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nucleates and grows are of fundamental importance. Even 
though the organic matrix is a minor component, the role 
of organic macromolecules, such as proteins or lipids is 
an important question for both normal and pathological 
biomineralization.

The most prevalent kidney stones are those composed 
of calcium oxalate, usually as its monohydrate polymorph, 
though it can be present as the dihydrate. The trihydrate form 
has not been detected in kidney stones. The mineral that 
makes up Randall’s plaques calcium hydroxyapatite (a phos-
phate) is also seen in kidney stones. Other phosphates, such 
as octacalcium phosphate and brushite are also stone con-
stituents, and mixed phosphate oxalate stones are quite com-
mon. In acidic urine (low pH), it is possible to form stones 
composed of uric acid and related compounds such as mon-
osodium urate. A metabolic disorder leading to cystinuria 
can result in cystine stones, and infection can lead to stones 
formed from struvite, magnesium ammonium phosphate. 
Summaries of the prevalence of different minerals in stones 
have been given by Prien and Prien [49] and Herring [28].

From a materials science perspective the micro and nano 
structure gives vital information on how any material is 
formed. This should also be true for biominerals. Minerals, 
including the solid phases in biominerals, are all crystals. 
Macroscopically, a crystal is a solid with well-defined fac-
ets. At the atomic level it is a regular arrangement of atoms 
or molecular groups arranged according to well-defined 
symmetries. This gives a perfect lattice of points extend-
ing throughout the crystal. The fundamental repeating unit 
of lattice points in identical environments is called the unit 
cell. It is specified in terms of its sides and angles between 
them (see Fig. 1a). Rotational symmetry defines the crystal 
system. It can be shown that for an infinite repeating lattice 
of points only 1-, 2-, 3-, 4-, and 6-fold rotations are allowed. 
A summary of the crystal systems is given in Table 1. 

Abstract  The mineral phase makes up most of the mass 
of a kidney stone. Minerals all come in the form of crys-
tals that are regular arrangements of atoms or molecular 
groupings at the atomic scale, bounded macroscopically 
by well-defined crystal faces. Pathologic nephroliths are a 
polycrystalline aggregate of submicron crystals. Organic 
macromolecules clearly have an important role in either 
promoting or preventing aggregation and in altering the 
morphology of individual submicron crystals by influenc-
ing the surface energies of different faces. Crystals, similar 
in morphology to those grown in solution, are often found 
for calcium oxalate dihydrate, brushite, cystine and stru-
vite. This is not the case for calcium oxalate monohydrate 
and hydroxyapatite, two of the most common constituents 
of stones.
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Introduction

Kidney stones are an example of pathological biominerali-
zation; they clearly have no beneficial effect. Both patho-
logical and normal biominerals have both solid mineral 
phases and organic phases. For kidney stones, the weight 
fraction for the organic matrix is on average 3% for cal-
cium containing or uric acid stones and 9% for cystine 
stones [5, 35]. Given that most of the mass of a stone is 
the solid or mineral phase the mechanisms by which it 
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The table shows a steady progression from lesser to 
greater symmetry. Adding other symmetries, such as mir-
ror reflections, or twofold rotations perpendicular to the 
main rotation axis, gives the 32 point groups. When trans-
lation symmetries are added, 230 space groups are gener-
ated. Traditionally, information on space groups came from 
the International Tables for Crystallography [25], but these 
days it is easier to use a program such as CrystalMaker ® 
(http://www.crystalmaker.com). Atom positions in the crys-
tal structure are specified relative to the sides of the unit 
cell.

The crystal facets are specified in terms of plane indi-
ces. A plane is drawn within the first unit cell. The plane 
cuts the unit cell sides at certain positions, specified by the 
fraction of the cell side. The plane indices (h, k, l) are the 
inverse of these fractions (see Fig. 1b). The plane indices 
also define potential crystal surfaces. Wulff [79] gave a 
simple construction to determine the shape of the macro-
scopic crystal. Each of the facets specified by a plane index 
(h, k, l) has a surface energy γhkl. The aim is to minimize 
the total surface energy. Lines are drawn along the (hkl) 
directions with length proportional to the surface energy γ. 
At the end of each line a perpendicular line is drawn. The 
boundary sketched out by these perpendicular lines is the 
macroscopic shape of the crystal (see Fig. 2). It is easy to 
see that surfaces with a high surface energy are smaller 
than those with a lower surface energy.

