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Abstract: The mechanisms and conditions under which urinary stones, pathological biominerals in
the kidneys and bladder, are formed have not yet been fully clarified. This study aims to understand
the role of the system complexity and seven different amino acids (alanine, phenylalanine, glycine,
serine, cysteine, histidine, and aspartic acid) in the spontaneous precipitation of calcium oxalate.
To elucidate these effects, the conditions simulating hyperoxaluria (ci(Ca2+) = 7.5 mmol dm−3 and
ci(C2O4

2−) = 6.0 mmol dm−3) were used for the first time. In this work, systematic research on
calcium oxalate precipitation was performed in three systems of different chemical complexities:
(a) only calcium and oxalate ions, (b) increased ionic strength, and (c) artificial urine at two initial
pHs (pHi = 5.0 and 9.0). In all the investigated systems, the dominant precipitation of calcium oxalate
monohydrate (COM) was observed, except in the artificial urine system at pHi = 9.0, in which a
mixture of COM and calcium oxalate dihydrate (COD) was obtained. In all the investigated systems,
a significant influence of the selected amino acids on the morphology and crystal growth of COM
was observed, with more pronounced changes at pHi = 9.0. Overall, polar amino acids and nonpolar
phenylalanine inhibit the growth of COM, which is a more pathogenic hydrate form. The artificial
urine system proved to be more relevant for the observation of effects relevant to kidney stone
formation in the human body.

Keywords: calcium oxalate; pathological mineralization; hyperoxaluria; amino acids

1. Introduction

Biomineralization is the process of producing functional organic–inorganic hybrid
materials (biominerals) in living organisms. The biomineralization process involves the
selective displacement of inorganic and organic chemical species (ions, molecules) from
the respective tissues and their incorporation into functional superstructures, all of which
are under strict biological control. The functions of biomineralized organs and tissues are
very diverse (structural support, protection, navigability, food consumption, etc.). Contrary
to biomineralization as a process in which new and functional materials are produced,
pathological biomineralization is a process in which unwanted biomineralization occurs, in
the form of deposits such as kidney or bladder stones, gallstones, caries, arterial plaques,
etc. [1,2]. The specific form of pathological biomineralization is urolithiasis, a chronic,
recurrent urinary tract disease resulting in urinary stones in different parts of the kidney
and bladder [3]. It is present worldwide, but its incidence varies across countries and
regions [4]. According to recent global and national epidemiological data, the marked
increase in the occurrence of kidney stones in industrialized countries after the Second
World War is associated with rising living standards and changes in dietary habits [5].
The high frequency of urolithiasis led scientists to try to understand how kidney stones
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are formed, bearing in mind that about 80% of calcium oxalate stones are present in the
pure form [6]. All kidney stones are in constant contact with extremely complex body
fluids that have high ionic strength and contain biological macromolecules, small organic
molecules and inorganic ions. Calcium oxalate stone formation may be a result of various
metabolic disorders, such as hypercalciuria, hypocitraturia, hyperoxaluria or a change
in urine acidity. The promotion and/or inhibition of oxalate stones is influenced by a
wide range of compounds that can be found in urine, such as magnesium and citrate ions,
organic micro- and macromolecules, glycosaminoglycans, etc. [7–10].

Calcium oxalates are sparingly soluble salts, which appear in the form of three hydrate
modifications of different stability (solubility), namely monohydrate (COM), dihydrate
(COD) and trihydrate (COT). COM is the most stable (the least soluble), while COT is the
least stable and the most soluble. The most common hydrate form of calcium oxalate in
kidney stones is COM, followed by COD [11]. Between these two hydrate forms, COM is
more pathogenic as it can be found in the urine of people who are prone to urinary stone for-
mation, while COD is physiologically more acceptable, as it can even be found in the urine
of healthy people [12–14]. The formation of the respective hydrate forms, COM [15,16],
COD [17–20] and COT [21,22], is influenced by several factors, such as the supersaturation,
concentration, ratio of calcium to oxalate, presence of non-constituent components (addi-
tives), temperature, pH or method of mixing the reaction components [23–26]. Since the
composition of urine, aside from calcium and oxalate ions, contains many other inorganic
and organic molecules (regular physiological components or components that appear in
pathological conditions), various studies have also been carried out under conditions as
close as possible to those found in human urine [27–29] or in artificial urine [30,31]. The
presence of significant quantities of inorganic and organic ions provides an average ionic
strength of urine of about 0.33 mol dm−3, while the pH varies from 4.5 to 9. Calcium
and oxalate ions are always present at concentrations above the solubility product for
COM. Typically, the major components of artificial urine, which is supposed to mimic
the chemical composition of human urine, are urea, sodium and/or potassium chloride,
sodium sulfate, magnesium sulfate, various sodium phosphate salts, sodium oxalate, cal-
cium chloride and/or citrate (Table S1). As can be seen from Table S1, the composition
of artificial urine, which can be adjusted to a certain type of research (precipitation of
calcium oxalate monohydrate, dihydrate, phosphate, etc.), differs significantly [18,31–36].
Therefore, the results obtained in different model systems are difficult to compare. In 1980,
Burns and Finlayson [31] proposed the chemical composition of the standard reference
artificial urine. Nevertheless, recent research carried out in artificial urine continues to
adapt the composition to specific experimental conditions and the desired goal [30].

