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ABSTRACT 

Pathological biomineralization is believed to be regulated in vivo by the interaction of 

urinary constituents with crystal interfaces. Here we examine the role of native and biomimetic 

growth modifiers of calcium oxalate monohydrate (COM), which is the most prevalent crystalline 

constituent of human kidney stones. Many proteins and glycosaminoglycans in urine are putative 

growth inhibitors and display an affinity for binding to specific surfaces of COM crystals to 

suppress their growth (and aggregation) in vivo. We have examined some of the most common 

constituents identified by proteomic studies of the organic matrix of human stones. These studies 

reveal a range of COM crystal inhibitors and promoters. To characterize their efficacy and 

specificity for binding to COM crystal surfaces, we used a combination of experimental 

techniques to quantify the effects of these urinary constituents on COM crystal size, habit, surface 

architecture, and growth kinetics. Results of these studies reveal that certain binary combinations 

of urinary components exhibit a synergetic enhancement of their efficacy, while other 

combinations yielded antagonistic effects. Using the most effective urinary proteins as 

inspiration, we designed and tested small peptides as COM growth modifiers (i.e., biomimetic 

analogues). We developed a platform to design, synthesize, and screen peptide libraries to 

measure their efficacy for inhibiting COM crystallization. Our results show that subtle variations 

in amino acid sequences and composition have a profound effect on growth inhibition. 

Collectively, these studies are a basis for ongoing initiatives to design novel drug candidates for 

kidney stone disease and a generalized platform for the rational design of inorganic and advanced 

materials with tailored properties. 
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CHAPTER 1:  INTRODUCTION 

Biomineralization, which is the formation of minerals by living organisms, either occurs 

pathologically or is biologically induced 1. The formation of kidney stones is an example of 

pathological biomineralization, affecting 10 – 15% of the population, at least once during their 

adulthood in the United States 2-4. This disease is more common among men 5-6, affecting 12% of 

males while female incidence is only 5% in the United States 7. Kidney stone pathogenesis 

constitutes four critical processes: crystal nucleation at supersaturation, crystal growth, 

aggregation of single crystals and polycrystalline aggregates, and retention (i.e., attachment to 

cellular membranes) of crystals and aggregates 8-9. 

There are different forms of kidney stones 10, of which compositions can be determined 

by infrared and X-ray diffraction and polarization microscopy 11. Struvite stones (magnesium 

ammonium phosphate) are observed in 10 - 20% of stones. Bacteria, which express the enzyme 

urease in urinary tract infection, are responsible for formation of struvite stones 11. About 5% of 

stones contain pure uric acid 10-11. Cystine stones are a genetic disorder that are observed in less 

than 1% of the cases 10-11. In 5% of stones, the amount of hydroxyapetite or calcium 

monohydrogen phosphate (brushite) is more than 50% 11. Calcium oxalate stones are the most 

prevalent and account for 70 - 80% of all stones 10-14, which may reach sizes as large as 2 cm in 

diameter 11. Calcium oxalate stones are formed in two different hydrate forms: calcium oxalate 

monohydrate (COM) and calcium oxalate dihydrate (COD). The former are more frequently 

formed in vivo compared to less thermodynamically stable COD crystals 13. Moreover, COD 

crystals in urine are always observed in a combination of COM crystals at the center of the stones 

15. A small amount of hydroxyapetite and about 10 - 12% uric acid are found in calcium oxalate 

stones.  

Stone disease, or urolithiasis, incidence rate has increased recently 14,16-17. As a case in 

point, the number of people affected by calcium stones has been growing by ca. 4-10% 17 per 
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year. Several factors play a role in increasing the incidence rate of kidney stones. Global 

warming, for example, is believed to cause an increase in the prevalence of kidney stones due to 

increasing mean annual temperature, which may influence body hydration, electrolyte 

concentration, and urinary saturation of stone-forming salts 18. Moreover, obesity and recent 

surgical methods for its treatment, such as Roux-en-Y gastric bypass (RYGB), increase the risk of 

kidney stone formation owing to the fact that they cause metabolic changes 19. Additional factors 

that influence the formation of kidney stones include a patient’s medical history, eating habits 

(i.e., diet), age, and race. Clinical studies also confirm that after the first stone the probability of 

second incidence is higher 20, which its recurrence rate is 50% in 5 - 10 years 13. Interestingly, a 

renal stone removal costs approximately $3,500 each time and causes 19 work hours loss per 

patient 7. Current therapies of COM kidney stone disease are collectively based on the reduction 

of calcium oxalate supersaturation in urine by dilution and/or diet (i.e., avoiding high oxalate 

foods). In select cases there are therapeutics available. For instance, the rarest case of stone 

disease associated with L‐cystine crystallization (cystinuria) is treated with cystine‐binding thiol 

drugs (CBTDs), which reduce L‐cystine supersaturation; however, these drugs have severe side 

effects and are tolerated by less than 50% of patients 21. There are traditional methods for stone 

treatment in which stones are removed or broken into smaller fragments that can then be passed 

more easily, or in many cases may require surgery. Since there have been no advancements in 

kidney stone treatment or prevention in the last 20 years 22-23, there is a need for improved 

treatments of kidney stone disease. 

In this thesis, we propose that COM stone formation can be inhibited or suppressed by 

the use of crystal growth modifiers (termed inhibitors), which are possible drugs for the 

prevention of renal stones. This chapter provides background of COM crystallization. We provide 

a general description of COM crystal structure, the mechanism of COM crystal growth, and role 

of growth inhibitors in COM crystallization. Lastly, we review past studies of COM 
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crystallization focusing on two general areas: (i) characterization of COM crystals and kinetic 

studies of COM crystal growth, and (ii) the effects of known inhibitors (e.g., natural and synthetic 

molecules) and their mechanism of action in COM crystallization. 

1.1  Calcium Oxalate Monohydrate (COM) Crystals   

Calcium oxalate exists in three different hydrate forms: calcium oxalate monohydrate 

(COM, Whewellite), calcium oxalate dihydrate (COD, Weddellite), and calcium oxalate 

trihydrate (COT, Caoxite) 24-25. In vitro, any of these three hydrates can be produced by changing 

the synthesis conditions. The predominant physiological form of calcium oxalate is COM, which 

is the most thermodynamically stable crystal structure 24,26. However, at higher temperatures 

(above 60ºC), COM is still the most dominant form. Lower temperatures and high Ca2+/Ox2- 

molar ratios lead to COD formation 24. COD crystals can also be dominantly prepared in the 

presence of certain macromolecules 27-34, which is discussed later in this chapter. Although COD 

is observed in urine and human stone matrix, it is always combined with COM 15. Moreover, 

COM crystals in urine have stronger affinity for retention than COD crystals 13,35. Collectively, 

COD is considered a benign (spectator) crystal in kidney stone disease pathogenesis. The least 

thermodynamically stable hydrate, COT, is formed in acidic solutions 24 and is not observed in 

vivo. Since calcium oxalate stones are mainly observed in COM form, we focused on COM 

crystallization. 

There are two monoclinic space groups assigned to COM crystals in the literature: The 

P21/n space group reported by Deganello and Piro 36 and the P21/c space group reported by 

Tazzoli and Domeneghetti 37 (see Table B-1 for a list of face indexes in each notation system). 

Deganello and Piro reported space group with dimensions: a = 9.978 Å, b = 14.5884 Å, and c = 

6.2913 Å (β= 107.05o). Herein we refer to COM crystals using Tazzoli and Domeneghetti’s space 

group with cell parameters a = 6.290 Å, b = 14.580 Å, and c = 10.116 Å (β= 109.46o). The COM 

crystal habit is an elongated hexagonal platelet bounded by {100}, {010}, {12-1}, and {021} 
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surfaces (Figure 1-1A-C). COM crystal faces differ with respect to the density and spatial 

arrangement of calcium ions, as well as the orientation of oxalate groups relative to the crystal 

plane. Figure 1-1 presents the topology of COM crystal surfaces at angles normal to each crystal 

plane (panels D-E, top row) and perpendicular views (panels D-E, bottom row). In Figure 1-1 we 

emphasize the spatial arrangement of calcium ions (green) on each crystal surface. Oxalates are 

shown in gray and water molecules are omitted for clarity. Surfaces were cleaved to depict two 

oxalate molecules in the crystal lattice (oxygen = red, carbon = black). The orientation of oxalate 

molecules relative to the plane of each crystal face is different.  

 

 

Figure 1-1 COM crystal morphology shown schematically (A) and by SEM images, top view (B) 
and side view (C). Cross-sectional images normal to each plane (top) and 90º rotated 
planes (bottom) of the (D) (100), (E) (010), and (F) (12-1) faces.  
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The nature of Ca2+-Ox2- interactions in COM crystals has been studied 25,38. Infrared and 

ultraviolet absorption spectroscopy 38 and Ca-O interatomic distances reveal that Ca2+-Ox2- 

interactions are ionic 25. However, studies on orbital hybridization (sp2) of O atoms in Ox2- 

suggest that although Ca2+-Ox2- exhibit ionic interaction, the bond between Ca2+ and Ox2- is 

directional similar to covalent bonds, which is commonly observed in metal-oxalate interactions 

25. Interestingly, Ox2- groups exhibit different affinity for binding to different faces of COM 

crystal. Adhesion force measurements of oxalate-functionalized tips on COM crystals reveal that 

the strength of the interaction is maximum on (100) faces followed by (12-1) and is the least on 

(010) faces 39.  

The size of COM crystals prepated in vitro varies depending on the synthesis conditions. 

Prior studies have explored the effect of Ca:Ox molar ratio on COM crystallization and revealed 

that under calcium rich conditions, COM crystals are larger and fewer. Reduced Ca:Ox molar 

ratio, leads to smaller COM crystallites and an increased number density of crystals. Notably, the 

following trend COM crystal size with Ca:Ox molar ratio is observed: 10:1 > 1:1 > 1:10. The 

exact opposite trend is observed for the number of crystals 15. 

1.2  Mechanism of COM Crystal Growth 

Crystal growth is important in pharmaceuticals, processes related to corrosion, 

mineralization, and the production of single crystals for various applications40. The classical 

Kossel mechanism of crystallization involves the addition of solute atoms or molecules to crystal 

surfaces at three possible sites, which are flat surfaces (terraces), kinks, and steps (Figure 1-2). 

The most energetically favorable sites for solute addition are step and kink sites due to their low 

free energy of binding 41. Molecules attaching to kink sites create more bonds to adjacent 

molecules than solute molecules that attach to terrace or step sites; therefore, solute molecules are 

more likely to incorporate into kink sites 42. Crystallization occurs under conditions of solute 

supersaturation by nucleation and attachment of solute to crystal surface sites.  
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Figure 1-2 Schematics of classical growth mechanisms. The Kossel crystal depicts various 
classifications of surface sites:  terrace, step, and kink. 

 

There are several mechanisms of crystal growth, such as the “adsorption layer theory”, 

which occurs on smooth surfaces wherein growth depends on the formation of steps and the 

lateral movement of these steps of monoatomic height 43. This theory suggests that solute atoms 

or molecules adsorb to sites on a crystal face via a layer-by-layer process (Figure 1-2), as 

suggested by Frank in 1949 43. The presence of dislocations (mainly screw dislocations) on most 

crystals causes steps to be formed. “Spiral growth” at dislocations, which is one of the dominant 

mechanisms for crystal growth 44, was first described in the classical BCF (Burton, Cabrera, and 

Frank) model 45-46. This mechanism is the dominant growth pathway in COM crystallization, 

which occurs by the formation of  screw dislocations wherein the crystal face grows continuously 

from these continuous sources of edges (Figure 1-1A). There are two conditions required to have 

a net incorporation of growth units into kink sites located along the edge: (1) the solution should 

be supersaturated, and (2) the edge length (i.e., curvature of the spiral) should be greater than a 

critical length/radius for two-dimensional nucleus depending on supersaturation 47. Moreover, the 

curvature of the spiral cannot exceed a certain value determined by critical length/radius. 

Incorporation of growth units, therefore, results in the growth of steps in an outward normal 

direction. In COM crystallization, (100) and (010) faces grow by two different shapes of screw 

dislocations (hillocks) as shown in Figure 1-1A. A hillock shape often mimics that of the bulk 
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crystal habit 42. For example, calcite 48 and L-cystine 49 provide excellent examples exhibiting 

square and hexagonal hillocks, respectively. Moreover, COM crystals prepared in the presence of 

citrate mimics the disc-shaped hillock geometry on the (100) faces 50. 

1.3  COM Crystal Growth Inhibition 

Crystal growth can be controlled by additives termed inhibitors and often referred to as 

crystal auxiliaries or modifiers 
51. Since kink sites are the most energetically favorable sites for 

growth units to attach to, crystal growth rate can be inhibited by either blocking kink sites or by 

roughening steps 42.  If an inhibitor occupies a crystal vacancy at kink positions, the inhibitor 

blocks further attachment of solute molecules; and since the total number of kink sites is 

relatively few, only a few inhibitor molecules are required to block growth.  

Step pinning is an alternative mechanism of crystal growth inhibition, wherein growth 

modifiers binding to the steps cause curvature in the steps; therefore, steps can continue to grow 

by advancing around the blocking sites. Hence, the edge becomes pinned at the point of contact; 

and also the segment of the edge between two additives becomes curved during growth. The 

distance between two additives is important. Steps continue to grow as long as the distance 

between blocking sites is larger than the critical radius/length. Although under this condition step 

growth is not arrested, its velocity will be reduced due to the curvature, thus causing a decrease in 

the driving force for growth 52.  When the distance becomes smaller than the critical 

radius/length, the step will be divided in sections less than the critical length; therefore, steps stop 

growing. For instance, in calcium carbonate crystallization it has been shown that peptides 

adsorbed at the crystal surface slow step propagation and at sufficient surface coverage can 

suppress growth. In addition, crystal growth can be arrested in the presence of impurities. 

Impurities adsorbed at terrace or step ledge sites impede local step propagation; therefore, a 

straight step becomes scalloped as it propagates past an adsorbed inhibitor molecule. Collectively, 
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the degree of step velocity inhibition is dependent on solute supersaturation, inhibitor recognition 

for surface kink and step sites, and the inhibitor coverage on COM crystal surfaces 53.  

 

 

Figure 1-3 Putative binding mode of anionic proteins to COM crystal surfaces. Proteins with 
anionic amino acids (e.g., Asp, Glu) are capable of binding to the negatively-charged 
COM crystal surface through calcium bridges (as illustrated in the dashed box). 

 

In order to suppress growth, inhibitors are required to bind to growth sites on multiple 

faces of COM crystals 54. The molecular level mechanism of binding site specificity is still not 

fully understood. Shirane et al., suggest that the binding site on COM crystals are calcium ions 

targeted by negatively-charged moieties on inhibitors 54. In aqueous solution, calcium dissociates 

into the double layer leaving behind negatively-charged COM crystal surfaces (Figure 1-3). COM 

growth inhibitors tend to be rich in negatively-charged groups (e.g., carboxylic acid and 

phosphate 55) that mimic oxalate vacancies on COM crystal surfaces. For example, aspartic acid-

rich proteins are known inhibitors of COM crystallization 56, since the carboxylate groups in 
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aspartic acid interact with Ca+2 ions of the COM crystal surfaces 57. These anionic moieties bind 

to COM interfaces via calcium bridges: (COM)COO-…Ca2+…-OOC(inhibitor) as illustrated in Figure 

1-3. It is reasonable to expect that the alignment of oxalate molecules (Figure 1-1D-F) may reflect 

the preferred orientations of carboxylic acid moieties of the inhibitors adsorbed on COM crystal 

faces.  

