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of polyanions and polycations produced a complicated set 
of growth rate, nucleation, and aggregation behaviors. These 
experiments demonstrated the power of combining particle 
size determinations with constant composition experiments 
to fully characterize COM crystallization and to obtain 
detailed knowledge of inhibitor properties that will be criti-
cal to understanding kidney stone formation.
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aggregation · Constant composition · Crystal inhibitors · 
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Introduction

Sparingly soluble salts of calcium have been studied with 
respect to pathological crystallization like kidney stones 
(calcium oxalates) [1, 2], and physiologic crystallizations 
such as bone and tooth mineralization (calcium phos-
phates) [3, 4] or marine exoskeletal systems and egg shells 
(calcium carbonate) [3, 5, 6]. These studies have been pur-
sued with several approaches including batch nucleation 
and seeded methods. Crystallization of supersaturated solu-
tions has been initiated either by the addition of preformed 
seed crystals or as a result of spontaneous nucleation and 
depletion of the reactants. In a careful review of calcium 
oxalate crystallization methods, Kavanagh [7] describes 
the inherent drawback of the continually changing solution 
saturation levels and the inability to maintain steady state 
in batch methods such as these. Two current approaches to 
crystallization that address this problem are mixed suspen-
sion mixed product removal (MSMPR) and constant com-
position methodologies.

MSMPR systems, also known as stone farms, begin 
with a nucleating surface with constant replacement of the 

Abstract  Crystal growth rates have been extensively 
studied in calcium oxalate monohydrate (COM) crystalli-
zation, because COM crystals are the principal component 
in most kidney stones. Constant composition methods are 
useful for studying growth rates, but fail to differentiate 
concurrent nucleation and aggregation events. A constant 
composition method coupled with particle size determi-
nations that addresses this deficiency was previously pub-
lished for a calcium phosphate system, and this method was 
extended to COM crystallization in this report. A seeded 
constant composition experiment was combined with par-
ticle size determination and a separate near-equilibrium 
aggregation experiment to separate effects of growth rate, 
nucleation, and aggregation in COM crystal formation and 
to test the effects of various inhibitors relevant to stone for-
mation. With no inhibitors present, apparent COM growth 
rates were heavily influenced by secondary nucleation at 
low seed crystal additions, but growth-related aggregation 
increased at higher seed crystal densities. Among small 
molecule inhibitors, citrate demonstrated growth rate inhibi-
tion but enhanced growth-related aggregation, while magne-
sium did not affect COM crystallization. Polyanions (pol-
yaspartate, polyglutamate, or osteopontin) showed strong 
growth rate inhibition, but large differences in nucleation 
and aggregation were observed. Polycations (polyarginine) 
did not affect COM crystal growth or aggregation. Mixtures 
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crystallization solution; stable supersaturation conditions 
can be maintained over the course of days and have resulted 
in production of in vitro stone-like masses [8]. While the 
method can determine the effects of various constituents of 
urine or additives on the bulk growth of stone material, there 
are some significant limitations. Aside from the considerable 
length of time, from days to weeks, it takes to determine the 
effect of an additive on crystal growth; the method requires 
large volumes (1  L/day) of feed solutions thus limiting its 
utility in assessing macromolecules that are in limited sup-
ply. The method does, however, routinely utilize particle 
sizing of the suspension to separate the effects of nucleation 
and aggregation from growth of preformed stone cores.

The constant composition (CC) method monitors cal-
cium loss with a calcium sensitive electrode and replaces 
ions lost from the solution to the growing crystal surface 
by titration. CC was first introduced in 1978 to study 
hydroxyapatite crystallization [9, 10]. Since its introduc-
tion, the assay has been used to study not only hydroxyapa-
tite crystallization [11–15], but also other calcium salts, 
including octacalcium phosphate [16], calcium fluoride 
[17], calcite [18–20], and calcium oxalate [21–24].

As noted in earlier research, overall stone or crystal mass 
growth rate is an insufficient parameter to describe the con-
current crystallization processes of growth, aggregation, and 
nucleation [7, 25, 26]. In earlier work, we demonstrated sup-
plementing the constant composition technique with particle 
size distribution (PSD) analysis to study hydroxyapatite crys-
tallization. These experiments revealed that secondary nuclea-
tion (i.e., the creation of new, smaller crystals triggered by the 
presence of preexisting crystal surfaces) and aggregation dur-
ing growth, that we refer to as growth-related aggregation (i.e., 
the fusion of newly formed or preexisting crystals and aggre-
gates into yet larger aggregates) were occurring in addition to 
simple growth of preformed crystals [11]. We also showed that 
low seed crystal additions favor secondary nucleation, while 
higher seed crystal additions favor growth-related aggrega-
tion. Thus, in this paper, we will refer to the data derived from 
the constant composition approach, as the apparent (crystal) 
growth rate to signify that additional processes were respon-
sible for the rates of calcium consumption observed. The cur-
rent study on calcium oxalate (CaOx) crystallization applies 
similar methodologies and combines the data from constant 
composition and static calcium oxalate monohydrate (COM) 
aggregation studies [27] to yield a clearer understanding of 
the formation of COM than is provided by any either tech-
nique alone, specifically including information on processes 
of aggregation and nucleation. In addition, these investigations 
include studies of the effects of various inhibitors on COM 
formation, based on our interest in the fundamental processes 
underlying kidney stone formation.

Stone disease, which affects 10  % of the general pop-
ulation, is dependent on the crystallization of inorganic 

components, predominantly calcium oxalate, from super-
saturated urine. A greater insight into the principles under-
lying CaOx crystallization will be invaluable in discerning 
and preventing the processes that result in stone formation. 
Urine macromolecules have been known to be modulators 
of CaOx crystallization processes for many years [28–30]. 
The homopolymers of aspartate, glutamate, and arginine 
along with the urinary protein osteopontin were tested in 
the current study to model the effects of urine macromol-
ecules on COM formation. Also, citrate and magnesium 
were tested to discern how small molecule inhibitors in 
urine affect the CaOx crystallization process.

Materials and methods

COM seed crystal preparation

Calcium oxalate monohydrate seed crystals were prepared 
by the drop-wise addition of 10 mM solutions of CaCl2 and 
Na2C2O4 at room temperature (4 L total volume, mixed 
1 week). The crystals were allowed to settle by gravity, 
supernatant aspirated, and recovered by low speed cen-
trifugation. Crystals were washed twice with methanol 
and dried at 65 °C. X-ray powder diffraction confirmed the 
composition (VA National Crystal Identification Center, 
Milwaukee, WI, USA), and the surface area was measured 
using gas adsorption (1.5  m2/g). Crystals used in the fol-
lowing crystal assays were brought up as a slurry (1.5 mg/
mL) in HEPES buffer (10 mM HEPES, 150 mM NaCl, pH 
7.5), which would rapidly (few hours) became saturated 
with respect to CaOx through dissolution of a small amount 
of COM crystals. The resulting suspension was allowed to 
stir a minimum of 3  weeks prior to use, to allow stabili-
zation of the surface properties through equilibration pro-
cesses, which reduced variability in growth rate measure-
ments between different aliquots from this seed batch.

