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ABSTRACT: Crystallization is often facilitated by modifiers
that interact with specific crystal surfaces and mediate the
anisotropic rate of growth. Natural and synthetic modifiers
tend to function as growth inhibitors that hinder solute
attachment and impede the advancement of layers on crystal
surfaces. There are fewer examples of modifiers that operate as
growth promoters, whereby modifier−crystal interactions
accelerate the kinetic rate of crystallization. Here, we examine
two proteins, lysozyme and lactoferrin, which are observed in
the organic matrix of three types of pathological stones: renal,
prostatic, and pancreatic stones. This work focuses on the role
of these proteins in the crystallization of calcium oxalate monohydrate (COM), the most prominent constituent of human kidney
stones. Using a combination of experimental techniques, we show that these proteins, which are rich in L-arginine and L-lysine
amino acids, promote COM growth. The synthesis and testing of peptides derived from contiguous segments of lysozyme’s
primary amino acid sequence revealed subdomains within the protein that operate either as an inhibitor or promoter of COM
growth, with the latter exhibiting efficacies that nearly match that of the protein. We observed that cationic proteins promote
COM growth over a wide range of modifier concentration, which differs from calcification promoters in the literature that exhibit
dual roles as promoters and inhibitors at low and high concentration, respectively. This seems to suggest a unique mechanism of
action for lysozyme and lactoferrin. Possible explanations for their effects on COM growth and crystal habit are proposed on the
basis of classical colloidal theories and the physicochemical properties of peptide subdomains, including the number and spatial
location of charged or hydrogen-bonding moieties.

■ INTRODUCTION

The physical and chemical properties of crystalline materials
can be tailored by incorporating ions, molecules, or macro-
molecules (often referred to as modifiers) in growth solutions.
Modifiers bind to specific crystallographic faces and mediate the
rate of anisotropic growth by either inhibiting or promoting the
attachment of solute.1 Nature provides many examples of such
processes, which include the modification of minerals (e.g.,
calcium sulfate dihydrate2) and biogenic crystals (e.g., calcium
carbonate in nacreous shells3−5 and calcium phosphate in
bone6). Modifiers in biomineralization are typically proteins,
whereas the design of crystals in vitro often draws inspiration
from nature through the use of biomimetic peptides, peptoids,
polymers, and other organic molecules. The role of modifiers in
natural and synthetic crystallization is generally that of an
inhibitor that adsorbs at crystal interfaces and reduces the rate
of growth.7−10 There are fewer examples of growth promotion
reported in the literature. The term promotion is often invoked
to describe a wide range of phenomena, which include the
modification of crystal size or number of nuclei,11−13 the rate or
degree of intercrystalline aggregation,14−16 and the adsorption
or epitaxial growth of crystals at interfaces.17 Here, we

specifically refer to promotion as the ability of a modifier to
accelerate the kinetic rate of crystal growth.
This study focuses on the modification of calcium oxalate

monohydrate (COM), which is the most prevalent crystalline
component of human renal stones.18,19 It is well-established
that many urinary proteins function as native inhibitors of
COM crystallization. These inhibitors generally possess a high
percentage of anionic functional groups, such as aspartic acid,
glutamic acid, and phosphates.8,20−22 One of the most widely
studied inhibitors of COM is the urinary protein osteopontin
(OPN)21,23−25 as well as peptides derived from acid-rich
segments of OPN.26,27 Additional examples of natural COM
growth inhibitors include citrate,21,28,29 serum albumin,30 and
glycosaminoglycans (e.g., chondroitin sulfate).31 In some
instances, it is reported that modifiers exhibit dual roles as
inhibitors and promoters, wherein their effect is based on
modifier concentration, the pH or ionic strength of the growth
solution, or modification to the amino acid sequence of a
peptide/protein. Such effects have been reported for COM and
other calcium minerals. For example, native protein G (an
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immunoglobulin-binding protein)32 is nominally a promoter of
COM growth, but when aspartic acid and glutamic acid
residues in protein G are substituted with asparagine and
glutamine, respectively, the role of the protein switches to that
of an inhibitor.32 Studies of calcite (CaCO3) crystallization
reveal that strontium is a growth promoter at low concentration
but becomes a growth inhibitor at higher concentration (ca. 0.2
mM Sr2+).33 Similar effects have been observed for peptide
modifiers where the switch from calcite growth promoter to
inhibitor occurs at much lower modifier concentration (ca. 0.1
μM peptide).34

Prior studies of COM growth modification have largely
considered the effects of proteins with net negative charge.
Interestingly, proteomic data from the analysis of organic
constituents occluded within the matrix of COM stones35−37

reveal proteins with net positive charge at physiological pH, 5−
8,38 yet the effect of cationic molecules on COM crystallization
is less commonly investigated. Examples of urinary proteins
with net positive charge include cathepsin G,38,39 eosinophil
cationic protein,38 myeloperoxidase precursor,38,40 histone-
lysine N-methyltransferase, inward rectifier K channel, and
protein Wnt-2.41 These cationic proteins are rich in basic amino
acid side chains, such as L-lysine, L-arginine, and L-histidine.
Two cationic proteins of particular interest are lactoferrin38 and
lysozyme,38,39,42 which are commonly found in renal and
prostatic stones.43 Lactoferrin has also been identified in the
organic matrix of pancreatic stones,44 while lysozyme
concentration in urine is reportedly higher for individuals
with renal diseases.45 Despite their ubiquitous observation in
pathological stones, the putative role of lactoferrin and
lysozyme as crystal growth modifiers has yet to be established.
Herein, we explore the effects of lactoferrin and lysozyme on