Crystal growth inhibitors are classified in two categories. The first class is tailor-made 

additives (TMAs), which have a molecular structure that mimics the structure of the 

corresponding crystal molecules but for a modified moiety. As such, TMAs occupy vacancies in 

the crystal structure with binder moieties that exhibit a molecular recognition for the crystal 

lattice, while peturber moieties block the attachment of growth units at adjacent binding site 

(Figure 1-4B). Differences in the TMA binding affinity for select crystal faces can alter the 

anisotropic growth rate of crystals, which can dramatically alter the bulk crystal morphology  58-

59. In COM crystallization, citrate is an example of a molecular TMA that mimics oxalate 50, 

which binds to COM crystals producing a disk-shaped morphology.  

 

 

Figure 1-4 Schematic of a crystal structure, where green and yellow puzzle pieces represent 
different crystal units. The pure crystal arrangement (A) and when grown in the 
presence of either TMAs (B) or CMOLs (C). 
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A second class of inhibitor is capping molecules (CMOLs), which are not structurally 

similar to the molecules of the host crystal, but exhibit a structural complementarity to the surface 

to which they bind (Figure 1-4C). For example, a class of inhibitors ubiquitous to cold weather 

species (such as plants, insects, and fish) that received much attention for their remarkable ability 

to suppress ice crystallization is antifreeze proteins (AFPs). These proteins possess H-binding 

groups with spatial arrangements that epitaxially match H2O molecules in the crystal structure of 

ice. AFP binding to ice suppresses crystal growth and lowers the freezing point 60. An example 

pertaining to COM crystallization is polyacrylic acid (PolyAA), which is an inhibitor that 

preferentially binds to the {100} face and alters its native hexagonal platelet morphology to 

flower-shaped crystals 61. 

 

 

 Figure 1-5 (A) COM control crystals with the [001] length, [010] width, and [100] thickness. 
Inhibitors bind to (B) (010) face to increase the length; (C) {12-1} and {012} faces 
to produce diamond-shaped crystals; and (D) (100) faces to decrease the thickness. 

 

Collectively, growth inhibitors may change the morphology of crystals by binding to 

specific surfaces of crystals and block the attachment of solute molecules, thereby reducing the 

rate of crystal growth normal to that surface 62. In other words, adsorption of inhibitors on a 

specific face increases the relative growth rates of other faces 57. The effect of a growth inhibitor 
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is determined by the inhibitor-crystal binding strength and its molecular recognition for specific 

crystallographic faces. Since the distribution of Ca2+ ions and the orientation of oxalates on COM 

crystal surfaces differ from one face to another (Figure 1-1D-E), it is not surprising that inhibitors 

exhibit unique specificity for binding to select COM crystal faces. In COM crystallization, 

inhibitors that preferentially bind to the (010) face increase the [001] length of hexagonal 

platelets. As a result COM crystals become elongated (Figure 1-5B). Inhibitors which exhibit 

specificity for binding to {12-1} and {021} faces reduce the growth along [12-1] and [021] 

directions, thereby producing diamond-shaped crystals (Figure 1-5C). Thinner crystals are obtain 

as a result of either inhibitors preferentially binding to (100) faces, or step pinning of hillocks that 

grow within the (100) plane (Figure 1-5D). We identified inhibitors that bind to specific faces of 

COM crystals, which are discussed in Chapter 4. There have been a number of proposed calcium 

stone inhibitors in the literature, including (but not limited to) natural inhibitors (e.g., amino acids 

63 and urinary constituents 64-66) and synthetic inhibitors (e.g., peptides 67 and peptoids 68-69). The 

following sections include discussions regarding the methods used for measuring COM crystal 

growth and the effects of natural and synthetic inhibitors on COM crystallization.  

1.3.1   Kinetic Studies Techniques 

Different techniques have been used to monitor the rate of COM crystallization as a 

function of parameters, such as supersaturation, temperature, pH, and ionic strength, which 

impact the growth rate. Here we discuss the commonly used techniques for kinetic studies of 

COM crystallization. 

1.3.1.1   Constant Composition (CC) 

The constant composition (CC) method is an established method for the study of calcium 

biomminerals growth rate (e.g., COM 64,70-71, calcium carbonate 72, and calcium phosphate 73-74). 

In studies of COM crystallization, the CC method was pioneered by Nancollas and coworkers 70, 

in which supersaturation is kept constant by a controlled addition of titrants. A common approach 
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is to employ COM seeds suspended in a growth solution at constant calcium oxalate 

supersaturation. For example, COM growth studies have been reported (pH 6-7, ionic strength = 

0.15 M, 37 ºC) at σ = 0.096 - 0.388 75, σ = 0.266 67,70,76, σ = 1.69 61, and 1.8 – 2.6 77. To keep the 

constant activity of all species (i.e., calcium, oxalate, and salt), two titrants are added to solution, 

titrant 1                                          ������ � 2	����� 
  ���  ,                                           (1-1) 

titrant 2                                        ������� � 2	������ 
  ���  , and                                  (1-2) 

��� � 2	���� �  2���  ,                                            (1-3) 

where V and W are the total concentrations of growth solution and titrant, respectively, and Ceff is 

the effective titrant concentration. In this method, COM crystal growth rate, R, is calculated from 

the slope of the plot of titrant volume as a function of time, dv/dt, as expressed by 

� �  � ���
�������

������ ����! ,                                                     (1-4) 

where mseed is the mass of the seed and SAseed is the specific surface area of the seeds measured 

by nitrogen adsorption (i.e., BET method) 61,67,76. The constant composition is one of the ways to 

calculate the efficacy of growth modifiers on COM growth rate, by comparing the titration slopes 

in the presence and absence of growth modifiers. 

1.3.1.2   Atomic Force Microscopy (AFM) 

AFM is a powerful tool for examining in situ growth of crystals at molecular level by 

either etch pit filling or step velocity measurements. Ward and coworkershave used the etch pit 

method to calculate the COM growth rate 78. In this method, elongated hexagonal pits, which 

mimic the habit of bulk COM crystals, are developed along the (100) faced by slightly dissolving 

the crystals (Figure 1-6). The growth solution in the presence or in the absence of growth 

modifiers is continuously introduced into the AFM liquid sample cell to induce pit refilling. The 

pit area during pit refilling is measured. The growth rate is estimated from the slopes of the plots 



13 

 

of pit area as a function of time. Moreover, the changes along the [010] and [001] direction (i.e., 

aspect ratio) are used to validate the specificity of growth modifiers for binding to COM faces. 

 

 

Figure 1-6 Etch pits are formed on the (100) faces of COM crystals, which mimic the habit of 
COM crystals 78. 

 

AFM has also been used to quantify the kinetics of crystal growth in calcium oxalate 

solutions by monitoring in situ the velocity of step advancement on the COM crystal faces 79-81. 

De Yoreo and coworkers have been pioneers in this field of research, and have used  in situ AFM 

to assess COM crystal growth in the presence of growth modifiers 40,67,82-84. They observed the 

crystal growth behavior on both (100) and (010) faces. Step advancement of (100) faces is shown 

in Figure 1-7. AFM was used to monitor the velocity of step advancement in specific directions 

as well as the changes in hillock morphology (which collectively reflect specific binding of a 

growth modifier to COM crystal faces). In these studies, the supersaturation and flow rate of 

growth solution are important factors that influence step velocity.  
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Figure 1-7 Step advancement on the (100) COM crystal faces at (A) t=20 min, (B) t= 40 min, (C) 
t=70min. Scale bar equals 1 µm 67. 

 

1.4.1   Natural Growth Inhibitors 

There are many native species in urine that are believed to inhibit the nucleation 85-86, 

growth 86-87, and aggregation 86,88-89 of COM crystals. Most of the inhibitory effects come from the 

non-dialyzable components in urine, such as proteins 86,90. A wide range of organic species 

derived from different human organs, is observed in urine 91. The organic content encapsulated 

within polycrystalline COM stone aggregates (referred to as the organic matrix) comprises a 

mixture of proteins, polysaccharides, carbohydrates, lipids, and other urinary constituents 92. 

Proteomic studies of human renal stones reveal the presence of approximately 20 ubiquitous 

species residing within the organic matrix 93. Although the organic fraction is approximately 1-

5% of the total mass, these species are believed to play a crucial role in stone formation 22,94. It is 

not well understood whether urinary proteins and other constituents in the stone matrix act as 

inhibitors, promoters, or passive spectators in stone pathogenesis 31,95. Interestingly, among 13 of 

the common urinary proteins, 9 proteins are found in all types of stones: human serum albumin 

(HSA), α1-acid glycoprotein (α1-GP), α1-microglobulin (α1-M), immunoglobulins (Igs), 

apolipoprotein A1 (apo-A1), transferrin (Tf), α1-antitrypsin (α1-T), retinol-binding protein (RBP), 

and renal lithostathine (RL) 12. Organic species may influence one or more of the critical 
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processes of stone formation, (i.e., crystal nucleation, growth, aggregation, and retention) 8-9. In 

order to prevent stone formation, at least one of the aforementioned steps can be hindered. The 

thermodynamic driving force in crystallization is the supersaturation with respect to the crystal-

forming components 1,42, which can be lowered by adding complexing agents 1. Therefore, the 

strength of the driving force is one of the factors that plays a significant role in crystal nucleation 

and growth 1. In COM crystallization, some urinary constituents, such as citrate 96-97 and serum 

albumin (SA) 98, are believed to decrease supersaturation of calcium salts in urine by forming a 

soluble complex with calcium. The presence of Ca2+-binding species can not only lower the 

supersaturation by interacting with cations in solutions and forming a complex, but the Ca2+-

binding species can attach to crystal faces and block the growth sites as discussed in Section 1.3 

1,99. In COM crystallization, aspartic acid and glutamic acid groups compete with oxalate for 

binding to calcium ions in solution, as well as adsorption sites on COM crystal faces 100. 

Aggregation of crystals can also be influenced by inhibitors due to the changes in surface 

potential, prevention of intergrowth of crystals inside the aggregations, and bridging a gap 

between crystal surfaces in the presence of inhibitors 1. Moreover, Tamm-Horsfall protein (THp), 

the most abundant urinary protein, is suggested to inhibit COM aggregation 84,101-102; and although 

THp has a negligible effect on COM growth rate, the interaction of THp with COM surfaces is 

suggested to reduce crystal attachment to epithelial cells 88,103-106. Inhibitors may also affect the 

role of other inhibitors in COM crystallization. For instance, citrate tunes the effect of THp on 

COM aggregation by controlling the self-aggregation of THp 102. Furthermore, inhibitors may 

inhibit COM crystallization by stabilizing COD and making COM the least dominant phase. 

Citrate, serum albumin, and pyrophosphate are believed to make COD formation more favorable 

than COM 1. However, the similar proteins are  adsorbed on COM and COD crystals 107. The 

structure of proteins is also a factor affecting their role in moderating COM crystallization. 

Protein folding presents carboxylate groups in particular spacings and orientations which might 
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influence the interactions between proteins and crystal faces 78. Among different secondary 

structures, β-sheet is believed to affect inhibition of calcium carbonate by polyD, polyE, and 

proteins 108-109. Similarly, COM growth inhibitors such as opsteopontin (OPN) exhibit an increase 

in the content of β-sheet conformation while exposed to calcium ions, as determined by circular 

dichroism (CD) spectra 56,110. On the other hand, helical structures have been reported as an 

important conformation in inhibiting hydroxyapetite crystallization 111. Moreover, serum albumin, 

a urinary protein that inhibits COM crystallization, contains approximately 80% α-helices 112.  

In addition, trace elements are detected in urine 113-115 (see Table C-1) and in the calcium 

oxalate monohydrate (COM) stone matrix 115-119, which are believed to interact with COM crystal 

surfaces and affect crystallization 120. For instance, Fe3+, Al 3+, and Cr3+ are reported as inhibitors 

of COM crystal growth 113,121, which interact with oxalate on COM crystals 120. Moreover, COM 

solubility can be increased in the presence of trace elements, such as magnesium 114,122, potassium 

123, iron 114, and copper 114. Furthermore, trace elements can affect the role of urinary components 

in stone inhibition 120. For example, it has been reported that Fe3+ reduces the inhibitory effect of 

urinary citrate on COM crystallization 120. Here we discuss the effect of known urinary inhibitors 

of COM crystal growth. 

1.4.1.1 Osteopontin 

Concentration of osteopontin (OPN) in urine is above 100 nM 76, which was first 

identified in 1986 in osteoblasts. OPN inhibits COM nucleation, growth, aggregation, and 

retention 27,124. The concentration of OPN in stone formers’ urine is lower than in healthy 

individuals 27. OPN binds to COM crystals and alters of the bulk morphology. Native rate bone 

OPN and rat kidney OPN preferentially bind to {100}∩{121} edges followed by {100} faces and 

then {010} faces 39,125. Milk OPN preferentially binds to {100} faces and interacts less effectively 

with {121} and {010} faces 126. Potential reasons for these observations are that {100} and {010} 

faces are the most and least calcium-rich faces, respectively 126. The edge-specific adsorption of 
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OPN may be responsible for the dumbbell morphology of COM crystals in urine 39. In the 

presence of as low as 1-2 µg/mL human kidney OPN, COM crystals become rounded and COD 

formation is promoted. Increasing the OPN concentration up to 5 µg/mL shifts calcium crystals to 

pure COD 29. Rat OPN inhibits the formation of COM crystals and promotes the formation of 

COD crystals 27-28. Since OPN inhibits the formation of COM (growth and/or nucleation), the 

supersaturation is kept at a high level, which leads to the formation of COD crystals 28.  

OPN is a known inhibitor of COM crystal growth 27. Interfacial studies of the effect of 

OPN on COM growth using AFM reveal that OPN decreases the rate of step growth 127. OPN 

inhibits the growth on (010) faces by pinning [021] and [121] step growth 76. In the presence of 5 

nM OPN the step speed is decreased by an order of magnitude 62. Although OPN discretely 

adsorbs on (100) faces (at concentrations of 1-25 nM OPN), it binds weakly to the steps on (100) 

faces, and thus does not impact the morphology and step kinetics of these faces 62. Moreover, 

constant composition studies show that the COM growth rate decreases linearly with increasing 

OPN concentration 76 with 48% inhibition observed at 5.5 nM OPN 76. 

Studies on the effect of OPN on COM crystallization indicate that the acidic amino acids 

is not an only factor affecting OPN-COM crystals interactions. The presence of phosphate groups 

in OPN is also an important factor. Phosphate groups help promote closer protein-crystal 

interactions 57. Serine (S) and threonine (T) groups in the primary amino acid sequence are 

phosphorylation sites 56. It has been reported that the degree of OPN phosphorylation is directly 

related to how effectively it can inhibit crystal growth 126.  Although phosporylation enhances the 

inhibition of COM crystal growth, there is no detectable change in secondary structure of OPN 

(which is mainly β-sheet conformation) in the presence and absence of phosphate groups 56,70. 