So far we have only considered perfect infinite crystal 
lattices. In practice, there are also defects or other imper-
fections and these might be significant for the biominerals 
making up kidney stones.

Crystal structures of common stone constituents

When grown in solution, or found as naturally occurring 
minerals, the materials making up kidney stones show 
characteristic shapes defined by the most prominent crystal 
facets. Lonsdale [40] and Frincu [20], in their study of epi-
taxial relationships, give a comprehensive list of crystallo-
graphic information, such as space group, unit cell param-
eters and prominent crystal facets. For convenience, we 
repeat it here as Table 2 divided into oxalates, phosphates, 
urates and cystine.

# For COM we are using the unit cell of Tazzoli and 
Domeneghetti [73].

Some authors use the unit cell of Deganello [11].
aDeg = −(aTazz + cTazz), cDeg = aTazz. A listing giv-

ing equivalent plane indices for both choices of unit cell is 
given by Millan [46].

Factors affecting crystal growth

For urolithiasis, the first question is whether these crystal 
forms are actually present in kidney stones. The charac-
teristic bipyramids formed by the {101} faces of calcium 
oxalate dihydrate are easily recognized [34, 55]. In COM 
stones polarized light microscopy and SEM reveal concen-
tric rings and radial striations [45, 47, 64, 65]. Structures 
recognizable as COM crystals with the expected facets 
(see Fig. 3a) have rarely been seen [8, 63, 77], even though 
the stones have been unambiguously identified as COM 
by powder X-ray diffraction. On the basis of polarized 
microscopy Al Atar et al. [1] proposed that crystals with the 
expected (100) faces, elongated in the [001] direction, are 
stacked together as domains up to 50 μ across, consistent 
with the stacks observed in SEM. There is a similar prob-
lem for some of the phosphates. Khan et  al. [32, 34] and 
Spector et  al. [69] show a spherulitic microstructure that 
does not resemble the expected cuboidal apatite shape. 

Fig. 1   a The unit cell in a crystal b planes are specified by the inter-
cepts of the plane with the unit cell sides

Table 1   The crystal systems Crystal symmetry Fundamental rotational symmetry Unit cell sides Unit cell angles

Triclinic 1-fold Sides unequal Angles unequal

Monoclinic 2-fold Sides unequal α = γ = 90o

Orthorhombic Three orthogonal 2-folds Sides unequal α = β = γ = 90o

Tetragonal 4-fold a = b α = β = 90, γ = 90o

Hexagonal 6-fold a = b α = β = 90, γ = 120o

Rhombohedral 3-fold a = b = c α = β = γ

Cubic Orthogonal 3-folds a = b = c α = β = γ = 90o

http://www.crystalmakercom
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It is only with brushite [34, 55], struvite and cystine that 
crystals with the expected facets have been unambiguously 
seen in the stones themselves.

It is widely believed that urinary macromolecules can 
inhibit the growth of crystals. It would therefore not be 
surprising that the shape of a crystal that has grown in 
urine (or possibly originated in some intracellular space) 
is strongly influenced by the organic macromolecules that 
are inevitably present. The surface energies will change 
and organic molecules might prevent the addition of new 
ions from solution by blocking favorable step sites. This 
has been graphically demonstrated in the liquid AFM stud-
ies of Qiu, who showed how citrate binds at the [001] steps Fig. 2   The Wulff construction. Note that the smaller face has a 

higher surface energy

Table 2   Summary of crystallographic parameters for the most common urinary stone constituents (from Lonsdale [40] and Frincu [20])