COM crystallization in vitro on the macroscopic and micro-
scopic scales. We show that these proteins promote the rate of
COM growth, with lysozyme having nearly twice the efficacy as
that of lactoferrin. Kinetic studies of COM crystallization were
performed in the presence of proteins, amino acids, and
polyamino acids of varying size, net charge, and hydrophilicity.
A systematic investigation of lysozyme was performed by
synthesizing and testing the effects of 12 peptides derived from
contiguous segments of the protein. Our findings reveal that
smaller segments of lysozyme act as either promoters or
inhibitors of COM crystal growth with similar efficacy as that of
the larger protein. Bulk crystallization studies show that
lysozyme and lactoferrin operate as growth promoters over a
wide range of protein concentrations. This seems to suggest
that these modifiers operate by a mechanism of action that
differs from calcification promoters in the literature that exhibit
dual promoter/inhibitor properties depending on their
concentration.

■ EXPERIMENTAL SECTION
Calcium oxalate monohydrate crystals were prepared according to a
previously reported procedure.46 Details of crystal preparation and
peptide synthesis are provided in the Supporting Information.
COM crystals were analyzed by optical microscopy using a Leica

DM2500-M microscope equipped with a video camera for recording.
The crystal dimensions were measured in three directions (i.e., [001]
length, [010] width, and [100] thickness). For each experiment, the
dimension that is reported is an ensemble average of crystals measured
from three separately prepared crystal batches. The zeta potential ζ
was measured with a NICOMP 380/ZLS instrument (Particle Sizing
Systems, Santa Barbara, CA). All ζ measurements were performed at
room temperature using solutions of low ionic strength (i.e., Debye

length κ−1 ≈ 0.8 nm). Samples were prepared by adding 0.15 μg of
COM crystals (seeds) to 3 mL of a saturated calcium oxalate solution
(0.15 mM CaOx). Samples with modifiers were prepared by adding 50
μg/mL modifier to the solution, which was then stirred for 1 h prior to
the measurement to allow sufficient time for adsorption of modifier on
COM crystal surfaces. Each solution was transferred to a plastic
cuvette equipped with a palladium electrode. The electrophoretic
mobility was calculated using the Smoluchowski equation.

Time-resolved images of COM (010) surface growth were obtained
by in situ atomic force microscopy (AFM) using a Digital Instruments
Multimode IV (Santa Barbara, CA). AFM specimen disks (Ted Pella)
were coated with a thin layer of thermally curable epoxy (MasterBond
EP21AOLV), which was partially cured at 60 °C for 30 min. COM
crystals were transferred to the AFM sample disk, which was heated in
an oven at 60 °C for an additional hour to fully cure the epoxy. In situ
measurements were performed with a solution of composition 0.18
mM CaCl2 and 0.18 mM Na2C2O4 (supersaturation ratio S = 3.8),
which was delivered to the AFM liquid sample cell using a dual syringe
pump (CHEMYX, Fusion 200) with an in-line mixing configuration
and a combined flow rate of 0.2 mL/min. The modifiers were
introduced into the sample cell by their addition to the Na2C2O4
solution. An Olympus TR800PSA cantilever (0.15 N/m spring
constant) was used in contact mode with a scan rate of 8 Hz at 256
lines/scan.

Kinetic studies of COM crystallization were performed by
measuring the depletion of free Ca2+ ions using an Orion
9720BNWP ionplus calcium ion-selective electrode (ISE). A growth
solution of molar composition 0.5 mM CaCl2/0.5 mM Na2C2O4/150
mM NaCl (S = 4.1) was prepared at room temperature (see details in
the Supporting Information). Modifiers were incorporated into the
solution after the addition of CaCl2 and prior to the addition of
Na2C2O4. The electrode was placed in the solution immediately after
adding Na2C2O4. The concentration of calcium was recorded for 1 h
while the solution was continuously stirred at a rate of 1200 rpm (see
Farmanesh et al. for details31). Prior to each ISE measurement, the
electrode was calibrated with calcium standards prepared by first
diluting a commercial calcium solution (0.1 M, Orion Ion Plus) in
deionized water to three different concentrations (10−2, 10−3, and 10−4

mol Ca2+/L) and then adding an ion strength adjuster (ISA, Thermo
Scientific) in a 1:50 volume ratio of ISA-to-standard.

The pH of COM growth solutions was measured with an Orion 3-
Star Plus pH benchtop meter and 8102BNUWP ROSS Ultra electrode
(see Table S1 for pH values of each sample). A select number of
modifiers tested in this study altered the pH upon their addition to the
COM growth solution. Because pH affects supersaturation, which in
turn influences COM growth kinetics, it was necessary to correct for
any pH change by the addition of an appropriate amount of either
NaOH or HCl stock solution to ensure that all kinetic studies were
performed at approximately pH 6. Adjustment in pH was made prior
to the addition of Na2C2O4 for cases where the modifier produced
more than a 0.2 change in pH. The concentration of HCl or NaOH
needed to adjust solution pH never exceeded 0.02 mM, an amount
that increased the Na+ or Cl− ion concentration of growth solutions by
≤0.01% and had a negligible effect on COM growth rates.