Among the various organic molecules that can be found in urine, proteins should be
highlighted, since they can often be incorporated into kidney stones. Consequently, all the
α-amino acids (AAs) can be found in urinary stones, and the amino acids’ content varies,
depending on the physiological conditions during urolithiasis [37–39]. The effect of AAs
on calcium oxalate hydrate precipitation has been studied by several researchers [40–44].
However, the literature data are contradictory, ranging from those showing an inhibition
effect on precipitation [43] to the promotion of precipitation at low concentrations and
inhibition at high concentrations [42]. Some authors found only slight or even no effect
of high AA concentrations [40]. The addition of AAs has been observed to promote
the formation of COM and prevent the formation of COD and COT [42], while other
authors concluded that AA stimulates the formation of COD and inhibits COM [40]. It
was also noted that some AAs (glutamic acid (Glu), glycine (Gly), lysine (Lys)) inhibit
the nucleation process of COM, proline (Pro), alanine (Ala), valine (Val) or asparagine
(Asn) promote the process, while serine (Ser) and phenylalanine (Phe) show just a minor
effect on nucleation [45]. It is confirmed in the literature that the inhibition effect of certain
AAs on the growth of COM crystals depends on their structure and that the effect is more
pronounced with an increase in the AA concentration (Gly < Ala < Pro < aspartic acid (Asp)
< Glu) [46]. Spontaneous precipitation of calcium oxalate from a solution of high ionic
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strength (adjusted with NaCl) and with magnetic mixing, which promotes COT formation
(either alone or in a mixture with COM), has also been investigated [21,22]. It has been
shown that in such systems and by applying an AA such as Glu, tryptophan (Trp) or
ornithine (Orn), the content of COT and COM in mixtures can be affected [41].

The mechanisms and conditions under which urinary stones are formed have not yet
been fully clarified. Investigations of the spontaneous precipitation of calcium oxalates
in the presence of different AAs under hyperoxaluria conditions have not been reported
previously in the literature. Hyperoxaluria is a metabolic disorder of increased oxalate
urine excretion. It contributes to the formation of stones by increasing the supersaturation
of urine with respect to all the calcium oxalate hydrate phases. The disorder may occur
as a primary or secondary hyperoxaluria [47]. It was found that in the systems with
an increased concentration of oxalate, the formation of COM is favored [48,49]. In our
previously reported study, we examined the calcium oxalate precipitation processes within
a wide calcium and oxalate concentration range, which covers the conditions corresponding
to hypercalciuria and hyperoxaluria [48]. In that work, chemically different model systems
(MS) were investigated: (a) simple system—only calcium and oxalate reactants have been
present, while in the (b) NaCl system—the ionic strength has been adjusted to physiological
level by NaCl addition. Chemically, the most complex system was (c) the artificial urine. The
results of our systematic study show that the molar concentrations, the supersaturations,
the initial pH and the complexity of the system play an important role in the precipitation of
calcium oxalate. The presence of NaCl and other inorganic ions in artificial urine stabilizes
the metastable phase (COD) at higher relative supersaturation ranges.

The proposed study aims to distinguish the influence of system complexity and
different AAs on calcium oxalate formation in these three precipitation systems with the
increased concentration of oxalate ions, which mimics hyperoxaluria conditions. The
selected AAs (Gly, Ala, Phe, His, Cys, Ser, Asp) have been found in the urine of healthy
people, as well as in the urine of people susceptible to kidney stone formation. In conclusion,
the addition of AAs does not affect the composition of the solid phase in the simple
and NaCl systems but affects the composition in the artificial urine. The AAs affect
the size of the COM crystallites, and the growth of the COM crystals increases with the
increasing complexity of the system (simple < NaCl < artificial urine), and the AAs affect
the morphology of the COM particles. Overall, polar amino acids and nonpolar Phe inhibit
the growth of COM, which is the more pathogenic hydrate form and which can be found
in the urine of people who are prone to kidney stone formation. Furthermore, the artificial
urine system proved to be more relevant for the observation of effects relevant to kidney
stone formation in the human body.

