
INTRODUCTION
Kidney stones are a common clinical problem causing
symptoms in up to 15% of men and 6% of women through-
out the United States, with some regional variations (Soucie
et al. 1994). Stone disease causes substantial suffering and
occasional renal failure, yet the disease mechanism is
poorly understood despite decades of investigation. Kidney
stones are aggregates of microcrystals. They most often con-
tain the mineral calcium oxalate monohydrate
(CaC2O4•H2O; COM), otherwise known as whewellite,
although they may also contain other calcium salts and
even organic crystals. Many stones are composed of mix-
tures of these various crystals, but COM is usually the major
component. 

Calcium oxalates (COM, as well as its dihydrate and trihy-
drate forms) are found in several environments. Oxalic acid
generated by microorganisms can result in the formation of
“beerstone” on the paddles of stirrers in fermentation reac-
tors and as thin layers on the surface of limestone and mar-
ble monuments (Garcia-Vallès et al. 1998). In addition,
COM crystals can be harvested from plants, such as tomato
and tobacco leaves (Webb 1999; Bouropoulos et al. 2001).
These occurrences represent a relatively harmless biogenesis
of calcium oxalates, but the formation of calcium oxalates
in the renal tubules of the kidney can have devastating con-
sequences. Although the size of COM microcrystals typi-
cally ranges from submicron to microns, the stones

themselves can achieve rather stag-
gering dimensions, occasionally
several centimeters across. These
stones, which can adopt various
morphologies, are often found
attached to the surfaces of the
renal papillary tips, a point of
egress for urine from the kidney
(FIG. 1). When they detach from
the papillary tip, they frequently
obstruct urine flow in the ureter,
causing excruciating pain and
diminished kidney function. Once
formed, stones often must be frag-
mented with ultrasound treat-
ments (shock wave lithotripsy) or
removed by invasive surgical pro-
cedures, and both options carry
short- and long-term medical risks. 

Despite the considerable importance of this health issue,
therapies for the prevention of stones, which can occur
repeatedly in affected individuals, are lacking (although
drinking abundant fluids and other dietary changes can
reduce stone occurrence). In fact, it has long been recog-
nized that such therapies are needed, as evidenced by the
remark of the physicist Robert Hooke, who stated more
than 300 years ago, “How great an advantage it would be to
such as troubled with the Stone, to find some menstruum
that might dissolve them without hurting the bladder”
(Hooke 1665). The path to such therapies relies on the elu-
cidation of the critical steps in stone formation, specifically
nucleation, crystal growth, aggregation, and attachment to
cells. These processes are inextricably connected to the
structure, composition, and reactivity of the crystal surfaces
responsible for stone formation. Thus, solid-state chemists
and mineralogists, in collaboration with clinical research
investigators, can make substantial contributions toward
resolving this serious pathological mineralization. In fact,
the multifarious nature of stone formation is reminiscent of
the biomineralization of calcium carbonate, the stuff of
shells and exoskeletons in marine organisms, which con-
tinues to intrigue solid-state chemists and mineralogists
(Wilt 2005).

KIDNEY STONE MINERALOGY 
AND COMPOSITION
Kidney stones consist of several kinds of minerals, alone or
in combination. The principal crystalline constituents of
kidney stones, however, are various forms of calcium
oxalate crystals, which are found in 70–80% of stones.
Consequently, the pathological origins of calcium oxalate
stones have received considerable attention in the clinical
research arena and, more recently, in laboratories with an
interest in understanding the critical steps in their
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formation at a fundamental and microscopic level. Calcium
oxalates crystallize as three hydrates—the aforementioned
COM, calcium oxalate dihydrate (CaC2O4•2H2O; COD, also
known as weddellite) (Sterling 1965; Tazzoli and
Domeneghetti 1980), and calcium oxalate trihydrate
(CaC2O4•3H2O; COT) (Deganello et al. 1981), a less com-
mon form in pathological stone formation (see TABLE 1).
COM and COD crystals are readily distinguished by their
crystal habits: COM usually exhibits a hexagonal lozenge
morphology, but COD crystallizes as bipyramids, reflecting
its tetragonal crystal point group symmetry (FIG. 2). COD
appears to form in vitro in the presence of various
inhibitors of COM growth, including many urinary pro-
teins (Wesson et al. 1998). 