■ RESULTS AND DISCUSSION

Physicochemical Factors Governing Modifier−Crystal
Interactions. In aqueous solutions, calcium ions dissociate
from COM surfaces to generate a negatively charged crystalline
interface (Figure 1). COM growth inhibitors rich in acidic
groups (e.g., carboxylic acids) interact with Ca2+ on the COM
surface, mimicking oxalates via the formation of calcium
bridges, (COM)COO

−···Ca2+···−OOC(modifier), as shown in Figure
1 (dashed oval). Cationic groups of the modifier can potentially
interact with negatively charged oxalate groups on a COM
crystal surface to form a (COM)COO

−···+H3N(modifier) bond (not
shown in Figure 1). Ca2+ ions in close proximity to COM
surfaces may prevent basic groups of modifiers from directly
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binding to crystal surfaces due to electrostatic repulsion,
Ca2+···+H3N(modifier), as illustrated in Figure 1 (arrow). The fact
that proteins are zwitterionic could lead to a variety of unique
binding modes on crystal surfaces where the spatial sequencing
(and proximal location) of binding groups within the primary
amino acid sequence may determine their availability to interact
with COM crystal surfaces. Protein secondary structure can
dictate which of its segments are accessible for protein−crystal
binding. Indeed, circular dichroism (CD) measurements of
lactoferrin and lysozyme in aqueous solution reveal the
presence of α-helices and β-sheets (Figure S3); however, it is
uncertain to what extent, if any, the structure is altered during
protein adsorption on COM crystal surfaces in the presence of
salts and ions. Without such knowledge, it is difficult to
determine a priori which segments of the protein are accessible
for protein−crystal interactions.
The schematic in Figure 1 presents a conceptual view of

modifier−COM interactions on the basis of classical colloidal

theories. The diagram illustrates the general trend in electro-
static potential ψ in the double layer as a function of distance
from a COM crystal surface. The distribution of ions in close
proximity to the crystal interface is governed by the Boltzmann
distribution,47 which predicts an exponential decay in counter-
ion concentration with increased distance from the charged
surface, reaching concentrations equal to the bulk solution at
distances beyond the diffuse double layer (i.e., x > κ−1). In
COM growth solutions, the concentrations of Ca2+, Na+, and
H+ ions are highest near crystal surfaces and reside within
regions defined by an inner Helmholtz plane (or Stern layer)
and an outer Helmholtz plane, which is shifted to farther
distances from the crystal surface due to the hydrated shell
surrounding the adsorbed cations. Analytical solutions of the
Poisson−Boltzmann equation predict an exponential decay of ψ
with increased distance from the charged interface. The triple
layer theory, a surface complexation model that accounts for
counterion hydration,48,49 predicts an approximate linear decay
of ψ in each Helmholtz layer (as illustrated in regions i−ii and
ii−iii of Figure 1).
Modifiers that reside within the diffuse double layer can alter

the net charge of the crystal. A common assumption is that
surface potential ψo is approximately equal to zeta potential ζ.
The latter is measured at the plane of shear (Figure 1, iv). Here,
we measured ζ for COM crystals in the presence of three
growth modifiers with varying isoelectric points (pI) spanning
net negative to net positive charge. In the absence of modifier,
COM crystals were found to have a negative ζ (−16.1 ± 0.9
mV). As shown in Figure 2, the addition of lysozyme (pI >
11)50 and lactoferrin (pI = 8.5)38 shifted ζ to positive values.
For comparison, we analyzed the urinary protein transferrin
(Tf), which has a lower isoelectric point (pI = 5.7−6.8).38,51,52
The resulting ζ for COM crystals in the presence of Tf is
slightly negative. From this simple assay, it is evident that these

Figure 1. Conceptual depiction of modifier−COM interactions and
the general trend of electrostatic potential decay as a function of
distance from a COM crystal surface. Dissociation of Ca2+ ions in
aqueous solution generates a negatively charged COM crystal
interface. The Boltzmann equation predicts a higher concentration
of counterions within the diffuse double layer (κ−1 ≈ 0.8 nm), which
decays to the concentration of the bulk solution as x → ∞. Modifiers
with anionic functional moieties (e.g., side chains of Asp or Glu) bind
to COM crystal surfaces via calcium bridges (dashed oval). Modifiers
with cationic functional moieties (e.g., side chains of Lys) likely reside
at distances farther from the surface due to electrostatic repulsion
between the positively charged group and Ca2+ ions in the Stern layer
(red arrow). The double layer consists of distinct regions, labeled i−iv.
Here, we omit solvent molecules and additional ions (Na+, H+, Cl−,
OH−, and oxalate) for clarity.