Phospholylated OPN can interact with most COM crystal faces and edges. For example, tip-

enhanced Raman spectroscopy (TERS), which is used to study the distribution of adsorbed 

proteins on COM crystal faces, reveals that phosphorylated recombinant full-length rat OPN 
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preferentially binds to {100}∩{121} edges, while it has less affinity to bind to the {100} faces. 

The relatively less binding to the {121}∩{010} and  {100}∩{010} edges compared to {100} 

faces are observed in the presence of OPN. It has the least affinity to adsorb to {010} faces 128. A 

possible explanation of OPN preferential adsorption on {100}∩{121} edges of COM is that these 

edges, which form acute angles between (100) and (121) faces, are sites of high surface energy 39. 

Since OPN effectively inhibits COM crystallization, peptides derived from OPN 

sequences have been widely studied in order to determine the most effective domains of OPN in 

COM inhibition. Some of these peptides are described in Section 1.4.2.  

1.4.1.2 Citrate 

Citrate is a small anionic molecule observed in urine. Hypocitraturia (i.e., a low amount 

of citrate in the urine) affects more than 55% of patients with nephrolithiasis 96,129. Citrate lowers 

stone risk by complexing urine calcium 62
 and by acting as a direct inhibitor of calcium oxalate 

crystal formation. Although citrate is a common therapeutic agent for kidney diseases 80, citrate 

therapy has not been as successful as hoped. The increase in urine pH with citrate salts can be 

problematic in some patients as it may increase the risk of calcium phosphate crystallization. 

Citrate is an example of a molecular TMA that mimics oxalate 50, which inhibits nucleation, 

crystal growth, and aggregation on COM crystals 96. However, its effects on COM aggregation is 

minimal 88. Not only citrate inhibits COM crystallization, it affects the role of urinary constituents 

in COM crystallization. For example, inhibitory effect of THp is enhanced in the presence of 

citrate 102. 

Growth kinetic studies performed by the constant composition method show that citrate 

at 0.1 mM inhibits COM growth by 48% 76. AFM studies reveal that citrate affects the hillocks on 

the (100) faces 50,127,130 by step pinning. The steps on the (100) faces become serrated in the 

presence of even very small concentrations of citrate (i.e., 0.5×10-3 mM) 130
. At concentrations of 

ca. 0.01mM, citrate decreases the [10-2] step growth rate on (100) faces by a factor of 25 127. 
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Molecular modeling reveals that the [10-2] steps on the (100) faces are the most favorable sites 

for citrate to bind due to stereochemistry whereby Ca and oxalate orientations at these steps 

maximize the binding energy 127.  A concentration of of 0.02 mM citrate completely suppresses 

the step movement on (100) faces  (in the presence of up to ~0.2 mM Ca2+), which is called dead 

zone by the Cabrera-Vermilyea model 130. The width of the dead zone is extended by increasing 

citrate concentration 80. Citrate has a relatively minor effect on the [021] steps on the (100) faces. 

These steps are slowed by a factor of 2 and become rounded at a concentration 0.01mM citrate 

127. As a result of citrate interactions with steps on the (100) face, growth hillocks change from 

triangular-shaped to disc-shaped 50. Although citrate strongly affects the steps on the (100) faces, 

it has less of an effect on step velocity and hillock morphology on the (010) face 76,79,127 due to the 

strong electrostatic repulsion between oxalate on the surface and carboxylate groups in citrate 

molecule 50,79.  

Bulk crystallization studies reveal that the morphology of COM crystals prepared in the 

presence of citrate mimics the disc-shaped hillock geometry on the (100) face 50,127, resulting in a 

disk-shaped crystal morphology 76,127,131. Citrate reduces the aspect ratio and thickness and also 

rounds the (100) faces 50. Moreover, the surface area of the (010) faces decreases as citrate 

concentration increases indicating that citrate does not affect the growth of (010) faces and the 

[010] becomes the dominant growth direction 50. Our bulk studies (Chapter 4) reveal that COM 

crystals became rounded and thinner in the presence of citrate, which is in a good agreement with 

previous studies 50.  

1.4.1.3 Serum albumin 

Serum albumin (SA) is one of the most abundant proteins in urine, which typically 

contains 2.5-15 mg/l serum albumin 88. Serum albumin from different sources, most notably from 

human (HSA) or bovine (BSA), have been employed in COM bulk crystallization studies. The 

amino acid sequence and secondary structure of HSA and BSA are similar, as shown in Appendix 
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C. There are notable discrepancies in past studies regarding the effect of serum albumin on COM 

crystallization. Serum albumin promotes COD formation 30-31. In terms of COM, it is reported 

that nucleation is promoted 31 and also inhibited 30 by serum albumin. HSA decreases the size of 

COM aggregates 98,132-133, and in the presence of 5 µg/mL HSA aggregation is completely 

inhibited 132. Serum albumin has been reported as an inhibitor 132 and also a benign (inactive) 

species 88,125 in COM crystal growth. HSA prevents the retention by coating COM crystals 125.  

There are also notable discrepancies in the literature regarding the site specificity of BSA 

for COM crystal surfaces. Ryall and coworkers used fluorescent-labeled proteins in scanning 

confocal microscopy (SCM) studies to propose that HSA preferentially binds to the (010) face 134. 

Ward and coworkers used chemical force spectroscopy to assess the change in adhesion force 

between modified AFM tips in contact with COM surfaces in saturated calcium oxalate solutions 

135. The force of adhesion between COOH-modified AFM tips (i.e., mimics of anionic amino acid 

moieties) and COM crystal surfaces in the presence of each inhibitor was compared to protein-

free solutions. Their studies suggest that BSA binds nonspecifically to all COM faces. Hunter and 

coworker also claimed that HSA unselectively binds to all COM surfaces 125, while others report 

that HSA does not affect COM crystal morphology 132. 

1.4.1.4 Other Natural Inhibitors 

Tamm-horsfall protein (THp). THp, also called uromucoid, was isolated from urine for 

the first time by Tamm and Horsfall in 1950 and reported as the most abundant human urinary 

protein 136. THp has a molecular weight of about 80-85 kDa 137-138 and its concentration in urine 

equals 500 nM 88. THp has been reported as an inhibitor, promoter, and also inactive spectator in 

COM crystal growth 88,136. Past studies reveal that THp plays a dual role in COM aggregation 

depending on pH, ionic strength, and the number of sialic acid residues in its glycosylated side 

groups 98,139. However, under physiological conditions it is postulated that THp acts as a strong 
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inhibitor of COM crystal aggregation 84,88,101-102. The interaction of THp with COM surfaces is 

suggested to reduce crystal attachment to epithelial membranes 88,103-106.  

Chondroitin sulfate. Chondroitin sulfate is a sulfated glycosaminoglycan (GAG) 

exhibiting a chain of alternating sugars (N-acetylgalactosamine and glucuronic acid). Depending 

on the position of sulfate groups, chondroitin sulfate is named differently (see Table C-1). 

Chondroitin sulfate A (C4S)  is a potential candidate for urinary stone treatments 32. It promotes 

COD formation 32 and has a minor inhibitory effect on COM nucleation 132. C4S inhibits the 

growth and aggregation of COM crystals 92. In the presence of C4S, COM crystals become 

elongated and thinner 92,140. 

Nephrocalcin (NC). NC is an acidic glycoprotein 141 with molecular weight 14 kDa, 

which is present in urine and is a putative inhibitor of kidney stone formation 88. NC has four 

isoforms: NC-A, NC-B, NC-C, and NC-D 142. These isoforms are all phosphorylated with similar 

carbohydrate contents 142. The amount of each NC isoform differs in stone formers’ and non-

stone formers’ urine. NC is reportedly an inhibitor of nucleation 85, crystal growth 88, and 

aggregation 88 of COM crystallization. 

1.4.2   Synthetic Growth Inhibitors 

Crystallization of biominerals can be regulated by the interaction of peptides derived 

from natural proteins with crystal interfaces 15. Peptides are ideal candidates for COM growth 

inhibition because they are generally nontoxic and are modular (i.e., “programmable”), meaning 

the peptide sequence order, functional composition, and structure can be designed with high 

efficiency for inhibiting COM growth. Comparing natural inhibitors of COM crystallization 

reveals that the most effective inhibitors contain a significant quantity of negatively-charged 

moieties in their structure, such as L-aspartic acid (Asp, D) and L-glutamic acid (Glu, E). As a 

case in point, OPN contains 48 aspartic acids in its 298-mer chain 67. The carboxylate groups 

interact with Ca+2 ions of the COM crystal surfaces 57. Depending on peptide sequences 39 and 
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steric and electrical complimentarity 143 between the peptide chain and arrays of ions on COM 

crystal faces, peptides exhibit specificity for binding to COM crystal faces. Previous studies of 

the effect of different peptides corresponding to different segments of natural proteins such as 

OPN on COM crystallization reveal that peptides with different sequences bind to different COM 

crystal surfaces 39,143. COM crystals in the presence of poly-Glu become dumbbell-shaped and 

smaller in size 15. However, Hunter and coworkers have shown that poly-Glu adsorbs to all faces 

of COM crystals equally 39. They have also reported that poly-Asp adsorbs preferentially to (121) 

faces 39. In situ AFM studies reveal that poly-Asp inhibits the movement of hillocks on (100) 

faces along the [001] direction as a result of adsorption to either steps presented on the (001) face, 

the (100) face itself, or both 39, while  poly-Glu lowers the [021] and [121] step velocity on (010) 

faces 39. PolyAA creates a combination of COD and elongated COM crystals at low 

concentrations (up to 2 µg/mL) 34. At higher concentrations of polyAA, only COD crystals are 

observed. PolyAA interacts preferentially with (100) faces of COD crystals and reduced the 

growth along the [100] direction 34,144. The morphology of COD crystals changes progressively 

by increasing polyAA concentration 144, i.e., bi-pyramid shaped (2 µg/mL polyAA), dumbbell-

shaped (28 µg/mL polyAA), hemisphere of dumbbell-shaped (48 µg/mL polyAA), and spherical 

(64 µg/mL polyAA) 34. Similarly, OPN peptides have been reported to promote the formation of 

COD crystals 29. Poly-Asp and poly-Glu are promoters of COD formation 15; however, poly-Glu 

is less effective than poly-Asp in forming COD 15. 

Biomimetic OPN peptides can inhibit COM growth by creating clusters or continuous 

film on different faces 55,84. Studies reveal that linear aspartate-rich peptides (e.g., (DDDS)6DDD) 

used as a surrogate for OPN residues reduce COM growth via a step pinning mechanism 145. 

Polyacrylic acid (polyAA), which is rich in acidic groups, inhibits COM growth rate by 75% at 

concentrations as low as 0.05 µg/mL 61. The presence of specific spacer/binder amino acids in the 

peptide sequence 39,67,84,146, the peptide concentration 55,70, CaOx supersaturation 84,145, the number 
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of amino acids, and secondary structure 70 are other factor affecting the degree of inhibition of 

COM crystallization in the presence of peptides. For example, Poly-Asp is 16 times more 

effective in inhibiting COM crystal growth than poly-Glu 78. Peptides of sequence (DDDS)n are 

30 times more effective at inhibiting COM crystal growth than peptides of sequence (DDDG)n 
67. 

Since glycine is not hydrophilic, it may cause peptide folding; therefore, it is possible that not all 

aspartic acids in the (DDDG)n peptides are available to interact with COM crystals 67.  

There is a belief that the phosphorylation 56-57,70 of peptides causes a closer and more 

stable interaction between COM crystals and phosphopeptides. The degree of phosphorylation of 

peptide sequences of OPN can increase the potency by one to three orders of magnitude 56. The 

phosphate groups bind to the {100} faces of COM crystals, which are calcium-rich and a target 

for negatively-charged inhibitors 55. Moreover, phosphorylation promotes the formation of COD 

crystals, as was observed for phosphorylated OPN peptides 29. 

Crystallization of other calcium biominerals, such as calcium carbonate 55,82,146-150 and 

calcium phosphate 67,111,143,151-153, has been studied in the presence of synthetic inhibitors. Peptide 

concentration 149, amino acid sequence 151,154, primary/secondary structural characteristics of the 

peptides 146, peptide chirality 82, and peptide length 148,150,154 play important roles in changing 

calcium carbonate and phosphate crystal morphology and influencing their growth. In addition, 

phosphorylation increases the effects of peptides on biomineralization 151-153. Past studies also 

report peptide site specificity for surfaces of metals and metal oxides 155. The adsorption of metal-

binding peptides on metal surfaces such as silver 156, gold 157, and palladium 158 reveals that this 

adsorption depends on peptide concentration 159. The metal-binding peptides can alter the metal 

morphology to obtain desirable shape and size 160 for specific applications. Moreover, it has been 

shown that specific amino acids in peptide sequences influence their affinity for binding to 

semiconductors such as CdS, CdSe, ZnS, and ZnSe 161. In the presence of peptides, monodisperse 
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materials, such as gallium oxohydroxide (GaOOH) nanospindles 162 and magnetite nanocrystals 

163-164, may be obtained. 

1.4.2.1 Our Approach to the Design of COM Inhibitors 

To rationally design inhibitors, it is imperative to judiciously select inhibitors with 

appropriate functionality, size, and structure that can be tuned at a molecular level to recognize a 

specific crystal surface. The model we have chosen for our design is de novo peptides using the 

selected sequences from known protein inhibitors of COM crystallization, similar to previous 

studies. To this end, there are several criteria that must be considered when designing peptides, 

which include the appropriate selection of binding groups, amino acid spacers separating the 

binder groups, peptide length, side groups (e.g., degree of phosphorylation), peptide secondary 

structure, and the primary sequence. COM inhibitors are rich in anionic moieties, which served as 

a basis for selecting the binding groups. At physiological pH, Asp and Glu residues are negatively 

charged and the carboxylate groups mimic an oxalate vacancy on the surface of COM crystals. 

Moreover, when analyzing the primary amino acid sequences of calcium-binding proteins (e.g., 

OPN, OCN, and SA), there are patterns that emerge with respect to the location of Asp and Glu 

amino acids, as illustrated in Table 1-1. To test pattern recognition, we designed peptide libraries 

where the sequence was systematically varied with binder groups, X, using X, XX, and XXX 

patterns observed in native proteins (X can be either Asp or Glu). In addition to binder groups, we 

included spacer groups in the peptide sequences. Spacer groups are the amino acids that separate 

Asp and Glu groups. Spacers can function in three ways: (i) they can alter the spatial placement 

of binders within the peptide sequence to allow better matching between the binder and calcium 

ions on COM surfaces, as illustrated in Figure 1-8; (ii) they can promote peptide adhesion to the 

surface through the incorporation of hydrogen-bonding groups or hydrophobic residues, which 

have been shown in the case of antifreeze proteins to provide entropic driving forces for inhibitor 

binding to crystal surfaces [52]; and (iii) they can be programmed into the primary sequence to 
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promote (or prevent) peptide secondary structure. In addition, by using particular spacer groups, 

we were able to exactly mimic specific segments of calcium-binding proteins. 

 

Table 1-1 Comparison of amino acid sequences of calcium-binding proteins. 

