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ABSTRACT: Pathological crystallization of calcium oxalate
monohydrate (COM) is a critical process in human kidney
stone disease. Methods of curtailing COM growth involve the
action of natural and synthetic polyprotic acids, which selectively
bind to crystal surfaces and inhibit the anisotropic rates of growth.
Here we use a combination of bulk crystallization, in situ scanning
probe microscopy, density functional theory, and physiologically
relevant in vitro assays to elucidate the molecular origins of COM
growth inhibition, focusing on citrate (CA) and its molecular
analogues hydroxycitrate (HCA) and isocitrate (ICA). These
three molecules differ only in the number and/or placement of
hydroxyl groups, yet each exhibit unique binding modes to COM
crystal surfaces. A major breakthrough in the development of
potential therapies came from the recent discovery of HCA being
a potent inhibitor possessing an ability to dissolve crystal surfaces in supersaturated media. Using a combination of experiments
and computational calculations, we examine the differentiating factors for isostructural analogues of citrate to prompt
dissolution and introduce a vectorized displacement parameter that accounts for strain induced on a crystal lattice as a result of
inhibitor adsorption. We also compare the inhibitory effects of all three polyprotic acids in a human urine assay that surprisingly
revealed HCA to be a far superior inhibitor than laboratory estimates owing to an apparent synergistic cooperative effect with
species in the urine milieu. Collectively, these findings identify new inhibitors of calcium oxalate crystallization and demonstrate
that HCA and ICA are promising alternatives to citrate, the current therapy.

■ INTRODUCTION

Crystallization is a ubiquitous phenomenon in biological
systems and is also common to several diseases that include
malaria,1 gout,2 atherosclerosis,3 gallstones,4 and urolithiasis (or
kidney stones).5 Prevention of these diseases often involves the
use of natural or synthetic molecules (or macromolecules) that
act as inhibitors of crystal growth. These species exhibit a
specificity for binding to particular surfaces of pathological
crystals and reduce their rate of growth by one of several possible
modes of action.6,7 There is an extensive volume of literature on
inhibitors in biomineralization, particularly those systems
involving calcium minerals.8−10 Examples of calcification in
biology include the formation of shells in mollusks,9,11,12

structural motifs in coccoliths,13 and the inorganic matrix of
bone.14 The vast majority of inhibitors in these processes tend to
be polyprotic acids comprised of carbonates and/or phosphates
that interact with crystals via the formation of ionic bonds with
calcium. Inhibitors can either operate as expedient regulators of
crystallization (e.g., generation of skeletal structures), or they
can serve as a natural defense against the formation of crystals

with detrimental outcomes (e.g., pathological diseases). The
objective of this study is to identify polyprotic acids that inhibit
the growth of calcium oxalate monohydrate (COM), a principal
component of human kidney stones.15−17

Kidney stone disease affects nearly 10% of the population, and
while recent reports indicate that incidence rates are on the
rise,18 there has been no significant advancement in the past 30
years to develop therapeutics that more effectively inhibit COM
crystallization. Prior studies have shown that inhibitors
decorated with carboxylic acids are operative modifiers of
COM crystallization. Acid groups interact with crystal surfaces
via calcium bridges, (inhibitor)COO−···Ca2+···−OOC(COM), or
hydrogen bonds, −COO−···HOOC−. Several native proteins
in urine that function as putative inhibitors of calcium oxalate
stones are rich in acidic amino acids, such as glutamic (Glu) and
aspartic (Asp) acids.19−23 Examples include (but are not limited
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to) osteopontin, Tamm Horsfall protein, serum albumin,
transferrin, bikunin, and prothrombin fragment 1.21,24−26 The
addition of acid groups to a molecule generally results in
increased efficacy. For instance, amino acids (e.g., Glu and Asp)
inhibit the rate of COM crystal growth by ca. 35%, whereas
polyamino acids comprised of the same monomers exhibit ca.
85% inhibition.27 The current therapy administered to calcium
oxalate kidney stone patients is citrate (CA), a molecule with

three carboxylic acids available to interact with COM crystals. In
vitro bulk crystallization assays reveal that CA imparts a
maximum 60% inhibition of COM crystallization.28 Recently,
it was discovered that hydroxycitrate (HCA), a structural
analogue of CA with one additional alcohol moiety, is more
potent than CA.28

Understanding the factors that govern inhibitor specificity
and efficacy is nontrivial. Small organic acids, such as CA and