Figure 2. Zeta potential ζ of COM crystals in aqueous solutions
containing 50 μg/mL of each modifier (transferrin, ii; lactoferrin, iii;
and lysozyme, iv) and in the absence of modifier (control, i).
Experiments were performed in saturated calcium oxalate solutions
(0.15 mM CaOx, pH 6.1) containing 0.05 μg/mL COM crystal seeds
(see the Supporting Information for details). Measurements at room
temperature produced slightly negative ζ for transferrin and positive ζ
for lactoferrin and lysozyme. Data are the average of more than three
measurements using separately prepared samples. Error bars equal 1
standard deviation.
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three proteins reside within the diffuse double layer
surrounding COM crystals.
Kinetic Studies of COM Growth Modification. We used

an ion-selective electrode (ISE) to track the depletion of free
Ca2+ ions in supersaturated solutions during crystal growth.
The slope of ISE curves represents the kinetic rate of COM
crystallization. These studies were performed in the presence of
three classes of putative growth modifiers: amino acids
(constituent units), polyamino acids (short-chain repeating
units), and proteins. We first examined the effects of amino
acids with acidic and basic side chains, selecting the most
common constituents of urinary proteins that contribute to
their anionic and cationic charges, respectively. The addition of
amino acids to COM growth solutions resulted in an
appreciable change in solution pH, which had a notable effect
on the rate of COM growth (see the Supporting Information
for additional details). In COM growth solutions, the carboxylic
acid groups of acidic amino acids (Glu and Asp) are dissociated,
and the amine groups of basic amino acids (Lys and Arg) are
protonated. In order to maintain a constant pH, and hence
constant calcium oxalate supersaturation (i.e., the driving force
for COM crystallization),53 the pH was adjusted using stock
solutions of either HCl or NaOH. We avoided the use of
buffers, such as HEPES or phosphates, which could potentially
affect the rate of crystallization by adsorbing on COM surfaces
and/or forming complexes with solute in growth solutions.
In order to better facilitate comparison of modifier efficacy,

we report the results of ISE measurements as a relative growth
rate (RGR) of COM crystallization

= r rRGR /modifier control (1)

where ri is the growth rate (ppm/min) measured as the slope of
the ISE curve in the absence (rcontrol) or presence (rmodifier) of
modifier. This parameter leads to a more facile identification of
modifiers that behave as COM growth promoters (RGR > 1)
or inhibitors (RGR < 1). A comparison of amino acids (Table
1) shows that anionic species inhibit COM growth by ca. 35%.
Prior studies have reported that poly-L-aspartic acid (poly-D) is
a more effective inhibitor than poly-L-glutamic acid (poly-E).54

Our measurements did not reveal a significant difference
between Asp and Glu amino acids, which is qualitatively

consistent with Fleming et al.,55 who studied amino acid
adsorption on COM crystals and reported that the equilibrium
quantity of adsorbed Asp (0.071 μmol/m2) is similar to that of
Glu (0.067 μmol/m2). Moreover, their study revealed a
significantly lower quantity of adsorbed Lys and Arg on
COM crystals (0.014 and 0.017 μmol/m2, respectively), which
is consistent with our measurements of RGR ≈ 1 for COM
growth in the presence of Lys and Arg (Table 1 and Figure S9).
Polyamino acids tend to be more potent modifiers than their

corresponding amino acids.54 For instance, the acidic
polyamino acids poly-D and poly-E inhibit COM growth by
ca. 90% (Table 1), i.e., 3-fold higher than that of D and E. Here,
we tested two basic polyamino acids, polylysine (poly-K) and
polyarginine (poly-R), to assess if the same trend holds true for
cationic polymers. Interestingly, we observed very little change
in the relative growth rate of COM in the presence of
polycations (RGR ≈ 1, Table 1). This suggests that positively
charged species do not strongly interact with COM surfaces,
which could be attributed to the repulsive interactions between
Ca2+ ions in the Stern layer and cationic moieties of modifiers
in the double layer (see Figure 1).
Kinetic studies of COM crystallization in the presence of

lactoferrin and lysozyme revealed that both cationic proteins
are COM growth promoters, with the latter having a more
pronounced effect on the accelerated rate of crystal growth
(Table 1). This observation is opposite the effect of most
anionic urinary proteins that behave as COM growth inhibitors.
Indeed, COM growth is inhibited in the presence of transferrin,
a common urinary protein with net negative charge. A
systematic investigation of protein efficacy is presented in
Figure 3, where we examined COM growth over a range of

protein concentrations. The curves in this figure exhibit a
monotonic increase (for promoters) or decrease (for
inhibitors) in RGR as a function of protein concentration.
RGR values reach a plateau at some threshold concentration,
beyond which further addition of the modifier has little added
effect on the rate of COM crystallization.

Table 1. Comparison of COM Crystal Growth Modifiers

growth modifiersa Cmodifier (μg/mL) RGRb

Amino Acids
lysine (Lys, K) 80 0.93 ± 0.07
arginine (Arg, R) 80 1.06 ± 0.09
aspartic acid (Asp, D) 80 0.63 ± 0.10
glutamic acid (Glu, E) 80 0.68 ± 0.14
Polyamino Acids
polylysine (poly-K) 20 1.03 ± 0.04
polyarginine (poly-R) 20 1.04 ± 0.03
polyaspartic acid (poly-D) 20 0.14 ± 0.08
polyglutamic acid (poly-E) 20 0.12 ± 0.09
Proteins
transferrin (Tf) 80 0.87 ± 0.06
lactoferrin 80 1.08 ± 0.05
lysozyme 80 1.20 ± 0.05

aSolution with 0.5 mM CaOx: 150 mM NaCl (S = 4.1) at pH 6.1, 25
°C, and with modifier concentration Cmodifier (μg/mL). bRelative
growth rate (eq 1) from ISE data.