2. Materials and Methods

All the AAs used were α-AAs and were obtained from Sigma Aldrich, St. Louis, MO,
USA. The AAs were classified according to their side chain groups: Ala, Phe (nonpolar),
Gly, Ser, Cys (polar) and charged (His, Asp). The CaCl2, Na2C2O4 and NaCl (obtained from
Sigma Aldrich, St. Louis, MO, USA) solutions were standardized by classical analytical
volumetric methods. All the other chemicals used in the experiments were obtained from
Sigma Aldrich (St. Louis, MO, USA). Ultra-pure water with a conductivity of less than
0.055 µS cm−1 was used for the solution preparation.

2.1. Spontaneous Precipitation of Calcium Oxalate

The spontaneous precipitation experiments were carried out in three systems, which
differed in terms of the chemical complexity:

(a) Simple system: composed of only the constituent ions (calcium and oxalate) and the
respective counter ions (salts: CaCl2 and Na2C2O4).

(b) NaCl system: composed of the constituent ions (calcium and oxalate) and the respec-
tive counter ions and the sodium and chloride ions used to adjust the ionic strength
to approximately 0.3 mol dm−3 (salts: CaCl2, Na2C2O4 and NaCl).
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(c) Artificial urine system: composed of the constituent ions (calcium and oxalate) and
the respective counter ions and other components that mimic the composition of
the urine (Table S1). The artificial urine components were selected according to the
protocol suggested by Burns and Finlayson [31] (salts: CaCl2, Na2C2O4, Na2SO4, KCl,
NH4Cl, NH4OH, MgSO4·7H2O and NaCl). However, Na2HPO4 was excluded from
the original protocol because phosphate salts can coprecipitate under the applied
experimental conditions. In addition, the citrate ions, in the form of sodium citrate,
have also been omitted, since it is known that they promote the formation of COD [20].

The initial pH value was adjusted to pHi = 5.0 or pHi = 9.0 by the addition of standardized
HCl and/or NaOH solutions (c = 0.01 mol dm−3). In all the systems, the initial concentration
of calcium and oxalate was ci(Ca2+) = 7.5 mmol dm−3 and ci(C2O4

2−) = 6.0 mmol dm−3. The
applied concentration range covers the hyperoxaluria conditions [47] in which kidney
stones may be formed. The ionic strength of the systems was calculated according to the
equation in the Supplementary Information. The initial supersaturation of the selected
systems at both initial pHs (pHi = 5.00 and 9.00) was as follows: Si (simple system) ≈ 36,
Si (NaCl system) ≈ 24 and Si (artificial urine) ≈ 21. Calculation of the initial supersatu-
ration has been performed using the algorithm previously discussed in detail [48,50] or
by VMINTEQ 3.1 (freely available at https://visual-minteq.software.informer.com/3.1/
accessed on 20 January 2023. The coordination of the oxalate ions with the calcium ions in
the COM crystal was generated with the program MERCURY [51].

All the spontaneous precipitation experiments were carried out in a thermally insu-
lated 400 cm3 glass reaction vessel and the solution temperature was maintained at 37 ◦C.
The vessel was closed using a Teflon stopper and the systems were mixed at 400–420 rpm
with a PTFE-coated stirring bar on a magnetic mixer. The precipitation experiments were
initiated by quickly pouring 200 cm3 of oxalate solution into 200 cm3 of calcium-containing
solution. Appropriate amounts of the selected AAs were added each time to the oxalate
solution before mixing with the calcium solution. The final concentration of the added AAs
in all the systems was 30 mmol dm−3.

The progress of the reaction was followed by measuring the pH of the solution using
a combined glass/calomel electrode (HANNA Instruments HI1131, Woonsocket, RI, USA)
connected to a digital pH meter (HANNA Instruments HI 5522, Woonsocket, RI, USA)
connected to a computer. Once the approximately constant pH had been established, the
experiment was stopped, the suspension was filtered through a 0.22 µm membrane filter
(Millipore, Burlington, MA, USA), and the precipitate was washed with small amounts
of deionized water and dried for one hour under a vacuum. All the experiments were
performed in triplicate and the mean value is presented.

2.2. Experimental Methods

The precipitated calcium oxalates were characterized using Fourier transform in-
frared (FT-IR) spectroscopy, powder X-ray diffraction (PXRD), thermogravimetric analysis-
differential scanning calorimetry (TGA-DSC), light microscopy (OM), and scanning electron
microscopy (SEM). The IR spectra were recorded on a Shimadzu FTIR 8400S (Shimadzu
Corp., Kyōto, Japan) spectrometer in the wavenumber range from 400 to 4000 cm−1 (reso-
lution: 4 cm−1). Diffuse reflectance infrared Fourier transformation (DRIFT) was also used:
approximately 1 mg of solid sample was mixed with 100 mg of spectrometric grade KBr.
IR Solution 1.30 software was used to record the spectra and process the data. The PXRD
data were collected on a Rigaku Ultima IV diffractometer (Rigaku Holdings Corporation,
Akishima-shi, Tokyo, Japan) using CuKα radiation in the 10–60◦ 2θ range at a scan rate of 1◦

min−1. The COM modification was identified according to PDF card numbers 20-0231 and
75-1313, while the COD modification was identified based on PDF card number 17-541. The
baselines of the PXRD patterns were corrected, and when needed, the data were smoothed
using a 5-point Savitzky–Golay algorithm. The average crystallite size was estimated using
the Debye–Scherrer method from the full width at half maximum of the 5 main reflections.
The quantification of the phases was determined by the reference intensity ratio method.