 

a Binder groups, Asp (D) and Glu (E), are colored in red and green, respectively. Spacers are 
shown in black. 

 
 

 

Figure 1-8  Spatial modification of binders in the primary amino acid sequence. There are two 
binding sites on the inhibitor in (A), but only one of them binds to the crystal due to 
spatial limitations. A spacer group in (B) makes both binding sites available to bind. 

 

 Another factor playing a role in peptide design is its length. Macromolecules tend to be 

more effective inhibitors relative to smaller molecules. For instance, poly-Asp (5 – 15 kDa) is 

nearly 1000 times more potent than its corresponding amino acid 78,165. Likewise, urinary 

proteins, such as osteopontin, are significantly more effective inhibitors of COM growth relative 

to smaller organic molecules such as citrate 76,127. Along these lines, we focused on the design and 

testing of peptides containing 18 mers (Chapter 3), keeping in mind that there may be a size 
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restriction (approximately < 25 monomers) when using peptides as target oral delivery drugs. To 

this end, some pharmacological parameters that should be considered when designing a drug 

include: (1) potency - the drug should be as highly potent as possible to evoke an effective 

response at low concentration, and (2) efficacy or intrinsic activity (IA) - if a drug has a high 

efficacy, it produces the desired therapeutic effect. 

Lastly, a greater flexibility in peptide sequence design is beneficial for the development 

of drugs with high bioavailability and low toxicity. As such, peptide sequence and secondary 

structure may influence the rate of hydrolysis, which can affect the rate of drug release and its 

efficacy in the prevention of kidney stone disease 166. 

In order to determine the segment(s) of a protein inhibitor that is responsible for COM 

growth modification, we synthesized peptides that collectively cover the entire sequence of a 

protein. In select cases, we synthesized and tested 20-mer peptides generated by shifting the 

position of the first amino acid in a protein sequence by 10 units; therefore, the first half of the 

peptide sequence (i.e., first 10 amino acids out of 20) is repeated from the previous peptide and 

second half (i.e., second 10 amino acids out of 20) is repeated in the next peptide. Therefore, we 

were able to determine domains in protein sequences containing 10 amino acids, which 

effectively play a role in COM crystallization. 

1.5  Thesis Outline  

The primary goal of this thesis is to inhibit the formation of COM crystals by the use of 

crystal growth modifiers. To characterize the efficacy and specificity for binding to COM crystal 

surfaces, we used a combination of experimental techniques to quantify the effects of different 

growth modifiers on COM crystal size, habit, surface architecture, and growth kinetics. Chapter 2 

describes the analytical techniques (principally ion selective electrode, circular dichroism, and 

atomic force microscopy) used in COM crystallization studies. Using the most effective urinary 

proteins as inspiration, we designed and tested small peptides (18 amino acids) as COM growth 
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modifiers (i.e., biomimetic analogues), which are discussed in Chapter 3. We also examined some 

of the most common constituents identified by proteomic studies of the organic matrix of human 

stones with isoelectric points ranging from acidic to basic. In Chapters 4 and 5 we present the role 

of anionic and cationic macromolecules in COM crystallization, respectively. We turn our 

attention to the effect of background electrolytes containing trace elements on COM crystal habit 

and growth rate in Chapter 6. Lastly, Chapter 7 presents a summary of important findings, 

outlines areas for future study, and discusses the broader impact of this work with respect to the 

development of a basis for ongoing initiatives to design novel drug candidates for COM stones 

and a novel platform for the rational design of inorganic and advanced materials with tailored 

properties. 
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CHAPTER 2:  ANALYTICAL METHODS 

2.1  Introduction 

COM crystallization was investigated by a wide range of colloidal studies. Microscopy 

techniques were used to characterize COM crystals grown in the presence of growth modifiers. 

The influence of growth modifiers on macroscopic properties of COM crystals was assessed 

using bulk crystallization studies by optical microscopy, scanning electron microscopy (SEM), 

and confocal microscopy. For kinetic studies the ion selective electrode (ISE) and atomic force 

microscopy (AFM) were used. Structure of some of modifiers (proteins) and modifier-modifier 

interactions were analyzed by circular dichorism (CD) and dynamic light scattering (DLS), 

respectively. In this chapter we review the analytical techniques and calculations used in this 

work except bulk crystallization studies, which are described in experimental section of each 

chapter. 

2.2  Calcium Ion-Selective Electrode (ISE) 

The kinetics of COM bulk crystallization was measured in situ using a calcium ion-

selective electrode (ISE) from Orion (model 9720BNWP). ISE measures the concentration of free 

calcium ions in solution. COM growth was analyzed at 23 ± 2 oC using solutions of composition 

0.5 mM CaCl2:0.5 mM Na2C2O4:150 mM NaCl (S = 4.1) with continuous stirring. For these 

studies, we selected a stirring rate of 1200 rpm and no purge conditions. The effect of stirring 

speed on in situ ISE measurements of a COM control solution and potential CO2 uptake from the 

atmosphere was studied in this section. 

2.2.1   Stirring and Purging Effects 

Solutions must be stirred in ISE measurements for accurate detection of free Ca2+ ions. At 

low stir rates (e.g., 400 rpm), the presence of an induction period was observed. To eliminate the 

induction period we used higher stirring speeds. We compared the rate of free Ca2+ ion depletion 

at stirring speeds equal to 400, 800, 1200, and 1600 rpm (Figure 2-1A) using a rectangular prism 
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stir bar (7 mm length and 2 mm diameter). The data for 400 rpm reveals two approximately linear 

regions: the region at initial times (ca. < 50 min) has a larger slope than the second region, which 

occurs at longer times. As the stirring speed was increased, the induction period at shorter times 

was no longer observed. Moreover, the initial concentration (t = 0 min) reduces with increased 

stirring speed (presumably due to an increased rate of nucleation), and the slope of the ISE curve 

at longer times increases with higher stirring speeds. The general shape of the ISE curve is 

constant at speeds of 1200 rpm and higher. As such, 1200 rpm was selected as the stirring speed 

for all ISE measurements in our study.  

 

 

Figure 2-1 The effect of (A) stirring speed on in situ ISE measurements of a COM control 
solution and (B) CO2 uptake from the atmosphere. 

 
We tested for any potential CO2 uptake from the atmosphere 67. COM growth solutions 

were purged with an inert gas (pure Argon) for 100 min prior to the addition of Na2C2O4 stock 

solution to remove any CO2 in the growth solution (Figure 2-1A). A comparison of solutions with 

and without argon purging revealed little difference in ISE growth curves. The ISE data presented 

in Chapter 3-6 was performed in the absence of purged gas; however, we prepared fresh stock 

solutions prior to ISE analysis in order to avoid potential CO2 absorption in stock solutions of 

calcium and oxalate used to generate COM growth solutions. 
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Figure 2-2 (A) In situ ISE measurement of COM crystallization where Na2C2O4 is added to the 
electrode equilibrated in an aqueous solution of CaCl2 and NaCl. (B) Potential drift 
in the electrode reading over the timeframe of our measurements. 

  
In situ ISE measurement of COM crystallization is shown in Figure 2-2A where the 

electrode is first equilibrated in an aqueous solution of CaCl2 and NaCl, followed by the addition 

of Na2C2O4 to achieve a solution composition of 0.5 mM CaCl2:0.5 mM Na2C2O4:150 mM NaCl. 

Upon addition of Na2C2O4, there is a rapid decrease in Ca2+ concentration followed by a more 

graduate decrease with time due to the depletion of free Ca2+ ions by COM crystal nucleation and 

growth. If given enough time, the crystals would continue to grow until reaching thermodynamic 

equilibrium, as denoted by the dotted line in Figure 2-2A. The solubility, Cs = 4.8 ppm Ca2+, was 

calculated using the solubility product (Ksp = 1.66×10-9 mol2L-2) reported by DeYoreo at 25 oC 67, 

as well as the activity coefficients calculated using the ionic strength of COM growth solutions. 

ISE measurement of a COM growth solution without the addition of sodium oxalate is shown is 

Figure 2-2B. Here, we tested for potential drift in the electrode reading over the timeframe of our 

measurements. Theoretically the Ca2+ concentration should remain constant. We observed a 

small, steady increase in concentration (ca. 5×10-5 ppm/min), which is significantly below the 

error of ISE measurements, and was therefore neglected in the assessment of Ca2+ depletion rates. 
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2.2.1   Slope Measurements 

The temporal depletion of Ca2+ (ppm) during COM growth) is approximately linear 

within the first 40 minutes measurement for ISE measurements, which is shown in Figure 2-3 in 

the presence of transferrin (Tf). The calcium depletion is calculated by 

Ca2+ depletion = Ca2+ (t = 0) – Ca2+ (t),                                        (2-1) 

where Ca2+ (t = 0) is the initial calcium concentration and Ca2+ (t) is calcium concentration at the 

time of each measurement (2 minutes intervals). The slope of the plot of Ca2+ depletion versus 

crystallization time was referred as growth rate (r).  For potency and efficacy studies, we 

calculated the relative growth by 

Relative growth rate = r modifier/r control   ,                                    (2-2) 

where r modifier and r control are growth rate of modifier and control samples during the first 40 min 

of crystallization. 

 

 

Figure 2-3 The temporal depletion of Ca2+ (ppm) during COM growth examined by in situ ISE in 
the presence of a growth modifier (Tf). The rate of Ca2+ depletion is linear within the 
first 40 minutes measurement. 
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2.3  Circular Dichroism (CD) 

Circular dichroism (CD) is an established method to determine the secondary structure of 

proteins, as well as monitor conformational changes in the protein that occur with alterations to 

solution conditions, such as ionic strength, pH, or temperature variation 167. Prior studies of CD 

spectra reveal that proteins containing α-helices display a maximum at 191 - 193 nm and minima 

at ca. 208 and 222 nm 168-170. The presence of β-sheets results in a maximum at 195 nm and a 

minimum at 218 nm 168,170-171, whereas proteins with random coils in their structures exhibit a 

minimum at around 195 nm (also reported at 202 nm 169) and low ellipticity at wavelengths above 

210 nm 169-170. The CD spectra of proteins can be characterized by the superposition of peaks 

from α-helices, β-sheets, and random coil structures 170. Here we collected the CD spectra of 

anionic and cationic proteins (i.e., BSA, Tf,  lactoferrin, and lysozyme) studied in this work at 

experimental conditions, which are used for bulk crystallization studies (i.e., aqueous solutions 

containing 150 mM NaCl, 0.7 mM CaCl2, and 25 µg/mL of a protein). The purpose of these 

measurements were to verify that the higher temperature used for bulk crystallization (60 °C) did 

not alter the secondary structure of these proteins, and therefore could be directly compared with 

ISE measurements performed at lower temperature (25 °C).  

As shown in Figure 2-4 , the spectra of both anionic (i.e., BSA and Tf) and cationic (i.e., 

lactoferrin and lysozyme) proteins at 25 °C and 60 °C are nearly identical, thereby revealing 

negligible change in secondary structure. These studies confirm that these four urinary proteins 

are thermally stable (i.e., no unfolding) within the temperature range of our experiments – a result 

that is similar to CD spectra reported for OPN, at identical temperatures 124.  

According to the CD spectra for BSA, Tf, lactoferrin, and lysozyme (Figure 2-4), all four 

proteins have combinations of secondary conformations that qualitatively agree with the 

secondary structures of their crystal structures (Appendix C). Notably, reported crystal structures 

of BSA contain approximately 80% α-helices and 20% other secondary structures 112, while Tf 
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contains 42% α-helices, 26% β-sheets, and 34% other structures 172. Figure 2-4 reveals that BSA 

(panel A), Tf (panel B), lactoferrin (panel C), and lysozyme (panel D) have minima at 208 nm, 

which is attributed to α-helices. However, the second minimum characteristic of the α-helix 

structure (i.e., at 222 nm) is less pronounced in all four spectra, suggesting the presence of other 

secondary conformations. The minimum at 222 nm is not distinguishable in Tf and lactoferrin 

spectra, indicating a lower quantity of α-helices in its structure relative to that of BSA and 

lysozyme. 

 

 

Figure 2-4 Circular dichroism spectra of aqueous solutions containing 150 mM NaCl, 0.7 mM 
CaCl2, and 25  µg/mL of (A) BSA , (B) Tf, (C) lactoferrim, (D) lysozyme. Here we 
compare the spectra measured at 25 oC (dashed lines) and 60 oC (solid lines). 

 



34 

 

2.4 Atomic Force Microscopy (AFM) 

AFM has proven to be a valuable tool for visualizing crystal growth and validating 

inhibition with near-molecular resolution 49,67,78-79,173-174.  In this work in situ AFM was used as an 

established method of step velocity measurements. Moreover, we used AFM to study surface 

roughness and step size in the presence and absence of growth modifiers in order to study the 

effects of growth modifiers on COM crystal topography. 

2.4.1   Measurements of COM (010) Surface Step Velocity 

COM crystals grow from spiral dislocations with parallelogram-shaped hillocks on the 

(010) face (Figure 2-5) expressed by {12-1} and {021} steps. We used in situ AFM to examine 

the effect of growth modifiers on (010) hillock growth in supersaturated CaOx solutions. Step 

growth of COM crystals on the (010) surface was measured by measuring the distance between 

each step within the hillock and a preset reference line (i.e., some defect, center of the hillocks, or 

surface feature that is consistent throughout the duration of AFM imaging) along all directions.  

 

 

Figure 2-5 Step velocity measurements by in situ AFM. The distance between each step within 
the hillock and the center of hillock, which is the intersection of two while lines, was 
measured on the (010) faces in the presence of Tf at 2.5 µg/mL. 
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The AFM probe scans up and down the scanning area. For these analyses, the images 

selected were scanned in the same direction (i.e., scanning upward or scanning downward) to 

avoid any distortions due to the scan direction. As such, movies were generated with each frame 

taken every 65 seconds apart. This process was done with 7-8 images (total imaging time was ca. 

500 seconds) Figure 2-5 shows how the distance between steps was measured in each AFM 

image in the presence of Tf at 2.5 µg/mL. The rate of step movement along all directions on (010) 

faces was calculated by plotting the distance between each step as a function of time as shown in 

Figure 2-6 for BSA at 0.25 µg/mL . 

 

 

Figure 2-6 Change of distance between three consecutive steps on (010) faces during step 
movement measured by in situ AFM in the presence of BSA at 0.25 µg/mL. 

 

2.4.2   Measurements of COM (100) Surface Step Height 

COM crystals were imaged with Olympus AC240TS cantilevers in air using contact 

mode. The distribution of COM (100) step heights was assessed by scanning multiple areas of 
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more than 10 crystals prepared from 3 separate crystal batches. In each image three vertical and 

three horizontal lines were drawn and step height was recorded along these lines.  Figure 2-7 

shows height profiles (bottom row) corresponding to the red dashed horizontal lines drawn in 

each deflection mode image (top row) of COM crystals which were prepared in the presence of 

growth modifiers studied in Chapter 4 (i.e., BSA, C4S, and Tf).  We observed a distribution of 

steps with heights ranging from a single step (ca. 1 nm height) to step bunches as large as 100 nm 

in the presence of 10 µg/mL of each growth modifier (see Figure 4-15). 