Figure 3. Relative growth rate (eq 1) of COM as a function of protein
concentration. Data are the average of three or more separate ISE
measurements. Error bars equal 2 standard deviations, solid lines are
interpolated, and the dashed line signifies RGR = 1 (equal to the
control).
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ISE measurements of COM growth in the presence of
transferrin revealed a maximum of 13% inhibition at a threshold
concentration of ca. 30 μg/mL; for lactoferrin, we observed 8%
promotion at ca. 50 μg/mL; and for lysozyme, we observed
20% promotion at ca. 80 μg/mL. Inspection of the primary
amino acid sequences of lysozyme (Figure S1) and lactoferrin
(Figure S2) reveals that these proteins contain a high
percentage of amino acids with basic side chains. One
hypothesis that can be drawn from ISE measurements is that
COM growth promotion increases with increase in protein pI.
If we extend this line of thinking to anionic proteins, such as
serum albumin30 and OPN,56 there is an apparent trend of
decreasing relative growth rate with decreasing pI; however, the
degree to which protein charge determines its role as a COM
growth modifier is less apparent when considering a broader set
of examples in the literature. For instance, proteins rich in basic
amino acids, such as histone-lysine N-methyltransferase, inward
rectifier K channel, and protein Wnt-2, are putative inhibitors of
COM crystallization.41 Conversely, there are proteins rich in
acidic amino acids that reportedly act as COM growth
promoters. Examples of the latter include ethanolamine-
phosphate cytidylytransferase (pI = 6.4), Ras GTPase-
activating-like protein (pI = 5.5), and macrophage-capping
protein (pI = 5.8).57

Mechanisms of growth modification are derived from
fundamental studies of classical crystallization involving layer-
by-layer growth via ion/molecule addition. Growth inhibitors
exhibit two principal modes of action: (i) step pinning, where
the adsorption of a modifier on a crystal terrace impedes step
advancement within the plane of adsorption, and (ii) modifier
binding to steps, which frustrates solute attachment to
advancing layers. The hypotheses proposed for the mechanism
of growth promotion include (i) increased local supersaturation
at crystal interfaces due to an enhanced attraction of solute
molecules to the surface via solute-promoter interactions,58 (ii)
perturbation of hydration layers at the crystal surface as a result
of promoter−crystal interactions, which can reduce the energy
barrier for solute attachment,59 and (iii) surface free energy
arguments that suggest adsorbed promoters lower the edge
energy of advancing layers on the crystal surface.60 It is rarely
reported that a modifier acts solely as a crystal growth
promoter. A more common phenomenon is growth promotion
at low modifier concentration and a transition to growth
inhibition at higher modifier concentration. For example, Elhadj
et al. identified anionic peptides that act as promoters of calcite
(CaCO3) crystallization at low peptide concentration and that
switch to growth inhibitors at higher peptide concentration
(>0.1 μg/mL).59 A similar trend was reported by Wasylenki et
al., who showed that strontium switches from that of a growth
promoter to a growth inhibitor at ∼20 μg/mL Sr2+.33 It has
been suggested that the transition from promoter to inhibitor
occurs once the modifier coverage on the crystal surface reaches
a level that is sufficient to induce step pinning.33 In contrast,
lysozyme and lactoferrin act solely as crystal growth promoters
irrespective of their concentration (i.e., within the 1−6 μM
range tested here). The ISE curves of promoters (Figure 3)
exhibit Langmuir-like behavior, wherein the RGR value
monotonically increases and plateaus once the adsorbed
modifier has presumably reached equilibrium coverage on the
crystal surface.
Bulk Crystallization Studies. We used optical microscopy

to assess the influence of proteins on COM crystal habit,
quantifying changes in the average dimensions of crystals within

the (100) plane and the thickness in the [100] direction. The
COM aspect ratio (or c/b ratio) was measured as the relative
ratio of [001] length to [010] width of the basal surface.
Analyses of COM crystals grown in the presence of lysozyme
(Figure 4A) and lactoferrin (Figure S5A) revealed a ca. 8%

increase in the COM crystal aspect ratio. The average
dimensions of COM crystals along the [001] and [010]
directions were not markedly influenced by the presence of
either cationic protein (Figure S4); however, there was a
noticeable increase in the [100] dimension of COM crystals.
Lysozyme increased the thickness from 11 to 15 μm (Figure
4B), and lactoferrin had a similar, albeit less pronounced, effect
(ca. 8% increase, Figure S5B). The enhanced [100] dimension
is qualitatively consistent with the Burton−Cabrera−Frank
(BCF) model (eq 2). COM crystals grow via a spiral
dislocation mechanism. The BCF model predicts the rate of
spiral growth normal to the (100) crystal face, G[100],

τ
= =G

v h
y

h( )
( )
i hkl hkl

i hkl
[100]

(2)

where steps with index (hkl) and height h advance along the
(100) plane with a characteristic time of spiral rotation τ. The
latter equals the ratio of interstep distance yi to the velocity of
step advancement vi.