Figure 1.Molecular structures of polyprotic acids and their effect on COM crystallization. (A) The homologous series of putative growth inhibitors
selected for this study are numbered as follows: (0) oxalic acid, Ox; (1) malonic acid, MA; (2) succinic acid, SA; (3) glutaric acid, GA; (4) adipic acid,
AA; (5) methyl oxalic acid, MOA; (6) malic acid, MCA; (7) tartaric acid, TTA; (8) tricarballylic acid, TCA; (9) dimethyl hydroxyglutaric acid,
DHGA; (10) citric acid, CA; (11) isocitric acid, ICA; (12) hydroxycitric acid, HCA; and (13) butanetetracarboxylic acid, BTCA. (B) Aspect ratio of
COM crystals (i.e., c/b dimensions) prepared in the absence (control) and in the presence of polyprotic acids. The gray bar signifies two standard
deviations for the control. Average values were calculated from at least three separate batches. (C) Relative growth rate (RGR) determined by
comparing the COM crystallization rate in the presence of 60 μg/mL inhibitor to the control. The gray box denotes two standard deviations for the
benchmark, CA. Data are the average of at least six independentmeasurements. (D−G) Scanning electronmicrographs of COMcrystals in the absence
(D) and in the presence of citrate (E), isocitrate (F), and hydroxycitrate (G) using a fixed concentration of 60 μg/mL inhibitor. Error bars equal one
standard deviation; scale bars equal 20 μm.
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HCA, are generally less effective crystal growth inhibitors than
the majority of polyprotic macromolecules, yet the former can
impart unique effects on COM crystallization that, in many
respects, make them more desirable crystal growth inhibitors.
For instance, it was recently shown that HCA and to a lesser
extent CA are capable of dissolving COM crystals in
supersaturated media. This phenomenon was observed by in
situ atomic force microscopy (AFM) under continuous flow of
growth solution wherein COM dissolution occurs within a
narrow range of inhibitor concentration.28 The proposed
mechanism involves the generation of strain at the crystal
surface imposed by inhibitor adsorption. In the case of HCA−
crystal interactions on the COM (121̅) surface, density
functional theory (DFT) calculations indicated a displacement
of atoms within the crystal lattice where it was hypothesized that
the resulting strain was relieved by the dissolution of calcium and
oxalate from the crystal interface. At concentrations below the
critical range for dissolution, COM growth rates are reduced in
the presence of inhibitor, similar to classical models of crystal
growth inhibition. The mechanism at high inhibitor concen-
tration is more nuanced in that a high coverage of inhibitor has
two potential effects: (i) mass transport limitations owing to the
steric constraints of inhibitor adsorption/desorption coupled
with the release of solute from the interface, and (ii) the
generation of roughened interfaces with a higher density of kink
sites, which are the most energetically favorable for solute
incorporation, thus leading to an enhanced rate of crystal
growth. More recently, the mechanism of strain-induced
dissolution was demonstrated by Li et al.29 for brushite
(CaHPO4·2H2O), another kidney stone constituent, in the
presence of HCA in which the dissolution was attributed to the
localized strain in crystal lattice due to strong HCA−brushite
interactions.
Here, we examine a library of polyprotic acids to identify a

broader class of COM growth inhibitors and refine the criterion
for strain-induced dissolution. Counter to conventional wisdom,
our findings reveal that the vast majority of polycarboxylate
molecules are ineffective inhibitors of COM crystal growth.
Moreover, we show that inhibitor−crystal binding energy is an
insufficient descriptor for predicting dissolution. Through the
systematic screening of polyprotic acids, we identify a possible
replacement for CA as a therapy and show that HCA is a
substantially more effective inhibitor of COM crystallization in
urine compared to the biomimetic growth solutions employed in
previous studies. The latter finding suggests that HCA works
cooperatively with other biomolecules in physiological environ-
ments to enact greater inhibitory effects on COM formation. It
also highlights the disparate behavior of somemodifiers assessed
in human urine compared to model (more simplistic) growth
media employed in vitro.

■ RESULTS AND DISCUSSION
Homologous Series of Polyprotic Acids. In search of

potential inhibitors of COM crystal growth, we examined a
series of polyprotic acids in Figure 1A, which are differentiated
on the basis of their molecular size and number/type of
functional moieties. The library consists of di-, tri-, and
tetracarboxylic acids. The simplest dicarboxylic acid is oxalate
(Ox, 0), a principal component of COM crystals. We examined
the effect of several dicarboxylic acids with varying carbon chain
length: malonic acid (MA, 1), succinic acid (SA, 2), glutaric acid
(GA, 3), and adipic acid (AA, 4). Molecules with additional
carboxylic acid groups include tricarballylic acid (TCA, 8) and

butanetetracarboxylic acid (BTCA, 13). The addition of alcohol
groups increased the pool of candidates to six additional
molecules (6, 7, 9−12) as a means of examining the impact of
alcohol number and their spatial positioning along the carbon
backbone. Moreover, we examined the substitution of a
carboxylic acid of oxalate with a methyl ester (MOA, 5).
Collectively, the library of polyprotic acids in Figure 1A
represents a homologous series of putative inhibitors that were
used to assess the relationship between inhibitor structure and
performance (i.e., inhibitor efficacy and specificity) in COM
crystal growth.
One of the metrics for assessing inhibitor specificity for

binding to particular COM (hkl) surfaces is the change in
length-to-width aspect ratio of COM crystals in bulk
crystallization assays. The aspect ratio is measured along the
crystallographic [001] and [010] directions, respectively.
Growth solutions in the absence of inhibitor (control) yield
an aspect ratio of 2.8 ± 0.1 (gray box in Figure 1B and Figure
S1). Inhibitors that increase the aspect ratio relative to the
control indicate a preferential binding to COM {010} surfaces,
whereas a decreased aspect ratio indicates a preferential binding
to either the {001} surfaces or the apical {121̅} and/or {021}
surfaces. Molecules 2−4 yield a progressive increase (≤20%) in
aspect ratio with increasing chain length. Five molecules reduce
COM crystal aspect ratio in the follow order (from highest to
lowest): 11 ≈ 13 > 9 > 10 > 12. Parallel kinetic studies of COM
crystallization were performed using an ion-selective elec-
trode24,28,30−32 to track the temporal depletion of free calcium
ions. Here we report the relative growth rate (RGR), which is
the ratio of COM crystal growth rate in the presence of inhibitor
to that of the control, where RGR < 1 indicates COM growth
inhibition. As a benchmark, we use citrate (Figure 1C, gray box),
the current therapy for COM kidney stones. The RGR of citrate
(CA) is 0.6, indicating a 40% reduction in the rate of COM
crystallization. Molecules with comparable or better inhibitory
effect on COM crystallization are highlighted in red (7, 11, and
12). We have previously shown that hydroxycitrate (HCA) is an
effective inhibitor of COM growth.28 Our findings here reveal
that isocitrate (ICA) and CA are comparable inhibitors, whereas
tartaric acid (TTA) is moderately effective. All remaining
molecules that were tested had only a marginal impact on COM
crystallization (i.e., RGR ≥ 0.8).
RGR comparisons reveal that the addition of carboxylic acids

generally increases inhibitor efficacy, but not to the extent that
would be expected based on prior studies of polyelectrolytes.32