 

 

Figure 2-7 (Top Row) Deflection mode images of COM crystals prepared in the presence of (A) 
BSA, (B) C4S, and (C) Tf. (Bottom Row) Height profiles corresponding to the lines 
drawn in each image for (D) BSA, (E) C4S, and (F) Tf. Scale bars equal 1 µm. 

 

For topographical imaging, we used an Asylum MFP-3D-SA instrument (Santa Barbara, 

CA) in contact mode (256 lines/scan and 1 Hz). Series of deflection mode images of COM (100) 

surfaces in the presence of growth inhibitors studied in Chapter 4 are shown in Figure 2-8, which 

reveal details of COM surface topography. The top row is a series of deflection mode images 

highlighting differences in surface roughness. The bottom row is a series of 3-dimensional height 
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mode images that show the presence of steps. The control sample (A and E) is compared to 

crystals prepared with 10 µg/mL BSA (B and F), C4S (C and G), and Tf (D and H). Introduction 

of BSA in COM growth solutions results in the formation of large step bunches (> 10 nm height) 

with sharp edges, whereas C4S generates step bunches with smoother edges. COM growth in the 

presence of Tf leads to the formation of small step bunches (< 8 nm height).  

 

 

 

Figure 2-8 AFM topographical 2-D (top row) and 3-D (bottom row) images of COM (100) faces 
in the presence of growth inhibitors. The control sample (A and E) is compared to 
crystals prepared with 10 µg/mL BSA (B and F), C4S (C and G), and Tf (D and H). 
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CHAPTER 3:  DESIGN AND SCREENING OF PEPTIDES AS INHIBITORS OF 

CALCIUM OXALATE MONOHYDRATE CRYSTALLIZATION 

3.1  Introduction 

Crystal growth modifiers present a versatile tool for controlling crystal shape and size. It 

has been proposed that crystal growth inhibitors possess two types of moieties, a binder that 

strongly interacts with crystal surface sites, and a perturber that sterically hinders the attachment 

of solute to crystal surfaces (as described in Chapter 1) 175. Inhibitors that bind to different sites 

on a crystal surface (i.e., steps, ledges, and terraces) reduce step advancement normal to that 

surface. Inhibitors can therefore serve to retard crystal growth, with implications in therapies for 

biomineralization-based diseases, or alter growth rates of specific faces, with implications in 

crystal shape engineering for design of advanced materials.  

There are several native proteins and glycosaminoglycans in urine that are putative 

inhibitors of COM crystal growth and/or aggregation 62,92,176. A common trait of these inhibitors is 

an appreciable quantity of negatively-charged amino acids and modified groups in their structure. 

Past studies have shown that polymeric macromolecules are significantly more potent inhibitors 

of COM crystallization than their corresponding monomers 78, which can be attributed to 

proximal sites on the polymer chain (e.g., carboxylic acids) that cooperatively bind to COM 

crystal surfaces.  

Past studies have investigated COM crystallization in the presence of synthetic molecules 

that mimic the functional moieties of protein inhibitors, including small organic molecules, such 

as citrate 131, and macromolecules, such as polyamino acids (poly-L-Asp and poly-L-Glu) and 

poly(acrylic) acid 165. It has been shown that peptides are effective in altering in vitro 

biomineralization 15. For example, previous studies of COM crystallization have examined the 

effect of peptide mimics of urinary protein segments, notably OPN, and showed that the amino 

acid sequence plays an important role in determining peptide binding affinity to COM crystal 
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surfaces 39,143. It has been suggested that OPN-derived peptides inhibit COM growth by forming 

clusters or continuous films on COM crystal surfaces 55,84, which can promote the formation of 

less stable hydrates (e.g., calcium oxalate dihydrate) 29. Additional factors affecting the inhibition 

of COM crystallization include peptide phosphorylation 56-57,70, and the concentrations of peptide 

55,70 and solute 84,145. Similar observations have been reported for other biominerals, such as 

calcium carbonate 147,177 and calcium phosphate 178, using calcium-binding peptides rich in acidic 

amino acids. In calcification, the effect of peptide subdomains 179-182, amino acid sequence 183-184 

and length 150, motifs (i.e., repeating Asp and Glu patterns) 185, and synergetic effects of binary 

mixtures 186 have been studied. Likewise, it has been determined that peptide concentration 149, 

secondary structure 146, and chirality82 can impact crystal growth and morphology. 

Peptides are an attractive template for designing tailored growth inhibitors. The modular 

synthesis of peptides is amenable for high-throughput analyses, and permits modifiers to be 

constructed with controlled size, programmable sequences, secondary structure, and 

stereochemical modularity whereby residues can be easily substituted to systematically alter 

chemical functionality and spatial proximity of recognition sites. They also allow for the rational 

design of physico-chemical properties, such as high solubility, high bioavailability, and low or no 

toxicity. These attributes are especially important from the standpoint of using peptides as 

effective therapeutics. 

One can think of two approaches to peptide design – mimicking natural protein inhibitors 

by identifying short fragments that are putatively responsible for activity (e.g., Asp-rich regions 

of OPN) or designing de novo sequences from first principles. The former has been explored in 

the works of DeYoreo, Hunter, and others 57,67,70. The latter is challenging due to the vast 

diversity in the chemical space and number of possible sequences of peptides. High-throughput 

methods that allow rapid synthesis and screening of peptide libraries can significantly enhance 
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peptide design. In the last 3 decades, several chemical and biological methods have been 

developed for the synthesis and screening of peptides.  

Biological techniques use phage, bacteria, yeast, ribosome and mRNA as hosts for 

peptide display and can test significantly large and diverse libraries (106-1015) of peptides . 

However, the diversity is limited to natural amino acids with the exception of a few studies that 

are still in early stages, and far from practical use 187. In general, biological methods are best 

suited for identifying preliminary candidates that bind to a target with the desired affinity 188-189. 

Any further functional validation or kinetic studies require chemical synthesis of soluble peptides 

190. Several chemical methods for generating soluble peptide libraries have been developed 191-193. 

These provide a virtually limitless chemical diversity afforded by the use of synthetic amino 

acids. As compared to biological methods, chemical methods provide higher flexibility in design 

as well as screening to allow systematic variation of peptide concentration, temperature, and 

experimental conditions 194-195. Although they provide relatively low throughput (103-106 

peptides), they can inform on the efficacy of relatively large libraries designed from rational 

principles. 

A challenge in the design of inhibitors is tailoring the molecular recognition between 

inhibitor and crystal through the judicious selection of inhibitors with appropriate functionality, 

size, and structure. The work presented here begins to addresses the influence of chemical 

functionality in small peptides derived from varying sequences of Asp and Ala amino acids. We 

summarize our early efforts in designing peptides that are effective growth inhibitors of COM 

crystallization. Although the focus of this work is specifically on peptide inhibitors, the rationale, 

philosophy and approaches presented here are translatable to design of peptide modifiers (i.e., 

inhibitors and promoters) of crystal growth and properties, such as crystal habit and size. 
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3.2  Experimental Methods 

3.2.1   Calcium Oxalate Monohydrate (COM) Crystallization 

COM crystals for bulk crystallization studies were synthesized using a reported 

procedure that produces micron-sized crystals with large basal (100) surfaces 135. The following 

reagents were used as received for all experiments: calcium chloride dihydrate (Sigma Aldrich, 

ACS Reagent, 99+%), sodium oxalate (Na2C2O4, Sigma Aldrich, >99%), and sodium chloride (JT 

Baker, 99.9% ultrapure bioreagent). Stock solutions of calcium chloride and sodium oxalate were 

prepared with 10 mM concentration by dissolving an appropriate quantity of each reagent in DI 

water. A 20-ml solution of molar composition 0.7 mM CaCl2: 0.7 mM Na2C2O4: 150 mM NaCl 

was prepared in a glass vial by first dissolving NaCl in DI water, then adding 1.4 ml of 10 mM 

CaCl2 stock solution. The sample vial was placed in an incubator at 60 ºC for one hour prior to 

adding 1.4 ml of 10 mM Na2C2O4 stock solution dropwise while stirring. Crystals prepared by 

this method are referred to as the control. COM crystallization in the presence of peptides was 

performed at 20 µg/ml peptide concentration (unless otherwise stated). Peptides were added to 

the solution prior to the addition of Na2C2O4. All solutions for control and inhibitor experiments 

were placed in the incubator for three days to allow complete crystallization of COM crystals. A 

thoroughly cleaned glass slide (i.e. washed by water-soap solution and rinsed with DI water) was 

placed at the bottom of the synthesis vial to collect crystals for microscopy analysis. The glass 

slides were removed from the mother liquor, gently washed with DI water to remove the 

supernatant, and dried in air prior to analysis. 

3.2.2   High-throughput Peptide Synthesis 

Peptides were synthesized on an automated peptide synthesizer (Multipep RS, Intavis 

Inc., Germany) which can synthesize 384 peptides parallel in four 96-well plates. Using solid-

phase peptide synthesis (SPSS) chemistry, peptides were synthesized from their C-termini to N-

termini on tentagel amide resin (Intavis Inc.) which has a specific loading capacity of 0.25 
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mmol/g. Prior to synthesis, the requisite amount of resin was weighed out and swollen by the 

addition of dimethylformamide (DMF) and dichloromethane (DCM) in the ratio 2:1. After 

swelling, an aliquot of resin was transferred to each well of the 96-well plate and the synthesis 

carried out as per established protocols 191. Post synthesis, the peptide-loaded resin was washed in 

dichloromethane (DCM, 6x100 µl) and dried for 2 hours in a fume hood. After drying the resin 

was briefly swollen in 200 µl DCM for 10 min before the peptides were cleaved from the resin. 

Briefly, the 96-well synthesis plate was positioned over a 96-well collection plate and the 

following mixture was added to each of the wells: 30 µl triisopropyl silane (TIPS), 60 µl DI 

water, 100 µl trifluoroacetic acid (TFA) thrice at 10 min intervals. After the third round addition 

of TFA, the 96-well plate was covered and the cleavage reaction was allowed to occur for 4-6 

hours following which the wells were washed with TFA thrice (3 x 100 µl). Post-cleavage, the 

peptides were transferred from the 96-well collection plate to 15 ml conical tubes, each 

containing 10 ml of ice-cold methyl tert-butyl ether (MTBE). The tubes were incubated at -20 °C 

for 1-2 hours to allow the peptides to precipitate in MTBE. This was followed by centrifugation 

of the peptides for 5 min at 5000 rpm and 4 °C in an explosion-proof centrifuge. The supernatant 

was decanted and the peptide precipitate re-washed in 10 ml ice-cold MTBE along with 400 µl 

acetic acid. The solution was incubated at -20 °C for 1-2 hours and centrifuged again to rid any 

residual TFA. After the second centrifugation step, the supernatant was discarded and the peptide 

precipitate dried overnight in a fume hood to eliminate any traces of ether. A mixture containing 

200 µl acetonitrile and 1000 µl DI water was added to each of the peptide precipitates in order to 

dissolve them. The peptide solutions were flash frozen in liquid nitrogen and lyophilized 

overnight. Peptides were stored as dry and lyophilized powders for subsequent use. 

3.2.3   Characterization of COM Crystallization 

The length([001])-to-width([010]) aspect ratio and number density of COM crystals 

collected on glass microscope slides were analyzed by optical microscopy using a Leica 
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DM2500-M microscope equipped with Olympus objectives (10x and 20x brightfield/darkfield). 

Images of COM crystals were taken in reflectance mode and recorded with a Leica DFC 400 

video camera attached to the microscope. Built-in software was used to manually measure 

dimensions of COM crystals in the (100) plane. The population of COM crystals collected on the 

glass microscope slide was measured by counting the number of distinct COM crystals within a 

0.4 mm2 area. This process was repeated for three separately prepared crystal batches using a 

total of 50 or more areas on each glass slide for adequate sampling. Higher resolution imaging of 

COM crystals was performed with a scanning electron microscope (SEM) using a FEI 235 Dual-

Beam Focused Ion-beam instrument equipped with SEM sample extraction probe. COM crystals 

on glass slides were transferred to carbon tape by gently pressing the slide to the tape and coating 

the sample with a ~25 nm layer of carbon. 

The topography of COM (100) surfaces was analyzed by atomic force microscopy 

(AFM) using an Asylum MFP-3D-SA instrument (Santa Barbara, CA). Samples were mounted 

on AFM specimen disks (Ted Pella, Inc.) covered with a thin layer of photocurable epoxy (Lens 

Bond Type SK-9, acrylate/methacrylate). COM crystals were transferred to the epoxy by gently 

pressing glass microscope slides on the partially-cured epoxy (pretreated with UV light for 60 

min). The sample was placed under UV light for an additional hour to fully cure the epoxy and 

anchor COM crystals with their basal (100) surfaces oriented normal to the sample disk. COM 

crystals were imaged in air with Olympus AC240TS cantilevers (2 N/m) in contact mode. The 

surface roughness was averaged from repeated measurements on multiple areas of several COM 

crystal surfaces. The root mean square (RMS) roughness values were calculated using built-in 

software from Asylum Research. 

The rate of calcium depletion during COM nucleation and growth was measured in situ 

using a calcium ion-selective electrode (ISE). Analyses were performed at room temperature (23 

± 2 oC) using an Orion 9720BNWP ionplus® electrode. We used the aforementioned protocol for 
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bulk crystallization to prepare solutions with molar composition 0.5 mM CaCl2: 0.5 mM 

Na2C2O4: 150 mM NaCl. The calcium oxalate (CaC2O4) concentration was selected just below 

the metastability limit (i.e., far from equilibrium) to maximize the net reduction in free Ca2+ 

concentration during COM growth. A 10‐ml solution was prepared in a glass vial, and upon 

addition of Na2C2O4 stock solution the measurement of free Ca2+ concentration in solution was 

taken every 2 min while continuously stirring the growth solution at a rate of 1200 rpm. Prior to 

each in situ measurement, the ISE electrode was calibrated with calcium standards. The standards 

were prepared by diluting a commercial calcium standard (0.1 M, Orion Ion Plus) in DI water to 

three different concentrations (10-1, 10-2, and 10-3 mol Ca2+/L), then adding an ion strength 

adjuster (ISA, Thermo Scientific) in a 1:50 volume ratio of ISA-to-standard. 

3.3  Results and Discussion 

3.3.1   Designing a Peptide Library for Screening COM Growth Inhibitors 

Peptides provide a unique template for designing COM growth inhibitors due to an 

unparalleled ability to synthesize sequences with controlled size, chemical functionality, spatial 

patterning, and secondary structure. De novo peptides can be designed and tested, although the 

infinite number of combinations calls for a more effective approach to select lead candidates. To 

this end, we searched for inspiration among proteins that mediate biomineralization of calcium 

crystals (oxalates, carbonates, and phosphates). Calcium-binding proteins tend to be rich in L-

aspartic acid (Asp, D) and L-glutamic acid (Glu, E), but exhibit a wide variety of primary amino 

acid sequences with different periodicity (e.g., XDX, XDDX, XDDDX, etc.) that cannot be 

uniquely identified a priori as being the most effective for COM crystal inhibition. As such, we 

used a simple design for our peptide library employing one binder, L-Asp, and one spacer, L-Ala. 