https://visual-minteq.software.informer.com/3.1/
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The TGA-DSC analysis was carried out on a Mettler Toledo System 1 (Mettler Toledo,
Columbus, OH, USA). The samples were tested in an oxygen atmosphere at a gas flow rate
of 200 cm3 min−1, with a heating rate of 5 ◦C min−1 in a temperature range of 30 to 300 ◦C.
The results were processed by STARe Software 10.0.

A light microscope (Orthoplan photographic microscope, E. Leitz, Leica, Wetzlar,
Germany) and a scanning electron microscope, SEM (FESEM, JEOL JSM-7000F—JEOL,
Akishima, Tokyo, Japan) were used for the visual identification of the precipitates and
determination of the morphological properties of the precipitated phases.

3. Results
3.1. Spontaneous Precipitation of Calcium Oxalate in the Systems with the Addition of
Amino Acids

In our presented research, we used three types of systems with different complexities:
(a) only calcium and oxalate ions (simple system), (b) increased ionic strength by the
addition of NaCl (NaCl system) and (c) artificial urine at two initial pHs (pHi = 5.0 and
9.0). The ionic strength of these systems increased from system (a) to system (c), and with
it, the supersaturation decreased. The supersaturation is one of the crucial parameters that
define the precipitation of sparingly soluble substances. A decrease in supersaturation
indicates a decrease in the nucleation rate, which might lead to the formation of the
precipitates/crystals with different properties (for example, the formation of the crystals
with the different morphology or change in the composition of the precipitate). The aim of
this work was to investigate how the complexity of the system, as reflected by changes in
the ionic composition, influences the precipitation of calcium oxalate, particularly in the
context of the addition of amino acids.

3.1.1. FTIR and PXRD Characterization of Precipitates

The influence of AAs on calcium oxalate’s spontaneous precipitation was studied in
the simple system, NaCl system and artificial urine with ci(C2O4

2−) = 6.0 mmol dm−3

and ci(Ca2+) = 7.5 mmol dm−3. The characterization of the precipitates was performed
by FTIR and PXRD analysis. FTIR was mainly used for the qualitative determination of
oxalate hydrates in the samples, while the quantitative proportion of oxalate hydrates
was determined using powder diffraction. Additionally, the TGA method was only per-
formed on the model systems (MS) and obtained results correspond to the literature data
(Table S2) [48,52].

Figures 1–3 show the IR spectra and PXRD diffractograms of the oxalates obtained by
spontaneous precipitation in the AA-containing systems.

The obtained IR and PXRD results, as shown in Figure 1A,B, were compared with the
oxalate standards (COM and COD) provided in Table S3 and Figure S4 in the Supplementary
Information. The analyses indicated that the formation of the specific hydrate phase is not
affected by the addition of AAs, since only the COM phase was detected in all the systems.
The TGA analysis of the MS also confirmed the precipitation of only COM (Table S2).

Similarly to the simple system, regardless of the addition of AAs in the NaCl system
(Figures 2 and S4, Tables S2 and S3), the composition of the hydrated phase does not change
and the most stable form, COM, precipitates.
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Figure 3A shows the IR spectra of the precipitated calcium oxalates in artificial urine
with the addition of AAs. In all the systems at pHi = 5.0, only COM precipitated, but a
significant change occurred in the systems at pHi = 9.0, in which the COM/COD mixture
precipitated. Compared to the model system (MS—system without AA), a vibration band
at approximately 1110 cm−1 appeared, which corresponds to a vibration of the C−OH,
thus indicating that AAs can be integrated into crystalline aggregates or can be adsorbed
on the crystal surfaces [53,54]. In the model systems at both pHi, in the vibrational range
above 3000 cm−1, five sharp bands were visible, which correspond to the antisymmetric
and symmetric stretching of coordinated water molecules (Table S3). In the systems with
AAs, the indicated area is wider and the sharp bands are less prominent [17,55]. These
changes can be caused by the complex hydrogen bonds between C=O groups in C2O4

2−

and H2O, −NH2 or −COOH functional groups in AAs [54]. In the samples prepared
with Gly, Phe, Cys and Ser at pHi = 9.0, a vibration band was observed at approximately
912 cm−1, indicating the greater amount of the COD modification (Table S3, Figure S4). The
other spectra were specific to COM (Table S3, Figure S4).