For example, macromolecules such as polyglutamic acid
decorated with many carboxylic acids exhibit RGR values as
low as 0.2 compared to their respective amino acids (e.g.,
glutamic acid) which have values of ca. 0.65.32 Here we observe
only a slight reduction in RGR between glutaric acid (0.9± 0.1)
and tricarballylic acid (0.8 ± 0.1) with the insertion of one acid
group. There is a more noticeable difference between the RGR
of adipic acid (0.9± 0.1) and butanetetracarboxylic acid (0.75±
0.02) via the addition of two acid groups; however, the
performance of these molecules is less than that of the
benchmark (citrate) and acidic amino acids. Interestingly, the
addition of alcohol groups has a more pronounced effect. For
instance, the comparison of molecules with a similar carbon
chain length reveals a progressive decrease in RGR with alcohol
addition: succinic acid (0.9 ± 0.1, 0 OH) > malic acid (0.80 ±
0.02, 1 OH) > tartaric acid (0.7 ± 0.1, 2 OH). Likewise, we
observe a decrease in RGR for citrate analogues with an
increasing number of alcohol groups: tartaric acid (0.8 ± 0.1, 0
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OH) > citrate (0.60 ± 0.08, 1 OH) ≈ isocitrate (0.6 ± 0.1, 1
OH) > hydroxycitrate (0.5 ± 0.1, 2 OH).
One molecule that was less effective than anticipated was

methyl oxalic acid (MOA, 5). The selection of MOA was
motivated by previous studies of L-cystine33 kidney stones where
it was reported that chemical modification(s) to the solute, such
as the replacement of carboxylic acids with methyl esters,
generated “tailored” inhibitors. A similar approach applied to Ox
by replacing a single carboxylic acid group with an ester resulted
in RGR = 0.79 ± 0.08, which is less effective than CA; however,
MOA does alter the aspect ratio (Figure 1B), indicating an
interaction with crystal surfaces, but not to an extent that these
interactions markedly reduce the overall rate of COM
crystallization.
Our analysis of polyprotic acids in Figure 1A indicates that not

all acids function as COM growth inhibitors and that simply
adding more acid groups to a molecule does not necessarily
enhance its efficacy; however, we do observe a distinct trend in
growth rate suppression based on the magnitude of the second
dissociation constant, pKa2, of the acid. This parameter was
selected as a potential metric for distinguishing acid group
affinity for binding cations (e.g., the interaction between
dissociated acids and calcium ions). As shown in Figure 2, the

relative growth rate of COM crystals decreases linearly with
decreasing polyprotic acid pKa2. All experiments in this study
were conducted at pH 6.2, which is above the pKa2 values of all
acids tested, indicating that the inhibitors are fully dissociated.34

Thus, the increased efficacy of inhibitors seems to correlate with
the increased acid strength of the polyprotic acid. Exceptions to
this trend, however, are the three citrate analogues (red symbols
in Figure 2), which indicate that the presence of alcohols
enhances the effects of these molecules. Indeed, the most
effective COM growth inhibitors among this library are citrate
(CA, 10) and its molecular analogues isocitrate (ICA, 11) and
hydroxycitrate (HCA, 12), which differ only by the number
and/or position of alcohol groups. Scanning electron micro-
graphs of COM crystals reveal distinct differences in the
morphology of crystals prepared in the presence of these

inhibitors compared to the control (Figure 1D). Prior studies
report35,36 that CA binds to COM {001} surfaces and blunts the
apical tips (Figure 1E). HCA binds to both {121̅} and {021}
surfaces28 to generate diamond-shaped crystals (Figure 1G).
The interaction between ICA and COM crystals preserves the
hexagonal morphology (Figure 1F) but results in a reduction in
the [100] thickness (Figure S2) with a concomitant decrease in
the surface area of apical facets. Thus, electron micrographs
indicate that all three inhibitors exhibit unique modes of binding
to COM crystals. Herein, we shift our focus to these three
inhibitors to examine their effects in greater detail.

Modes of COMGrowth Inhibition.We use a combination
of atomic force microscopy (AFM) and density functional
theory (DFT) to provide a molecular level description of
inhibitor−COM interactions for citrate analogues. These
studies focus solely on the COM (100) basal surface, which is
comprised of steps that are favorable for HCA and CA
adsorption and terraces that are preferential binding sites for
ICA. In situ AFM measurements of step advancement on the
basal surface (Figure 3A) at a fixed inhibitor concentration (0.2
μg/mL) confirmed that all three molecules reduce step
advancement in the [001] direction relative to the control.
Notably, we observe the following trend in step velocity: HCA <
CA < ICA. In a previous study,28 we showed that both HCA and
CA are capable of dissolving COM crystals within a specific
range of inhibitor concentration. Here we intentionally selected
a concentration that leads to three distinct effects with respect to
step velocity v: CA nearly arrests step advancement (v ≈ 0),
HCA dissolves the surface (v < 0), and ICA reduces the rate of
step advancement by ca. 60% (0 < v < vo). Time-resolved AFM
images of the COM basal surface show triangular hillocks
emanating from a dislocation with steps that advance across the
surface in the c-direction. Dissolution of this surface in the
presence of HCA (Figure 3B) results in steps receding toward
the center of the dislocation. Introduction of HCA leads to a
slight roughening of steps, but has little impact on interstep
distances. Conversely, the presence of ICA reduces interstep
distance relative to the control (Figure 3C,D and Figure S3);
however, AFM measurements over a broad range of
concentration (e.g., CICA = 0.4−40 μM) revealed that ICA
does not dissolve COM crystals.
AFM measurements of COM layer growth in the presence of

