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Abstract: Calcium carbonate is an abundant biomineral that is of great importance in industrial or
geological contexts. In recent years, many studies of the precipitation of CaCO3 have shown that
amorphous precursors and intermediates are widespread in the biomineralization processes and can
also be exploited in bio-inspired materials chemistry. In this work, the thorough investigation of a
urinary stone of a guinea pig suggests that amorphous calcium carbonate (ACC) can play a role in
pathological mineralization. Importantly, certain analytical techniques that are often applied in the
corresponding analyses are sensitive only to crystalline CaCO3 and can misleadingly exclude the
relevance of calcium carbonate during the formation of urinary stones. Our analyses suggest that
ACC is the major constituent of the particular stone studied, which possibly precipitated on struvite
nuclei. Minor amounts of urea, other stable inorganics, and minor organic inclusions are observed
as well.
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1. Introduction
Calcium carbonate is the most abundant biomineral and is the inorganic constituent of mussel
shells, the carapace of crayfish and lobsters, the exoskeleton of corals, and an important biomineral in
many more organisms [1]. Moreover, it is of major industrial (building industries), economic (scaling
and incrustation), and ecological (climate) importance [2]. Studies of biomineralization serve as an
inspiration for material scientists, as biogenic composites show outstanding performance in terms
of material properties [3], which is rare in artificial counterparts [4–6]. The level of control over the
crystallization processes in organisms is very high, but the underlying molecular mechanisms are still
not understood in detail [7]. In general, it is accepted that organisms use amorphous intermediates
during the biomineralization of calcium carbonates [8–10]. These intermediates appear to be crucial to
the generation of complex hierarchical structures of many biomineralized exoskeletons [8,9].
Controlling crystallization is, however, not only linked to the generation of mineral-based
hybrid materials but also to the inhibition of the unwanted precipitation of minerals. In organisms,
pathological mineralization can lead to severe issues in soft tissues, the formation of mineral stones
in bodily fluids, or the uncontrolled growth of hard tissues [11–14]. Organisms employ specific
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proteins to inhibit unwanted mineralization, which range from the blood-protein family of fetuins [11]
to statherin (saliva) [15]. However, when it comes to pathological mineralization in mammals, the
formation of less soluble calcium phosphates and oxalates is often more critical than uncontrolled
precipitation of CaCO3 [11,16,17]. An example of functionally formed calcium carbonate stones is the
gastroliths of lobsters [8,10,18]. They serve as a calcium reservoir regularly needed upon molting, as
the carapace cannot grow with the animal. Gastroliths are mostly constituted of amorphous calcium
carbonate (ACC) [19], due to its higher solubility and better bioavailability as compared to crystalline
calcium carbonates. One example of pathologically formed calcium carbonate is the urinary stones
of guinea pigs. They typically contain large amounts of calcium carbonate, often up to 100%, and
mostly constitute calcite, magnesian calcite, or monohydrocalcite [20,21]. The occurrence of ACC in
such stones has not been reported so far, to the best of our knowledge.
In fact, the general relevance of ACC in the formation calcium carbonates is currently under
debate [22,23]. From the point of view of classical nucleation theory, ACC is only accessible beyond a
certain level of supersaturation, and is thus often assumed, arbitrarily, to not occur in many settings
that are nominally undersaturated with respect to macroscopic phases of ACC [24]. However, there are
indications from computer simulations of ACC being the thermodynamically stable form of CaCO3 at
small particle sizes (<~4 nm) [25]. Indeed, alternative views on the mechanism of phase separation,
e.g., according to the so-called pre-nucleation cluster pathway, suggest that ACC would always
form first, transiently [7], while recent in-situ electron microscopy studies suggest that crystalline
calcium carbonate can form in solution via direct pathways [23]. The role of the electron beam in such
experiments remains unclear, especially when it comes to the induction of crystallisation in amorphous
intermediates [26].
In any case, the fundamental question regarding the occurrence of ACC is of ultimate relevance
for pathological mineralisation as well. On the one hand, ACC can be overseen when techniques are
employed that are only sensitive towards the detection of crystalline species, such as X-ray diffraction
(XRD) [21]. This approach can lead to misinterpretations of stone compositions and bring about
erroneous assessments of the consequences of dietary conditions. We do note that the occurrence
of amorphous carbonated calcium phosphate (ACCP) in pathological mineralization is thoroughly
established [27]; however, also, the role of ACC in pathological mineralisation could be a more
widespread phenomenon. Strategies to inhibit nucleation and crystallisation, within the notions of
alternative pathways to particle formation [7,28,29], may potentially allow for the development of new
medical treatments, perhaps even beyond the calcium-carbonate-rich urinary stones in guinea pigs.
This study has been conducted on a particular stone of an individual guinea pig. It has a mixed
inorganic composition of calcium carbonates and magnesium ammonium phosphate hexahydrate
(struvite), indicating that the stone had formed upon urinary tract infection [30,31]. A global discussion
of a combination of results indicates that a significant fraction of the calcium carbonate is amorphous.
It appears as amorphous precursors, and intermediates could play a key role also in the pathological
mineralisation of such stones.
2. Materials and Methods
Urinary stones. No animals were harmed in the course of this study; the urinary stone specimen
was provided by Mia Winge of a non-profit organization for helping guinea pigs: http://www.
marsvinshjalpen.se.
Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS).
A urinary stone was cut through the centre utilising a blade saw, and gently polished under dry
conditions, first using SiC paper (4000 mesh) and then diamond paper (1 micrometre). After polishing,
the remaining loose abrasive material was blown away by a gentle air stream. This polished stone
was imaged utilising the detector for back-scattered electrons in a SEM. To that end, a TM 3000 table
scanning electron microscope (Hitachi, Tokio, Japan) was used with an accelerating voltage of 15 kV.
EDS mapping was performed using a SDD detector (Quantax 70, Bruker, Billerica, MA, USA), and