Calcium oxalate aggregation assays (AA‑COM)

Static COM seed crystal aggregation was assessed as previ-
ously described [27]. Briefly, metastable solutions of cal-
cium and oxalate (0.25  mM CaOx, σ =  0.27) in HEPES 
buffer were allowed to incubate with and without crystal-
lization modifiers added for 15 min at 37 °C. COM crys-
tals, 300 µg, were added and mixed for 1 h. Particle size, 
Dw, was measured on the seed crystal after 1 h to assess 
the level of disaggregation or aggregation promotion. 
Relative supersaturation, σ, was calculated using SPEC96 
software (a kind gift from G. Nancollas). In this formula-
tion, undersaturation would be indicated by a negative 
value and supersaturation by a positive one. The conditions 
used in these studies, representing slight supersaturation, 
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were chosen to prevent dissolution of the seed crystals, as 
described previously [27].

Constant‑composition COM seeded apparent crystal 
growth assays (CC‑COM)

In a thermostatted reaction vessel (37 °C, 5 mL), 0.5 mM 
CaCl2 and Na2C2O4 in HEPES buffer were allowed to 
equilibrate for 20  min prior to seed crystal addition. A 
calcium ion selective electrode (Radiometer Analytical) 
was used to monitor calcium ion concentration using a 
pH meter (pH713, Brinkman). Constant composition was 
maintained using two DU765 Dosimats (Brinkman), one 
with 5  mM CaCl2 and the other with 5  mM Na2C2O4 in 
a HEPES buffer solution. The instruments were controlled 
and data acquired using LabVIEW software (National 
Instruments). The reaction was considered complete at 
the mass doubling point, when the titrant addition effec-
tively equaled the mass of the added seed crystal. Choice 
of this extent of reaction as a termination point was some-
what arbitrary, but it provided a consistent way to compare 
growth rates at conditions with differing growth profiles, 
some of which deviated strongly from linearity. The aver-
age growth rate, m, is calculated by dividing the μmoles 
COM formed by the time to reaction completion. Appar-
ent growth rate inhibition is reported as percent inhibition 
relative to a control rate of the same seed crystal addition, 
described as.

where m =  calculated growth rate (µg/min). All reactions 
were performed at σ = 1.42.

Particle size distribution analysis

Particle size distribution (PSD) analysis was performed on 
COM seed crystal slurries using an Accusizer 780 (Particle 
Sizing Systems). Particle size was immediately assessed on 
aggregation assay (AA-COM) and constant-composition 
(CC-COM) samples post assay by dispersing 100–300  µl 
of reaction sample into 15 mL sizing buffer (0.225 mM in 
CaCl2 and Na2C2O4, 150  mM NaCl, and HEPES buffer). 
The sizing buffer concentration was empirically determined 
to be the solution condition where no growth or dissolu-
tion occurred in 1 h. The weight averaged particle diameter, 
Dw, was used to calculate the ratio of diameters, Rd, com-
paring the final diameter to the initial seed crystal diameter. 
The ratio of diameters for the aggregation assay, Rd(AA), 
is described as

% Inh =

(

mCONT− mSample

mCONT

)

× 100,

Rd(AA) =

Dw (final)

Dw (COM seed)

The effect of any additive on the equilibrium COM 
PSD could thereby be rated as either inert (Rd(AA) = 1), 
aggregating (Rd(AA) > 1), or disaggregating (Rd(AA) < 1) 
of preformed COM crystals in this static crystal assay 
(AA-COM).

Ideal crystal growth rate is based on the assumptions 
that all newly formed crystalline material is applied directly 
to the surface of the seed crystal and that all crystal sur-
faces grow at the same rate. The Rd values used in the CC 
assay require normalization based not on the initial COM 
seed crystal distribution, but on an estimated mass-doubled 
profile (IDEAL) resulting from crystal growth of the pre-
formed seed crystals under ideal conditions [11]. The ratio 
of diameters for the constant composition assay, Rd(CC), 
was defined as.

Evidence of the growth-related processes of second-
ary nucleation or growth-related aggregation could then 
be discerned by comparing Rd(CC) to Rd(AA), since 
the effect of any additive on the equilibrium PSD must 
first be included in the comparison. In a pure growth sys-
tem, Rd(AA)  =  Rd(CC), but growth-related aggregation 
would be indicated by particles made bigger than expected 
(Rd(CC)  >  Rd(AA)) by fusing crystals and aggregates, 
while secondary nucleation would be indicated by finding 
smaller than expected particles (Rd(CC)  <  Rd(AA)) from 
secondary nucleation of new, smaller crystals. To better 
illustrate this analysis, consider an experimental condition 
where Rd(CC) = 1. If Rd(AA) = 1 for a particular experi-
mental condition, then Rd(CC)  =  1 would indicate pure 
growth for that condition, because the particles were of the 
expected size. However, if Rd(AA) < 1 due to an equilib-
rium disaggregating effect of an additive, then the finding 
of Rd(CC) = 1 would indicate growth-related aggregation, 
because the particles were bigger than expected for this con-
dition (Rd(CC)  >  Rd(AA)). Alternatively, if Rd(AA)  >  1 
due to additive-induced aggregation at equilibrium, then 
Rd(CC) = 1 would indicate secondary nucleation, since the 
particles were smaller than expected (Rd(CC) < Rd(AA)).

Further evidence of nucleation or growth-related aggre-
gation was based on particle density or particle number 
(Pn). The ratio of the particle number for either the AA-
COM or the CC-COM assays, Rn, are described as.

However, the interpretation of the Rn findings leads to 
reciprocal conclusions for the two cases, because the num-
ber of particles decreases with either growth-related or equi-
librium aggregation, while the number of particles increases 
with secondary nucleation or equilibrium disaggregation. 

Rd(CC) =
Dw (final)

Dw (IDEAL)

Rn =

Pn (final)

Pn (initial)
.
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Following logic similar to that used above for Rd, finding 
Rn(CC) = Rn(AA) would still indicate pure growth, while 
Rn(CC) > Rn(AA) would indicate secondary nucleation and 
Rn(CC) < Rn(AA) would indicate growth-related aggrega-
tion. Because of the larger uncertainties associated with par-
ticle number measurements, these observations were used 
only for qualitative confirmation of conclusions related to 
secondary nucleation or growth-related aggregation effects.