Unit cell lengths are given in Angstroms

 Oxalates Calcium oxalate monohydrate (COM)
Ca(C2O4) H2O #

Calcium oxalate dihydrate
(COD) Ca(C2O4) 2H2O

 System Monoclinic Tetragonal

 Space group P21/c I 4/m

 Lattice a = 6.29, b = 14.583, c = 10.116
β = 109.46

a = b = 12.37, c = 7.357

 Planes (100) (011) (010) (021) (02̄1) (121̄) (12̄1̄) (101) (100) (010)

 Phosphates Hydroxyapatite
Ca5(PO4)3OH

Brushite
CaHPO4 2H2O

Octacalcium phosphate
Ca8H2(PO4)6 5H2O

 System Hexagonal Monoclinic Triclinic

 Space group P63/m I2/a P1

 Lattice a = 9.418, c = 6.875 a = 5.88, b = 15.15, c = 6.37
β = 117.46°

a = 19.87, b = 9.63, c = 6.88
α = 89.3°, β = 92.2°, γ = 108.9°

 Planes
 
(0001) (101̄0) (112̄0) (112̄2)

(101̄1) (1012) (202̄1)

(010) (001) (101) (120) (1̄11) (11̄0) (100) (010) (001)

 Urates Uric acid
C5H4N4O3

Uric acid dihydrate
C5H4N4O3 2H2O

Monosodium urate
C5H3N4NaO3

 System Monoclinic Monoclinic Triclinic

 Space group P21/a P21/c P1̄

 Lattice a = 14.46, b = 7.403, c = 6.281
β = 65.1°

a = 7.237, b = 6.363, c = 17.449
β = 90.51°

a = 10.888, b = 9.534, c = 3.567
α = 95.06°, β = 99.47°, γ = 97.17°

 Planes (100) (210) (201) (001) (001) (102) (011)  (100) (001) (010)(11̄0)

Struvite and cystine   Struvite
MgNH4PO4 6H2O

Cystine
(C3O2NH5S)2

 System Orthorhombic Hexagonal

 Space group P21mn P6122

 Lattice a = 6.6955, b = 6.142, c = 11.218 a = 5.6422, c = 5.6275

 Planes (011) (102) (100) (001) (001) (112̄0
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on the (100) surface of COM and how osteopontin slowed 
the growth of the (010) facets [50, 51]. These studies were 
extended to cystine by Mandal and Ward [42]. Some of the 
results showing curved faces might explain the morphology 
observed by Sandersius et al. [63], also shown as Fig. 3b.

Given that powder diffraction of stones shows sharp 
peaks characteristic of a polycrystalline, not an amorphous 
material, the size of the individual crystallites is still an 
open question. High-resolution scanning electron micros-
copy and AFM have both indicated that any crystallites are 
submicron in size [12, 63]. Analysis of peak widths from 
synchrotron diffraction has been used to measure size dis-
tributions and internal strains in crystals precipitated from 
urine [19]. X-ray diffraction peak profiles were also used 
to confirm SEM size estimates of crystallites in stones [21]. 
Considerations of the ratio of organic matrix to mineral 
phase also suggest that the mineral crystallites are submi-
cron in size. According to Sandersius [63], if the matrix 
completely surrounds the mineral crystallites as a mon-
olayer of the organic macromolecule then the crystallite 
size varies from 0.3 μ for a monolayer of 10 kD protein to 
0.47 μ for a monolayer of 30 kD protein or phospholipid. 
The crystals could be as large as 0.7 μ for a monolayer 
of 100 kD protein. If the crystals are in the form of slabs 
the relevant dimension is the slab thickness. It varies from 
53 nm for a small 10 kD protein to 120 nm for a large 100 

kD protein. The plates shown in Fig. 3b are 10 μ across and 
are therefore too large to be the fundamental single crystal 
units. When COM stones were sonicated and broken apart 
submicron structures plausibly resembling the expected 
morphology of COM are visible as shown in Fig. 3c.