To determine the content of each hydrate phase, a quantitative analysis was carried
out based on PXRD (Figure 4).

All the AAs at pHi = 9.0 are in anionic form and they bind through electrostatic
interactions to COM [56]. Therefore, the polar AAs (with the polarity increasing in the
sequence Gly > Cys > Ser) had a more significant impact on the inhibition of COM formation,
enabling greater growth of COD. In addition to the polar AAs, the inhibition of COM was
also significantly influenced by Phe.

Figure 5 shows the impact of amino acids on the COM crystallite size. The size of the
COM crystallite precipitated in the absence of AAs at both pHi is as follows: 54 ± 4 nm in
the simple system, 56 ± 3 nm in the NaCl system and 55 ± 5 nm in artificial urine.
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aspartic acid. (A) Simple System (B) NaCl System (C) Artificial Urine System.

The greatest effects of AA addition on the COM crystallite size were recorded at
pHi = 9.0 in the simple systems containing nonpolar (Ala, Phe) and polar (Gly, Ser, Cys)
AAs, in which significantly smaller crystallites (33–42 nm) were obtained. At pHi = 5,
smaller crystallites (37 and 44 nm) were also observed with the addition of Ser and Ala. No
significant changes in the crystallite size were noticed in the artificial urine system.

3.1.2. SEM Characterization of Precipitates

The morphology of the COM in the simple systems at pHi = 5.0 and pHi = 9.0 was stud-
ied with light and SEM microscopy (Figure 6). The SEM images demonstrated morphology
differences in the surface texture and crystal edges. It was observed that the particles
formed at pHi = 5.0 have a flat and smooth surface with rounded edges. Compared to this
texture, the COM dendritic particles formed at pHi = 9.0 are composed of cubic and/or
elongated primary crystallites with more or less “protruding” crystallites, which have
wrinkled and porous surfaces with jagged edges.

The addition of AAs to the systems influenced the morphology, size and texture of the
COM dendritic particles. The light microscope images of the COM particles in the systems
with AA addition show that the individual crystals are more branched at pHi = 5.0 (except
Asp) and remain larger compared to the crystals obtained at pHi = 9.0.
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The morphology of the COM crystals precipitated in the NaCl systems at pHi = 5.0
and pHi = 9.0 is shown in Figure 7. In the model system, more or less platelet-shaped COM
particles were formed, with visible dendritic structures and aggregated smaller particles.
The decrease in the amount of the dendritic structure and the increase in the particle content
can be associated with a significant decrease in supersaturation (Si ≈ 24) compared to the
simple system (Si ≈ 36) and aggregation may be associated with the increase in the ionic
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strength [57]. The SEM images show a difference in the texture of the surfaces and edges of
these particles.
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of different AAs at pHi = 5.0 and pHi = 9.0. Yellow and white arrows mark COM of different habitus.
Orange arrows show a dendritic structure. Pink arrows show growth in COM and green arrows
aggregation. MS—model system, Gly—glycine, Ala—alanine, Phe—phenylalanine, His—histidine,
Cys—cysteine, Ser—serine, Asp—aspartic acid.

It was observed that the platelet-shaped particles formed at pHi = 5.0 have smoother
surfaces, rounded edges and more densely and regularly distributed surface furrows. In
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the model system, more or less platelet-shaped COM particles were formed, with visible
dendritic structures and aggregated smaller particles. Compared to this, the COM particles
formed at pHi = 9.0 exhibited a flat and smooth surface with sharper edges. The dendritic
plates were significantly smaller compared to the simple system and the crystals exhibited a
more or less regular hexagonal shape. After AA addition to the systems, a more significant
effect on the morphology of the COM dendritic particles was observed. In the case of
Phe, Ser and His at pHi = 9.0, the effect of stabilizing the dendritic structure was observed
(Figure 7—orange arrows). The effect of aggregation was more or less present in all the
systems (Figure 7—green arrows).

The morphology of the solid phase obtained by spontaneous precipitation of calcium
oxalate in artificial urine at both pHi is shown in Figure 8. In the model system, more or
less plated COM particles without a visible dendritic structure were formed, along with
strongly aggregated smaller particles. The disappearance of the dendritic particles and
the increase in the amount of more or less regular particles compared to the NaCl system
can be linked to the fact that the artificial urine system is a slightly less saturated system
(Si ≈ 21) compared to the NaCl system (Si ≈ 24). This created the conditions for an even
more significant reduction in the initial supersaturation compared to the simple system
(Si ≈ 36), thus inhibiting the dendritic growth of crystals. The SEM images showed a
difference in the texture of the surfaces and edges of these particles. The COM crystals
formed at pHi = 5.0 had smooth surfaces, as in the two previous systems, and their edges
were rounded. In comparison to this texture, the COM particles precipitated at pHi = 9.0
also showed a smooth surface, alongside stacks of elongated primary crystals with more or
less “protruding” crystallites with a folded surface and porosity effect.