Crystallization modifiers tested: small molecules 
and macromolecules

The influences of several known inhibitors were tested in the 
CC-COM and AA-COM assays. Relative supersaturation, σ, 
was kept constant by addition of calcium ions or oxalate ions 
(Table 1) to offset the calculated ion complexation of sodium cit-
rate or magnesium chloride (Sigma Chemical Co.), respectively. 
Homopolymers were also commercially available from Sigma 
and details of the composition are given in Table 2. No adjust-
ments were made to samples based on macromolecule additions. 
Osteopontin (mOPN), a native protein crystal growth inhibitor 
isolated from mouse renal cortical collecting duct cells, was also 
used in these studies [31]. While anionic macromolecules are 
known to bind calcium ions [32, 33], the quantities of proteins 
added were too small to significantly affect the free calcium ion 
concentration at any of the conditions reported; a fact confirmed 
by the absence of change in calcium ion electrode signal when 
macromolecules were introduced into the reaction vessel.

All data were reported with standard errors, and statisti-
cal significance for comparisons was determined using Stu-
dent’s t test analysis.

Results

CC‑COM: apparent crystal growth rate

Apparent crystal growth rate is the most studied param-
eter using constant composition methodology. A series of 

control experiments (no added crystallization modifiers) 
were performed using varied additions of calcium oxalate 
monohydrate (COM) seed crystal. The rate shown in Fig. 1a 
was determined as the mass of COM crystal formed per 
minute based on the rates of calcium ion delivery with the 
addition of 300 µg of COM seed. It has been shown previ-
ously that no two crystal preparations typically yielded crys-
tals of identical size and therefore normalization of the data 
by surface area was critical [18]. We observed this in the 
current study with two different crystal preparations: lots 
91086 and 3403. The surface area correction for lot 91086 
was 1.6 m2/g determined by particle sizing methods (con-
firmed as 1.5 m2/g using gas diffusion methods). Lot 3403, 
however, yielded a lower surface area (1.2 m2/g). Adjusting 
for the surface area resulted in a linear relationship between 
apparent growth rate and COM surface area added (Fig. 1b), 
indicating that the surface area correction was appropriate. 
All experiments used COM lot 91086, except for the citrate 
and Mg2+ studies where lot 3403 was used.

The titration curves illustrated in Fig. 2 provide a quali-
tative review of the impact of small molecule urine com-
ponents and polymers on the apparent CaOx growth rate. 
The former group includes normal urine constituents that 
have been utilized therapeutically in stone disease. The lat-
ter group includes polyanions, such as pD and pE, which 
have traditionally been used to mimic native crystal growth 
inhibitor acidic proteins such as osteopontin, as well as the 
polycation pR which may mimic more basic urinary pro-
teins, such as transferrin or immunoglobulins. As shown in 
Fig. 2a, the addition of 3 mM magnesium had no impact on 
the apparent growth rate, while citrate slowed the apparent 
growth rate in the system. The curve shapes in either case 
were nearly linear and similar to that of the control addi-
tions, suggesting a pure growth mechanism.

In contrast to the effect of 6 mM citrate on Ca2+ titra-
tion, some homopolymers impacted the shape of the curves 
(Fig.  2b). While the polycation pR produced a titration 
curve indistinguishable from a control run, single macro-
molecule additions of pE, pD, and mOPN (data not shown) 
depressed the apparent growth rates in the same manner, 
but to varying degrees. They produced titration runs that 
demonstrated accelerating rates of titrant addition as crys-
tallization proceeded. Characteristically, polyanion experi-
ments equilibrated within a minute of seed crystal addition, 
followed by reduced growth rates compared to control, 
which gradually increased as the reaction proceeded. This 
pattern would be expected in a strongly nucleating sys-
tem, where growth proceeds slowly until new crystal sur-
faces are created through nucleation processes (presumably 
nuclei forming on existing crystal surfaces, or secondary 
nucleation). The apparent growth rate accelerates as the 
crystal surface area is rapidly expanded. The polyanion 
rich mixture of pR/pD (25:75 nM; data not shown) and the 

Table 1   Experimental parameters

The solution compositions were calculated to yield nearly equivalent 
supersaturations (σ) by correcting for the formation of ion pairs between 
citrate and Ca or Ox and Mg using the program SPEC96 (courtesy of G. 
Nancollas). All experiments were performed with a background buffer 
concentration of 150 mM NaCl, 10 mM HEPES, pH 7.5

Sample CC-COM AA-COM

Ca, mM Ox, mM σ Ca, mM Ox, mM σ

CONT 0.50 0.50 1.42 0.25 0.25 0.26

Citrate, 0.4 mM 0.68 0.50 1.43 ND ND ND

Citrate, 6 mM 3.00 0.50 1.42 1.90 0.25 0.27

Mg2+, 3 mM 0.50 0.80 1.42 0.25 0.415 0.26
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polyanion equivalent (50:50 nM pR/pD; Fig. 2b) produced 
a similar accelerating growth rate curve. In contrast, the 
polycation rich mixture of pR/pD (75:25 nM) and the equi-
molar mixture of pR/mOPN produced titration curves that 
resemble control experiments (data not shown), suggesting 
a pure growth process at these conditions.

A more quantitative review of apparent growth rate 
changes was obtained by calculating the percent growth rate 
inhibition compared to the control experiment (Table 3). The 
rates for conditions that yielded distinctly non-linear growth 
profiles were calculated as described above using simply a 
linear growth rate assumption. Additions of pD and pE at 
concentrations of 100 nM resulted in substantial apparent 
growth rate inhibition; 92.8 ± 1.2 and 72.1 ± 1.4 %, respec-
tively. The polycation pR produced no apparent inhibition; 
1 ± 7 % (indistinguishable from zero). Lesser amounts of 
pD added still achieved significant growth rate inhibition 
(10 and 50 nM yielded 43 and 90  % inhibition, respec-
tively). The addition of mOPN (100  nM) yielded results 
similar to other polyanions tested (92.4 ± 0.9 % inhibition).