Minerals 2018, 8, 84

3 of 12

the spectra were analysed for three particular areas. This analysis is self-calibrating and relatively
insensitive to local sample tilts and surface conditions.
Fourier transform infrared (FT-IR) spectroscopy. FT-IR spectra were recorded on a finely ground
powder of a urinary stone with a 670-IR FT-IR spectrometer (Varian, Palo Alto, CA, USA) and its
diamond-based attenuated total reflectance device (Golden GateTM , Specac, Orpington, UK) within a
spectral range of 390–4000 cm−1 and a spectral resolution of 2 cm−1 . The room temperature detector
of the spectrometer was used.
Thermal gravimetric analysis (TGA). TGA of a piece of the urinary stone was conducted on a
TGA 7 analyser (Perkin Elmer, Waltham, MA, USA) by heating the sample from 25 to 900 ◦ C at a rate
of 2 ◦ C/min under a flow of dry artificial air mixture.
X-ray powder diffraction (XRD). Diffractograms were recorded on a X’Pert Pro diffractometer
(PANalytical, Almelo, The Netherlands) using Cu Kα1 (λ = 1.5406 Å) radiation and a PIXel detector.
The diffractograms were acquired for 20◦ < 2θ < 60◦ using a scanning speed of 0.04◦ s−1 (acquisition
time of ~17 minutes per diffractogram). Pieces of a urinary stone were finely ground, dispersed in
isopropanol, and subsequently spread on silicon plates, uniformly.
3. Results and Discussion
The SEM images in Figure 1 of a gently polished stone exemplify successive regions of dense
and porous areas that appear to have grown in rings. The dense rings alternate with loose and
porous regions, similar to the concentric rings that Peng et al. observed by optical microscopy of a
stone composed of calcium carbonate, magnesium ammonium phosphate hexahydrate (struvite), and
calcium phosphate [32]. The infrared spectrum recorded on the stone displays distinct bands that can
be assigned to the different vibrational modes of CO3 2− and PO4 3− ions (Figure 2). In addition, bands
typical for CH3 , CH2 , and NH chemical groups are observed, as one would expect from the inclusion
of proteins and other biomolecules. The assignments of bands in the fingerprint region (<1000 cm−1 )
are consistent with the crystalline inorganic polymorphs as established by XRD data (see below) and
can be assigned to phosphates and carbonates.
The band at 995 cm−1 is due to the anti-symmetric stretching mode (ν3 ) of the phosphate ion,
which is triply degenerate for free phosphates. It has earlier been reported to occur at 1006 cm−1
in magnesium ammonium phosphate hexahydrate (struvite) [33]. There is also a good match of the
band frequency for the in-plane bending mode (ν4 ) of the phosphate group (569 cm−1 ), which has
been reported to occur at 571 cm−1 in struvite [33]. The minor variances between the band positions
and those in literature reports can be rationalized by the coupling with librational modes of water,
which occur in this spectral region, as well as additional bands from calcium carbonate and organic
compounds. The ν3 band of the carbonate ion is located at 1402 cm−1 , whereas the band position
and band width are rather inconclusive when it comes to discriminating in between ACC (split band
1392/1462 cm−1 ) and calcite (1392 cm−1 ) [34]. The broad band features a shoulder (~1469 cm−1 ) that
could relate to the split band that is normally observed for ACC and could include contributions
from amide bands of proteins present in stone. The band for the out-of-plane bending mode (ν2 )
at 872 cm−1 cannot be used directly to discriminate ACC from crystalline forms of CaCO3 either,
because its position varies for different types of ACC [35–40]. However, in this case, the band position
agrees with literature reports on calcite [34]. Typically, the ν4 bands of the carbonate ion are used to
discriminate between ACC and different crystalline forms. These bands are sharp, although they are
rather weak for calcite (713 cm−1 ), vaterite (745 cm−1 ), and aragonite (713/700 cm−1 split band) [41],
and very weak and split for ACC (694/723 cm−1 ) [34]. Actually, the ν4 split bands of ACC are often
not observable, since they are superimposed by a broad band that arises from the librational modes of
(structural) water molecules [34]. In case of the urinary stone of the guinea pig, broad bands are located
at 758/715 cm−1 with a minor shoulder at 702 cm−1 . The carbonate bands in the fingerprint region
cannot directly be used to identify the very specific distribution of polymorphs of calcium carbonate
present in the urinary stone of the guinea pig. Although some spectral features of calcite are observed,
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It is important to note that the rather low signal-to-noise (S/N) ratio is not due to fast data
It is important to note that the rather low signal-to-noise (S/N) ratio is not due to fast data
