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Abstract. The inhibition by phosphocitrate of struvite crys-
tal formation and growth has been examined in the present
study. Crystal growth in a gel matrix was controlled by
phosphocitrate in a dose-dependent manner. The effects of
inhibition were followed using scanning electron micros-
copy, optical microscopy, and single crystal X-ray analysis.
The presence of phosphocitrate induced very strong, crystal
face specific inhibition of struvite, leading to total cessation
of crystal growth when sufficient concentration of the in-
hibitor was made available. Crystal growth studies and re-
sults from molecular modeling indicated strong affinity of
phosphocitrate to (101) faces of struvite. This in turn led to
an alteration in the expression of these faces and the devel-
opment of a characteristic arrowhead struvite morphology.
Similar changes were not observed in the presence of iden-
tical concentrations of citrate, acetohydroxamic acid, and
N-sulfo-2 amino tricarballylate (an analog of phosphoci-
trate), emphasizing the unique interaction of phosphocitrate
with the struvite crystal lattice.
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Struvite (magnesium ammonium phosphate: MgNH4PO4 z
6H2O) is a complex mineral known to assume a number of
natural morphological forms including coffin, wedge, short
prismatic, or short tabular forms [1, 2]. The crystallite has
been reported to precipitate out in animal urines [3], includ-
ing human, when a urinary tract infection stimulates the
formation of ‘‘mixed stones’’ or infection stones. Increasing
urinary alkalization results from ammonia being generated
by the infecting microorganism and together with the abun-
dant presence of the magnesium and phosphate ions, rapidly
generates the large, relatively soft stone material. These
stones have struvite as the predominant crystallite with a
minor component of carbonate apatite [4]. Struvite stones in
smaller species, particularly rodents and felines, can in ad-
dition be generated from noninfection sources and may oc-
cur together with newberyite (MgHPO4). Blockage of the
urinary tract and encrustation of indwelling catheters are
two important medical problems that can arise as a conse-
quence of struvite mineralization.

Controlling the formation and growth of struvite requires
not only eliminating the primary source driving the reaction
(e.g., by antibiotic treatment to eliminate infection) but also
restricting access of ionic species to the growing face of the
crystal. Inhibitors such as pyrophosphate and citrate have
been used to slow growth [4], suggesting some form of
interaction with the crystallite. Strong inhibition and elimi-
nation of the recurrence of crystallites, however, is not seen
with these compounds.

Acetohydroxamic acid (AHA) and other urea analogs
have been used to treat infection-stone patients as they in-
hibit urease activity and reduce alkalization [5]. Recent evi-
dence suggests that AHA can induce morphological
changes in the struvite crystal [6]. However, the problem
remains in that elimination of the formation and growth of
stuvite on a preexisting nidus is not assured with such com-
pounds, indicating a need for having more powerful chemi-
cal inhibitors available.

Phosphocitrate (PC) is a natural biological compound [7]
that does offer the potential for restricting both struvite and
newberyite formationin vivo [8]. In addition to its ability to
control the growth of magnesium crystallites, it has been
reported to be an active inhibitor of the formation of hy-
droxyapatite [9, 10], calcium oxalate [11], calcite, and gyp-
sum [12]. Its activity is partly understood to be derived from
a stereochemical interaction of its anionic groups, which at
pH 7.4 provide a negative charge of −4.0 [13], with the
crystal surfaces. Recent molecular modeling studies of
binding of PC with calcium oxalate crystal have revealed
that PC interacts strongly with the crystal surface and also
becomes incorporated into the growing crystal lattice to
inhibit crystal growth [13]. We believe that a similar mode
of action occurs with the magnesium crystallites and that a
distorted crystal morphology and alteration of crystal size as
a result of inhibition by PC should occur. The present study
links experimental crystal growth data with computer mod-
eling of the morphology expressed when crystals are formed
in the presence of limiting concentrations of PC. The inter-
action of PC with specific faces of the struvite crystal pro-
vides insights into why this particular compound is such a
powerful inhibitor of this crystal type.