Various calcium phosphate crystal phases occur in about
one-third of stones, with apatite (apatite is a general term
for calcium phosphate in which various anions, e.g. car-
bonate, fluoride, hydroxide, and chloride, are partially sub-
stituted) and brushite (CaHPO4•2H2O) found most often
admixed with calcium oxalate in an individual stone. The
presence of hydroxylapatite (often called hydroxyapatite in
the medical arena) in stones has led to the suggestion that
COM mineralization may occur on Randall’s plaques,
which are subepithelial hydroxylapatite deposits (Evan et
al. 2003). Different types of uric acid crystals (C5H4N4O3)
are found in about 10% of stones and are frequently com-
bined with calcium oxalates. The formation of struvite, an
ammonium magnesium phosphate [(NH4)Mg(PO4)•6H2O],
is caused by bacterial infection that hydrolyzes urea to
ammonium and raises urine pH to neutral or alkaline val-
ues, but these crystals are typically found only in a small
subset of patients predisposed to urinary tract infections.
Individual struvite crystals are shaped as needles, but typi-
cally form stones with staghorn morphologies. Cystine
crystals (cystine, C6H12N2O4S2, is the oxidized dimeric form
of cysteine, a naturally occurring amino acid) are found in
stones from another small subset of stone-forming patients
with a genetic defect in cystine transport within the kidney.

Kidney stones, including the COM variety, are complex
aggregates of crystals that grow in urine, which contains
numerous ionic components (TABLE 2) as well as organic
components embedded between the crystals (Khan and
Hackett 1993). These organic components consist of a
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COM monoclinic P21/c: a = 6.290 Å, b = 14.5803 Å, c = 10.116 Å, β = 109.46o

COD tetragonal I4/m: a = b = 12.371 Å, c = 7.357 Å

COT triclinic P1̄: a = 7.145 Å, b = 8.600 Å, c = 6.099 Å, α = 112.30o, β = 108.87o, γ = 89.92o

CRYSTAL LATTICE PARAMETERS FOR CALCIUM OXALATE CRYSTAL PHASESTABLE 1

Types of kidney stones: (A) a cross-section of a COM
stone, illustrating layers of mineralization; (B) COM

stones with a staghorn morphology; (C) a complex stone consisting of
COM wrapped around apatite; (D) scanning electron micrograph of a
cross-section of a COM stone, illustrating COM crystals stacked by con-
tacts between their (100) faces; (E) brushite; (F) struvite. A schematic
representation of a kidney cross-section, with stones, is depicted at the
right. The renal tubules, mentioned in the text, collectively have the
appearance of fan-shaped structures that terminate at the papillary tip.
The nephrons cannot be observed in this cross-sectional view. Kidney
stone dimensions can range from millimeters to centimeters. The long
axis of a normal adult kidney is approximately 11 centimeters. STONE
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complex stew of proteins, lipids, polysaccharides, and cel-
lular debris. When viewed in cross-section, COM stones
often exhibit stacks of microscopic COM crystals, like those
depicted in FIGURE 1D. When viewed on a larger scale, these
crystal stacks appear as layers, suggesting that the stones are
formed by sequential “waves” of growth. It remains
unclear, however, whether the individual crystals in the
stacks form first in urine and then deposit on an existing
stack or grow directly on the surface of the topmost
organic-coated crystal in the stack. Occasionally, larger
crystals are found within the matrix of a stone, suggesting
the inclusion of preformed crystals. This mechanism is sup-
ported by the existence of stones of mixed composition, for
example, calcium phosphate or uric acid crystals admixed
with COM. The ubiquitous coating of proteins and other
organic materials on crystals in the urinary tract argues
against any significant contribution of direct epitaxial
growth of one crystal on another, although this cannot be
excluded entirely. 

The importance of aggregation in stone formation is under-
scored by a key characteristic: renal tubular fluid in the dis-
tal nephron of the kidney is supersaturated with calcium
oxalate (CaOx), which crystallizes in the tubules as either
COM or COD. Consequently, nucleation and growth of cal-
cium oxalate crystals, essential preliminary steps toward
stone formation, are highly likely, although urinary pro-
teins may mitigate these processes. The crystal growth rates
of these minerals are sluggish, however, to the extent that
during typical urine transit times it is unlikely that single
crystals will grow large enough to become lodged in the ter-
minal collecting duct of the kidney based on size alone (Kok
and Khan 1994). Therefore, crystal aggregation and the
attachment of the aggregates to cell interfaces at the papil-
lary tip must play a significant role in stone formation and
crystal retention in the kidney. 