61,62 As we will discuss in the following

Figure 4. Influence of lysozyme on the bulk COM crystal habit. (A)
Aspect ratio (c/b) of the (100) basal plane measured as the ratio of
[001] length to [010] width. The schematic highlights the indexed
faces of COM crystals (P21/c space group).63 (B) Changes in crystal
[100] thickness with increasing lysozyme concentration. Data in
panels A and B are the average of more than 150 and 50 crystals,
respectively, that were measured from three separately prepared COM
crystal batches. Open diamond symbols refer to the control. Error bars
equal 2 standard deviations, and solid lines are interpolated.
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section, AFM measurements of COM surface growth reveal
that lysozyme increases the rate of step advancement, thereby
reducing τ and increasing G[100]. This can explain why larger
COM [100] dimensions are observed in bulk crystallization
studies.
The increased crystal aspect ratio can be attributed to the

preferential interaction of lysozyme with COM {121 ̅} and/or
{021} surfaces. Modifiers interacting with the apical surfaces
promote growth along the c direction. Interestingly, bulk
crystallization studies (Figure 4) reveal that the changes in
COM crystal habit occur at low protein concentration (ca. 1
μg/mL), with no observable variation in crystal size and
morphology at modifier concentrations as high as 100 μg/mL.
ISE data in Figure 3 reveal that growth promotion at 1 μg/mL
modifier is marginal, which is qualitatively consistent with a
scanning confocal microscopy study by Grohe et al., who
examined lysozyme−COM interactions using Alexa Fluor 488
fluorescently labeled lysozyme (at 1 μg/mL) and reported no
detectable adsorption on COM crystals.42 This seems to
suggest that lysozyme−crystal interactions are weak, partic-
ularly in relation to growth inhibitors in the literature (e.g.,
OPN), which can have a substantial effect on COM crystal
morphology and growth rate at low modifier concentration.
In Situ AFM Measurements of COM Surface Growth.

We used in situ AFM to elucidate the effect of promoters on the
growth of COM (010) surfaces at a microscopic level, focusing
solely on lysozyme (the more effective promoter). AFM has
proven to be a valuable tool for investigating growth kinetics at
near molecular resolution.9,64,65 Here, we used this technique to
collect time-resolved images of step advancement in super-
saturated CaOx solutions (S = 3.8) either in the absence or
presence of lysozyme. COM (010) surfaces are composed of
hillocks (Figure 5A) expressed by parallelogram-shaped layers

with {121 ̅} and {021} steps. It is evident from in situ AFM
studies that lysozyme induced an elongation of hillock
morphology (Figure 5B). We quantitatively analyzed successive
AFM images to calculate step velocities v(hkl). Results are
reported as the relative step velocity vm/vo, where vm and vo are
measured in the presence and absence of modifier, respectively,
and vm/vo > 1 signifies accelerated step growth. As shown in
Figure 5C, introduction of 2.5 μg/mL lysozyme in the COM
growth solution preferentially increases the rate of growth along
the [121 ̅] direction by nearly a factor of 3. Lysozyme also
accelerates the rate of growth along the [021] direction by a

factor of 2. The modifier produced an approximate 47%
increase in the interstep distance y[021], but it had much less
effect on y[121 ̅]. In situ AFM measurements at higher lysozyme
concentration (5 μg/mL) revealed no additional change in
hillock morphology (Figure S10) and did not result in surface
roughening, a phenomenon that is characteristic of growth
inhibition at high modifier concentrations.21,31 The promotion
of step velocity along the [021] and [121 ̅] directions is
qualitatively consistent with the increased RGR (Figure 3) and
the increased c/b aspect ratio (Figure 4) of COM crystals
observed in ISE and bulk crystallization studies, respectively.

Peptides Derived from Lysozyme. A common attribute
of lactoferrin and lysozyme is their relatively large percentage of
basic amino acids, which appear to be grouped in close
proximity to each other within the native primary sequence of
these proteins. It is interesting to note that among more than
1500 proteins identified by Righetti et al.,50 lysozyme is one of
two proteins with pI > 11, whereas less than 4% have pI equal
to or greater than that of lactoferrin. Therefore, it could be
postulated that protein segments rich in positively charged
moieties are primarily responsible for COM growth promotion.
In order to test this hypothesis, we synthesized 12 peptides
never before studied that collectively span the entire primary
amino acid sequence of lysozyme (Table 2), and we then tested

for segments that accelerated the rate of COM growth. Each
peptide contains 20 consecutive amino acids generated by
shifting the position of the first amino acid in intervals of 10.
For example, the first peptide (labeled L1) contains amino
acids located in positions 1−20, L2 contains positions 11−30,
L3 contains positions 21−40, and so forth. Because lysozyme is
composed of 129 amino acids, the final peptide (L12) is a 19-
mer sequence. As shown in Table 2, lysozyme peptides exhibit
a range of pI and are composed of disparate quantities of amino
acids with either basic or acidic side chains (labeled as green or
red, respectively).
The effects of peptides L1−L12 on the RGR of COM

crystallization were quantitatively compared at 50 μg/mL
peptide (Figure 6). The results are subdivided into three
categories: RGR > 1 (promotion), RGR < 1 (inhibition), and
RGR ≈ 1 (negligible effect, dashed line). Interestingly, we
observed a distribution of promoters and inhibitors with RGR
values ranging from 0.85 to 1.1. To our knowledge, such
behavior has not been reported in the literature for crystal

Figure 5. In situ AFM measurements of hillock growth on the COM
(010) face in a supersaturated CaOx solution (S = 3.8). Deflection
mode images of a hillock growing in the absence of modifier (A) and
in the presence of 2.5 μg/mL lysozyme (B). Time-elapsed images of
growth are provided as a movie in the Supporting Information. (C)
Comparison of the relative step velocity, vm/vo, along the [121 ̅] and
[021] directions. The dashed line refers to the velocity of the control.
The scale bars in panels A and B equal 500 nm.