The polycation/polyanion mixtures of pR and pD dem-
onstrated more complex behavior. Earlier aggregation 
studies have shown that polyarginine and polyaspartate 
behaved differently in combination than when added sin-
gly [27], and similar observations were noted for apparent 
growth rate using the CC-COM system in this study. The 
growth rate inhibition is plotted against the pD concentra-
tion for both the pure pD system and pR/pD mixtures in 
Fig. 3. With only pD added, growth rate inhibition rose rap-
idly from 0 at very low concentrations of pD, and appeared 
to be asymptotically approaching a saturation point above 
90 % inhibition at the 50 nM addition. Conversely, the pR/
pD mixtures data demonstrated less growth rate inhibition 
compared to the pure pD system, and the data suggested a 
transition from pR like behavior (with no significant growth 
rate inhibition) in the polycation-dominated mixture (75:25 
nM pR/pD) to pD like behavior in the polyanion-dominant 
conditions (25:75 and 50:50 nM pR/pD). Surprisingly, 
the polycation-dominant condition (75:25 nM pR/pD) 
appeared to have caused growth rate acceleration, though 

Table 2   Macromolecules tested

a   Estimated molecular weight based on amino acid sequence only 
(http://www.uniprot.org accession number P10923)

Macromolecule Abbreviation MW, kDa Sigma #

Polyaspartate pD 11.8 P5387

Polyglutamate pE 13.6 P4636

Polyarginine pR 11.8 P4663

Osteopontin mOPN 32.4a Cell media 
isolated [31]

Fig. 1   CC-COM titration. a The figure depicts the addition of Ca2+ 
in µmoles after adding 300  µg COM seed crystal in a control (no 
added inhibitors) CC-COM experimental run. b Apparent growth 
rates obtained using the CC-COM plotted against varied seed crystal 
addition expressed in terms of COM surface area added per mL of 
reaction volume (y = 88.1x + 2.4; R2 = 0.97). COM seed crystal lot 
91086 is shown in gray diamonds, while lot 3403 is shown as a black 
circle. Each point is the average of three or more observations; stand-
ard error shown. The range of seed mass added was 15–388 µg per 
5 mL reaction volume

Fig. 2   Effect of small and large molecular weight additives on appar-
ent crystal growth rate. a Titration curves (left to right) for CONT, 
3  mM  Mg2+, and 6  mM citrate addition. b Titration curves (left to 
right) for pR, CONT, 50:50 pR/pD, pE, and pD. All polymers added 
at 100 nM. All experiments had 300 µg COM seed crystal added and 
were allowed to titrate until mass doubling

http://www.uniprot.org
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the experimental conditions used in this study, designed 
to evaluate growth rate inhibitors, were not well suited to 
characterize growth rates faster than the control, limiting 
the reliability of this observation.

The transition from pR like behavior to pD like behavior 
clearly occurred at a composition between the 75:25 and 
50:50 nM mixtures, and likely corresponded to expected 
charge equivalence point (approximately 58:42 nM pR/
pD mixture) based on the differences in monomer molecu-
lar weights between R and D (156 and 115 g/mole respec-
tively, including counterion contributions). The near equiv-
alence of growth rate inhibition for pure pD at 50 nM to 
that for pR/pD at 25:75 nM suggests that the growth rate 
inhibition outcome for mixtures can be approximated by 
treating the mixture as a pure component at the concentra-
tion corresponding to the net excess of the dominant com-
ponent. The equimolar mixture of mOPN and pR behaved 
like a polycation rich mixture; not statistically different 
from control, and again this mixture trended toward pro-
moting growth, similar to the 75:25 nM pR/pD mixture.

Citrate and magnesium are thought to be small ion 
inhibitors of COM crystallization, and they were also tested 
at concentrations relevant to normal physiologic condi-
tions. The average urine citrate concentration was reported 
to be 2.5 mM (range 0.4–5.8 mM), while the average urine 
magnesium concentration was determined to be 3.6  mM 
[34]. Table 4 shows the data for apparent growth inhibition 

for the extremes of urinary citrate (6 and 0.4 mM) and the 
average (3  mM) urinary magnesium concentration, while 
the adjustments in solution conditions required to obtain 
desired supersaturation in the presence of expected ion pair 
formation are shown in Table 1. The growth rate inhibition 
was 92 and 51  % for the high and low citrate concentra-
tions, respectively; while magnesium was without signifi-
cant effect. These observations are similar to the growth 
rate inhibition reported by Wang et al. [13] for these same 
inhibitors.

Particle size distributions

Crystal growth rate measurements alone would not pre-
dict the varied results seen in the particle size distributions 
(PSD) of CC-COM control experiments (Fig.  4a). Based 
on the ideal crystal growth model defined above, at mass 
doubling, the initial seed crystal PSD (COM Seed, dashed 
line) would shift slightly to the right (IDEAL, solid line), 
towards larger particle sizes. In the absence of exogenous 
substances, the addition of small amounts of COM seed 
crystal (15 µg) in the CC-COM system resulted in a distri-
bution shift that was smaller than expected, suggesting that 
secondary nucleation was occurring at a significant rate. 
Greater amounts of seed crystals added resulted in increas-
ing particle size (greater than ideal), providing evidence 
for growth-related aggregation. Decreases in the relative 
supersaturation, σ, of the growth system which decreases 
growth rate, also appeared to increase the growth-related 
aggregation in a limited set of experiments [σ  =  1.42, 

Table 3   Summary of CC-COM apparent growth inhibition and 
Rd(CC) for the macromolecules tested

The apparent growth rate inhibition for the CC-COM experimental 
runs were calculated as described in the methods section. The mean 
values and standard errors are reported with the number of experi-
mental runs given in parenthesis. Statistical significance is noted 
when p < 0.05 for comparisons to control *, pD¥, pR§, mOPN€. All 
pR/pD mixtures were significantly different from each other₮. COM 
lot 91086 was used throughout these experiments

Sample Inhibition (%) p < 0.05 Rd(CC) p < 0.05

pD, 100 nM 92.8 ± 1.2 (5) *§ 0.68 ± 0.01 *

pE, 100 nM 72.1 ± 1.4 (4) *¥§€ 1.21 ± 0.03 ¥

pR, 100 nM 1 ± 7 (3) ¥€ 1.18 ± 0.04 ¥

mOPN, 100 nM 92.4 ± 0.9 (2) *§ 1.02 ± 0.02

Polymer mixtures

 pR/pD

  25:75 nM 88 ± 2 (3) *§₮ 1.23 ± 0.10

  50:50 nM 71.5 ± 1.3 (3) *¥§€₮ 1.21 ± 0.01

  75:25 nM −11.7 ± 0.7 (3) *¥€₮ 1.22 ± 0.02

 mOPN/pR

  50:50 nM −41 ± 9 (2) ¥€ 1.14 ± 0.01
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Fig. 3   Polymer mixtures and COM growth rate inhibition. The 
inhibition of the apparent growth rate is plotted against the pD con-
centration for additions of either pD alone (black circles) or pR/pD 
mixtures (gray diamonds) as described in the methods section. The 
addition of pD alone demonstrated significant inhibition of COM 
growth at 10 nM concentration and reached 90  % inhibition at 50 
nM addition with only an incremental increase at 100 nM pD. Con-
versely, the pR/pD mixtures demonstrated a transition from pR-like 
behavior (essentially no inhibition of growth rate) at low pD concen-
trations (pR rich mixtures) to pD-like behavior (strong growth rate 
inhibition) at pD-rich conditions, approaching pD alone behavior at 
the 25:75 nM mixture. A 58:42 nM pR/pD mixture would contain 
nearly equal numbers of positive and negative charges, and the transi-
tion in COM inhibition clearly occurred close to that condition. All 
experiments were run in at least triplicate
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0.97, and 0.50 yielded Rd(CC) values of 1.03, 1.08, and 
2.44, respectively]. The ratio of particle number, Rn(CC), 
obtained in this series of control experiments with var-
ied seed crystal mass additions demonstrated an increase 
in particle density for lower seed crystal additions and a 
decrease in particle density at higher seed crystal additions 
(Fig. 4b), supporting the conclusions from Rd(CC).