The organic matter embedded within stones is thought to
promote aggregation and crystal attachment to cells by act-
ing as an adhesive. Urinary proteins with substantial

anionic functionalities (e.g. aspartate, glutamate) and other
anionic macromolecules may serve as adhesives that pro-
mote COM aggregation and attachment to epithelial cells
(Grases et al. 1989; Govindaraj and Selvam 2001; Christmas
et al. 2002). Presumably, a macromolecule rich in carboxy-
late residues may promote aggregation or attachment by
binding to calcium sites on the surfaces of one or more
COM crystals. Similarly, small anionic molecules, specifi-
cally phospholipids embedded in epithelial cell mem-
branes, also are thought to promote the attachment of
COM to renal tubules (FIG. 1) (Bigelow et al. 1997). The
subepithelial hydroxylapatite deposits known as Randall’s
plaques are coated with organic material as well, so any
COM mineralization on these structures must involve sim-
ilar interactions. Certain urinary molecules (e.g. citrate) and
soluble anionic macromolecules, however, are thought by
some investigators to suppress crystal aggregation and cell
attachment, presumably due to adsorption on COM crystal
faces and masking of binding sites (Springman et al. 1986;
Hess et al. 1989; Grover and Ryall 1999; Lieske et al. 2000).
The formation of stones also appears to depend on the form
of calcium oxalate. Whereas most stones contain COM as
the major component, COD is significantly less prevalent
in stones, and voided urine often contains COD in the form
of single micron-sized crystals, usually less than ten
microns. This suggests that COD formation actually protects
against stone disease because of the reduced capacity of
COD to form stable aggregates and strong adhesion con-
tacts to renal epithelial cells (FIG. 3). 

Collectively, these observations signal complex, and proba-
bly multiple, aggregation and attachment mechanisms
involving binding of urinary species to crystal surfaces dur-
ing biogenesis of kidney stones. This complexity is exacer-
bated by the complex nature of the urine environment in
the kidney and the high variability of the composition of
urine among individuals. Accordingly, the precise role of
urinary species in stone formation events remains ill
defined, and until recently, little was known of the struc-
ture of the pertinent calcium oxalate crystal surfaces and

417E L E M E N T S DECEMBER 2007

Images of COM and COD crystals illustrating their dis-
tinct habits. Their unit cell packing was determined from

single-crystal X-ray diffraction (white = hydrogen, gray = carbon, red =
oxygen, green = calcium). The COD crystals were grown in the pres-
ence of poly(aspartic acid), a known inhibitor of COM growth.

FIGURE 2

TYPICAL CONCENTRATIONS OF COMMON
IONS AND SMALL MOLECULES IN URINE FROM

44 MEN COLLECTED OVER A 24-HOUR PERIOD. THE AVERAGE
PH OF THE URINE WAS 6.1 (RANGE 5.7 TO 6.5) AND THE
AVERAGE URINE VOLUME PER PATIENT WAS 1.6 L 
(Lemann et al. 1996)

TABLE 2

Component Quantity
(mmol/day)

Concentration
(mM)

Calcium 5.16 3.25

Magnesium 6.54 4.12

Potassium 75 47.3

Sodium 171 108

Chloride 171 108

Citrate 3.80 2.39

Oxalate 0.228 0.143

Phosphate 34.5 21.7

Sulfate 23.2 14.6

Urea 414 261

Creatinine 15.8 10.8
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their adhesion to specific functional groups existing in the
side chains of urinary proteins or small molecules. This sit-
uation prompted our group and others to explore, at the
microscopic level, the structure and properties of the crystal
surfaces considered important in calcium oxalate stone bio-
genesis (Guo et al. 2002; Jung et al. 2004; Qiu et al. 2004).
Using atomic force microscopy (AFM), we have begun to
unravel some of the microscopic events associated with
stone formation, from crystal growth and the role of growth
modifiers to a comparison of the adhesion properties of the
morphologically important faces of COM and COD. These
measurements provide a first step, at the near-molecular level,
toward understanding the adhesive properties of macro-
molecules on specific crystal faces and a possible explanation
for the different pathological behaviors of COM and COD.