ICA show a monotonic reduction in v with increased inhibitor
concentration (Figure 3E). Comparison of ICA with its isomer
CA (reported by Weaver et al.37) reveals a similar trend in step
velocity, which is indicative of a step pinning38 mechanism
wherein ICA adsorbs on (100) terraces and impedes the
advancement of steps across the surface. The velocity profiles
were plotted in Bliznakov coordinates,39 which are used to
identify modifiers that operate by a kink blocking mode of
action. The nonlinear behavior observed in the Bliznakov plot
(Figure S4) indicates themechanism is not kink blocking. This is
consistent with bulk crystallization data showing ICA binds to
terraces on the basal surface, thereby inhibiting normal growth.
Indeed, theoretical models of spiral growth40−43 predict the rate
of crystal growth normal to the surface of imaging is

τ
= · =[ ]G

v h
y

h
100

(1)

where G[100] is the rate of crystal growth normal to the basal
(100) surface, h is the height of steps advancing along the (100)
plane, y is the interstep distance, and τ (= y/v) is the

Figure 2. Trends in polyprotic acid inhibition of COM based on their
acid strength. The RGR for inhibitors in Figure 1C are replotted here as
a function of their respective pKa2 values. Listed numbers for each
molecule are defined in Figure 1A and pKa2 values, and their
corresponding references, are provided in Table S1. The dashed line
is a linear regression of blue symbols withR2 = 0.93. Red symbols, which
correspond to citrate analogues, are outliers.
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characteristic rotation time of layers propagating from the screw

dislocation. The average height of the layers is constant (within

20%) over the full range of ICA concentrations; therefore, we

approximated G[100] using velocity data in Figure 3E and the

corresponding interstep distances in Figure S3. The monotonic

reduction inG[100] (Figure 3F) with increasingCICA is consistent

with bulk crystallization showing that ICA reduces the [100]
thickness of COM crystals (Figure S2).
We performed DFT calculations to further understand the

modes of inhibitor action. As a starting point, we examined the
affinity of solute (Ox) and inhibitors to complex free calcium
ions in solution (Figures 4A and S5), comparing ICA to previous
results for Ox, CA, and HCA.28 The binding energy (BE)

Figure 3. Impact of citrate analogues on COM (100) surface growth. (A) In situ AFM measurements of step advancement in the c-direction as a
function of time in the absence of inhibitor (gray circles) and with 0.2 μg/mL of ICA (green diamonds), CA (orange squares), and HCA (blue
triangles). The [001] step velocity, v, was calculated from the slopes of each curve. (B) Snapshots of steps receding in the presence of CHCA = 0.2 μg/
mL. Select steps are traced with white lines to highlight receding layers during dissolution (the dashed box is placed in a fixed location as a reference).
(C and D) Deflection mode images of a surface growing in the absence of inhibitor (C) and in the presence of 0.2 μg/mL ICA (D). (E) Step velocity
scaled by the control, vo, as a function of ICA concentration CICA. Symbols are the average of at least five measurements and error bars equal two
standard deviations. Similar measurements for CA reported by Weaver et al.37 are plotted as gray squares. (F) Normal rate of growth in the [100]
direction calculated using eq 1 and scaled by the control. The dashed line is interpolated to guide the eye. All scale bars in micrographs equal 1 μm.

Figure 4. Inhibitor-crystal binding energies. (A) DFT-calculated binding energy of fully dissociatedHCA, CA, ICA, andOxmolecules interacting with
free calcium ions. Data are plotted against the number of molecules N. Note that D-isocitrate was used for all DFT calculations (refer to Figure S7 for
calculations of the enantiomer L-isocitrate). (B) DFT calculations of the binding energy between deprotonated polyprotic acids and the COM (100)
surface. (C and D) Structural conformation and binding energy (in kcal/mol) of (C) ICA and (D) Ox adsorption on a frozen COM (100) surface.
Atoms are color coded as carbon (gray), hydrogen (white), oxygen (red), and calcium (green). (E and F) Structural conformation of (E) ICA on a
COM (100) surface and (F) ICA on a COM (021) surface. Yellow lines represent the relaxed COM crystal lattice upon adsorption of each polyprotic
acid relative to the frozen (i.e., idealized) surfaces. (G) Schematic depicting the vectorization of strain δ̂ upon adsorption of inhibitors to COM crystal
surfaces. The callout scheme depicts an example of outward displacement (Φ < 90°). Relaxation of the crystal surface in the absence of inhibitors shifts
the pristine lattice by an angleΦ and distance δ̂pristine. Strain fields induced by inhibitors pulling atoms in the lattice (calcium and oxalate) outward from
the surface (red) or pushing them inward (blue) at a net angle ΔΦ (relative to the pristine surface) and displace the crystal plane by δ̂.
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between each inhibitor and calcium ions was calculated as a
function of the number of molecules, wherein each calcium
cation interacts with two carboxylic acid groups. Plots of BE in
Figure 4A reveal the following order (from strongest to weakest
binding, with the negative values denoting exothermic/favorable
interaction): HCA > ICA ≈ CA > Ox. This order qualitatively
agrees with the relative growth rates measured in bulk
crystallization assays (Figure 1C), and seemingly scales with
the acid strength of each molecule (Figure 2). To elucidate
inhibitor-COM interactions at a molecular level, we used DFT
to calculate the binding of each inhibitor to the COM (100)
surface (Figures 4B and S6). The binding energy of ICA to
COM (100) is the strongest (Figure 4C), whereas Ox is the
weakest (Figure 4D). The preferential binding of ICA to the
basal surface agrees with the step pinning mechanism identified
by in situ AFM (Figure 3) and the reduced [100] thickness of
COM crystals observed in bulk crystallization assays (Figure
S2).
In Table 1 we present the DFT calculated BE and structural