acquisition, but rather due to a low amount of crystallinity in the sample. The reflections from
acquisition, but rather due to a low amount of crystallinity in the sample. The reflections from struvite
struvite are marked with red arrows, and the broad reflections that may be assigned to calcite are
are marked with red arrows, and the broad reflections that may be assigned to calcite are marked
marked with thick blue arrows (Figure 3). Interestingly, the pattern for the calcite phase is shifted by
with thick blue arrows (Figure 3). Interestingly, the pattern for the calcite phase is shifted by ~0.3◦
~0.3° to larger angles as compared with the calcite database diffractogram. Given the internal
to larger angles as compared with the calcite database diffractogram. Given the internal struvite
struvite reference, the shift has to be considered real, although a constant shift in all reflections is
reference, the shift has to be considered real, although a constant shift in all reflections is surprising
surprising and usually due to a misalignment of the diffractometer. The shift of the reflections is not
and usually due to a misalignment of the diffractometer. The shift of the reflections is not consistent
consistent with monohydrocalcite [44], which has a similar diffraction pattern as calcite, but with a
with monohydrocalcite [44], which has a similar diffraction pattern as calcite, but with a shift to lower
shift to lower angles. Due to the low S/N ratio, despite a long acquisition time, and the broad
angles. Due to the low S/N ratio, despite a long acquisition time, and the broad reflections, we cannot
reflections, we cannot unambiguously assign this reflection pattern to calcite. To our knowledge,
unambiguously assign this reflection pattern to calcite. To our knowledge, such broad features have
such broad features have not been reported for calcite, which typically tends to exhibit narrow and
not been reported for calcite, which typically tends to exhibit narrow and intense reflections, but it may
intense reflections, but it may well be due to nano-calcite. Another possible explanation for this
well be due to nano-calcite. Another possible explanation for this broadening is the accommodation of
broadening is the accommodation of magnesium ions in the calcite lattice, which can cause
magnesium ions in the calcite lattice, which can cause significant broadening of the reflections [45,46].
significant broadening of the reflections [45,46]. Quantitatively, the observed shift in the (104)
Quantitatively, the observed shift in the (104) reflection of calcite without magnesium substitution
reflection of calcite without magnesium substitution (2θ = 29.429°) to 2θ ≈ 29.8° (maximum of the
(2θ = 29.429◦ ) to 2θ ≈ 29.8◦ (maximum of the reflection) gives a change in d(104) from 3.0326 Å (calcite)2+
reflection) gives a change in d(104) from 3.0326 Å (calcite) to ~3.0 Å, which is consistent with a Mg
to ~3.0 Å, which is consistent with a Mg2+ content of ca. 10–20 mol % [45]. Owing to the low S/N
content of ca. 10–20 mol % [45]. Owing to the low S/N ratio, it is difficult to extract the exact peak
ratio, it is difficult to extract the exact peak width in order to estimate the crystallite size via the
width in order to estimate the crystallite size via the Scherrer equation (assuming it is pure calcite)
Scherrer equation (assuming it is pure calcite) or, alternatively, to perform a Rietveld refinement for
or, alternatively, to perform a Rietveld refinement for Mg-substituted calcite. In any case, the peak
Mg-substituted calcite. In any case, the peak area of the broad reflections implies that this phase is
area of the broad reflections implies that this phase is more abundant than struvite.
more abundant than struvite.
Urinary stones of guinea pigs contain a small amount of organics in addition to the inorganic
components [21]. We have used TGA in artificial air to determine the amount of organics, as well as
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Urinary stones of guinea pigs contain a small amount of organics in addition to the inorganic
components [21]. We have used TGA in artificial air to determine the amount of organics, as well
as the contents of struvite and calcium carbonate (Figure 4). The most pronounced mass loss can
be assigned to the decomposition of the carbonate ions. Assuming that the observed loss of 30 %
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carbonate) is present in both the dense and the loose regions and excluded from only some areas.
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Table 1. Elemental compositions estimated from electron-dispersive X-ray spectroscopy of three distinct
regions in a cross-polished urinary stone of a guinea pig. The values represent weight percentages that
have been normalized to 100%.
Element