THE STUCTURE AND REACTIVITY 
OF CRYSTAL SURFACES 
Atomic force microscopy (AFM) enables acquisition of two-
dimensional images of crystal surfaces (Binnig et al. 1986).
This technique can reveal features such as terraces and steps
that reflect the internal crystal structure of the material (as
reviewed in Ward 2001). AFM is also capable of producing
images of the truncated crystal lattice exposed at specific
crystal faces, thus permitting assignment of the crystal face
beneath the tip and the assignment of crystal directions.
Conveniently, because of the physics governing the inter-
actions between the tip and the crystal surface, mechanical
damage inflicted by the tip when scanning in water is much
less than in air or vacuum. This permits dynamic imaging
of crystal surfaces under growth or dissolution conditions
without damage to the crystal surface or interference from
tip-induced artifacts, providing reliable real-time visualiza-
tion of specific growth events at a microscopic level. In
another mode, AFM can be used for direct and quantitative
measurement of the force required to pull the AFM tip off a
surface with which it is in contact. Both imaging and force
measurements can be performed in a liquid medium, making
this method ideal for examining biologically relevant
processes. Collectively, these capabilities have proven vital

to the characterization of calcium oxalate crystal surfaces
and to the understanding of some of the mysteries of stone
formation.

In order to probe crystal faces with AFM equipment, the
faces must be more than five microns across for convenient
placement of the AFM tip. Calcium oxalate crystals grown
on a reasonable timescale can be quite small, and the afore-
mentioned hexagonal lozenge habit is not conducive for
exploring all the significant crystal faces. Consequently, the
crystal growth conditions for producing calcium oxalate
crystals must be adjusted to enhance the size of the indi-
vidual crystal faces so that each can be examined by AFM.
For example, FIGURE 4 depicts crystals grown under slightly
different conditions that maximize the area of the three
largest faces of COM: (010), (121̄), and (100). Under these
conditions the (100) face is flanked by only four edges, in
contrast to the hexagonal lozenge morphology in FIGURE 2.
Scanning over a small area of each face reveals the lattice of
the crystal surface, with lattice parameters that agree with
bulk crystal values. This indicates that the crystal surfaces
are highly ordered in solution, with structures that can be
surmised by truncating the bulk crystal structure at the crystal
plane corresponding to the respective face. Accordingly,
crystal growth events viewed by AFM can be assigned to
specific crystal planes and directions, adhesion events can be
assigned to specific intermolecular interactions on the crystal
surfaces, and the influence of molecular and macromolecular
additives on growth-specific step sites can be interpreted in
terms of molecular models (De Yoreo et al. 2006).

If a scan is performed over a larger area of each COM crys-
tal surface, the AFM images reveal the topography of each
face, which clearly differ among themselves. The (010) face
exhibits four-sided spiral dislocations, the (121̄) face shows
terraces with a xiphoid (knife-like) habit, and the (100) face
displays tear-shaped terraces emanating from a single dislo-
cation source. The actual morphology of the terraces and
associated step roughness can be affected by supersatura-
tion and impurities, which have been invoked in step pin-
ning on the COM (100) surface (De Yoreo et al. 2006). In all
cases, the step height separating adjacent terraces corre-
sponds to the lattice parameter perpendicular to the crystal
face beneath the AFM tip. Microscopic growth rates along
specific directions, measured directly by the advancement
of the step edges perpendicular to these directions, depend
on the degree of supersaturation of calcium oxalate in the
growth medium. The addition of macromolecules with
anionic side chains, specifically poly(acrylic acid),
poly(aspartic acid), and poly(glutamic acid), results in

Pathways for COM and COD during pathological bio-
mineralization. Although not yet proven, various experi-

ments suggest that COM single crystals become attached to epithelial
cells followed by aggregation on the attached crystals, rather than the
attachment of a fully formed aggregate. The diagram shows schematic
macromolecules (wiggly lines) being adsorbed onto crystal surfaces.

