily than COM crystals from the kidneys or tubules
with the urine. The COM crystals tend to be retained within the urinary
system, which then induces stone formation. Therefore, we rationalize
that CaOx crystals in COD form with smaller average crystal size will be
taken out of the kidney easier with less chance of retention. Conse-
quentially we speculate that the presence of Ala-Gly in urine can have
therapeutic effect reducing urinary stone formation.

3.3. Zeta potential

The ¢ potential of the CaOx crystals obtained using different con-
centrations of Ala-Gly was measured to determine the surface charge
and stability of the samples. The results are depicted in Fig. 5.

The CaOx crystals obtained in artificial urine media without Ala-Gly
had a negative surface charge (—5.8 + 0.6 mV). At 25 and 50 ppm
Ala-Gly, a slight increase in negativity was clearly observed in the {
potential value of the CaOx crystals. This change in the { potential may
suggest that the Ala-Gly could be adsorbed onto the CaOx crystals,
leading to an increase in the absolute value of the { potential of the
crystals and an increase in the electrostatic repulsion force between the
crystals. As the Ala-Gly concentration increased, the { potential value of
CaOx distinctly rose, which clearly illustrated that the electrical surface
charge of CaOx was more negative at a higher Ala-Gly concentration
due to the crystal surface being covered with the negatively charged ions
of the additive. The ¢ potential values at 75 and 100 ppm Ala-Gly were
—15.5 + 1.2 mV, and —23.6 & 1.7 mV, respectively. { Potential is a key

Zeta potential [mV]

0 25 50 75 100 125
Additive concentration [ppm]

Fig. 5. The zeta potential of calcium oxalate (CaOx) as a function of L-ala-
nyl-glycine (Ala—Gly) concentration.
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indicator of the stability of a suspension of particles. Generally, these
particles at { —30 mV > { > 30 mV can be considered stable [54], which
indicates that particles with { potentials >+30 mV or less than —30 mV
are normally considered electrically stable, while the particles with a {
potential within the range of (—30 mV, +30 mV) tend to aggregate.
Taking this expression in account, we suggest that the suspension of
CaOx crystals obtained at higher additive concentrations was the most
stable and slightly tend to aggregate. When increasing Ala-Gly con-
centration to 125 ppm, this tendency was more distinct because the ¢
potential decreased and the value reached —27.1 + 2.9 mV, which
suggested a strong interparticle repulsive force that then improved
suspension stability and reduced aggregation. These results are consis-
tent with those seen on the SEM images.

3.4. TGA/FTIR

TGA has been extensively used to analyze kidney stones because of
its ability to produce fast and quantitative results [55]. The decompo-
sition patterns of the crystals obtained with and without Ala-Gly at
20 °C/min are shown in TGA and derivative thermogravimetric (DTG)
curves (Fig. 6).

In accordance with the literature [56,57], the thermal decomposition
of COM crystals consisted of three weight-loss stages as shown below
with the overall reaction equations.

Overall reaction: CaC504.H,0—CaO + H>0 + CO + CO,

CaC,04.H,0—CaC,0, + H,0 (€8]
CaC,04—CaC0O5; + CO (2)
CaCO;—Ca0+ CO, 3)

As shown in Fig. 6a, the first stage in which there was a weight loss of
12.3% between 88 and 201 °C included the loss of the water of crys-
tallization to form anhydrous CaOx. At temperatures from 415 to 515 °C,
a second weight loss of 19.0% was observed, which corresponded to the
decomposition of anhydrous CaOx with the loss of CO. The last stage
resulted in the most weight loss (30.2%) between 646 and 767 °C and
involved the decomposition of calcium carbonate into calcium oxide
with the loss of CO,. After the third stage, the weight stabilized at
38.5%. The obtained weight-loss values matched the theoretical values
of the COM crystals. Thus, the TGA and DTG curves further proved that
the crystals obtained in pure media were COM forms. As shown in
Fig. 6b, the curves showed a similar decomposition behavior and weight
loss in pure media. The total weight loss was 61.6% of the initial weight.
That is, consistent with the results of XRD and FTIR, the crystals ob-
tained in 25 ppm Ala-Gly were those of COM. At higher concentrations
of Ala-Gly (Fig. 6¢), the new DTG peak observed within the temperature
range of ~40-100 °C was attributed to the removal of the adsorbed
water from the COD crystals. Although this peak intensity was very weak
in 50 ppm Ala-Gly and showed the partial transformation of COM into
COD crystals, the corresponding peak was stronger at higher concen-
trations, which indicated the full conversion from COM to COD.