The crystals in the model systems assume a regular hexagonal shape with well-
developed (020) and (021) faces, as reported in the literature [58,59]. Morphology of COM
crystals with characteristic Miller indices and the coordination of oxalate ions with calcium
ions in COM crystals is shown on Figure S3. The addition of the AAs to the systems caused
significant changes in the COM morphology. The aggregation effect is present in all the
systems (Figure 8—green arrows). The growth effects of COM are marked with pink arrows.
Two types of growth are visible. In the first, growth starts on the pre-created steps and
spreads uniformly along the whole face (for example, Ser at both pHi), while in the other
case, the growth starts at several sources on the same face (for example, Phe at pHi = 5). The
result of the growth of COM crystals (yellow and white arrows) is observed as a change of
habitus, i.e., by the twisting and rounding of the COM particles. Also, the apparent growth
in height (loss of the plate structure) or the development of plate-like COM particles can be
observed. The platelets of the COM crystals in some systems are compact aggregates of
smaller crystallites that stack up regularly (orange arrow).

Pink arrows indicate the growth effects of COM. Growth starts on the previously
created steps and extends along the whole (101) face. The various habitus of the COM
crystals resulting from the growth of crystals are marked by yellow and white arrows.
Yellow arrows show the thickening and rounding of the COM particles and their apparent
growth in height (the plate structure is lost), while white arrows show the existence of
plate-like COM particles.

Unlike in the two previous systems, the artificial urine system promotes COD precipi-
tation at pHi = 9.0 (blue arrows) for the AAs Phe, Gly, Cys and Ser. The systems with other
AAs contained lower amounts of COD at pHi = 9.0.
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Figure 8. SEM images of calcium oxalate samples precipitated in artificial urine with the addition
of different AAs at pHi = 5.0 and pHi = 9.0. Blue arrows show COD crystals, while yellow and
white arrows show COM particles of different habitus. The orange arrow displays an aggregate
plate structure. Pink arrows show growth in COM and green arrows aggregation. MS—model
system, Gly—glycine, Ala—alanine, Phe—phenylalanine, His—histidine, Cys—cysteine, Ser—serine,
Asp—aspartic acid.

The literature data show that the AAs in the urine can be adsorbed onto the calcium
oxalate crystal surfaces, thus affecting their growth, aggregation and transformation [60].
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Depending on the AAs’ ionic form in the solution, they can bind to Ca2+ and/or C2O4
2−

on the crystal surface of calcium oxalate. Carboxylic acids and their salts are known to be
growth inhibitors [61], while as a result of electrostatic interaction with surfaces, significant
changes in morphology can be expected [62]. Another issue that is insufficiently studied
is the effect of additives, especially organic ones, on the process of aggregation, which
typically occurs during the final stages of the crystallization/precipitation process. Indeed,
the literature findings are contradictory: some authors claimed that organic compounds act
as an adhesive that facilitates the aggregation of the resulting crystals [21], while others
claimed that organic additives prevent aggregation [63]. Therefore, the impact of organic
additives like AAs on aggregation, which is thought to be essential for understanding
lithogenesis mechanisms, requires further investigation. We found that in the NaCl system,
regardless of the addition of AAs, the beginning of aggregation could be observed, while in
the artificial urine system, more pronounced aggregation occurs regardless of the addition
of AAs. Therefore, it can be concluded that the chemical complexity of the system in which
calcium oxalates precipitated has a significant influence on the aggregation. Overall, the
difference in the composition, morphology, and extent of the crystal aggregation in all
three systems demonstrates that the artificial urine system is more relevant since it is more
similar to the conditions in the human body. The simple system and the complex NaCl
system are not optimal for the observation of changes in the calcium oxalates on a broader
scale, but they can be used to determine the influence of individual components of urine.
However, the simple and NaCl system will not provide information on the overall effects
relevant to kidney stone formation in the human body.

3.1.3. Effect of Amino Acids on the Habitus of COM Crystals

The main exposed faces of the COM crystals are the (101), (020), (202), and (130) planes
(Figures S3 and S4). Many authors demonstrated that the growth of specific crystal planes
is reflected in the higher intensity of the corresponding diffraction peak in the samples’
diffractogram. Namely, crystal growth of the (020) plane caused a more intense (020)
reflection in the PXRD pattern. By contrast, the crystal growth of the (101) plane caused an
increased (101) reflection in the PXRD pattern. The changes in the (020) and (101) planes
can often be observed in the morphology of the precipitated crystal, where the (020) face or
the (101) face of the COM crystals is more pronounced, respectively [57,64–67].