results on COM (100) and (021) surfaces along with the

pristine COM surface (i.e., relaxation in the absence of
inhibitor). The relative BE reveals a preferential interaction of
inhibitors with the (021) surface in the order: HCA >CA> ICA.
This is consistent with bulk crystallization assays and in situAFM
studies28 (Figure 1B) showing that HCA preferentially binds to
the {021} and {121̅} apical surfaces. In situ AFMmeasurements
on the COM (010) surface reveal that CA has no effect on either
the {021} or {121̅} step velocities.36 Similar findings in this
study reveal that ICA also does not alter step advancement on
the (010) surface (Figure S8). Collectively, these findings are
consistent with bulk crystallization revealing CA binds to (001)
faces while ICA binds to (100) faces, and are consistent with
DFT calculations of inhibitor specificity for different COM
crystal surfaces (see the SI for more details on DFT calculations
of BE).
Binding energy is an effective descriptor for inhibitor-crystal

specificity but cannot be used as the sole parameter to rationalize
surface dissolution. Previously, Chung et al.28 introduced the
concept of strain-induced dissolution wherein the net displace-
ment δ of atoms in the crystal lattice with inhibitor binding was
used as an analogue of strain. Calculation of δ involves the partial
relaxation of COM crystal surfaces following inhibitor
adsorption to evaluate the impact of these interactions on the
surface structure of COM crystals. For illustration, Figure 4E,F
shows how the (100) and (021) faces respond during surface
relaxation in the presence of adsorbed ICA molecules. Using the
difference between the frozen and relaxed COM surfaces, we
calculated δ, but here we introduce the calculation of the angle of

surface displacement (Φ) to gain a deeper understanding of
surface relaxation and dissolution (Table 1). Comparisons are
made using the ratio of δ values on the (021) and (100) surfaces
relative to the pristine COM surfaces (i.e., relaxation in the
absence of inhibitor). We note that these pristine COM
relaxations establish a common reference for displacement with
all modifiers. For all cases, the (021) surface exhibits more strain
than the (100) surface. This agrees with the observation that
certain inhibitors (e.g., HCA) can dissolve (021) steps, while
none of the polyprotic acids appear to dissolve (100) faces.
Comparisons of CA and HCA reveal the latter more effectively
dissolves COM crystals. The relative magnitude of δ values can
rationalize the observed dissolution of (021) over (100)
surfaces. Comparison of HCA, CA, ICA, and pristine δ ratios
(Table 1) shows the trend HCA > pristine ≈ CA > ICA, which
agrees with experimental observations that HCA can dissolve
COM {021} faces, while CA and ICA cannot. It should be
noted, however, that we previously reported28 that CA binding
to (001) steps on the basal surface can lead to the formation of
etch pits at specific conditions not tested in this study.
To reveal further insights into the action of citrate analogues

on the surface of COM, we introduce a vectorized strain that
accounts for its direction of displacement. The schematic
illustratingΦ in Figure 4G indicates that adsorbed inhibitors can
induce a strain by “pulling” on the surface, resulting in negative
ΔΦ relative to pristine surface relaxation. Conversely, the
adsorbed inhibitor can “push” on the surface, giving rise to
positive ΔΦ relative to pristine surface relaxation. Since the
negatively charged modifiers interact directly with Ca2+ ions at
the surface, a negative ΔΦ indicates Ca2+ ions in the COM
surface are being pulled away from the surface, suggesting
directionality to COM surface dissolution. DFT calculations of
inhibitor binding to the COM (100) surface reveal inward ΔΦ
angles between +27° and +53°. Additionally, ICA displays a
similar behavior on the (021) surface, imposing a +4° relative
relaxation angle compared to the pristine calculation. Con-
versely, measurements of HCA and CA binding to the COM
(021) surface reveal that HCA imposes a relative displacement
with an outward angle (−3°), whereas CA does not exhibit any
imposed directionality at this interface (i.e.,ΔΦ = 0°). It should
be noted that the sign of ΔΦ is used as a criterion to rationalize
the directionality of strain and not its magnitude, which may
depend on several parameters, such as the computational details,
and the stability of each facet and adsorption site, among others.
The combination of a large BE, large δ, and outwardΔΦ (ΔΦ <
0) is what differentiates HCA from CA and ICA in its ability to
dissolve COM crystals. The unique directionality of the strain
induced by HCA is likely due to the additional hydrogen
bonding present on HCA, favoring more spherical shapes upon
adsorption (see Figure S8). As such, we expand our previous
criterion for surface dissolution by stating that an inhibitor must
preferentially bind a specific facet with high BE and
simultaneously induce a displacement with ΔΦ < 0° relative
to the pristine surface.

Replacing Citrate with Alternative Therapies. The
criteria for identifying an alternative therapy for calcium oxalate
stone disease relies on the identification of a molecule that has
some or all of the following characteristics: (1) better tolerated
than CA, (2) sufficiently bioavailable, (3) complexes calcium as
well as or better than citrate, and (4) inhibits COM
crystallization (preferably more so than citrate). In addition,
the metabolism of citrate leads to systemic alkalinization, which
may be detrimental in patients with a high urine pH.44 A

Table 1. DFT Calculationsa of Binding Energies and Lattice
Displacementsb

interactionc BE(021)/BE(100)
d δ(021)/δ(100) Φ(100) (ΔΦ) Φ(021) (ΔΦ)