Materials and Methods

Struvite Growth

Crystals were grown in a gel medium as previously described [4].
Sodium silicate 27% (Sigma Chemical Co., St. Louis) was diluted
10-fold in distilled water and 15 ml was added to glass cultureCorrespondence to:A. Wierzbicki
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bottles. Ammonium phosphate (monobasic, 2.5 ml, 0.5 M) was
added and the mixture was brought rapidly to pH 7.1 with 4 M
acetic acid. The gels were allowed to set for 24 hours. Magnesium
acetate (5.0 ml, 0.5 M dissolved in water with or without inhibitor)
was then layered on top of the gel. The range of concentrations of
PC used in this study varied from 0 to 8.3 mg/ml. After sealing
with screw caps, the gels were incubated at 25°C with shaking at
130 oscillations/minute for up to 24 hours. Most data were derived
from growth experiments of 10 hours.

Struvite crystals that had settled on top of the gel were gently
suspended into the aqueous medium, poured into glass vials, and
allowed to settle. The medium was then aspirated off and the
crystals were washed once with water and immediately examined
by microscopy while crystal surfaces were still smooth. Compo-
sition of the crystals was confirmed by IR and chemical analysis.

A gel matrix system was chosen over other systems because it
offers the advantage of controlling rate of crystal growth under
defined conditions through the slow diffusion of the interacting
ionic species, which allows struvite crystals to grow that are large
enough for both the scanning electron microscopy (SEM) and
X-ray analysis. In the case of struvite, spontaneous homogeneous
nucleation will occur when ideal species concentrations are
reached in the overlaying medium. Crystals precipitate onto the
matrix surface and proceed to grow over time in a controlled
manner. We have found that struvite crystals, whether formed in
pure aqueous media, in the presence of urine, or developed as
described here, all display the same morphological features.

Test Compounds

PC was synthesized and characterized by previously published

modified procedures [14, 15]. The monosodium crystalline salt
was neutralized to pH 7.1 with NaOH before use.

Crystal Morphology

Crystal structures of control and inhibited forms together with
measurements of their respective sizes were obtained using an
environmental SEM (ElectroScan Environmental Scanning Elec-
tron Microscope 2020 from ElectroScan Corp. of Wilmington,
MA). Wet specimens were mounted directly onto stubs and posi-
tioned in the electron beam.

Determination of Miller indices of crystal faces of struvite was
obtained as follows. A representative crystal of struvite grown with
3 mg/ml of PC was mounted on an Enraf-Nonius CAD4 single
crystal automated diffractometer. Crystal orientation and unit cell
dimensions were determined from the measured setting angles of
25 reflections. The crystal faces were indexed by orienting the
crystal under software control so that each crystal face was placed
perpendicular to the X-ray beam. The dimensions of the crystal
were measured using a calibrated microscope and the indexing was
confirmed by generating a stereographic projection plot of the
crystal.

Molecular Modeling

General Procedures.The PC structure has been recently charac-
terized using theab initio methods of computational chemistry
(Gaussian92/DFT from Gaussian Inc. of Pittsburgh PA) [13]. This
structure agreed remarkably well with the subsequent X-ray analy-
sis [13]. Computational geometry optimizations and charge deter-
mination for PC were as previously described [13]. Since for PC in
the pH range of 6–8, one of the P-OH, a central COOH (b), one
outer COOH (a), and as the pH approaches 8, the second P-OH,
are deprotonated, single point calculations were run using SPAR-
TAN (SPARTAN Version 4.0 from Wavefunction Inc. Irvine,
CA), an electronic structure computation program to determine the
electrostatic charges from the electrostatic potential for a four va-
lent anion of PC [16].

Fig. 1. Unit cell of struvite crystal (MgNH4PO4 z 6H2O) deter-
mined in ref. [17]. Struvite crystallizes in the orthorhombic space
group Pmn21 with unit cell dimensions a4 6.955 Å, b4 6.142 Å,
and c4 11.218 Å. Magnesium ions are represented by crosses,
oxygen atoms are drawn as dark sticks, and hydrogen atoms as
open sticks.

Fig. 2. SEM of typical struvite crystal grown without the inhibitor.
Characteristic ‘‘coffin-lid’’ shape of the crystal is seen with (001),
(101), and (011) faces present. Figure 3 can be used as reference
for the labeling of crystal faces. Scale bar is 200mm.
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Models of crystal surfaces of struvite were prepared from the
data provided by the X-ray crystallography and neutron diffraction
analysis [17] using materials research software Cerius,2 Version
2.0 molecular modeling software for materials research (Molecular
Simulations Inc. of San Diego, CA.). Several slabs of struvite
crystal parallel to (011), (012), and (101) surfaces were prepared.
Molecular and atomic charges of the surfaces were determined
using the charge equilibration method [18]. The general Universal
1.01 force field parameters of Cerius2 were used throughout the
calculations.