Conversely, no change in particle number was observed 
in the aggregation assay at these different seed crystal addi-
tions, indicating that both observations were dependent on 
active growth-related processes in the CC-COM system. Fig-
ure 4c shows the data for Rd(CC) plotted against Rd(AA) for 
this same series of control experiments with varying amounts 
of seed crystal added. Similar to our earlier study [27], 
Rd(AA) was essentially constant at all seed crystal additions, 
whereas Rd(CC) was clearly <1 at low seed crystal addi-
tions (15 and 37.5 µg) and >1 at high seed crystal additions 
(300 and 388 µg), indicating nucleation dominant conditions 
in the former and growth-related aggregation in the latter. 
This representation of the data was introduced here, because 
graphing the data in this manner greatly facilitates the inter-
pretation of inhibitor effects on COM that follows.

Figure  5 shows the results from plotting Rd(CC) vs 
Rd(AA) from the experiments with various crystallization 
modifiers added, and allows us to separately account for 
the equilibrium aggregation or disaggregation effects of the 
additives and properly interpret the growth-related aggre-
gation or secondary nucleation effects in the CC-COM 
system. The line of identity defines the results for ideal 
growth conditions for the CC-COM assay, since any equi-
librium disaggregating or aggregating effects of an additive 
should be equivalently present in the CC-COM experiment 
and pure growth would produce Rd(CC) = Rd(AA). Thus, 
deviations of Rd(CC) from the line of identity can be read-
ily interpreted, with Rd(CC) values below the line of iden-
tity indicating secondary nucleation (smaller than expected 
particles), while Rd(CC) above this line indicating growth-
related aggregation (larger than expected particles).

Table 4   Summary of CC-COM 
and AA-COM properties of 
Mg2+ and Citrate

The apparent growth rate inhibition for the CC-COM experimental runs were calculated as described in the 
methods section. The number of experimental runs is given in parenthesis. Mean values and standard errors 
are reported for both the CC-COM and AA-COM assays. Statistical significance is noted when p < 0.05 for 
comparisons to control *, 0.4 mM Citrate§ and 6 mM Citrate₮. COM lot 3403 was used throughout these 
experiments

Sample CC-COM AA-COM

Inhibition (%) Rd Rd

CONT (n = 10) 1.05 ± 0.01 1.12 ± 0.17

Citrate, 0.4 mM (3) 51 ± 3* 1.05 ± 0.02₮ ND

Citrate, 6 mM (2) 92 ± 4*§ 3.3 ± 0.2*§ 0.84 ± 0.06*

Mg2+, 3 mM (3) 4 ± 7§₮ 1.07 ± 0.07₮ 0.96 ± 0.16
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Fig. 4   Particle size distribution (PSD) analysis for control experi-
ments. a PSD for CONT experiments (without macromolecule 
or small molecule additions). The COM seed crystal (lot 91086) is 
shown as a dashed line. The ideal mass doubling of this profile is 
shown in a solid black line. The 15 µg COM addition has a signifi-
cant volume fraction that is smaller than the ideal profile, sugges-
tive of “secondary nucleation” (Labeled grayed area). The 300  µg 
CONT experiment has a significant volume fraction that is larger than 
the ideal profile suggesting “growth-related aggregation” (Labeled 
grayed area). b Rn(CC) particle number data are shown for CONT 
experiments with varied seed crystal additions (left to right 15, 37.5, 
50, 150, 300, and 388 µg COM). Rn(CC) = 1 is shown as a dashed 
horizontal line. Statistical comparisons (p < 0.05): *different from all 
points but 37.5 µg, **different from all other points, ₮different from 
all points except 50 and 300  µg. c A particle diameter comparison, 
Rd(AA) vs Rd(CC), for CONT experiments with varied seed crys-
tal additions. Rd(AA) CONT data reported earlier [27] compared to 
Rd(CC) CONT data. Statistical comparisons for Rd(CC): *different 
from all points except 37.5 µg, all other points are significantly differ-
ent from each other (p < 0.05)
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For the pure polymer components, the polyanions (pD, 
pE, and mOPN) behaved similarly in that they all disag-
gregated the COM seed crystals in the aggregation assay, 
as shown in Fig. 5 by their lying to the left of the value of 
1.0 on the x-axis, but they differed greatly in their behavior 
in the CC-COM assay (y-axis deviations in Fig.  5). Only 
pD exhibited a very small Rd(CC) (0.68 ± 0.01; vs. CONT, 
p < 0.05), which fell below the line of identity and indicated 
secondary nucleation-dominated behavior in the CC-COM 
assay. Osteopontin produced an Rd(CC) of 1.02 ±  0.02, 
which was smaller than control (p < 0.05), but it was still 
above the line of identity, consistent with growth-related 
aggregation as a weakly dominant process. The Rd(CC) for 
pE was not significantly different from control, but follow-
ing adjustment for equilibrium disaggregating effects, pE 
demonstrated an increased propensity for growth-related 
aggregation, as indicated by the large deviation from the 
line of identity. Particle number data (Fig.  5, inset) sup-
ported these observations. All three polymers, pD, pE, and 
mOPN, increased particle density in the AA-COM, but pD 
fostered large increases in the Rn(CC), while mOPN fell on 
the line of identity (no clear deviation from pure growth). 
On the other hand, pE showed a net decrease in Rn(CC), 
consistent with growth-related aggregation. The polycation, 
pR, was not different from the control condition.

Mixtures of pR and pD promoted crystal aggregation to 
varying degrees in the static crystal assay (Fig.  5, x-axis), 
but in the CC-COM assay Rd(CC) values for the three mix-
tures (25:75, 50:50, 75:25 nM pR/pD) were not statisti-
cally different from control or each other. Real differences 
between these three conditions were emphasized when 
graphed in comparison with the AA-COM assay (Fig.  5). 
In this representation, the pR-rich condition (75:25) and the 
50:50 mixture, which bracket the charge equivalence com-
position, lay in a graphical region that suggested secondary 
nucleation domination of the CC-COM assay superimposed 
on aggregation promotion in the AA-COM assay. The native 
macromolecule mOPN mixture with pR yielded similar 
values (Rd(CC) =  1.14 ±  0.01; p  <  0.05 vs. CONT) and 
also fell in the same area of the plot. On the other hand, the 
25:75 pR/pD mixture data showed only a small difference 
from control, with no significant static aggregation effect 
but strong growth-related aggregation. The Rn data (Fig. 5, 
inset) yielded similar outcomes, though the 25:75 mixture 
deviated more substantially from the control condition in 
this parameter.