HCA−COM 1.95 2.84 148° (+27°) 46° (−3°)
CA−COM 1.82 2.20 173° (+52°) 49° (0°)
ICA−COM 1.61 2.04 175° (+53°) 53° (+4°)
pristine COM 2.24 121° (−) 49° (−)
aDetailed calculations are provided in Table S2 and Figure S8 in the
Supporting Information. bFor each inhibitor, the value of Φ is given in
addition to its value relative to the pristine COM relaxation in
parentheses. cInteractions of fully dissociated acids. dBinding energy
calculated in units of kcal/mol.
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compound that has similar or better crystal inhibition that does
not lead to alkalinizationmay be preferred in patients with a high
urine pH. The analysis of molecules in Figure 1A shows that
many polyprotic acids do not satisfy the fourth criterion.
Exceptions are HCA and ICA. In vitro studies show that HCA is
more potent than CA at low concentrations (ca. < 60 μg/mL),
while both molecules are equivalent inhibitors at high
concentrations. Human trials also revealed that HCA is
bioavailable with oral intake,28 confirming HCA satisfies at
least two of the four criteria. In this study, bulk crystallization
indicates that ICA is comparable to CA as an inhibitor of COM
crystallization (Figure 4C). Information of ICA toxicity and
bioavailability is unknown. Moreover, answers to criterion one
(tolerability) have yet to be adequately addressed for HCA and
ICA.
Here, we test the efficacy of citrate analogues as COM crystal

growth inhibitors in a physiologically relevant medium: human
urine. For these in vitro assays, we used eight urine samples from
patients with kidney stones. The samples were chosen to have
hypocitraturia out of concern that urine samples with high
citrate might not be able to show a dose response to additional
citrate as a crystal growth inhibitor. The citrate, calcium, and
oxalate concentrations of the urine samples were 128 ± 36, 122
± 43, and 18 ± 5 mg/L, respectively. A representative set of
growth curves are presented in Figure 5A showing the temporal

depletion of oxalate during calcium oxalate crystallization. The
results are quantified by calculating growth constants ki (see
Methods) and expressing the results as a ratio of the growth
constant in the presence of the inhibitors to the growth constant
of the urine sample without added inhibitors (Figure 5B). Our
findings indicate that CA and ICA have comparable rates of
inhibition, consistent with measurements made in simple salt
solutions (Figure 1C). Interestingly, HCA is significantly more
potent, resulting in ca. 96 ± 3% inhibition of calcium oxalate
growth compared to a value of 60% measured in a salt solution.
Unexpectedly, the efficacy of HCA is higher in urine

compared to its measured inhibitory effect in assays employing
simplistic growth solutions (i.e., aqueous solutions of super-
saturated calcium oxalate and 150 mM NaCl). Our findings
seem to indicate a synergistic effect between HCA and urinary
constituents that leads to an additional 36% inhibitionan

outcome that is not encountered for CA and ICA. In prior
studies we have shown that a combination of CA and urinary
constituents (e.g., chondroitin sulfate) can increase the percent
inhibition of COM crystal growth by ca. 20%.24 For the in vitro
assays presented in Figure 5, it is impossible for us to speculate
on the nature of the synergistic interaction(s) and their resulting
mode(s) of action on crystal growth inhibition given the fact that
urine is a highly complex blend of species. Notably, urine
contains ca, 3100 small molecule metabolites45 and over 1800
proteins.46 Nevertheless, our findings lend additional support
for HCA as a putative therapeutic of calcium oxalate stone
disease. Moreover, these studies highlight the benefit of using
physiologically relevant media to assess the effect of molecular
inhibitors on pathological crystallization.

■ CONCLUSION

In summary, we have shown that a majority of small polyprotic
acids are ineffective inhibitors of COM crystallization.
Conversely, acidic molecules decorated with alcohols have a
more pronounced impact on COM growth. A detailed analysis
of three citrate analogues revealed that subtle variations in
alcohol placement lead to distinct binding modes that alter
growth along orthogonal crystallographic directions. When
evaluating inhibitor-crystal interactions, we posit that the
criterion for strain-induced dissolution of COM crystal surfaces
is best correlated to a vectorized displacement owing to the
pulling of atoms/molecules outward from the crystal-solvent
interface. In this study, we quantify the strain imposed by select
modifiers using the net displacement δ of atoms within the
crystal lattice as well as their net angleΔΦ of displacement. This
is a relatively new phenomenon in which there remain many
unanswered questions pertaining to the methods of predicting
(and quantifying) the strain imposed by modifier binding to
crystal surfaces, and discerning the experimental conditions that
lead to strain-induced dissolution. This observation was made
for hyroxycitrate where an unexpected outcome of this study was
its enhanced efficacy in urine compared to laboratory measure-
ments in simple salt solutions. Comparisons of polyprotic acids
also identified isocitrate as a moderately effective inhibitor with
comparable efficacy as citrate, but an unexpectedly distinct
specificity for binding to COM crystal surfaces that differs from
either of its molecular analogues. Given the potential problems
of using the current drug for oxalate stone disease, citrate, in
patients with a high urine pH and the number of patients who
cannot tolerate potassium citrate, identification of potential
replacements is a notable advancement toward the development
of better preventative treatments for urolithiasis.

■ METHODS SECTION
Materials. The following reagents were purchased from Sigma-

Aldrich (St. Louis, MO): calcium chloride dihydrate (99+%), sodium
oxalate (>99%), oxalic acid (99%), malonic acid (99%), succinic acid
(99%), glutaric acid (99%), adipic acid (99%), malic acid (%), tartaric
acid (%), tricarballylic acid (99%), dimethyl hydroxyglutaric acid
(98%); sodium citrate tribasic dihydrate (≥99.0%), DL-isocitric acid
disodium hydrate (93%), potassium hydroxycitrate tribasic mono-
hydrate (95%), butanetetracarboxylic acid (99%), sodium hydroxide
(98%), and hydrochloric acid (37%). Methyl oxalic acid (97%) was
purchased from AK Scientific Inc. and sodium chloride (99.9%) was
purchased from JT Baker. Deionized (DI) water used in all experiments
was prepared with an Aqua Solutions RODI-C-12A purification system
(18.2 MΩ). All reagents were used as received without further
purification.