The selection of the binder was based on a general observation that protein inhibitors of COM are 

rich in Asp and Glu . We chose Asp for these studies as a representative example. Ala was chosen 

as a spacer based on the lack of β-carbons (i.e., small side group, R = CH3) to minimize steric 
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hindrance of L-Asp binding to COM surfaces. Moreover, the hydrophobic residue of Ala may 

promote peptide-COM binding via entropic effects wherein oriented water molecules surrounding 

the methyl group are released when Ala orients on a COM crystal surface. This effect has been 

proposed for antifreeze protein (AFP) inhibition of ice crystallization in cold-weather species 

(e.g., fish, plants, and insects) 196. In brief, AFPs contain many Thr groups with H-binding 

residues that promote AFP-ice adhesion. Doxey et al., 197 suggested that Ala groups (located in 

close proximity to Thr) are a secondary binder that promote AFP adsorption via an entropic effect 

attributed to the release of unfavorable hydration layers when hydrophobic CH3 groups bury into 

vacancies on ice surfaces. 

 

Table 3-1  Peptide library synthesized for high-throughput studies of COM growth inhibition. 

 
 

Table 3-1 lists the peptide sequences selected for these studies (named D1 to D13), which 

represent combinations of randomly selected Ala-Asp sequences. Some of these peptides possess 
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similar XDX, XDDX, and XDDDX, patterns with subtle changes, such as the removal or addition 

of a single binder or spacer group. This library was used as an initial test for our design approach 

to synthesize and screen effective inhibitors of COM crystallization. Details of the design 

platform and experimental screening of this peptide library are presented in the following 

sections. 

 

 
 

 

Figure 3-1 A rational approach to design and screen peptides as inhibitors of COM crystallization 
using high-throughput scheme. 
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3.3.2   High-Throughput Platform for Screening Peptide Inhibitors 

The schematic in Figure 3-1 outlines the high-throughput platform proposed here for the 

design, testing, and modeling of peptide inhibitors of COM crystallization. This sequential 

approach employs facile analytical methods to rapidly quantify macroscopic changes in COM 

crystal growth rate and bulk crystal habit. Techniques used in this study monitor the temporal 

evolution of Ca2+ supersaturation during COM growth and the final bulk crystal morphology, 

which permits fast and reproducible assessment of peptide specificity and efficacy. The 

overarching goal of the design platform in Figure 3-1 is to refine large libraries of peptides to a 

list of the most effective inhibitors for molecular-level studies of peptide-crystal interactions that 

are typically time and effort intensive. These include, for instance, scanning force microscopy 198 

and molecular modeling 199 that have proven effective for investigating adsorbate interactions at 

solid-liquid interfaces. We anticipate that the application of this high-throughput platform in 

future COM studies will provide valuable information of peptide-crystal molecular recognition as 

an input for the design of new libraries. This process of peptide synthesis, screening, and 

systematic studies constitutes an iterative optimization loop wherein molecular-level investigation 

(e.g., using modeling, AFM, etc.) of select inhibitors can be used to develop heuristic guidelines 

for further design and refinement of peptide inhibitors. 

3.3.3   Screening the Peptide Library for High Efficacy Inhibitors of COM 

A quantitative comparison of peptide efficacy for inhibiting COM crystallization was 

performed using in situ calcium ion-selective electrode (ISE) measurements. Supersaturated 

solutions of calcium oxalate (S = 5.4) with peptide (20 µg/ml) were stirred to minimize the 

induction period of crystal nucleation (observed times ranged from 0 to 20 min with stirring). The 

temporal depletion of Ca2+ (ppm) during COM growth is approximately linear within the first 

hour of measurement, as shown in Figure 3-2A for ISE potency measurements of COM 
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crystallization at varying concentrations of test peptide D1. This study revealed that 20 µg/ml 

peptide in COM growth solutions was sufficient to observe COM growth inhibition with 

statistical certainty. As such, measurements reported herein were conducted at a single peptide 

concentration (20 µg/ml) to assess COM growth inhibition. To facilitate comparison of peptides 

in Table 3-1, we calculated the percent reduction in COM growth rate using the relative 

difference in ISE slopes (units of ppm Ca2+ per time) for peptide and control samples during the 

first 40 min of crystallization. A scatter plot of ISE results in Figure 3-2B reveals a large 

distribution of peptide efficacy spanning 0.6 to 58 % reduction in COM growth rate. The percent 

reduction in COM growth rate was calculated by comparing the ISE slopes of peptides and 

control using the formula,   

% Reduction = [1 – (dCa/dt)peptide/(dCa/dt)control]×100%. 

Some of the most potent inhibitors of COM reported by other groups are 

macromolecules, such as OPN or poly(aspartic) acid, which reduce COM growth by > 90% 165. 

Small molecules generally tend to be less effective inhibitors of COM crystallization. A notable 

exception is citrate, which is a small organic molecule with three carboxylic acid groups. Citrate 

is a moderately effective inhibitor used as an oral therapeutic for human stone disease 76. Here we 

analyzed citrate as a benchmark for determining the relative effectiveness of peptides as COM 

growth inhibitors. ISE measurements of COM crystallization with 20 µg/ml citrate yielded a 28 ± 

6 % reduction in COM growth rate, which is comparable to the average percent inhibition 

observed for all peptides in Table 1. Interestingly, more than 30 % of the peptides performed 

better than citrate in this small library based on crude design principles. Using the results of 

citrate as a reference point, we subdivided data in Figure 3-2B into three regions of low (LI), 

moderate (MI), and high (HI) inhibition, where the threshold for an effective inhibitor was 

defined as any peptide exhibiting > 35% reduction in COM growth rate (i.e., statistically higher 

than citrate), and those with low efficacy exhibiting < 20% reduction. 
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Figure 3-2 (A) Ca2+ ion-selective electrode (ISE) measurements of COM crystallization with 
peptide D1 at different concentrations. (B) Scatter plot of peptides screened as 
inhibitors of COM crystallization 

 

Inhibitor performance from ISE screening should be evaluated within the context of 

COM growth conditions – notably temperature, calcium oxalate supersaturation, inhibitor 

concentration, and ionic strength. It is important to mention that ISE, while shown here to be an 

effective method for quickly and reproducibly screening large peptide libraries, does have its 

limitations for assessing COM crystallization for detailed kinetic studies near equilibrium. The 

sensitivity of ISE electrodes necessitates the use of high (non-physiological) calcium oxalate 

concentration. Many groups have focused on COM growth (with and without inhibitors) using 

CaC2O4 concentrations near equilibrium. For instance, Wang et al., reported 48% reduction in 
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COM growth rate using a similar citrate concentration as our study, but much lower 

supersaturation (S = 1.3) 76. It is reasonable to expect that high efficacy peptides identified in ISE 

analyses may exhibit more pronounced inhibition of COM growth rates at lower supersaturation 

(i.e., conditions that mimic COM crystallization in vivo). 

The slope of ISE curves (Figure 3-2A) is the temporal change in free Ca2+ concentration 

due to COM nucleation (primary and secondary) and crystal growth. Deconvoluting these two 

processes (nucleation and growth) from ISE data is nontrivial, particularly if one wishes to extract 

detailed kinetic information of COM growth rates. To this end, we suggest using an alternative 

approach, such as the constant composition (CC) method pioneered by Nancollas and coworkers 

70. In the current study, the distinct advantage of ISE compared to more traditional approaches is 

its ease of use and the rapid time for data acquisition that enables high-throughput analysis of 

large peptide libraries. 

3.3.4   Influence of Peptide Sequence on COM Growth Inhibition 

Close inspection of trends in Figure 3-2B reveals a nontrivial relationship between 

peptide efficacy and its sequence (Table 3-1). Data in Figure 3-2B are averages of 3 

measurements (error bars equal two standard deviations). Elucidating the mechanism of peptide-

COM recognition would require the use of more sophisticated techniques (e.g., molecular 

simulations, scanning probe microscopy, etc.) to probe molecular-level details of peptide 

interactions with COM crystal surfaces. The goal of this study is to validate a platform capable of 

screening a large number of potential growth inhibitors in a reasonably short period of time to 

identify “hits” for more systematic, fundamental studies. Without a mechanistic understanding of 

peptide-crystal molecular recognition, it is difficult to draw definitive conclusions here. 

Nevertheless, there are several interesting observations in Figure 3-2B that emphasize how subtle 

changes in peptide sequence influence its efficacy as a COM growth inhibitor. In comparing 

peptides D4, D5, and D9, which contain identical numbers of L-Asp groups but different 



51 

 

sequences, we observe that the arrangement of L-Asp groups has a pronounced effect on the 

percent reduction in COM growth rate. The ADA sequence of peptide D4 yielded a 20% 

reduction in COM crystal growth. The rearrangement of binders to generate a mixture of D and 

DD sequences (peptide D5) increased the percent reduction to 30%; and further alteration of this 

sequence by inserting one L-Ala spacer between each D or DD group (peptide D9) further 

enhanced peptide efficacy to achieve a 40% reduction in COM growth. If we also compare the 

results of peptides D7, D8, and D9, it was observed that the sequential replacement of one L-Ala 

spacer with one L-Asp binder increased peptide efficacy by a factor of ~70. Among the library of 

peptides in Table 1, peptide D7 was the least effective inhibitor of COM crystallization (< 1% 

reduction in COM growth). Substitution of an L-Ala with L-Asp at the 11th amino acid position 

yields peptide D8, which exhibited an order of magnitude increase in efficacy (~6% reduction). A 

second substitution at the 15th amino acid position yielded peptide D9, which exhibited an even 

further increase in efficacy (~ 40% reduction). 

Designing peptide inhibitors from de novo principles is challenging. For instance, an 

extensive study of an 18-mer peptide using all natural amino acids would be virtually impossible. 

An exhaustive study of all unique 18-mer sequences derived from a library of only L-Asp and L-

Ala amino acids would require screening a smaller, but still substantially large, library of more 

than 105 peptides. A more rational approach would be the use of sequences from known protein 

inhibitors of COM crystallization as a starting point for peptide design. Indeed, past studies by 

DeYoreo 67 and Hunter 39 identified potent inhibitors of COM growth using peptide mimics of 

OPN segments. DeYoreo and coworkers examined COM growth in the presence of 27-mer 

peptides with repeating DDDX sequences (where X = Ser or Gly space groups). They reported a 

90 % reduction in COM growth using peptide concentrations of 0.02 µg/ml (X=Gly) and 2.2 

µg/ml (X=Ser), where the 30-fold increase in peptide potency was achieved by simply switching 

the spacer from glycine (R group = H) to serine (R group = CH2OH). DeYoreo and Hunter also 
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tested smaller 14-mer 70 and 16-mer 152 segments of OPN, respectively, and showed that 

phosphorylation of primary amino acid sequences can achieve more than 60 % reduction in COM 

growth. 

3.3.5   Bulk Crystallization Studies to Assess Peptide-COM Specificity 

ISE measurements can be used to screen peptide efficacy, but provide little information 

regarding the specificity of peptide binding to different surfaces of COM crystals. To this end, we 

used a second analysis step to identify the effect of peptides on COM crystal size and habit. The 

influence of the peptide library on macroscopic properties of COM crystals was assessed using 

bulk crystallization studies and optical and scanning electron microscopy to characterize COM 

crystals grown in the presence of peptides. In vitro, COM crystallization yields elongated 

hexagonal platelets with {100} basal surfaces bounded by {010} and crystallographically 

equivalent {121} apical surfaces (Figure 3-3A). Crystals prepared in the absence of peptide 

(control, Figure 3-3A) exhibit basal surfaces with a ~35 µm length along the [001] axis, ~13 µm 

width along the [010] axis, and a thickness of ~9 µm along the [100] axis (see Figure 3-3C). We 

observed that multiple peptides in the library reduced growth along the [121] directions, which 

decreased the crystal aspect ratio (length-to-width) and shifted the morphology from hexagonal to 

diamond platelets. This change in crystal habit can be attributed to the preferential binding of 

peptides to COM {121} surfaces, which slows growth along the naturally fast growth directions 

within the (100) plane. This result is qualitatively consistent with the reduced growth rates 

reported in Section 3.3.3. On the other hand, COM crystals prepared in the presence of some 

peptides such as D4 exhibited higher length-to-width aspect ratio (Figure 3-3B) suggesting that 

these peptides preferentially binds to (010) faces. 
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Figure 3-3  Scanning electron micrographs of COM crystals in the absence, shown in top view 
(A) and side view (C), and presence of 20 µg/ml peptides D4 (B), D7 (D), D11 (E), 
and D1 (F). 

 

Two distinct crystal habits of diamond shape were observed in bulk crystallization 

studies. The most commonly observed shape had large {121} surface area (Figure 3-3E), while 

the least common shape had smaller {121} surface area (Figure 3-3F). Interestingly, peptide-

COM interactions did not significantly roughen basal (100) surfaces, as might be expected from 

past studies of inhibitor-COM interactions 127. To more systematically assess the surface 

topography of COM crystals, we used atomic force microscopy (AFM) to probe the effect of 

peptides on COM (100) surface roughness. Crystals extracted from control and peptide D5 

batches were prepared on AFM sample disks and imaged in air. The RMS roughness for (100) 

surfaces of hexagonal-shaped crystals from the control and test peptide D5 were approximately 

1.0 and 4.3 nm, respectively. The RMS roughness of diamond-shaped crystals from the peptide 

study was 3.2 nm, which is comparable to the hexagonal crystal for peptide D5, but larger than 

the control. Despite the increase in RMS roughness, AFM images (not shown) revealed little 

difference in surface topography of crystals prepared with and without peptide. 

Electron micrographs revealed that select peptides from the library in Table 1 reduced the 

[100] thickness of COM crystals, which suggests a preferential interaction of these peptides with 

the COM {100} surface. Notably, peptide D7 decreased the [100] thickness of hexagonal 
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platelets by nearly a factor of two (Figure 3-3D), while most other peptides had only marginal 

effect on platelet thickness. Another interesting observation was that a majority of the peptides 

induced rounding of the apical tip formed by the intersection of {121} planes (arrow in Figure 3-

3B) on hexagonal platelets. The SEM image in Figure 3-3B is a representative example of tip 

rounding, although in select cases we did observe more pronounced rounding than shown here. 

 

 

Figure 3-4  Macroscopic characterization of COM crystals: (A) Percent distribution of elongated 
hexagonal platelet and diamond platelet crystal morphologies; and (B) Length of the 
COM (100) basal surface measured along the [001]. 
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COM crystals prepared from peptide solutions were divided into two populations based 

on their habit – diamond and hexagonal platelets – where the relative percentage of diamond-

shaped crystals is related to peptide efficacy and specificity for binding to COM {121} surfaces. 

Figure 3-4A compares the percentage of diamond and hexagonal COM crystals for the peptide 

library (data for each peptide is an average of three separate bulk crystallization experiments and 

error bars equal one standard deviation). All peptides produced diamond-shaped crystals, but the 

majority exhibited less than 20% diamonds in their total crystal population. Peptides D5 and D8 

exhibited the largest populations of diamond-shaped crystals, which suggests these peptides bind 

more effectively to COM {121} surfaces and inhibit growth along the [121] directions. We tested 

the effect of doubling the concentration of peptide D8 (i.e., increasing the concentration from 20 

to 40 µg/ml), but we did not observe an appreciable increase in the population of diamond 

crystals. 