Table 2. Peptides Derived from Contiguous Segments of
Lysozyme

aAnionic amino with basic (green) and acidic (red) side groups.
bTheoretical pI (ExPASy Bioinformatics Resource Portal).66
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growth modifiers. It is far more common to find studies where
only specific segments of proteins (e.g., those with the highest
density of acidic moieties) are hand-selected and are shown to
possess varying efficacy as inhibitors. An analysis of the entire
protein sequence is less common, possibly due to the
prohibitively large size of most proteins. In dissecting the
sequence of lysozyme, we observed a dichotomy whereby
discrete subdomains display completely opposite effects as
crystal modifiers. Lysozyme peptides that exhibited the
strongest inhibitory effects occupy positions within the middle
of the amino acid sequence. It is reasonable to suggest that a
fraction of these segments are not presented on the exterior of
the protein and hence may be sterically restricted from
participating in lysozyme−COM interactions. Conversely, the
segments identified as growth promoters are located on either
end of the protein sequence; therefore, it is likely that these
portions of the protein are more readily available to interact
with COM crystal surfaces. The most effective growth
promoters (L1, L2, and L12) resulted in a ca. 10% increase
in COM growth rate, which is comparable to that of lysozyme
at the same concentration.
There is an apparent correlation between the RGR of COM

crystallization and peptide pI (Figure 7A). Peptides rich in
anionic side chains (i.e., low pI) are the most effective inhibitors
of COM growth; these include L4, L5, L6, and L8. Conversely,
peptides rich in cationic side chains (i.e., high pI) are the most
effective promoters of COM growth; these include L1, L2, and
L12. The net charge of COM modifiers is often invoked in the
literature as a descriptor of their efficacy. Similar corollaries
have been postulated for calcium phosphate crystallization. For
instance, Azzopardi et al. examined the binding of OPN
peptides to hydroxyapatite crystals by molecular modeling and

kinetic studies, in which they report a linear increase in the
strength of peptide adsorption (and potency) with decreasing
pI.67 In our study, however, there are examples that contradict
the overarching correlation in Figure 7A. For instance, a
comparison of peptides with pI in the range of 5.6−6.0 reveals
that L6 and L8 are inhibitors of COM growth, whereas L10 and
L11 are mild promoters. As such, a priori assessment of
modifiers on the basis of pI is merely one metric for estimating
their efficacy.
Closer inspection of ISE data suggests that the percentage of

H-binding side chains on peptides L1−L12 can be used as an
additional descriptor of COM growth modification. For
instance, we observe an apparent correlation between the
relative growth rate of COM crystals and the percentage of H-
binding residues in each lysozyme peptide (Figure 7B). For this
analysis, the calculation of percent H-binding residues excludes
basic and acidic side chains and only accounts for amino acids
that possess alcohol and amine moieties: L-asparagine (Asn), L-
glutamine (Gln), L-serine (Ser), L-threonine (Thr), L-
tryptophan (Trp), and L-tyrosine (Tyr). The most effective
lysozyme peptide inhibitors (L4, L5, and L6) are composed of
more than 40% H-binding amino acids, whereas the most
effective promoters (L1, L2, and L12) contain less than 30% H-
binding amino acids. Other groups have made similar
comparisons, reporting that proteins42 and peptides65 with a
higher content of hydrophilic amino acids are more potent
COM growth inhibitors. There are clearly outliers in Figure 7B,

Figure 6. Relative growth rate (RGR, eq 1) in the presence of 50 μg/
mL of each lysozyme peptide listed in Table 2. Green and purple bars
refer to COM growth inhibition (RGR < 1) and promotion (RGR >
1), respectively. Each histogram is a single peptide (lower x axis)
plotted with a width corresponding to the position of amino acids in
lysozyme (upper x axis). The histograms overlap to illustrate the 10-
mer segments shared among peptides (see Table 2). Data are the
average of more than three ISE measurements. Error bars equal 1
standard deviation. Figure 7. General correlations for the RGR of COM in the presence of

lysozyme peptides, plotted as a function of peptide isoelectric point
(A) and percentage of H-bonding side chains (B). Calculations of the
latter exclude amino acids with charged side chains (Asp, Glu, Lys,
Arg, His) and include only the following amino acids: Asn, Gln, Ser,
Thr, Trp, and Tyr. Linear regression of data in panels A and B yields
R2 ≈ 0.65.
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which suggests that the effect of a modifier cannot be solely
predetermined on the basis of any single descriptor; however,
trends in Figure 7 do offer some general guidelines for
approximating whether a peptide is more likely to act as an
inhibitor or as a promoter of COM crystallization.
The segments of lysozyme responsible for COM growth

promotion were further refined by synthesizing 10-mer
peptides corresponding to overlapping sequences in Table 2
with the highest RGR values. The two most effective promoters
are L1 and L2, which share the overlapping sequence
AMKRHGLDNY (referred to as L13 in Table 3). This peptide