However, it is still possible that organic macromolecules 
are also included inside the mineral crystalline phases. 
This has been demonstrated experimentally with agarose 
in calcium carbonate [38], where the inclusions have been 
mapped at atomic resolution and with fluorescent dyes in 
uric acid [68]. Ryall’s group has shown that various pro-
teins or fragments such as prothrombin fragment 1 [70, 
71] are incorporated in COM and COD precipitated from 
filtered urine. She has argued that these incorporated pro-
teins assist in the break up of submicron crystals when they 
are attacked by proteases after endocytosis [7, 19, 59–61]. 
Although small molecules can easily be occluded in grow-
ing crystals, it is much harder to incorporate large mole-
cules. That is probably why Tamm Horsfall Glycoprotein, a 
100 kD molecule, was not found in crystals grown in urine 
[62].

Considerations of transit time through the kidney and 
growth rates also limit the maximum size to a few microns. 
Finlayson and Reid [18] and Kok and Khan [36] assume 
COM grows at 1–2 μ min. The growth rate given by Wer-
ness et al. [76] is almost an order of magnitude lower, 0.14 

Fig. 3   a COM crystal precipi-
tated from solution from Guo 
et al. [24]. b SEM from fracture 
surface of COM stone showing 
plates with rounded edges. Bar 
is 10 μ. Note the similarity to 
Fig. 4b of Daudon et al. [8]. c 
SEM of sonicated COM stone 
showing submicron crystals. 
Bar is 200 nm
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μ/min for COM and 0.03 m/min for COD. The transit time 
through the kidney is 3–4 min, but is only 30–45 s in the 
collecting duct that has the appropriate supersaturation 
after water has been removed. That would mean crystal-
lites would range in size from 0.5–1 μ for a growth rate of 
1–2 μ/min, and for the lower growth rate of 0.14 μ/min, 
the size would be limited to 0.07–0.1 μ.

All these arguments suggest that any crystal that form 
will easily pass through the ureter and will be voided 
as crystalluria. There have been a number of studies on 
whether crystalluria is diagnostic for stone disease [9, 54, 
75]. In the past these investigations would only have picked 
up micron sized particles [13], but in a recent paper He [27] 
explicitly studied nanoparticles. He found that the size dis-
tribution in normals was narrower than for stone formers 
and that the proportion of COD was also higher. This is 
consistent with some of the earlier studies of crystalluria. 
In investigations by Rodgers of marathon runners who were 
all subject to dehydration, a known risk factor for stone 
disease, the Caucasian stone formers all produced COM 
aggregates [57, 58], whereas the black non-stone form-
ers produced uniform micron sized COD bipyramids [56]. 
Interestingly, the dumbbells often associated with COM 
[34] might easily be confused with COD precipitated with 
100–150 μg/mL−1 concentration of polyacrylic acid (PAA) 
[74]. The increased proportion of COD for non-stone form-
ers would suggest that the formation of COD is a protective 
normal process, while precipitation of COM is potentially 
pathological [77]. Further support is provided by the obser-
vation that COD is usually found on the outside of mixed 
COM/COD stones [31]. This raises the question of whether 
organic macromolecules can control the nucleation of COD 
v COM in the same way that soluble proteins control the 
deposition of calcite or aragonite in mollusk shells [2].

So far it has been assumed that the nanometer sized crys-
tals that are the fundamental building blocks for the macro-
scopic stone all grow according to the classical model. Ion 
pairs are added one at a time at steps or ledges. However, 
this seems to be the exception, not the rule, in other areas 
of biomineralization. Amorphous calcium carbonate (ACC) 
precursor phases were first found in the sea urchin larval 
spicule [3]. The hydrated amorphous phase transforms to 
the crystalline phase through a number of steps [48]. Irreg-
ularly shaped perfect crystals can be created through this 
mechanism. Later it was shown that an amorphous calcium 
phosphate was involved in the formation of bone [41]. In 
an excellent recent article, de Yoreo [10] reviews the many 
possible paths to biomineral crystal formation, includ-
ing the oriented attachment of crystal nanoparticles. If the 
paracrystalline model for amorphous calcium carbonate 
is correct it could be argued that ACC is just an extreme 
example of crystal particle attachment [52]. The model of 
crystal particle attachment could explain how the nm sized 

crystallites as shown in Fig. 3c assembles to form the larger 
structures about 10 μ across shown in Fig. 3b.