After increasing the Ala-Gly concentration (Fig. 6d-f), the total
weight loss increased. Based on the TGA/DTG curves for the crystals
obtained with 100 and 125 ppm Ala-Gly, the solid residue was ~34%,
which agreed with the theoretical values at the end of the decomposition
process that showed that the crystals obtained were mainly the COD
form. Moreover, Fig. 6 indicated that the crystals did not include any
Ala-Gly additive in the samples but that it also controlled the crystal-
lization process.

Although TGA provided beneficial information about the thermal
decomposition characteristics of the samples, the combined thermal and
spectroscopic techniques, such as TGA/FTIR, are practical ways by
which to explain the evolved gasses during the decomposition process;
therefore, the analysis of evolved gases using FTIR was simultaneously
conducted to help identify the gases. Using this combined approach, the
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Fig. 6. Thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG) curves for the calcium oxalate (CaOx) crystals obtained at different concen-
trations of L-alanyl-glycine (Ala-Gly). a) 0 ppm, b) 25 ppm, ¢) 50 ppm, d) 75 ppm, e) 100 ppm, f) 125 ppm.

exact sample that was decomposed was identified and recorded at each
temperature. FTIR generates a Gram-Schmidt (GS) profile of total
absorbance intensity based on time/temperature, and this profile in-
dicates how the concentration of the evolved gases varies during the
thermal decomposition process. Fig. 7 illustrates the GS profiles ob-
tained for the CaOx crystals with and without Ala-Gly.

As shown in Fig. 7, the GS profiles of all samples correlated directly
with the stages in the TGA curves. Although three different peaks were
observed in the GS curves during the decomposition of the COM crystals,
COD crystals had an extra weak peak between ~60 and 270 sec (cor-
responding to 45-115 °C), which was similar to that in the DTG curves.
Compared to the DTG curves, only the peak temperature in the GS
curves shifted slightly toward the higher region because of a small time
delay in the transport of the evolved volatiles from TGA to FTIR.

The three-dimensional (3D) FTIR spectra indicated the change in
spectral intensity over time, and the wavelength for the crystals ob-
tained with and without Ala-Gly is provided in Fig. 8. In addition, the
instantaneous FTIR spectra of the evolved species during thermal
decomposition of the crystals at the maximum peak temperature for all
three stages are shown in Fig. 9.

The FTIR spectra of the evolved gases at ~190 °C confirmed that the
weight loss was a result of water vapor (band between 3000 and 3500

em™!) evolving from the samples. Compared with the 3D FTIR spectra
for the crystals with and without Ala-Gly, we clearly observed that the
absorption intensity of O-H stretching vibration increased with an in-
crease in Ala-Gly concentration, which confirmed the transformation of
COM into COD forms. The FTIR spectra at 490 °C confirmed that CO gas
evolved with the two peaks close to 2100 cm™%; however, peaks at 667
and 2350 cm ! indicated that CO, was also produced during the second
stage. CO, formed as a result of the disproportionate reaction of CO into
CO,. The peaks at 667 and 2350 cm ! in the FTIR spectra at ~780 °C
confirmed the evolution of CO5 in the final stage. No evolved gases
characterizing Ala—Gly additive were observed for the samples, possibly
because the very small amount of additive that was adsorbed by the
crystal surface was below the limit of detection for the instrument. As a
result of using TGA/FTIR analyses on the samples, we detected that the
main evolved products were water, CO, and CO». These results were
consistent those in the studies of CaOx thermal decomposition [56-58].