Modeling of PC Binding to Struvite.Using Cerius2 molecular
modeling software, the PC inhibitor molecule in the initial con-
formation was positioned near the struvite surface within the elec-
trostatic interaction range, and the conjugate gradient method of
Cerius2 for the energy optimization procedure was applied. The
minimization procedure takes into account the contributions from
electrostatic forces, van der Waals forces, hydrogen bonds, bond
angles, and dihedral angles to the total energy of the system. Start-
ing from the initial position of PC-surface system, the total energy
was minimized yielding the energy and geometry of the most
favorable position of PC on the struvite crystal surface. During the
minimization, the coordinates of crystal lattice atoms were kept
fixed and the inhibitor molecule was allowed to translate, rotate,
and adopt any conformation on the struvite surface. The binding
energy was determined as the difference between the energy of the
PC-struvite system and the sum of the PC and struvite energies
when separated beyond the interaction distance.

Influence of Hydration.The effect of solvent was anaylzed by
introducing an explicit hydration shell around the inhibitor mol-
ecule and repeating the minimization procedure. The final con-
figuration of the inhibitor-crystal system was essentially unaf-
fected by the presence of the solvent since the electrostatic inter-
action between the struvite surface and the inhibitor was the
driving force determining the final geometry of the system. The
water molecules were accommodated around the inhibitor, modi-
fying the energy of attraction of the molecule to the surface, but
having no major effect on mechanism of binding to the surface
[13]. For this reason further consideration was only given to the
inhibitor surface system, using a constant dielectric model with
dielectric constant equal to unity. To assess the contribution of
electrostatic interactions into the binding energy, the procedure of
optimization of binding between PC and struvite was repeated for
a dielectric constant equal to six, more closely representing the
dielectric environment surrounding the growing crystal.

Results and Discussion

Struvite crystallizes in the orthorhombic space group Pm21
with unit cell dimensions a4 6.955 Å, b4 6.142 Å, and
c 4 11.218 Å [17]. The unit cell of struvite crystal used for
the purpose of modeling is shown in Figure 1.

In the absence of an inhibitor, struvites form the well-
described ‘‘coffin lid’’ shape as they grow along the [100]
axis of the crystal [1, 2]. Crystals grown in the gel medium
were relatively large, reaching up to 400mm. Figure 2
shows an SEM image of a representative control crystal of
struvite. To identify crystal faces of struvite we used mor-
phology modeling software of Cerius2. Figure 3 depicts a
computer model of a struvite control crystal morphology
showing the most frequently occurring faces [1, 2]. Only some
of these faces are expressed in our control system (Fig. 2).

Modeling of struvite morphology was complicated by
the fact that struvite belongs to a class of hemimorphic
crystals [2], for which the crystal habit does not reflect the
full symmetry group of the crystal. This effect cannot be
accounted for at the level of currently existing software, so
modeling predictions need to be closely correlated with the
assignment of faces obtained from X-ray crystallography.
The occurrence of different sizes of symmetry-related faces
of struvite has been explained using the arguments of sur-
face polarization [2]. The hemimorphic character of struvite
is clearly seen in Figure 2 where smaller (001) faces are
accompanied by larger (00-1) faces. Also clearly seen are
(011) faces with a significantly smaller (01-1). This crystal
morphology is completed by a set of (101) faces, again
accompanied by much smaller symmetry-related (1 0-1)
faces.

Figure 4 shows struvite crystals grown in the presence of
an initial amount of 3 mg/ml of PC. Gradual addition of
inhibitor induces changes in the crystal morphology that
reflect the interactions between the inhibitor and the crystal
surfaces at a molecular level and can provide an important
insight into the nature of the inhibition mechanism. These
changes can be clearly identified using morphology model-
ing tools since morphological changes at this dosage of the
inhibitor are gradual as well. An important issue that had to
be solved, however, was whether the faces terminating the
top of the coffin lid and converging at the (001) faces, or

Fig. 3. Computer model of struvite control crystal morphology.
Possible, frequently occurring faces are drawn. Not all faces indi-
cated on this figure were expressed in the crystals observed ex-
perimentally in this paper.