Is there an amorphous phase that is the initial precursor 
in oxalate stone formation? The synthesis of amorphous 
calcium oxalate would suggest that this is a possibility [26, 
29]. Given that the formation of calcite from ACC involves 
dehydration [30] it would seem that COD would be more 
prevalent than COM if calcium oxalate were initially 
deposited as a highly hydrated amorphous phase.

By itself the nucleation of submicron crystals does not 
lead to macroscopic mm or larger stones associated with 
disease. Although the initial nucleation event is significant, 
it is the build up of the polycrystalline aggregate that is the 
key step in the process. Again, organic macromolecules can 
be of critical importance. Do they hinder or inhibit aggre-
gation or do they act as templates for crystal nucleation and 
also act as glue for binding small crystals together in poly-
crystalline arrays?

It is widely believed that macromolecules with carboxy-
late groups such as Glu and Asp “bind” calcium and pro-
teins rich in Asp and Glu residues were prime candidates 
for inhibitors of growth and aggregation. Post translation 
modification of Glu to γ carboxyglutamic acid in proteins 
such as prothrombin fragment 1 was thought to enhance 
binding even more [39, 70]. The problem is that in the 
soluble ordered proteins it is not possible for widely dis-
persed Glu and Asp residues to make close contact with Ca 
in crystal surfaces [23]. Stereochemical considerations also 
limit the ability of both carboxylate groups in Gla residues 
to bind to surfaces [23]. Of course, there is no reason why 
basic residues, such as arg and lys might not be attracted 
to the anions, such as oxalate and phosphate in crystal sur-
faces. Sheng et al. have used functionalized AFM tips [66, 
67] to measure the attractive forces between carboxylate 
and aminidium groups and (100), (010) and (121̄) surfaces. 
The strongest attraction was with the (100) face and the 
weakest with the (010) face. Attractive forces were meas-
ured for both carboxylate and aminidium groups attached 
to long chains, the forces for carboxylate groups being 
somewhat higher. Only a disordered or partially ordered 
protein can make good contact with a mineral surface. It 
is not surprising that many authors believe that osteopontin 
is significant in either altering growth or changing aggre-
gation. Using AFM in liquid Qiu showed how osteopontin 
modulated the (010) faces of COM [50], and demonstrated 
that it is a potent inhibitor of aggregation. The hypothesis is 
that the RGD domains interact strongly with mineral sur-
faces. Grohe et al. used molecular dynamics (MD) to fol-
low how osteopontin might unravel of the (100) surface 
[22]. However, recent MALDI-TOF of both the urine and 
stone matrix proteome would suggest that proteins play no 
special role in stone formation, the main proteins found in 
stone matrix are those associated with cellular injury [6]. 
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For all the emphasis on proteins as inhibitors (or promot-
ers) of growth or aggregation, this finding would suggest 
that their presence is adventitious.

Phospholipids potentially have more points of contact 
with mineral surfaces than ordered proteins. There is con-
siderable evidence of crystal attachment to IMCD (inner 
medullary collecting duct) cells [43] and RPCT (renal 
papillary collecting tubule) cells [44, 53] as well as phos-
pholipids on the surface of red blood cells [4]. Controlled 
growth of COM in the (100) orientation on Langmuir–
Blodgett films of phospholipids strongly supports this view 
[37, 78]. For some time, Khan and colleagues have empha-
sized the critical role of cellular injury in urolithiasis and 
the significance of crystal membrane interactions. They 
showed that phospholipids dominate the matrix of calcific 
stones and investigated the role of lipid assemblies [33]. A 
potential problem is that the areal density of phospholipids 
is greater than the density of Ca ions on most of the COM 
and COD surfaces (see Table  3). Significant nucleation 
of COM only occurred when the Langmuir trough pres-
sure reached 20 mN/m and the area per molecule of DPPG 
(dipalmitoylphosphatidylglycerol) reached 45 Å2 [72]. Cell 
membranes are not uniform layers of a single phospholipid; 
they are complex arrangements of many different phospho-
lipids with embedded specialized proteins involved in sign-
aling and ion transport. At boundaries it is quite conceiv-
able that there is sufficient compression of headgroups for a 
good match to oxalate and phosphate mineral surfaces.