Figure 5. Calcium oxalate growth assay in human urine. (A) The
reduction in urine oxalate concentration is monitored as a function of
time using 2 mM inhibitor. The data presented are a representative
study from a single urine sample. Lines are extrapolations to guide the
eye. (B) Relative growth constants calculated in the presence of CA,
ICA, and HCA from growth assays performed in eight urine samples.
The average percent inhibition of calcium oxalate growth for HCA, CA,
and ICA is 96± 3%, 60± 15% and 47± 11%, respectively. (*p = 0.01 vs
HCA, #p = 0.05 vs CA). Urine samples were collected from stone-
formers with relatively low citrate levels (ca. CCA = 0.68 mM).
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Bulk Crystallization Assays. Calcium oxalate monohydrate
(COM) crystallization was carried out using a reported proto-
col24,28,30−32 in 20 mL glass vials. First, NaCl was dissolved in DI
water followed by the addition of CaCl2 stock solution. The sample vial
was then placed in an oven at 60 °C for 1 h to ensure the solution had
reached the set temperature for crystallization. The vial was removed
from the oven, Na2C2O4 stock solution was immediately added
dropwise while the solution was continuously stirred at a rate of ca. 400
rpm, and the vial was returned to the oven. To investigate the effect of
inhibitors on COM crystallization, a desired quantity of each polyprotic
acid was added dropwise to the growth solution prior to Na2C2O4
addition. The final growth solution had a composition of 0.7 mM
CaCl2: 0.7 mM Na2C2O4: 150 mM NaCl: 60 μg/mL inhibitor and a
total volume of ca. 10 mL. A clean glass slide (1.3× 1.3 cm2) was placed
at the bottom of the vial to collect crystals for microscopy studies.
Crystallization was performed at 60 °C for 3 days without agitation. The
glass slide (substrate) was removed from the solution and dried at room
temperature prior to analysis. The pH of COM growth solution was set
to ca. 6.2 by adding an appropriate quantity of sodium hydroxide and
measuring the solution with an Orion 3-Star Plus pH benchtop meter
and ROSS Ultra electrode (8102BNUWP).
The binding affinity of crystal growth inhibitors on COM surfaces

was analyzed by comparing the morphology and dimensions of COM
crystals prepared in the absence and presence of polyprotic acids. A
Leica DM2500-M optical microscope was used to obtain brightfield
images in reflectance mode to quantify the effect of inhibitors by
comparing the aspect ratio (AR) of resulting COM crystals (note that
AR is defined as the ratio of [001] and [010] dimensions). A minimum
of 100 crystals from three separate batches were measured to obtain an
average AR.
The effect of inhibitors on the kinetics of COM crystallization was

measured using a calcium ion selective electrode (ISE) from
ThermoScientific equipped with an Orion 9720BNWP ionplus
electrode. ISE measurements track the temporal change of free calcium
ion concentration in the growth solution during crystallization, which
captures the effects of inhibitors on nucleation as well as crystal
growth.31 Solutions were prepared similar to those of bulk
crystallization with a final solution composition of 0.5 mM CaCl2: 0.5
mM Na2C2O4: 150 mM NaCl: 60 μg/mL inhibitor (supersaturation
ratio S = 3.8 was calculated using solubility product 1.66 × 10−9 M2).47

ISE measurements were performed at room temperature with constant
stirring at ca. 1200 rpm to minimize the induction period.24,31 The
electrodes were calibrated using three known concentrations of
standard calcium solution (0.1, 1.0, and 10.0 mM) diluted from 0.1
M stock solution (Orion Ion Plus). An ionic strength adjuster (ISA,
Thermo Scientific) was added to the standard solutions in a 1:50
volume ratio of ISA-to-standard. Plots of consumed calcium ion
concentration as a function of time were constructed for each
experiment where the approximate linear region signifies the depletion
of free calcium ions. Inhibitor efficacy was quantified by comparing the
rate of calcium depletion in the absence and in the presence of each
polyprotic acid. A minimum of six measurements were performed for
each inhibitor.
Scanning Probe Microscopy. In situ atomic force microscopy

(AFM) was performed using a Digital Instruments Multimode IV
(Santa Barbara, CA) equipped with a fluid cell (model MTFML) to
examine the effect of citrate analogues on COM surface growth in real
time. COM crystals were anchored on a magnetic specimen disk (Ted
Pella) using a thin layer of thermally curable epoxy (MasterBond
EP21AOLV). COM crystals prepared on glass slides were transferred to
the specimen disk by gently pressing the glass slides onto epoxy which
was partially cured at 60 °C for ca. 20 min. The specimen disks were
then placed in an oven at 60 °C for an additional 3 h to completely cure
the epoxy. AFM measurements were performed in contact mode using
silicon nitride probes with gold reflex coating and a spring constant of
0.15 N/m (Olympus, TR800PSA). In situ experiments were performed
under supersaturated conditions (S = 4.1) to monitor the growth of
COM {100} surfaces by tracking step advancement in the absence and
in the presence of selected inhibitors. Growth solutions used for in situ
AFM had a final composition of 0.18 mMCaCl2: 0.18 mMNa2C2O4: x

μg/mL inhibitor (where x = 0−0.45). In order to maintain a constant
supersaturation ratio, the growth solutions were continuously delivered
to the fluid cell via a designated inlet port with in-line mixing
configuration48 using a dual syringe pump (CHEMYX, Fusion 200)
with a combined flow rate of 0.2 mL/min. Selected inhibitors were
introduced to the growth solution by adding a desired quantity of
polyprotic acid to the Na2C2O4 solution. Images during in situ
experiments were captured with a scan rate of 13.2 Hz at 256 lines/scan.