Crystal batches prepared in bulk studies were analyzed using optical microscopy to 

quantify changes in COM crystal size and aspect ratio. Diamond-shaped COM crystals exhibited 

an average [001] length of ~20 µm and a length-to-width aspect ratio of 1.63 ± 0.05, which is 

smaller than the aspect ratio of control crystals (2.67 ± 0.05). Although there were clear 

differences in the percent population of diamond-shaped crystals among peptides tested in this 

study, we observed that the size of diamond crystals were generally the same, irrespective of 

peptide sequence (Figure 3-4B). The majority of COM hexagonal platelets in peptide samples had 

similar size and aspect ratio as the control (here we only report the [001] length of COM crystals 

in Figure 3-4B by measuring apical tip-to-tip distance). A notable exception, however, was 

peptide D4, which produced a 22% increase in the length-to-width aspect ratio of COM 

hexagonal crystals, and an increase in the [001] length from 35 µm (control) to 75 µm (peptide 

D4). This suggests that peptide D4 exhibits a preferential interaction with COM (010) surfaces 

(In Figure 3-4B diamond habit data for peptide D4 was omitted based on too few crystals for 
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statistical analysis). To a lesser extent, peptides D6 and D1 also increased the [001] length of 

hexagonal COM crystals by factors of 1.5 and 2.0, respectively, relative to the control. 

3.4  Conclusions 

Peptides are an attractive template for engineering chemical and structural motifs that 

provide effective crystal growth control. Our studies presented in this work demonstrate the 

efficacy of short peptide sequences (18 amino acids in length) as effective COM crystallization 

inhibitors. These studies also demonstrate that simple design rules based on mimicking 

observations in the natural world can lead to the rational design of crystal growth inhibitors. 

While they follow the precedents set in prior literature on calcium oxalate, the finding that subtle 

changes to sequence can have profound changes in inhibitory potential has been systematically 

demonstrated here for the first time. The most salient feature of this work, however, is in the use 

of ISE-based high-throughput screening and identification of potent peptides, and their validation 

as effective inhibitors in bulk crystallization studies. 

A comprehensive analysis of peptide potency (i.e., percent inhibition as a function of 

peptide concentration) was not performed in the current study, but will be the focus of future 

studies. More systematic analysis of peptide structure, including varying amino acid motifs and 

sequences, will undoubtedly lead to the discovery of inhibitors with increased efficacy. Indeed, it 

is reasonable to expect that the application of our design algorithm using biomimetic peptide 

sequences derived from targeted segments of known calcium-binding proteins has the potential to 

further improve peptide performance as potent inhibitors of COM crystal growth. Furthermore, 

molecular-level studies that address fundamental aspects of peptide-crystal interactions will 

establish an improved understanding of structure-function properties as input into the design 

algorithm for further refinement and testing.  

The versatile approach presented here has broader applicability for a variety of inorganic 

and organic materials. Notably, the results obtained in this work are promising in their direct 
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impact on kidney stone therapies. Current treatments of COM stone disease include water intake, 

diet supervision, and alkalinization agents, which collectively reduce calcium oxalate 

supersaturation in urine. While these treatments can be effective, they do not suppress stone 

incidence, which presents an opportunity for developing preventative drugs to address a growing 

need to curb this disease 23. 
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CHAPTER 4:  SPECIFICITY OF GROWTH INHIBITORS AND THEIR 

COOPERATIVE EFFECTS IN CALCIUM OXALATE MONOHYDRATE 

CRYSTALLIZATION 

 

4.1  Introduction 

The interactions between ions or molecules with crystalline interfaces play an integral 

role in many natural and synthetic processes yielding materials with unique, often exquisite, 

structural properties. Broadly categorized, these modifiers (or inhibitors) interact with crystal 

surfaces via a range of intermolecular forces, such as van der Waals, hydrogen bonds, ionic 

bonds, or in rare cases covalent bonds. One of the challenges associated with identifying effective 

modifiers is the ability to characterize the physicochemical factors regulating their specificity for 

binding to distinct crystallographic faces. Harnessing an ability to tune these interactions affords 

opportunities to both understand phenomena in living systems and foster translational approaches 

in the rational design of novel materials. 

Growth inhibitors bind to specific faces of crystals and frustrate the attachment of solute 

molecules, thereby reducing the rate of crystal growth normal to the surface. Crystals generally 

grow by classical mechanisms involving 2-dimensional (2D) layer nucleation and spreading via 

the advancement of steps across crystal planes. Growth inhibitors exhibiting site specificity for 

faces of crystals impede step advancement and alter the rate of anisotropic growth. Inhibitor-

crystal interactions can be designed to tailor crystal size, habit, or surface architecture. There are 

numerous examples of such processes in nature, which include the formation of calcium 

carbonate in nacreous shells 200, calcium phosphate in bone 74, and the siliceous (amorphous) 

exoskeleton structures of unicellular organisms (e.g., sponges and diatoms) 201-202. These 

processes are mediated by the interaction of modifiers (mostly proteins) with surfaces of biogenic 

materials. In some instances, the native function of modifiers is that of an inhibitor intended to 
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suppress crystallization. Examples include antifreeze proteins (AFPs) that prevent ice formation 

in cold weather species 196, biomimetic analogues of proteins (e.g., peptoids) 68-69, and drugs for 

infectious diseases (e.g., hemozoin crystals in malaria-infected red blood cells) 60 or pathological 

diseases (e.g., calcium crystals in renal stones) 49,62,203 . It is important to emphasize that inhibitor-

crystal interactions are not restricted to biological systems, but also synthetic crystallization. 

Notable examples include modifiers of organic crystals 204-205, zeolites 206-207, minerals 208-211, and 

metal oxides 212. 

In this study we focus on growth inhibition of calcium oxalate monohydrate (COM), 

which is the primary constituent of human kidney stones 22. The organic matrix of COM renal 

stones is comprised of proteins, polysaccharides, carbohydrates, lipids, and other biomolecules 

213. Proteomics studies of human stone matrix reveals over 60 unique constituents 93 with 9 

proteins found in all types of stones 12. Many of these matrix proteins are putative inhibitors of 

COM formation. A common observation is that effective inhibitors of COM crystallization 

contain a high percentage of anionic groups 57,62. This is evident among frequently studied urinary 

proteins, such as osteopontin (OPN) 94, and has also proven to be true for a variety of organic 

acids 62,76,131, proteins, and peptides that are rich in carboxylic acid moieties (e.g., glutamic acid 

and aspartic acid) 8,39,57,61,153,165,214-215. 

The physicochemical factors governing molecular recognition between an inhibitor and 

crystal surface(s) are often not well understood, yet it is evident that knowledge of these 

interactions could be used to tailor the properties of crystals for diverse applications, owing in 

part to the versatility of growth modifiers in crystal engineering. Inhibitors in nature serve as 

models for the design of biomimetic analogues that can be useful for diverse applications in 

industries ranging from petrochemicals to pharmaceuticals. Inhibitors can be utilized individually 

or in pairs to cooperatively alter crystallization, similar to combination drug therapy in 

pharmacology. Indeed, prior studies have suggested that certain therapeutic agents for renal stone 
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disease, such as citrate, may act synergistically with native proteins to inhibit COM 

crystallization 76. Likewise, it is feasible that proteins and other biomolecules act cooperatively in 

vivo to modulate pathological crystallization. 

Herein, we examine three putative inhibitors of COM crystallization: Chondroitin sulfate, 

serum albumin, and transferrin. We systematically quantify their efficacy and identify their site 

specificity for COM {12-1}, {021}, and (010) surfaces, which constitute the fastest growth 

directions of COM crystals. At a macroscopic (i.e., crystal) level, we find that inhibitors modulate 

bulk size and habit. Using atomic force microscopy (AFM) to monitor growth in situ, we provide 

microscopic validation of inhibitor interactions with COM surfaces that are consistent with the 

morphological changes observed in bulk crystallization studies. Moreover, kinetic studies of 

COM growth reveal marked differences in inhibitor efficacy. We extended this analysis to 

include binary combinations of inhibitors and observed pairings that display synergistic and 

antagonistic effects on COM growth inhibition. Collectively, the results of this study provide a 

benchmark for the biomimetic design of crystal growth inhibitors for applications such as drug 

design, while offering insight of potential growth inhibition mechanisms in pathological 

biomineralization. 

4.2  Experimental Methods 

   Materials. The following reagents for calcium oxalate monohydrate crystallization 

were purchased from Sigma Aldrich (St. Louis, MO) and used without further purification: 

Calcium chloride dihydrate (ACS Reagent, 99+%), sodium oxalate (Na2C2O4, >99%), albumin 

from bovine serum (lyophilized powder, ≥98%), albumin from human serum (lyophilized 

powder, ≥96%), human transferrin (bioreagent, ≥98%), chondroitin sulfate A sodium salt from 

bovine trachea (bioreagent, lyophilized powder), and sodium citrate dihydrate (Na3C6H5O7·2H2O, 

≥ 99%). Fluorescent labeled albumin from bovine serum (Alexa Fluor 488 and 633 conjugate) 

and holo transferrin (Tf) from human serum (Alexa Fluor 488 and 647 conjugate) were purchased 
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from Invitrogen (Carlsbad, CA). Sodium chloride (99.9% ultrapure bioreagent) was purchased 

from JT Baker (Center Valley, PA).  

Calcium oxalate monohydrate (COM) crystallization. Stock solutions of calcium 

chloride and sodium oxalate were prepared at 10 mM concentration by dissolving appropriate 

quantities of each reagent in deionized water. A 20 mL solution of composition of 0.7 mM 

CaCl2:0.7 mM Na2C2O4:150 mM NaCl was prepared in a clean glass vial by first dissolving NaCl 

in deionized water, then adding 10 mM CaCl2 stock solution. The sample vial was placed in an 

incubator at 60 °C for one hour prior to adding 10 mM Na2C2O4 stock solution dropwise while 

stirring. Crystals prepared by this method are referred to herein as the control. COM 

crystallization in the presence of growth inhibitors was performed by adding an appropriate 

amount of inhibitor to achieve the desired concentration. Inhibitors were added to the solution 

prior to the addition of Na2C2O4. All solutions were placed in the incubator at 60 oC for three 

days. A clean glass slide was placed at the bottom of the synthesis vial to collect crystals for 

microscopy analysis. The glass slides were removed from the mother liquor, gently washed with 

deionized water to remove the residual supernatant, and dried in air prior to analysis. We 

analyzed COM growth in the presence of three constituents commonly observed in the organic 

matrix of kidney stones: Transferrin (Tf), chondroitin sulfate A (C4S), and serum albumin (from 

bovine, BSA). These species exhibit isoelectric points ranging from acidic to neutral in growth 

solutions (pH 6.11 ± 0.05, within physiological ranges). The pH of growth solutions with 

inhibitor(s) was measured before and after COM crystallization using an Orion 3-Star Plus pH 

Benchtop Meter and 8102BNUWP ROSS Ultra electrode (see Table D-1). 

Analytical Methods. The dimensions of COM crystals along the [010] and [001] 

directions were measured by optical microscopy using a Leica DM2500-M microscope equipped 

with Olympus objectives. COM crystals collected on glass microscope slides were imaged in 

reflectance mode and recorded with a DM2500-M video camera. The [100] thickness of COM 
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bulk crystals was assessed by scanning electron microscopy (SEM) using a FEI 235 Dual-Beam 

Focused Ion-beam instrument equipped with SEM sample extraction probe. COM crystals on 

glass slides were transferred to carbon tape by gently pressing the slide to the tape. Samples were 

coated with a layer of mixed Pd and Pt (ca. 15 nm) to reduce the effects of electron beam 

charging. The secondary structure of proteins was characterized by circular dichroism (CD) 

spectroscopy using an Olis 1000 Rapid Scanning Monochromator. Protein solutions were 

prepared by adding 150 mM NaCl, 0.7 mM CaCl2, and 25 µg/mL of either BSA or Tf. The CD 

spectrum for each protein was collected at both 25 °C and 60 oC to mimic conditions used for 

kinetic measurements and bulk crystallization assays, respectively. 

COM crystal surfaces were analyzed by atomic force microscopy (AFM). Samples were 

mounted on AFM specimen disks (Ted Pella, Inc.) covered with a thin layer of photocurable 

epoxy (Lens Bond Type SK-9). Crystals were transferred to the AFM sample by gently pressing 

the glass microscope slide on the partially-cured epoxy (pretreated with UV light for 60 min). The 

sample was placed under UV light for an additional 1 hour to fully cure the epoxy and anchor 

COM crystals with either the (100) or (010) surface oriented in the plane of imaging. COM 

crystals were imaged with Olympus AC240TS cantilevers. The distribution of COM (100) step 

heights was assessed by scanning multiple areas of more than 10 crystals prepared from 3 

separate crystal batches. For topographical imaging, we used an Asylum MFP-3D-SA instrument 

(Santa Barbara, CA) in contact mode (256 lines/scan and 1 Hz). For in situ measurements of 

COM (010) surface growth, we used a Nanoscope IV (Digital Instruments, Santa Barbara, CA) in 

contact mode at a scanning rate of 7 Hz. A growth solution of composition 3.6 mM CaCl2:0.18 

mM Na2C2O2:150 mM NaCl (with supersaturation ratio S = 2.9) was introduced into the AFM 

liquid cell at a rate of 0.2 mL/min using a dual syringe pump (CHEMYX, Fusion 200) with an in-

line flow mixing configuration that combined separate stock solutions of calcium and oxalate just 

prior to entering the liquid sample cell. 
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The kinetics of COM bulk crystallization was measured in situ using a calcium ion-

selective electrode (ISE) from Orion (model 9720BNWP). COM growth was analyzed at 23 ± 2 

oC using solutions of composition 0.5 mM CaCl2:0.5 mM Na2C2O4:150 mM NaCl (S = 4.1) with 

continuous stirring. For these studies, we selected a stirring rate of 1200 rpm (Figure 2-1A). We 

tested for potential CO2 uptake from the atmosphere 67 (Figure 2-1B). Prior to each measurement, 

the ISE 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-

1, 10-2, and 10-3 mol Ca2+/L), then adding an ion strength adjuster (ISA, Thermo Scientific) in a 

1:50 volume ratio of ISA-to-standard. 

Fluorescent microscopy was performed with COM control crystals. Alexa Fluor 

conjugated BSA and Tf protein (20 µg/mL) were dissolved in a supersaturated solution of 3.4 

mM CaCl2 and 0.17 mM Na2C2O4 and incubated with crystals for 3 hours at 37 °C. After 

incubation, the slides were washed three times with a saturated CaOx solution to remove any 

unbound protein. The slides were imaged using an Olympus IX 81 fluorescence microscope with 

a Hamamatsu digital camera. Images of the crystals were obtained using a Zeiss LSM Meta 510 

confocal microscope. A 488 nm argon laser and 633 nm helium neon laser were used to excite 

Alexa 488 and 633 labeled proteins, respectively. A band pass filter (505 – 530 nm) and long pass 

filter (650 nm) were used to visualize the emission of 488 and 633 labeled proteins, respectively. 

Images were obtained using a 63X oil immersion objective (NA – 1.4). 