FIGURE 3



inhibition of growth on the hillock step planes due to
adsorption of the polymer (Jung et al. 2004). The magni-
tude of this effect depends on the macromolecule structure,
macromolecule concentration, and the identity of the step
site. For example, whereas poly(aspartic acid) inhibits
attachment of calcium oxalate units on the (021) step
planes of the (100) hillocks more than poly(glutamic acid),
the opposite is the case for the same step planes on the
(010) hillocks. The observation of different profiles for these
macromolecules, which have identical backbones but dif-
ferent side chains, suggests that local structure of anionic
side chains governs binding to crystal surface sites and
growth inhibition rather than any longer-range order or
secondary polymer structure. Parallel experiments indi-
cated that these polymers are more than 1000 times more
effective at inhibiting growth than their corresponding
monomers, corroborating the importance of urinary macro-
molecular components (e.g. proteins) in the regulation of
calcium oxalate growth. Furthermore, the polymer concen-
trations at which growth is suppressed are similar to those
of proteins thought to regulate stone formation in urine.
These studies also demonstrated that poly(aspartic acid) is
very effective in suppressing growth along the [001] direc-
tion of COM, which is the fastest growth direction of the
crystal (the long axis of the hexagonal lozenge). Notably,
COD crystals form during crystallization in the presence of
poly(aspartic acid), at the expense of COM crystals.
Suppression of the fast-growth direction of COM, and the
associated overall reduction in the COM growth rate, may
play a role in shifting the selectivity for crystal growth
toward the alternative form by making COD formation
more competitive kinetically. Furthermore, growth inhibi-
tion by cationic macromolecules is negligible, further sup-
porting an important role for proteins rich in anionic side
chains in the regulation of kidney stone formation. 

ADHESION FORCES AT CRYSTAL SURFACES
The measurements of growth rates reveal the relative affin-
ity of macromolecules for specific crystal planes, but they
do not tell the entire story. The stability of crystal aggre-
gates and their adhesive contacts to epithelial cells will
depend on the adhesion forces between the crystal faces and
specific functional groups on urinary constituents, and
affinity for a surface does not foretell how a particular
species will affect adhesion. The predominance of COM in
stones and substantial amounts of COD microcrystals in
voided urine suggest that the difference in the pathological
behaviors of COM and COD is related to the adhesive char-
acter of their crystal faces, with COD less likely to form sta-
ble aggregates or strong adhesion contacts with epithelial
cells. To address this critical knowledge gap, we used AFM
to measure directly the strength of adhesion (detachment)
between the AFM tip, modified with biologically relevant
functional groups, and various crystal faces of COM and
COD (FIG. 5). In this mode, the AFM tip is brought into con-
tact with the crystal surface and then retracted; the force
required for detachment is then measured from the change
in deflection of a properly calibrated cantilever. The force
measurement capability of AFM has been used for quanti-
tative measurement of adhesion forces between various
molecular and biomolecular surfaces (Noy et al. 1997;
Takano et al. 1999), but only recently has it been used to
diagnose adhesion events at single-crystal surfaces (Danesh
et al. 2000; Abendan and Swift 2002; Sheng et al. 2003;
Sheng et al. 2005a).

In order to compare the adhesion properties of COM and
COD crystal surfaces, COM crystals with prominent (100),
(121̄), or (010) faces and COD crystals with prominent (100)

or (101) faces (FIG. 6) were prepared. In a given experiment,
a gold-coated AFM tip modified with organosulfur mole-
cules equipped with a specific terminal functional group (X
in FIG. 5) was brought into contact with a particular face of
a calcium oxalate crystal immersed in an aqueous solution
saturated with calcium oxalate. In this configuration, we
estimated that approximately 10–15 molecules were con-
tacting and separating from the crystal surface in each
adhesion force measurement. 
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Top row: Scanning electron micrographs of COM single
crystals grown under different experimental conditions

that promote the growth of (010), (121̄), and (100) faces with suffi-
ciently large areas for AFM studies. The conditions for growth of these
various crystal morphologies are described in Jung et al. (2004). Second
row: Lattice images of the corresponding COM surfaces acquired in sat-
urated calcium oxalate solution. The upper half of each image repre-
sents raw data, whereas the bottom half represents the same state after
filtering to better reveal the lattice structure of the surface. The in-plane
unit cells are depicted. In each case the unit cell dimensions correspond
to those expected from the COM crystal structure. Third row: AFM
images of the topography of the three crystal faces. Fourth row:
Schematic representations of the COM crystal faces shown in the top
row depicting the relationship between the molecules protruding from
the surface, the crystal habit, and the shape of the hillocks. 