Fig. 4. SEM of struvite grown in the presence of 3 mg/ml of PC,
showing well-developed (011) and (101) faces. Figure 6 can be
used as the reference for the labeling of crystal faces seen in this
figure. Scale bar is 200mm.
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entirely displacing them, belonged to the (011) or (012)
family of faces. Both faces are reported to be expressed in
natural and synthetic struvites [1, 2], with the (011) family
of faces being expressed more frequently. This issue was
resolved by performing a series of morphology simulations
of growth of the (011) and (012) faces and carefully com-
paring the results with SEM images of struvite grown with
the inhibitor at the amount of 3 mg/ml of PC. This analysis
clearly indicated that the faces seen in Figure 4 belong to the
(011) family of faces. In Figure 4, clear reduction to almost
total disappearance of (001) faces occurs. Crystals were still
elongated along [100] direction and (101) faces were clearly
expressed. Also, disparity between (011) and (01-1) was
decreased as the (01-1) faces grew in size. Some crystals
showed emerging (010) faces. Crystals were still large (300
mm) as the amount of the inhibitor was not significantly
affecting the crystal sizes, only modifying the morphology.

In order to understand the preference of PC binding to
(011) over (012) and to elucidate the molecular mechanism
of inhibition of struvite crystals by PC, we modeled binding
of PC to these faces of struvite. The relative binding ener-
gies to specific crystal faces indicate the potential for ste-
reospecific recognition and binding between an inhibitor
and crystal surface [13, 19]. Inhibitor binding to a specific
crystal face in turn leads to an enhanced expression of this
face, as it is stabilized and its relative growth rate is de-
creased, thus modifying crystal morphology. Analysis of PC
binding to (011) and (012) faces revealed that PC was not
attracted to (012) planes of struvite. Relatively low density
of magnesium ions in this plane and the presence of nega-
tively charged phosphate groups in the near vicinity of mag-
nesium ions resulted in the lack of attraction between the PC
and (012) faces, thus explaining the absence of (012) faces
in struvite morphology as seen in Figure 4. In contrast,

Fig. 5. Computer model of optimized
geometry of interactions between
phosphocitrate molecule interacting with
(011) faces of struvite. Magnesium ions are
drawn as small dark spheres, oxygens are
dark cylinders and hydrogens are white. The
phosphate group of phosphocitrate is in
excellent register with the phosphate ions of
struvite (011) face below.(A) The surface is
viewed parallel to the [100] axis. All
negatively charged groups of phosphocitrate
are participating in binding to the surface.
(B) View rotated 90° with respect to(A).
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binding of PC to (011) was relatively strong and utilized
both the phosphate group of PC and all negatively charged
groups of PC, resulting in a binding energy of −471 kcal/
mol (−71 kcal/mol for a dielectric constant equal 6).

Figure 5 shows a computer model of binding of PC to
(011) face of struvite. The phosphate group of PC posi-
tioned itself in perfect register with the underlying (011)
surface of struvite, assuming the position of the incoming
phosphate ions of struvite, if crystal growth were to con-
tinue in the absence of the inhibitor. This affinity of PC to
the (011) family of faces was reflected in modification of
crystal morphology seen in Figure 4.

The sizes of struvite crystals grown in the presence of 3
mg/ml of PC were 200–300mm, similar to these depicted in
Figure 4. This was just large enough to afford X-ray assign-
ment of crystal faces. This analysis entirely confirmed the
assignment based on morphological and molecular model-
ing arguments. Figure 6 shows the single-crystal, X-ray:
derived morphology for the struvite crystals grown in the
presence of 3 mg/ml of PC.

Increasing the concentration of PC to 6 mg/ml resulted in
a dramatic modification of both crystal morphology and size
(Fig. 7). Characteristic arrowhead morphology now domi-
nated the crystal appearances. The crystals were much
smaller in size, reaching dimensions of 100mm. Modeling
revealed that this arrowhead morphology was dictated by
dominating (101) faces that frequently converged to form
the tip of the arrowhead. Faces (001) were virtually nonex-
istent. Faces (00-1) were present, often showing twinning
parallel to these faces. Faces (011) were well developed
with symmetry-related (01-1) faces present as well. The
(010) faces were also clearly discernible.