Density Functional Theory (DFT) Calculations. DFT calcu-
lations can provide accurate adsorption trends on materials and
elucidate the thermodynamics of particle stabilization and/or growth as
shown in relevant work on metal nanoparticle growth in the presence of
ligands.49−51 The DFT calculations were performed by applying the
same methodology as reported in our previous work.28 Briefly, we
performed cluster-type DFT calculations using the Turbomole
package.52 We used the BP86 functional53,54 with the def2-SV(P)
basis set55 and accounted for dispersion energy corrections (for
capturing hydrogen bonding) through the D3 method.56 The
resolution of the identities (RI)57 approximation along with multipole
accelerated resolution of indices (MARI-J)58 were used to accelerate
the calculations. We accounted for solvent effects through the COSMO
continuum solvation model (solvent = water, ε = 78.46).59 The COM
particle with the (100) surface termination consisted of 168 atoms
(Ca24C48O96), whereas the one with the (021) termination consisted of
133 atoms (Ca19C38O76). The (100) and (021) surfaces were kept
frozen during inhibitor relaxations unless otherwise stated.

The binding energy (BE) of inhibitors and oxalate to crystal surfaces
is defined as

= − −+E E EBE inhibitor COM inhibitor COM (2)

where Ex represents the total electronic energy of species x. For
calculations of the “inhibitor + COM” species, the deprotonated forms
of the acids were placed on the COM surfaces and hydrogens were
added far away from the interaction center and in antidiametric
positions on the COM particle to neutralize the system. In the previous
BE expression, the Einhibitor corresponds to the total energy of the
nondissociated acid. As a result, eq 1 can capture the adsorption
strength trends of the deprotonated acids on the COM surface, while
keeping our system consistently in a neutral charge state. Analogous to
the previous expression, the BE of the complexes used in determining
the affinity of HCA, CA, ICA, and Ox for Ca2+ is defined as

= + − −E n
d
E n

d
E nEBE (complex)

2 2complex H Ca inhibitor2 (3)

where n represents the number of organic molecules in the complex, d is
the deprotonation state of the inhibitor (i.e., d = 1 corresponds to single,
d = 2 to double, and d = 3 to triple deprotonated states, equivalently),
and Ex represents the electronic energy of species x. The inhibitor is
again in the nondissociated form in the solution phase and we use H2 as
a reference state for the hydrogens of the acids. To sample multiple
modifier-surface conformations, approximately four different modifier
conformations were relaxed on each surface for every BE calculation
reported (with only the lowest values being reported). As further
validation of the reported conformations as minima vibrational analysis
verified the absence of any imaginary frequencies on the complexes or
inhibitors interacting with COM crystal surfaces. We also performed
calculations with both isomers of ICA (as experiments used racemic
mixture) and found little difference in their binding to the (100) surface
(see Figure S7).

For calculations where the surface of COM was allowed to relax, the
oxalate molecules nearest the inhibitors in the first layer of atoms were
allowed to relax. For the COM (100) surface, 16 atoms were relaxed,
while for COM(021) 18 atoms were relaxed. The average displacement
(δ) was calculated as
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where NAtoms is the number of atoms relaxed and x, y, and z represent
the spatial coordinates of the atoms relaxed in both their initial and final
states. To quantify the angle of the displacement observed in the
surfaces due to the presence of the inhibitors we constructed a resultant
displacement vector (δ̂) defined as
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while the surface normal vector (SN) was defined from calcium atoms
sitting in the plane of the surface. To calculate the angle of displacement
we used:

δ δΦ = [ ·̂ | |̂*| | ]−cos ( SN)/( SN )1 (6)

This vectorized displacement is further illustrated in Figure S9.
COMGrowth in HumanUrine. Inhibition of COM crystal growth

was measured with a seeded assay in urine from kidney stone patients.
Urine from patients with kidney stones was obtained from discarded
samples from a clinical laboratory (Western IRB protocol #20162248).
Urine samples were selected to have a citrate concentration of less than
200 mg/L to be used in the study. All samples were brought to pH 6.0
using HCl or NaOH as needed. Samples were centrifuged at 3000 rpm
for 15 min to remove particulate matter. After centrifugation, four 5.6
mL aliquots of the urine were introduced into 15 mL polystyrene tubes
that were placed in an incubator at 37 °C with constant stirring. Stock
solutions of citrate, hydroxycitrate and isocitrate (all obtained from
Sigma-Aldrich, St LouisMO)were prepared with 30mMconcentration
and brought to pH 6.0. To three of the tubes of urine, 0.4 mL of each
inhibitor was added for a final volume of 6 mL per tube and an
incremental increase in concentration of 2 mM for the inhibitors. In a
fourth tube of urine, 0.4 mL of water was added to act as a control.
A COM seed crystal slurry was made using 25mg of COM crystals in

10 mL of distilled water. The slurry was magnetically stirred overnight
prior to use. Urine oxalate was measured at baseline (time = 0) and 300
μL of the crystal slurry was pipetted into each tube of urine to initiate
the growth assay. A fraction of urine (750 μL) was removed at the
following time-points: 2, 5, 10, 20, 30, and 60 min. The urine samples
were centrifuged through a 10 kd filter to remove crystals (Nanosep,
Pall Corporation, Port Washington NY). The filtrate was then acidified
with HCl and urine oxalate was measured enzymatically using oxalate
oxidase (Trinity Biotech; Wicklow, Ireland).
The growth constants were calculated using the method of Meyer

and Smith.60 The oxalate concentration from 60 min in the control
sample was used as the saturation concentration of oxalate for that
particular urine. Concentrations of calcium, oxalate, and other solutes
varied among urine samples; therefore, each experiment required that
the growth constants for the inhibitors be expressed in relation to the
control for that same experiment.
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