The small molecule inhibitors citrate and magnesium 
were also tested for their effects on COM aggregation 
(Table 4). When the solution conditions were adjusted for 
the known ion complexation of the additives, Mg2+ had no 
significant effect on either static or growth-related aggre-
gation. However, citrate at high concentration (6  mM) 
mildly disaggregated seed crystals under static conditions, 

but dramatically increased growth-related aggregation in 
the CC-COM assay. Interestingly, citrate at a lower con-
centration (0.4  mM) was not statistically different from 
control with respect to aggregation behavior, suggesting 
that the slow growth rates at 6  mM citrate were a major 
factor in the enhanced growth-related aggregation. Appar-
ently, the disaggregating effects of high citrate roughly 
offset the growth-related aggregation effects at this condi-
tion to yield the nearly linear growth rate profile observed 
in Fig. 2a.

Fig. 5   Comparison of Rd(CC) and Rd(AA). The experimentally 
determined Rd(CC) is plotted on the y-axis versus the experimen-
tally determined Rd(AA) with the same small molecule, polymer or 
polymer mixture on the x-axis (All with 300 µg seed crystal addition) 
[27]. The dotted line is the line of identity between the two determi-
nations above and below which growth-related aggregation and sec-
ondary nucleation are assumed to predominate. The vertical solid 
line signifies Rd(AA) equivalent to 1. Inset Particle number analysis 
for the same experimental sets. The data for Mg2+and citrate are not 
shown. In both graphs, single homopolymers are shown in black cir-
cles, while polymer mixtures are shown in gray. Osteopontin (OPN) 
is shown as a black square and a mixture of OPN with pR is shown 
as a gray square. The control (n = 27) is shown as an open triangle, 
while Mg2+ and citrate are shown as black diamonds. Values are the 
means (n values given in Tables 3 and 4) with the SE as error bars
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Discussion

Constant Composition assays have been studied extensively 
for growth rate kinetics [9–19, 21, 22, 24, 25]. We, and oth-
ers, have used particle sizing technology to expand the infor-
mation obtainable from this crystal growth assay to allow 
differentiation of concurrent nucleation and aggregation 
events [8, 11, 35, 36]. While all three processes (nucleation, 
growth, and aggregation) are probably active at all times 
under growth conditions, data reported here (Fig. 4) clearly 
demonstrated that CC-COM experiment can be configured 
to favor either secondary nucleation (the creation of new, 
smaller crystals predominating) or growth-related aggrega-
tion (the fusion of newly formed and preexisting crystals into 
yet larger aggregates predominating) by simply adjusting 
the amount of seed crystal added to initiate the reaction. The 
general findings that small seed crystal additions (<50  µg 
COM) favored secondary nucleation and large additions 
(>150  µg COM) favored growth-related aggregation have 
reproduced in greater detail the observations we reported in 
hydroxyapatite experiments [11], suggesting that this behav-
ior is a general property of crystallization of calcium salts. 
In fact, the seed crystals (formed under high supersaturation 
conditions) demonstrated the consequence of growth-related 
aggregation when examined by electron microscopy [27], 
where the characteristic particles were shown to be aggre-
gates of many incompletely oriented single crystals. A por-
tion of this aggregation was apparently due to physical forces 
or surface interactions, which could be disrupted by the 
addition of certain chemicals, particularly anionic polymers 
in both this study and earlier work [27]. The inclusion of a 
secondary measurement of aggregation at near-equilibrium 
conditions Rd(AA) is a critical additional factor in isolating 
the various influences of these aggregation and nucleation 
effects in inhibitor studies, as illustrated in Figs.  4c and 5, 
since the reference state PSD must be appropriately adjusted 
for equilibrium effects before calculating growth-related 
changes for various additives.

Of course, some of these effects were also evident in 
growth rate profile deviations from linear (pure growth), 
as illustrated in Figs. 1a, 2a, b, where aggregation caused 
a decelerating rate as the reaction proceeded through anni-
hilation of surface area with time, and nucleation caused an 
accelerating rate as the reaction proceeded through genera-
tion of new crystal surfaces. Unfortunately, these are indi-
rect rather than direct observations, and the superposition 
of the opposing effects of simultaneous nucleation and 
aggregation can yield a profile with little deviation from 
linear response, obscuring contributions from these addi-
tional processes in the growth rate analysis. Consequently, 
more quantitative evaluation of the growth profiles was 
not pursued. It is sufficient to note that the growth profiles 
yielded data that were generally consistent with the more 

detailed particle sizing-based analyses, such as the mild 
degree of aggregation demonstrated by the decelerating 
rate in Fig.  1a for a 300  µg COM addition with no addi-
tives, or the high degree of nucleation demonstrated by the 
accelerating growth rates with anionic polymer additions 
(Fig. 2). A notable exception to these general conclusions 
was the growth profile for 6  mM citrate addition, which 
was nearly linear, despite clear evidence of a high degree of 
growth-related aggregation at this condition in the particle 
sizing data, discussed further below.

We recognize that the use of the calculated IDEAL PSD 
as a reference point for calculating Rd(CC) and defin-
ing changes in growth-related aggregation in comparisons 
of various experimental conditions is a limitation of our 
approach. While our approach to this calculation may be 
simplistic, it is straightforward, and no better alternative 
could realistically be considered without detailed knowl-
edge of both the available surface area for unique crystal 
faces in the sample and face-specific growth rates. How-
ever, using a different calculation for the expected PSD 
under pure growth assumptions would only shift the “zero” 
point that separated conditions dominated by nucleation 
process from those dominated by aggregation processes. 
Also, the current definition was well supported by observa-
tions of Rn(CC), where the number of particles in the sam-
ple clearly increased in nucleation-dominated conditions 
and decreased in aggregation-dominated conditions using 
the current definitions.

The larger uncertainties associated with particle number 
determinations made Rn(CC) a less desirable parameter 
to monitor. Of course, use of the full PSD in comparisons 
between experimental conditions would be more power-
ful and robust, as such comparisons would differentiate 
between conditions with pure growth from those with vary-
ing amounts of nucleation and aggregation in balanced pro-
portions such that Rd(CC) and Rn(CC) might be invariant. 
Having observed no such circumstances in this study, the 
remainder of the discussion will focus on comparisons of 
Rd(CC) and Rd(AA) to describe the modification of COM 
crystal growth behaviors in the presence of various small 
ions and ionic polymers, that provide insight into kidney 
stone formation.