FIGURE 4
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The adhesion force measurements revealed that carboxylate
or amidinium groups, denoted as Au:S(CH2)10COO- and
Au:S(CH2)2NHC(NH2

+)NH2, exhibit the largest adhesion forces.
Notably, these functional groups are found in urinary proteins
(e.g. carboxylate ≈ aspartate, glutamate; amidinium ≈ arginine),
and they very likely play a role in adhesion between crystals
in aggregates and attachment to epithelial cell membranes
containing embedded proteins. A likely scenario for adhesion
involves specific binding of the carboxylate groups on the
Au:S(CH2)10COO- tip to surface Ca2+ ions and binding of the
amidinium groups on the Au:S(CH2)2NHC(NH2

+)NH2 tip to
exposed carboxylate moieties of surface oxalate ions.

The adhesion force measured for these tips at COM (100) is
much greater than for COD (101) (FIG. 6), suggesting a crucial
link between the pathological behaviors of COM and COD
and the adhesion strengths of their respective crystal surfaces
(Sheng et al. 2003; Sheng et al. 2005a; Sheng et al. 2005b).
COM, the pathogenic form, exhibits large (100) faces when
grown in urine-like media, and stones often contain bun-
dles of COM single crystals with large (100) faces stacked on
top of each other (e.g. see FIGURE 1D). COM (100) exhibits
the largest adhesion strength of all the faces examined. The
large area of this face in vivo and its large adhesive strength
can conspire to create robust COM aggregates and strong
attachments to epithelial cell membranes that can persist
under stresses experienced during flow in the renal tubules.
Conversely, the COD (101) face, which is dominant in the
bipyramidal habit of COD crystals grown in urine-like media
and in vivo, exhibits the weakest adhesion strengths of all
the faces examined. Although the COD (100) face exhibits
a larger adhesive strength, its area is negligible in vivo and
therefore is inaccessible for adhesion contacts. The weak
adhesion strength of the dominant COD (101) faces would
make COD aggregates and attachments to cell membranes
less stable, thereby reducing their tendency to form stones.
This is consistent with the large numbers of individual
COD microcrystals in voided urine, and it suggests an
explanation for the benign nature of COD and how its for-
mation can protect against stone disease. Interestingly, the
adhesion strength of the COM and COD crystal faces
increases monotonically with increasing surface concentra-
tion of the calcium and oxalate binding sites on the specific
crystal faces, suggesting a rather straightforward explana-
tion, at the molecular level, for the adhesion characteristics. 

CLOSING REMARKS
What do these AFM studies of the surfaces of calcium
oxalate crystals tell us, particularly with respect to preventing
stone disease? The AFM images of the crystal surfaces and
the growth events on the different faces indicate that each
crystal face has a unique structure. The dynamic imaging of
crystal growth reveals that anionic macromolecules are par-
ticularly effective at suppressing the growth of COM. A
therapy based on COM growth inhibition, with a shift in
selectivity toward COD crystallization under the supersatu-
rated conditions that exist in urine, would seem plausible.
Our adhesion force measurements, however, suggest alter-
native strategies. We have found that anionic macromole-
cules adsorbed on COM crystal surfaces generally reduce
their adhesive strength with respect to anionic AFM tips,
most likely because of charge repulsion from the large
amount of excess negative charge on the adsorbed polymer.
This suggests that therapeutic agents that reduce the adhe-
sion strength of the highly active COM (100) surface upon
adsorption, or agents that reduce the size of this face during
crystal growth in the urine environment, would eliminate
the most active surface for aggregation and attachment.
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(Above) COD crystals grown under different conditions
to express the (100) and (101) faces. The crystals at the

right with the bipyramidal morphology and large (101) faces were grown
in an aqueous solution. This is the morphology of COD crystals in vivo.
The crystals at the left were grown in an aqueous solution with a small
amount of poly(aspartic acid), resulting in large (100) faces suitable for
AFM. (Below) The mean adhesion forces measured for the carboxylate
Au:S(CH2)10COO- (left) and amidinium Au:S(CH2)2NHC(NH2

+)NH2
(right) tips and the COM faces depicted in Figure 4 and COD faces
depicted above. The asterisks denote the most prominent crystal faces
of COM and COD in vivo. These data reveal that the most prominent
face of the pathological crystal form, COM (100), is the most adhesive,
whereas the prominent face of the benign form, COD (101), is the least
adhesive. 

FIGURE 6

(Left) Schematic representation of an AFM cantilever
with a gold-coated tip, modified with organosulfur mole-

cules, contacting a crystal surface. The crystal is not drawn to scale.
(Right) Interaction of amidinium and carboxylate tips with oxalate and
calcium-ion sites, respectively.

FIGURE 5
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