Many stones have a mixed composition with two or 
more different phases. Evan et  al. have suggested that 
oxalate stones originate with Randall’s plaques, deposits 
of apatite in the lower descending loop of Henle. These 
break through the urothelium and become the nucleus 
for COM stones encrusting the papillary tip [14, 15, 17]. 
It was originally suggested by Lonsdale [40] that epitaxy 
was responsible for overgrowth of one phase over another. 
A recent analysis by Frincu [20] found many potential epi-
taxial relations between the many mineral phases that are 
found in kidney stones. I think these are more of a coinci-
dence, nearly all these minerals are ionic crystals and have 
similar separation between cations and anions, so it is not 

surprising that what appear to be epitaxial relations can be 
found. It is more likely that overgrowths are facilitated by 
organic molecules. In fact, Evan et  al. found osteopontin 
and Tamm Horsfall protein [16] between the phosphate and 
oxalate regions of the composite stone.

Conclusions

Kidney stones are 97% by weight mineral phase and give 
polycrystalline diffraction patterns. It would therefore be 
expected that they are aggregates of small crystals. Scan-
ning electron microscopy, AFM and analysis of the width 
of diffraction peaks suggest that the crystals are submi-
cron in size. Although different phases have been identi-
fied by EDX and by their general morphology, the facets 
of the individual submicron crystals are not easily identi-
fied in the fully grown urolith. Radial striations and con-
centric rings have often been seen in COM stones, and 
other morphologies have been seen characteristic of differ-
ent phases. It is still to be determined how much of the 
organic matrix is intracrystalline and how much fills the 
space between the submicron crystallites. Any model has 
to be consistent with the well-known matrix mass fraction. 
One reason why it is been so hard to identify crystals with 
shapes corresponding to crystals precipitated from solution 
is that organic macromolecules alter surface energies of 
the growing crystal and change the shape, sometimes pro-
ducing rounded edges. This has been investigated in a con-
trolled way monitoring crystal growth with liquid AFM. 
Ultimately, the growth of macroscopic kidney stones is 
controlled by the aggregation of multiple small crystals on 
those few crystals that have already adhered to the urothe-
lial membrane at a fixed point. Some organic macromol-
ecules play a critical role in facilitating both the adhesion 
and subsequent agglomeration, though it is also likely 
that other macromolecules inhibit the process and prevent 
the small nucleus every growing to macroscopic size and 
showing clinical symptoms. It is important for research 
in this area to keep an open mind and not fixate on a par-
ticular protein or other macromolecule just because there 

Table 3   Densities of calcium 
oxalate formula units on various 
COM and COD surfaces

a (Ǻ) b (Ǻ) Angle (deg) Area (sq Ǻ) No of CaOx Area per Ca or Ox (sq Ǻ)

COM (001) 6.29 7.28 91.5 45.9 1 45.9

COM (010) 6.29 10.3 70 60.9 2 30.5

COM (100) 6.3 7.3 55 37.7 1 37.7

COM (021) 6.26 6.29 105 37.9 1 37.9

COM (10-1) 9.98 7.29 90 72.8 2 36.4

COD (011) 12.37 14.39 90 178 4 44.5

COD (001) 12.37 12.37 90 153 2 38.3

COD (100) 12.37 7.36 90 91 4 45.5
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is a technology available that makes it easy to detect or 
because it happens to fit in with a plausible hypothesis.
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