The role of small molecules and ions was more straight-
forward to consider, though only a few examples were 
explored in this study, specifically magnesium and citrate 
ion additions. These small ion experiments were funda-
mentally different from the polymer additive experiments 
in that the small ion concentrations known to be relevant 
from studies of normal urine samples are sufficiently large 
that the free ion concentrations of calcium and oxalate were 
reduced through known ion pairing reactions with citrate 
and magnesium ions respectively. Consequently, substan-
tial amounts of additional calcium chloride were required 
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in the citrate containing solutions to adjust them to the goal 
supersaturation in either AA or CC experiments. Likewise, 
substantial additional sodium oxalate was added to the 
magnesium containing samples (see Table  1) to compen-
sate for the effect of magnesium oxalate ion pair formation 
on the free oxalate concentration.

When compared at constant supersaturation, magnesium 
ion had no effect on COM crystal growth rates or Rd val-
ues. In the clinical management of stones, increasing uri-
nary magnesium would still be desirable through its effects 
in lowering supersaturation, but it appears to contribute 
no additional protection against crystal formation. Earlier 
calcium phosphate constant composition reports show that 
magnesium ions inhibit the crystal growth rate of some 
forms of calcium phosphate, but the magnesium concentra-
tions tested were greater than 100 times those described in 
this report [14].

On the other hand, citrate at higher concentration had 
a strong inhibitory effect on crystal growth rates, as well 
as causing a small decrease in Rd(AA). The large increase 
in Rd(CC) seen with citrate was unexpected given its oth-
erwise inhibitory properties with respect to COM crystal-
lization, but this result appeared to be a consequence of the 
longer reaction times, rather than a consequence of citrate 
interactions with COM affecting growth-related aggrega-
tion. Unfortunately, the few experiments without additives 
at lower supersaturations with constant COM seed addi-
tion were not as slow as the high citrate crystallization 
condition, so we were unable to rule out citrate effects on 
growth-related aggregation.

Changes in COM growth rates, Rd(CC), and Rd(AA) 
induced by additions of various pure protein components 
(pD, pE, pR, and OPN) demonstrated a variety of behav-
iors. The concentration of these polymers was sufficiently 
low that no change in supersaturation could be antici-
pated based on ion pairing interactions between Ca and 
the polyanions or oxalate and pR, even if the small ions 
were bound to every possible site. This contention was 
supported experimentally by the observation that the Ca-
selective electrode signal did not change in the CC assay 
upon addition of the any of the polyanions. Consequently, 
all of the effects observed with polymeric additives were 
indications of direct effects on the crystallization processes: 
nucleation, growth, and aggregation. The polycation, pR, 
addition was the simplest to describe, as pR demonstrated 
no significant effect on any of these measured parameters 
when used by itself, though it induced profound changes in 
behavior when mixed with polyanions, as described below. 
These pR results are consistent with noted lack of effect of 
pR on growth rate of growth hillocks on (100) and (010) 
faces described previously [37].

The additions of pD or pE demonstrated surprising 
differences in COM crystallization behavior, given the 

similarity of their structures. While both polyanions dem-
onstrated similar activity with respect to disrupting crystal 
aggregation at near-equilibrium conditions, pD was clearly 
the more potent growth rate inhibitor (Fig. 2b) and blocked 
growth-related aggregation, whereas pE promoted growth-
related aggregation, based on its relatively larger displace-
ment from the line of identity in Fig.  5 compared to the 
CONT condition. While the growth profiles in Fig. 2b show 
similar accelerating rates for pD and pE, the particle siz-
ing data demonstrated large differences in their interactions 
with COM, where secondary nucleation was a dominant 
process with pD addition, and growth-related aggregation 
was dominant with pE. Important differences clearly exist 
between pD and pE in their face selective interactions with 
COM, which are supported by several previously published 
observations. In particular, pE was not effective at induc-
ing CaOx dihydrate (COD), compared to pD, but instead 
induced a COM aggregate morphology in bulk crystalliza-
tion studies [38]. In atomic force microscopy (AFM) anal-
yses of COM growth on selected surfaces, pE exhibited a 
much weaker effect than pD on the (100) surface (normally 
seen as the large hexagonal face in COM single crystals) 
and a stronger effect than pD on the (010) face (prominent 
side face) [37, 39]. The weak or absent interaction with 
(100) surface by pE likely accounts for its lack of growth-
related aggregation inhibition, as the crystal aggregates 
seen in the seed crystals appear to be stacked on their (100) 
faces [27]. Conversely, pD interacted strongly at the (100) 
face and more strongly inhibited crystal growth in the (001) 
direction; the most rapid growth direction in COM based 
on crystal morphology [37, 39]. Also, strong interaction at 
the (100) face would be expected to confer strong inhibi-
tion of growth-related aggregation based on the morphol-
ogy of the seed crystals [27].

The acidic protein, mOPN, exhibited intermediate 
behavior between pD and pE, as might be anticipated 
from the fact that mOPN contains a mixture of these two 
amino acids, along with numerous phosphorylation sites 
that likely affect interactions with the crystal surface. In 
overall growth rate inhibition, mOPN was most similar to 
pD, consistent with the relative preponderance of D resi-
dues compared to E residues in this protein (mOPN con-
tains 41 D residues (13.9 %) and 27 E residues (9.2 %) of 
294 total amino acids—Uniprot.org database). The near 
equivalence of growth rate inhibition for pD and mOPN 
is consistent with the relative similarity of mOPN and pD 
effects on COD formation [38], but addition of particle siz-
ing data demonstrated a more nuanced picture of mOPN 
interactions with COM. Rd(CC) with mOPN was signifi-
cantly below the control value of at 1.02, though the verti-
cal displacement from the line of identity after adjusting for 
the equilibrium disaggregating effect of mOPN suggested 
that a similar level of growth-related aggregation occurred 
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under both mOPN and control conditions. The Rn plot 
based on particle number data (Fig.  5, inset) has mOPN 
right on the line of identity (same as control and pR), 
indicating a balance between nucleation and aggregation 
effects under any of these conditions. Note by comparison 
that pD deviated strongly in the direction of inducing sec-
ondary nucleation, while pE deviated in the growth-related 
aggregation direction in the Rn plot, consistent with the 
conclusions from Rd(CC) data above.