To sum up; our experiments show that increasing Ala-Gly concen-
tration gradually to 125 ppm promotes COD formation at 37 °C and
fixed pH 6.5, decreases the effective crystal size and leads to increase in
the measured absolute surface charge. The observed results can arise
through two scenarios: (I) preferred nucleation and growth of COD over
COM or (II) preferred nucleation but inhibited growth of COM followed
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by preferred growth of COD at elevated Ala-Gly concentrations. For
scenario I, we hypothesize that the higher density of H-bonding groups
at high Ala-Gly concentration might lower the relative nucleation
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energy barrier of COD compared to COM hence promoting COM sup-
pression at high Ala—Gly concentrations. Consequently, enhanced COD
nucleation rate can consume available supersaturation rapidly, resulting
in smaller COD crystals. We further hypothesize that, once the COD
crystals nucleate, the enhanced absolute surface charge due to Ala-Gly
adsorption renders COD suspensions more stable in solution. In the
context of scenario I, we tentatively propose that Ala-Gly may influence
the in-vitro CaOx crystallization under studied conditions with a two-
step mechanism consisting of a hydrate form selection step promoted
by H-bonding followed by suspension stabilization initiated by Ala-Gly
adsorption. For scenario II to occur, adsorption of Ala—Gly has to pref-
erentially to promote COD growth at a rate large enough to overcome
the initially dominant COM nucleation. It should be noted that proving
which scenario is dominating the current study is a colossal undertaking
requiring equilibrium solubility measurements of COM and COM in the
presence of Ala-Gly without promoting hydrate transition. Such mea-
surements are extremely challenging due to low solubility of CaOx in
artificial urine and beyond the scope of this study.

4. Conclusions

The present study shows that presence of dipeptide Ala-Gly in-
fluences CaOx crystallization in artificial urine. Based on the XRD and
FTIR analyses, COM was found to be the only crystalline phase present in
CaOx crystallized from artificial urine when equimolar aqueous CaCly
and NayCy04 solutions react at 37 °C and constant pH 6.5. However, at
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Fig. 8. Three-dimensional Fourier-transform infrared spectroscopy (FTIR) spectra for the calcium oxalate (CaOx) crystals obtained at different concentrations of L-
alanyl-glycine (Ala-Gly). a) 0 ppm, b) 25 ppm, ¢) 50 ppm, d) 75 ppm, e) 100 ppm, f) 125 ppm.
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higher concentrations of Ala-Gly, only COD form were produced, indi-
cating that COM crystal formation is inhibited. The SEM images showed
that Ala-Gly concentration could be a key factor in the process of
changing crystal size and morphology. At 125 ppm Ala-Gly, CaOx
crystals exhibited a considerably reduced mean particle size of ~1 pm
and quadrilateral forms with rounded edges. The results of the  po-
tential measurement suggested that Ala-Gly increased the negativity of
the surface charge of the CaOx crystals from —5.8 + 0.6 mV to —27.1 +
2.9 mV when Ala-Gly concentration is increased from O to 125 ppm. As
with the other characterizations of the crystals, the TGA results indi-
cated that the CaOx crystals at 50 and 75 ppm Ala-Gly underwent a
partial phase transformation from COM to COD, while a complete phase
transformation was observed at 100 and 125 ppm Ala-Gly. The results of
TGA/FTIR analyses indicated that CaOx crystals underwent three stage
decompositions and that H,O, CO, and CO, were the main evolved
gases, respectively. Our in-vitro study highlights the role of dipeptide
Ala-Gly in dictating the forms of CaOx as well as its morphology and
size. We hope that this physiochemical study can inform potential pre-
ventative treatments of urinary stones where preferential nucleation of
thermodynamically unstable COD, a CaOx phase that is less likely re-
ported to be retained in kidney.
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