In (101) (Figure S3B), the surface layer planes contain two sub-layers of oxalate groups;
one is parallel and the other is perpendicular to the plane. Groups of oxalates on the
plane lie below the top surface layer (not ‘strip’) and such a structure makes the plane
rich in Ca2+ ions [40,54,67], while the (020) plane is characterized by the oxalate ions lying
perpendicular to the face, alternating with those parallel to the face. The (101) plane has the
highest densities of calcium ions on the surface (0.54 Ca2+/Å2) and, as a result, favorably
binds the more negative molecule/ion [68].

The ratios of the intensity of the (101) and (020) PXRD peaks were determined, and
the results are presented in Table 1. The intensity ratio I (101)/I (020) observed in all the
model systems at both pHi gradually increased from the simple via the NaCl to the artificial
urine system (in Table 1 marked as A. urine): at pHi = 5.0: 0.1178 < 0.4474 < 1.0649 and at
pHi = 9.0: 0.2078 < 0.2662 < 1.0041. These results indicate that in the model systems with
increasing system complexity, the intensity of the (101) reflection increases as a result of the
more pronounced (101) faces in the calcium oxalate crystals.

At pHi = 5.0, all the AAs are mostly in the form of zwitterions (except the charged
AAs), and there are two possible interactions: interaction of the positive part of the AA
(protonated amino groups) with the negative part of the COM crystal (C2O4

2−) or interac-
tions of the negative part of the AA (deprotonated carboxyl groups) with the positive part
of the COM crystal (Ca2+). At pHi = 9.0, the AAs are mostly in the anionic form and are
preferentially bound by their negative part (deprotonated carboxyl group) to the positive
part of the COM crystal (Ca2+).
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Table 1. The intensity ratio I (101)/I (020). A. urine—artificial urine system.

pHi = 5 pHi = 9

I (101)/I (020) Simple NaCl A. urine Simple NaCl A. urine

Non-polar
AA

Model 0.1178 0.4474 1.0649 0.2078 0.2662 1.0041
Ala 0.0890 0.8042 0.8620 0.0885 0.4025 0.9759
Phe 0.1349 0.6878 0.6708 0.3613 0.2219 0.9275

Polar AA
Gly 0.0910 0.5625 0.7300 0.2218 0.3646 0.7365
Ser 0.0775 0.4726 0.7182 0.5370 0.3318 0.8276
Cys 0.1061 0.7374 0.6341 0.3220 0.4628 0.9326

Charged AA His 0.1185 0.6063 0.9132 0.2176 0.3789 1.0212
Asp 0.4391 0.9248 0.7643 0.5425 0.7634 0.9126

In the simple and NaCl systems, an increase in the ratio of I (101)/I (020) was observed
for most of the examined AAs, with this effect being more pronounced in the NaCl system
at both pHi values. The most pronounced effect was observed in the case of Asp, which can
be attributed to the presence of a side-charged group, which Asp possesses alongside the
main groups (amino and carboxyl) present in all the AAs. This additional charged group
enables Asp to have a stronger interaction with the COM surface. The observed effect of
the increase in the ratio indicates the promotion of the growth of the (101) plane.

In the artificial urine, a decrease in the ratio of I (101)/I (020) was obtained, and this
effect was more pronounced at pHi 5.0 for all the AAs. In the artificial urine, numerous
different ions can interact with the main and side groups of AAs, which are in the form of
zwitterions at pHi = 5.0, having two charged groups for interaction. As a result of these
interactions between the AAs and ions in the artificial urine, as well as the interactions
between the AAs and the COM surface, the growth of the (020) plane becomes more
pronounced. The most pronounced effects of decreasing the ratio were observed at both
pHi values in the presence of the polar AAs and Phe.

The noted effects are consistent with observations found in the literature. Shen
et al. [53,54] investigated the influence of Asp, Tyr and Trp on the precipitation of calcium
oxalate and concluded that the pH of the system and the increase in the AA concentration
affect the intensity ratio I (020)/I (101). When the pH is higher than the isoelectric points
of the AA under consideration, the intensity ratio becomes gradually smaller and COM
growth parallel to the (101) plane is more favored. When the pH is lower than the isoelectric
points of the AA (such as for Trp), an excess of positive charges are present on the surface,
and they attracting more oxalate ions, which results in crystal growth parallel to the (020)
face. Consequently, the measured value of I (020)/I (101) is higher.