Large Spot
(weight-%)

Porous Region
(weight-%)

Dense Region
(weight-%)

Approx. Error
(%)

Oxygen
Carbon
Calcium
Magnesium
Phosphorous
Potassium
Silicon
Chlorine

48.5
19.2
20.7
5.1
3.1
2.2
0.9
0.5

49.5
17.7
18.6
6.4
3.3
2.6
1.5
0.5

50.2
16.0
16.9
7.2
6.4
2.1
0.7
0.4

6–8
3–4
0.5–0.7
0.3–0.4
0.2–0.3
0.1
0.1
0

4. Conclusions
There is a variation in the components of the urinary stone of the guinea pig. The majority
phase of the particular stone investigated here is calcium carbonate. The broad reflections for calcium
(magnesium) carbonate and the fact that the stone contains 68 weight-% of calcium carbonate (based
on TGA and EDS) indicate that a considerable fraction of the stone is ACC. ACC has to our knowledge
not been documented for such urinary stones. The existence of ACC in the stone is consistent with the
broad spectral features that can be assigned to carbonate vibrational modes in infrared spectroscopy
(IR). It should be noted that ACC typically features very broad scattering in XRD. These are only
evident for purely amorphous specimens and could not be observed for this stone that contains
struvite and partially crystalline carbonates. The occurrence of ACC is generally also consistent with
the presence of magnesium, which is known to kinetically stabilise ACC [40,50]. Transiently formed
ACC [8] could be a precursor to monohydrocalcite (MHC) that can occur in such stones, whereas MHC
might have transformed into Mg-calcite upon storage of the present stones [20]. The poor crystallinity
of carbonates (Figure 3) might also indicate that they have formed via an amorphous precursor. While
we cannot unambiguously prove the presence of ACC, further analyses based on TEM or polarized
light microscopy would likely be inconclusive owing to the mixed composition of the stones. In any
case, the present study shows that it could be important to further study if ACC is a common feature of
urinary stones of guinea pigs. It should be emphasized that analyses [21] employing XRD cannot reveal
the presence of ACC in samples with significant diffraction, and previously investigated stones may
contain significant amounts of ACC. For example, the minute reflections due to calcium carbonate in
the XRD analyses of the urinary stone of this study would have led to a dramatic underestimation of the
calcium carbonate content, if the assessment would have been based on XRD alone. It is important to
understand the occurrence of calcium carbonate, as it could potentially affect dietary recommendations.
This can be a problem when the applied analytics is sensitive only for crystalline CaCO3 .
The stone displays successive laminated regions of dense and porous materials (growth rings),
whereas crystalline struvite (MgNH4 PO4 ·6H2 O) appears to be somewhat concentrated in the dense
regions of the stone when considering the relative amounts of magnesium and phosphorous
determined by means of EDS in the different regions (Table 1). The calcium carbonate is more
evenly distributed than the magnesium salt within the urinary stone, which could be indicative of the
fact that the precipitation of ACC occurred on already nucleated struvite particles. Further studies
of the nucleation of urinary stones could be relevant to supporting this hypothesis. In any case, our
results suggest that amorphous intermediates likely play a role in pathological precipitation of calcium
carbonate. The kinetic stabilisation of the ACC against crystallisation in this particular case may be
based on the presence of magnesium ions and organic constituents, and/or their combination [51].
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Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/8/3/84/s1,
Figure S1: SEM micrograph with EDS mapping of a large area of the urinary stone of the Guinea Pig, Figure S2:
SEM micrograph with EDS mapping of a smaller porous region of the urinary stone of the Guinea Pig, Figure S3:
SEM micrograph with EDS mapping of a smaller dense region of the urinary stone of the Guinea Pig.
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