contains a consecutive sequence of three amino acids with basic
side chains, KRH, and a single acidic amino acid (Asp, D). We
selected a second set of peptide growth promoters, L11 and
L12, and examined their overlapping 10-mer sequence
WRNRCKGTDV (L14 in Table 3). This peptide is similarly
composed of three basic amino acids and a single acidic amino
acid; however, the former are spatially separated in the
sequence RXRXK (where X is a spacer). As listed in Table 3,
COM growth in the presence of peptides L13 and L14 resulted
in a ca. 5% increase in crystal growth rate, which is comparable
to that of their parent peptides (within experimental error).
One question posed in this study was whether COM growth
promotion is attributed to the spatial sequence of charged side
chains of the peptides (i.e., binder moieties that promote
peptide−crystal interactions) and is independent of all other
amino acids (so-called spacer moieties). To this end, we
performed L-glycine (Gly) substitution of peptides L13 and L14
to replace all amino acids except those with acidic (D, E) and
basic (K, H, R) side chains. Peptides synthesized with Gly-
substitution are referred to as L13G and L14G, respectively.
ISE measurements showed that L13 and L13G have identical

RGR values. Likewise, L14 and L14G have similar effects on
COM growth. This suggests that the charged groups in the
peptide sequence are predominantly responsible for COM
growth promotion. One unexpected result of this study was
that the removal of 20−30% of the H-binding amino acids due
to Gly substitution (Table 3) had no apparent effect on peptide
efficacy. On the basis of the trend reported in Figure 7B, it was
anticipated that the removal of H-binding residues would result
in a more effective promoter, which was not observed in this
case.
Peptides identified as promoters in Tables 2 and 3 possess a

larger percentage of basic residues; however, each has at least
one acidic amino acid. The spatial sequence of amino acids in
the peptide appears to govern its efficacy, i.e., basic groups in
the most effective promoters are located in close proximity to
each other. It is evident that some degree of anionic charge is
essential to promote COM crystal growth. For instance, we

showed that the effects of purely cationic amino acids and
polyamino acids on COM crystallization were negligible (Table
1). One hypothesis, based on the idealized modifier−crystal
interactions depicted in Figure 1, is that the anionic side chains
are necessary to increase the strength of peptide−COM crystal
interactions (perhaps to more closely “anchor” peptides to the
crystal surface). It is reasonable to suggest that the basic side
chains are responsible for growth promotion; however, a
molecular level understanding of peptide action cannot be
gleaned from the studies presented here. This level of detail
requires molecular modeling to assess entropic effects (i.e.,
hydration of COM interfaces), to identify the structure(s) of
adsorbed peptides, and to elucidate the mechanism(s) of
peptide binding to COM surfaces. Modeling of growth
promoter peptides identified in this study is ongoing (the
results will be reported at a later date).

■ CONCLUSIONS
In summary, we identified two proteins that promote COM
growth by accelerating the rate of layer advancement on crystal
surfaces. A systematic analysis of lysozyme was performed
where its entire amino acid sequence was subdivided into
contiguous peptides (10−20 amino acids in length). This study
revealed that the sequences responsible for growth promotion
are rich in basic side chains. We observed that lysozyme is
composed of subdomains that function as either promoters or
inhibitors of COM growth. Peptides identified as inhibitors are
located in the middle of the primary amino acid sequence,
which suggests that steric restrictions may limit their interaction
with COM surfaces. Conversely, it is reasonable to expect that
peptide promoters (located on either terminus) exhibit fewer
steric restrictions.
There are few prior examples of crystal growth promoters.

Among those identified in the literature, a common
phenomenon is that modifiers operate as crystal growth
promoters only at low modifier concentration and switch to
growth inhibitors at higher concentration. Our findings seem to
suggest that lysozyme and lactoferrin operate by a different
mechanism. Indeed, the characteristic ISE profile of crystal
growth promoters closely resembles the Langmuir-like behavior
of COM growth inhibitors.31 What is currently lacking from
this analysis is a molecular-level description of modifier−crystal
interactions that identifies the exact mechanism of COM
growth promotion. Defining an inclusive set of heuristic
guidelines capable of predicting the role of growth modifiers
is challenging, yet general trends are proposed in this study to
estimate modifier efficacy on the basis of its physicochemical
properties.
The observation that lysozyme and lactoferrin promote

COM crystallization may reflect a more universal role of these
proteins in biomineralization. Results of this study are
qualitatively consistent with observations that cationic proteins
are observed in three types of pathological stones (kidney,
pancreas, and prostate). Although it is not feasible to draw
definitive conclusions of in vivo processes from in vitro assays,
we can suggest only that lysozyme and lactoferrin may play an
active role in stone pathogenesis. In a broader context, the
pathway of crystal growth promotion may allude to a more
widespread mechanism of biogenic mineral formation (e.g.,
bone or exoskeletal structures). From a practical standpoint, the
design of growth promoters offers a potential route to reduce
the time of commercial crystallization, and, in certain
applications, growth promoters may prove to be useful for

Table 3. Peptides Derived from Sequences of COM Growth
Promoters

aAnionic amino acids with basic (green) and acidic (red) side chains.
bTheoretical pI (ExPASy Bioinformatics Resource Portal).13 cPercent-
age of H-bonding (HB) amino acids (N, W, Q, T, Y). dRelative
growth rate (eq 1) using the same conditions as in Table 1.
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tailoring crystal size and/or habit. The fact that such effects can
be achieved with small peptides (i.e., constitutive segments of
larger proteins) is advantageous for the design of biomimetic
modifiers for applications that span pharmaceuticals to
materials synthesis.
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