4. Conclusions

Precipitation experiments of calcium oxalates under the conditions typical of hyperox-
aluria (ci(Ca2+) = 7.5 mmol dm−3 and ci(C2O4

2−) = 6.0 mmol dm−3) and the addition of
selected AAs (Ala, Phe, Gly, Cys, Ser, His, Asp; c = 30 mmol dm−3) have been performed in
systems of different chemical complexity: simple system, NaCl and artificial urine system,
at pHi = 5.0 and pHi = 9.0. The results indicated the following:

1. The addition of AAs does not affect the composition of the solid phase in the simple
and NaCl systems but shows an effect in the artificial urine. In the simple and NaCl
systems at both pHi, and the artificial urine at pHi = 5.0, only COM precipitated. In
the artificial urine at pHi = 9.0, the formation of COD was observed. The maximum
content of COD was obtained in the systems with the addition of polar AAs and
Phe (w(COD): Gly 65.2 % > Phe 59.2 % > Cys 28.7 % > Ser 23.5%). The effect can be
explained by the fact that all the AAs at pHi = 9.0 were in the anionic form, so the
electrostatic interactions of the AAs with the COM crystals, complemented by the
additional hydrogen bonding of the side chains, inhibit its growth and consequently
promote COD formation.
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2. The addition of AAs affects the size of the COM crystallites and the most significant
impact was in the simple system. In the artificial urine system, the addition of AAs
did not significantly affect the crystallite size.

3. The addition of AAs affects the growth of COM crystals in all the investigated systems
(simple, NaCl and artificial urine) at both pHi. The most pronounced effect in the
simple and NaCl systems was observed in the case of Asp, which can be attributed to
the presence of a side-charged group and stronger interaction with the COM surface.
In the artificial urine, the most pronounced effects were in the presence of the polar
AAs and Phe, where the growth of the (020) plane was promoted.

4. In the NaCl and artificial urine systems, crystal aggregation was observed. The AAs
affect the morphology of the COM particles, so at pHi = 5.0 in all the systems, the
COM crystals have relatively smooth surfaces but their edges are rounded, stacked
and regularly distributed. The combination of AAs and pHi = 9.0 gave rise to a porous
structure on the COM crystal surfaces that is visualized as a slide of elongated primary
crystals with roughly “protruding” crystallites.

In all the systems, the amino acids have the greatest influence on the morphology
of the obtained calcium oxalate precipitates. Overall, the difference in the composition,
morphology, and extent of the crystal aggregation in all three systems demonstrates that
the artificial urine system is more relevant since it is more similar to the conditions in the
human body. Based on the results of the structural and morphological analyses of the
precipitates, it is possible to assess the role of the chemical complexity of the precipitation
system, as well as the mode of interaction (promotion or inhibition) of the selected AAs
with specific calcium oxalate hydrate phases under conditions that simulate hyperoxaluria
in the urinary system. It can also be assumed that most of the observed amino acids can act
as potential inhibitors of the precipitation of the pathogenic form of calcium oxalate (COM)
under certain conditions. Future research in this area should certainly also investigate the
influence of the aforementioned amino acids, COM and COD on cell lines.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/cryst14070599/s1, Materials and Methods—ionic strength cal-
culation; Table S1. Composition of artificial urine from the literature sources [18,31–36]; Table
S2. Thermogravimetric analyses of the model system (MS) (c(C2O4

2−) = 6.0 mmol dm−3 and
c(Ca2+) = 7.5 mmol dm−3) in a simple system, NaCl system and artificial urine at pHi = 5 and pHi
= 9 (t0—initial temperature, tmax—maximum temperature, te—end temperature, ∆m—mass loss
expressed as a percentage, hydrate form that precipitates) [48,52]; Figure S1. (A) IR spectra of samples
prepared in the model system at pHi = 5 and pHi = 9, and (B) diffractograms of samples prepared in
the model system at pHi = 5 and pHi = 9 (blue arrows indicate diffraction maxima from COD) [48];
Figure S2. Light microscope images (a) and SEM images (b) of calcium oxalate precipitated in the
model systems (systems without AAs) at pHi = 5 and pHi = 9. Note the difference in the SEM scale
(×5.000, ×2.500) [48]; Figure S3. (A) Morphology of COM crystals with characteristic Miller indices
and crystal growth direction (black numbers correspond to Tazzoli notation (space group P21/c) [58]
and red to Deganello notation (space group I2/m)) [59], and (B) The coordination of the oxalate
ions with the calcium ions in the COM crystal, drawn with the program MERCURY [51]; Figure S4.
PXRD diffractograms of the standards: (a) COM (black-marked planes according to PDF card 75-1313,
red-marked planes according to PDF card 20-231) and (b) COD (black-marked planes according to
PDF card 17-541 for COD); Table S3. IR vibration bands (in cm−1) of the calcium oxalate standards
COM and COD [17].
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