While the blend of D and E effects contributed by 
mOPN in COM crystallization has been demonstrated in 
these results, trying to further analyze these results on the 
basis of face selective interactions using data for model 
proteins, such as pD and pE is problematic, due to the lack 
of relevant data. The presence of phosphorylation sites on 
OPN certainly contributes an additional strong crystal sur-
face interaction which has not been characterized in the 
same manner, though phosphorylation of OPN or OPN 
fragments has been shown to increase growth rate inhibitor 
properties in several studies [12, 40, 41]. There are addi-
tional data showing changes in spontaneous nucleation 
rates as a function of OPN phosphorylation states, but these 
conditions were quite different from the seeded growth CC 
assay in this study. Experiments using AFM have shown 
that OPN binds to (100) surface (pD like feature) with lit-
tle effect on crystal growth on that face (pE like feature), 
but it demonstrated strong binding and growth inhibition 
interactions at the (010) face (pE like feature) [40], and 
these effects were influenced by phosphorylation [13]. 
Subsequent experiments examining the force of adhesion 
of chemically modified AFM probe tips showed an appar-
ently anomalous result, where OPN added to the solution 
increased the adhesion force for carboxylic acid functional-
ized tips at the (100) surface, when other polyanions tested 
reduced the adhesion force [42]. The influence of the large 
number of uncharged residues in naturally occurring pro-
teins has not been tested in prior experiments, though these 
hydrophobic residues likely contribute to protein aggrega-
tion processes that have been described [40, 43] and may 
contribute to interactions at COM surfaces. In summary, 
mOPN demonstrated a complex set of interactions at the 
COM surface, likely dependent on a blend of properties 
contributed by the various amino acid components, which 
has not been fully characterized to date.

Mixtures of polycations and polyanions resulted in 
significantly different outcomes than the addition of the 
macromolecules singly. In general terms, strong binding 
associations between polycations and polyanions were 
anticipated under these solution conditions, based on earlier 
polymer chemistry experiments [44, 45], such that these 
solutions are most simply understood by treating them as 
a mixture of polycation/polyanion aggregates with near 
zero net charge and excess free polyanion or polycation, 

depending on the composition of the mixture. The growth 
rate inhibition data tracked with the free polyanion com-
position in the pD-rich conditions (pR/pD of 25:75 and 
50:50), where these compositions showed growth rate inhi-
bition with accelerating growth rate profiles, comparable to 
pure pD solutions (adjusted for net free pD concentration), 
with no apparent effect of the polycation/polyanion aggre-
gate on these data. Conversely, the pR-rich condition (pR/
pD of 75:25) and pR/mOPN mixture showed no growth 
rate inhibition, similar to pR alone. In the absence of a 
strong inhibitor contribution from pR, a possible nucleation 
promoting effect of the polycation/polyanion aggregate 
may be evident in the apparent growth rate acceleration 
in these latter two samples, though the experimental con-
ditions employed in this study made interpretation of the 
growth rate profile impossible due to the increased uncer-
tainty associated with this observation. The pR/mOPN 
mixture may have been a nearly equal cationic and anionic 
charge condition, since the anionic side chains account for 
only a fraction of the total amino acids in mOPN. Detailed 
knowledge of the degree of post-translational modification 
(phosphorylation and glycosylation) would be required to 
calculate the actual charge ratio precisely, but the increase 
in apparent growth rate with strong secondary nucleation 
component (Fig.  5) suggests a dominant polycation/poly-
anion aggregate fraction. Earlier studies have reported pro-
motion of COM nucleation using OPN immobilized on a 
substrate [46], and the polycation/polyanion aggregates in 
this case could functionally mimic OPN immobilized on a 
substrate, albeit a microscopic one.

The results from aggregation assays, Rd(CC) and 
Rd(AA), accentuated the effects of the polycation/poly-
anion aggregates on COM crystals. The induction of COM 
aggregation demonstrated in the AA-COM assay data for 
pR/pD mixtures (50:50 and 75:25) and for the pR/mOPN 
mixture must be related to the presence of polycation/poly-
anion aggregates, since each of the individual components 
demonstrated disaggregating effects on COM. These obser-
vations mimic the reported behavior of THP tested in vitro 
[43], where THP aggregation induced by desialylation, par-
ticularly at higher salt content, caused COM aggregation in 
an AA-COM assay, while the native THP remained molec-
ularly dispersed and demonstrated a disaggregating effect. 
An earlier report has described loss of inhibitor functions 
with urinary protein aggregate formation [47].

The pR/pD (25:75) mixture deviated from this pat-
tern, likely because the large excess of free pD begins to 
dominate the COM interactions. This sample did display 
significant differences from the pure pD addition indicat-
ing persistent polycation/polyanion aggregate effects, with 
the mixture causing almost no aggregating or disaggregat-
ing effects in Rd(AA) while still inducing growth-related 
aggregation [change in Rd(CC)], comparable to control. 
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Somewhat surprisingly, the three mixtures demonstrating 
aggregation promotion in the AA-COM assay appeared 
to be dominated by secondary nucleation in the CC-COM 
assay, falling well below the line of identity in Fig. 5. Sim-
ilar observations were seen in the Rn data (Fig.  5, inset), 
though the differences appeared to be smaller by this meas-
ure. These results suggest the possibility that face involved 
in COM aggregation [presumably (100)] is the same in 
either process, such that induction of COM seed aggrega-
tion before addition of oxalate ions to the CC-COM assay 
precludes the possibility of growth-related aggregation. 
Consequently, secondary nucleation pathways appear to be 
enhanced, including contributions from both crystal sur-
faces (as seen in the control experiments) and polycation/
polyanion aggregates. The large deviations from the line of 
identity observed for these 3 samples in Fig. 5 suggest that 
the latter contribution was strongly dominant.

In conclusion, the addition of particle sizing analysis 
to CC experiments in COM crystallization has demon-
strated the importance of both nucleation and aggregation 
processes occurring concurrently with growth similar to 
results obtained in hydroxyapatite crystallization [11], with 
nucleation processes favored at low seed crystal densities 
and growth-related aggregation at high seed crystal den-
sities. Experiments to characterize the effects of various 
putative CaOx kidney stone inhibitors demonstrated a com-
plex array of effects. Experiments with putative small ion 
inhibitors, magnesium and citrate ions, showed that both 
ions exerted influence on COM crystallization by lowering 
the supersaturation through known ion pairing interactions, 
while citrate had an additional strong inhibitory effect on 
COM growth rate without inhibiting growth-related aggre-
gation. Individual proteins tested showed that polyanions 
were potent inhibitors of growth rate, but the cationic pro-
tein, pR, had no significant effect. The addition of particle 
sizing data revealed large differences between pD, pE, and 
mOPN, with pD pushing the system toward nucleation, pE 
pushing toward aggregation, and mOPN demonstrating 
intermediate behavior. Creating mixtures of pR with poly-
anions (pD and mOPN) attenuated the effect of polyanions 
on growth rate, but introduced additional aggregation and 
nucleation behaviors which were likely due to the forma-
tion of polycation/polyanion aggregates in these samples.
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