Figure 8 shows the model of calculated morphology of
struvite crystal grown in the presence of 6 mg/ml of PC. The
crystal faces were indexed using the X-ray Enraf-Nonius
CAD4 single crystal automated diffractometer software. To
understand the dramatic morphology change of struvite
crystals induced by addition of 6 mg/ml of PC, we modeled
binding of PC to (101) planes of struvite. As seen in Figure
9, a slab of struvite cut parallel to the (101) surface contains
planes rich in magnesium ions coordinated with water mol-
ecules. These planes provide a local, positively charged en-
vironment perfectly suitable for the binding of the nega-
tively charged PC anions. The PC binding energy to (101)
was much stronger than binding to (011), and it was equal
to −1403 kcal/mol (−232 kcal/mol for a dielectric constant
of 6). Figure 9 clearly shows that the phosphate group po-
sitions itself in place of the phosphate ion of the crystal,
participating in the completion of the crystal coordination

polyhedra disrupted during cleavage along (101) plane. PC
binding to (101) also involved full participation of nega-
tively charged carboxylate groups.

Binding of PC to (101) and (011) planes was an essential
factor in the inhibitory activity of PC. Further addition of
PC up to 8.3 mg/ml resulted in even greater reduction of
crystal size and number. In fact, no crystals were formed at
the highest dose of 8.3 mg/ml of PC.

In additional studies (data not shown), we observed that
neither citrate nor an analog of phosphocitrate, N-sulfo-2
amino tricarballylate (SAT), induced comparable change to
struvite morphology and size when investigated at levels of
8.3 mg/ml, equivalent to the highest concentration of PC

Fig. 6. Single crystal X-ray-derived indexation of struvite crystal
grown in the presence of 3 mg/ml of PC. See text for the details.

Fig. 7. SEM of struvite grown in the presence of 6 mg/ml of PC,
clearly showing the arrow-head morphology of the crystal with
dominating, sloping (101) faces. Figure 8 can be used as reference
for the labeling of crystal faces. Crystals are much smaller, scale
bar is 100mm.

Fig. 8. Calculated crystal morphology of struvite grown in the
presence of 6 mg/ml of PC.
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used in this study. This finding is interesting as both com-
pounds are only slightly less negatively charged than PC.
Also, acetohydroxamic acid seemed incapable of signifi-
cantly affecting struvite growth, although the crystals did
appear less bulky and more plate-like, elongating along the
[100] direction and sometimes forming characteristic X-
shape crystals. This shape seemed to originate from two
struvite crystals growing over each other, each of them elon-
gated along its own [100] direction.

Conclusions

In this study we performed crystal growth and molecular
modeling studies of PC inhibition of struvite crystals.
Strong interference by PC to the molecular structure of the
growing crystal resulted in significant modification of crys-
tal morphology, and crystals were much smaller in size and
fewer in number. It seems likely that PC not only had a

strong affinity for the selective growing faces but also an
ability to get incorporated into the crystal lattice. In studies
with calcium oxalate crystals, we had observed a strong
crystal-PC interaction based on a similar mechanism [13].

We postulate that the strength of PC as an inhibitor of
struvite derives from the fact that PC carries a negatively
charged phosphate group, which is also a component of the
crystal lattice and therefore is readily incorporated into the
growing crystal surface. In addition, the relatively rigid
framework of the PC molecule bound to the crystal surface
creates a sufficiently large disturbance of the local binding
environment for incoming struvite ions to disrupt crystal
growth perpendicular to the binding plane.

We have concluded from both crystal growth experi-
ments and molecular modeling that the adsorption of PC on
(101) planes of struvite is of primary importance to its
strong inhibitory activity. Incorporation of struvite on these
planes leads to the termination of growth along the [100]
direction, resulting in the characteristic arrowhead morphol-

Fig. 9. Computer model of PC interacting
with (101) faces of struvite with atoms
colored as in Figure 5.(A) Viewed in the
direction parallel to the [010] axis of struvite
crystal. The phosphate group of
phosphocitrate is in perfect register with the
phosphate groups of the surface. All
negatively charged groups of phosphocitrate
are particpating in binding to (101) surface.
(B) View rotated 90° with respect to(A).
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ogy, significant dwarfing of the crystal size, and total ter-
mination of crystal growth at sufficiently high dosages. The
importance of the phosphate group of PC is due to its con-
tribution to the overall stereochemistry and total anionic
charge of the molecule. This makes PC unique as an inhibi-
tor for controlling the formation and growth of the struvite
crystal that significantly exceeds the inhibitory activity of
other struvite inhibitors such as citrate, SAT, and AHA.In
vivoandin vitro evaluations of the potential of PC in testing
struvite stone formation and encrustation on catheters are
ongoing [8, 20].
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