4.3  Results and Discussion 

4.3.1   Inhibitors of COM Crystallization 

Proteomic studies of human renal stones reveal the presence of numerous ubiquitous 

species residing within the organic matrix 93. Here, we analyzed several common matrix 

constituents (see Table 4-1) that have net negative or near neutral charge in COM growth 

solutions prepared at physiological pH 100. Anionic macromolecules tend to be very effective 
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COM growth inhibitors. Past studies have focused on a select number of urinary proteins, such as 

nephrocalcin (NC) 216 and OPN 39,57,153,215. The interactions between proteins transferrin (Tf) 135 

and serum albumin (from bovine, BSA) 30 and the glycosaminoglycan chondroitin sulfate A (C4S) 

54 with COM crystals have been reported previously; however, few studies have systematically 

assessed their ability to inhibit COM crystallization. To this end, we focus our study on these 

three putative inhibitors. 

 

Table 4-1 Comparison of COM crystal growth inhibitors. 

Putative Inhibitors x (%) 
‡
 

Chondroitin sulfate A, C4S 42 ± 6 
Serum albumin (bovine), BSA 36 ± 6 
Serum albumin (human), HSA 35 ± 6 
Citrate 30 ± 3 
Transferrin, Tf 11 ± 5 

           ‡ Percent inhibition (Eq. 4-1) using 20 µg/mL 
inhibitor in a solution with 0.5 mM CaOx and 
150 mM NaCl (S = 4.1) at 25 ºC 

 
 

The rate of COM crystallization was measured in situ using a supersaturated calcium 

oxalate solution and ISE to monitor the gradual depletion of free Ca2+ ions during crystal growth. 

ISE has proven to be a facile method for quantifying COM growth inhibition. A common 

approach is the constant composition method, which employs COM seeds suspended in a growth 

solution at low, constant calcium oxalate supersaturation (ca. S = 1.3) 67,70. Here, we used non-

seeded growth solutions at high supersaturation (S = 4.1), which we previously demonstrated to 

be a rapid and reliable high-throughput diagnostic platform for assessing COM growth inhibitors 

203. Representative ISE curves in Figure 4-1A reveal the temporal consumption of free Ca2+ ions 

at 23 ± 2 °C in supersaturated solutions containing 0.5 mM CaOx and 150 mM NaCl, during 

COM growth in the presence of BSA (see Figure 4-2 for similar analyses with C4S and Tf). The 

rate of crystal growth was assessed from the slope of ISE curves, which are approximately linear 

during the first 40 min of crystallization. 



65 

 

 

Figure 4-1 (A) Calcium ISE measurements of COM growth in the presence of BSA at varying 
concentrations. (B-E) SEM images of COM crystals prepared with increasing BSA 
concentration: (B) 0, (C) 5, (D) 10, and (E) 20 µg/mL. Scale bars equal 20 µm. 

 

The efficacy of COM growth inhibitors was quantitatively assessed using the percent 

inhibition,  

                                                          " � �1 � $%&'%(%�)*
$+)&�*), � · 100%  ,                                        (4-1) 

 
where r is the rate of Ca2+ consumption (ppm/min) assessed as the slope of ISE curves. Table 4-1 

lists each inhibitor with corresponding x evaluated at a fixed inhibitor concentration, 20 µg/mL. 

The biomolecules selected for this study exhibit isoelectric points spanning 3 to 7 (i.e., highly 

anionic to weakly cationic). Findings in the literature report that anionic macromolecules are 
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potent inhibitors of COM crystallization. The efficacy of anionic inhibitors has been validated for 

a variety of proteins 28,57,62,70,76,124,126-128,153, organic molecules 50,62,76,80,127, and polyelectrolytes 78. 

A general trend observed among COM growth inhibitors is the increased percent inhibition with a 

higher percentage of negatively-charged functional moieties. Moreover, small molecules, such as 

citrate, tend to be moderate inhibitors of COM crystallization, whereas macromolecules (e.g., 

proteins) tend to be more potent 78. 

 

 

Figure 4-2 In situ ISE measurements of COM crystallization in the presence of (A) chondroitin 
sulfate A (C4S) and (B) transferrin (Tf).  

 

The most effective inhibitor in this study was C4S (x = 42 ± 8%), which is a 

glycosaminoglycan with several functional moieties capable of interacting with COM crystal 

surfaces, including anionic groups (i.e., carboxylic acid and sulfate) and hydrogen-bonding 

groups (i.e., alcohol, amide, and ester). A slightly less effective inhibitor was BSA (x = 36 ± 6%), 

which is a large protein (69 kDa) consisting of 5.9% Asp and 10.2% Glu amino acids. The 

secondary structure of  BSA (Figure C-1) consists of numerous α-helices, which was confirmed 

by CD spectra (Figure 2-4). Prior studies of COM crystallization report different sources of serum 

albumin, most notably from human (HSA) or bovine. The amino acid sequence and secondary 

structure of HSA (Figure C-2) are similar to those of BSA. ISE measurements in COM growth 
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solutions containing HSA resulted in nearly identical percent inhibition as BSA (see Table 4-1). 

Moreover, bulk crystallization studies revealed no apparent differences in COM crystal habit 

from either source of serum albumin (Figure 4-3B and Figure 4-3C), suggesting identical site 

specificity for COM apical surfaces. Moreover, ISE measurements of COM crystallization in 

growth solutions of each inhibitor (i.e., BSA and HSA) produced nearly identical trends in the 

rate of Ca2+ depletion (Figure 4-3A). Here, we used BSA for all analyses. 

 

 

Figure 4-3 A comparison of COM growth inhibition using 20 µg/mL of serum albumin from 
human (HSA) and bovine (BSA). (A) ISE measurements and SEM micrographs of 
COM crystals prepared in the presence of (B) BSA and (C) HSA. 

 

The least effective inhibitor in this study was Tf, which is a common urinary protein (80 

kDa) containing 6.3% Asp and 6.2% Glu amino acids, and numerous α-helices (Figure C-3). ISE 

measurements revealed that Tf is a weak inhibitor of COM growth (x = 11 ± 5%), which can be 

partly attributed to the few anionic moieties in its amino acid sequence relative to BSA. As a 

benchmark, we compared all three inhibitors to citrate, which is a moderate growth inhibitor 

administered in renal stone treatment. The efficacy of citrate (x = 30 ± 3%) was comparable to 

BSA, but less than that of C4S. Additionally, we found that all four inhibitors are less effective 
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than other reported urinary proteins. For instance, De Yoreo and coworkers showed that OPN is a 

markedly more potent inhibitor (x = 70% at 0.3 µg/mL OPN) 67 than C4S, despite the large 

percentage of anionic moieties in both species. Collectively, these observations allude to a more 

generalized observation that inhibitor efficacy cannot solely be attributed to net charge, but a 

combination of influential factors that also include (but are not limited to) local charge, 

composition, secondary structure, and spatial positioningof amino acids. COM crystal surfaces 

grow by the classical mechanism of layer nucleation and spreading from screw dislocations 

62,67,78,165. Growth inhibitors that bind to specific crystal faces reduce the rate of growth normal to 

the surface and can impede step advance within the plane of adsorption by step pinning 62. Small 

changes in the inhibitor structure or composition, such as a switch from an Asp to Glu amino 

acid, are capable of inducing substantial changes in inhibitor efficacy. Indeed, prior studies of 

COM and other calcium minerals (e.g., calcium carbonate and calcium phosphate) have shown 

that subtle changes in the sequence or length of peptides 15,29,39,56-57,67,84,150-153,203 or peptoids 68 

markedly impact their performance as crystal inhibitors. Notable examples include 

polyelectrolytes, such as poly-aspartic acid 39,78 and polyacrylic acid 61,165, which preferentially 

bind to COM {12-1} faces, while the molecular analogue poly-glutamic acid specifically binds to 

the COM (010) face 39,78. 

There are notable discrepancies in the literature regarding the site specificity of C4S, BSA 

(or HSA), and Tf for COM crystal surfaces. Ryall and coworkers used fluorescent-labeled 

proteins in scanning confocal microscopy (SCM) studies to propose that HSA preferentially binds 

to the (010) face 134. Ward and coworkers used chemical force microscopy to assess the change in 

adhesion force between modified AFM tips in contact with COM surfaces in saturated calcium 

oxalate solutions 135. The force of adhesion between COOH-modified AFM tips (i.e., mimics of 

anionic amino acid moieties) and COM crystal surfaces in the presence of each inhibitor was 

compared to inhibitor-free solutions. Their studies suggest that BSA binds nonspecifically to all 
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COM faces, C4S interacts uniquely with (010) and {12-1} faces, and Tf interacts with (100) and 

{12-1} faces. Another study by Gul and Rez examined the number of calcium bridges formed 

between anionic amino acids of stone matrix proteins and calcium ions on idealized COM crystal 

surfaces. Using molecular dynamic simulations with rigid 3D protein structures determined from 

X-ray diffraction, they report the shortest protein-crystal contact length (i.e., most stable 

interaction) between Tf and the (12-1) face 217. As we discuss herein, our findings differ from 

nearly all of these site specific assignments for BSA, C4S, and Tf. 

 

 

Figure 4-4 SEM and schematic images of COM crystals in the presence of: (A) no additives, (B) 
BSA, (C) C4S, and (D) citrate. 

 

We used a combination of microscopy techniques to examine the site-specific binding of 

BSA, C4S, Tf, and citrate to COM crystallographic face(s). SEM images and corresponding 

schematics in Figure 4-4 highlight differences in inhibitor specificity. Control crystals exhibit a 

hexagonal platelet morphology expressed by {100}, {010}, and structurally-equivalent {12-1} 

and {021} faces (see Figure 1-1 and Figure 4-3A). Inhibitors that bind to COM crystals reduce 
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growth rates normal to the face and alter crystal habit. BSA binds to {12-1} and {021} faces to 

produce diamond-shaped crystals (Figure 4-4B). We used optical micrographs to measure the 

length-to-width aspect ratio (c/b) of COM crystals, and scanning electron micrographs to measure 

the [100] thickness. SEM images in Figure 4-1 reveal the progressive change in COM crystal 

habit with increasing BSA concentration (similar images for C4S are shown in Figure 4-5). A 

reduced crystal aspect ratio in the presence of BSA is consistent with site-specific binding to {12-

1} and/or {021} faces, which leads to the formation of diamond-shaped crystals (Figure 4-1E).  

 

 

Figure 4-5 Scanning electron micrographs reveal COM crystal morphology and step bunching in 
the absence of inhibitor (A, control) and in the presence of (B) 5, (C) 10, and (D) 20 
µg/mL C4S suggesting the preferential binding of C4S to COM (010) surfaces. 

 

Conversely, the increased crystal aspect ratio in the presence of C4S (Figure 4-4C) 

suggests its preferential binding to the (010) face. We also observed that citrate produced 

rounded, rectangular-shaped crystals (Figure 4-4D), which is consistent with findings in the 

literature reporting citrate site-specificity for steps on the (100) surface that impedes growth along 
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the c-axis 62,76,127,131. Tf which seemingly exhibits similar specificity as BSA, but has markedly 

less effect on the c/b aspect ratio of COM crystals is shown in Figure 4-6. Measurements of COM 

crystal length, [001], and width, [010], in the presence of Tf revealed a reduction in the 

[001]/[010] aspect ratio with increasing Tf concentration, reaching a minimum plateau around 70 

µg/mL Tf. The crystal dimensions were measured from optical micrographs. Each data point is an 

average of 50 or more crystals from different batches of COM crystals and error bars equal two 

standard deviations in Figure 4-6A. Scanning electron micrograph of a COM crystal prepared in a 

growth solution containing Tf highlights the approximate 80% reduction in [100] thickness 

compared to control samples (see Figure 4-10B). 

 

 

Figure 4-6 COM bulk crystallization in the presence of Tf. (A) a reduction in the [001]/[010] 
aspect ratio with increasing Tf concentration (B) Scanning electron micrograph of a 
COM crystal prepared in a growth solution containing Tf. 

 

The general trend in COM aspect ratio as a function of inhibitor concentration (Figure 

4-10A) is synonymous with Langmuir adsorption isotherms whereby inhibitor coverage on COM 

crystal surfaces reaches saturation at some threshold concentration, beyond which further increase 

in inhibitor concentration yields no additional morphological changes. Control crystals exhibit an 

aspect ratio of 2.8 ± 0.1. In the presence of C4S, COM growth is reduced along the b-axis due to 
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the preferential binding of C4S to the (010) face. At low C4S concentrations, there is a rapid 

increase in the COM crystal aspect ratio that plateaus at 3.8 ± 0.1 at ca. 5 µg/mL. Conversely, the 

preferential binding of BSA to apical tips results in a gradual reduction of the aspect ratio that 

reaches a minimum of 1.74 ± 0.08 at ca. 20 µg/mL. The particle size distribution of crystals 

prepared with BSA was similar to that of the control. We observed that the [001] length of COM 

crystals remained relatively constant during the transition from hexagonal to diamond-shaped 

crystals with increasing BSA concentration (Figure 4-7B). This is in stark contrast to the particle 

size distribution of COM crystals in the presence of C4S, which is more polydisperse (see Figure 

4-8 and Figure 4-9). The size of COM crystals with increasing C4S became larger as shown in 

Figure 4-7A) 

 

 

Figure 4-7 Measurements of COM crystal dimensions along the basal (100) plane to calculate the 
length-to-width aspect ratio in the presence of (A) C4S and (B) BSA. The length and 
width were measured along the [001] and [010] directions, respectively.  

 

COM crystal number density and particle size distribution in growth solutions containing 

C4S inhibitor (Figure 4-8B), Tf (Figure 4-9A), and BSA (Figure 4-9B) were calculated as a 

function of inhibitor concentration. Data reported as number density are an average of 3 
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measurements from separately prepared batches (i.e., crystals collected on glass slides at the 

bottom of synthesis vials) where error bars equal one standard deviation. Each measurement was 

obtained from an average of 50 regions on the glass slide. A representative optical micrograph of 

COM crystals grown in the presence of 10 µg/mL C4S shown in Figure 4-8A suggesting that 

there are approximately three distributions of COM crystal based on their size, which we broadly 

categorize as follows: Large crystals (> 100 µm), medium-sized crystals (ca. 50 µm), and small 

crystals (< 30 µm). This study reveals that the total number density in the presence of varying C4S 

concentration is approximately constant, but there are distinct changes in the distribution of 

crystals. Notably, the population of larger crystals decreases in favor of a growing number of 

smaller crystals with increased C4S concentration.  

 

 

Figure 4-8 Effect of C4S on COM crystal number density and particle (A) A representative 
optical micrograph of COM crystals. The scale bar equals 40 µm. (B) The number 
density of COM crystals as a function of C4S concentration. 

 

 

Figure 4-9 COM crystal number density in growth solutions containing (A) Tf and (B) BSA.  
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COM crystal number density in growth solutions containing Tf (Figure 4-9A) suggest 

that the presence of Tf in COM growth solutions slightly reduces crystal number density, while 

the presence of BSA ( Figure 4-9B) has less effect on the crystal number density. This analysis is 

a very rough estimate since our statistical sampling does not account for crystals that (i) are too 

small to sediment to the bottom of the vial, (ii) adhere to the sides of the synthesis vial, or (iii) are 

removed from the glass slide during gentle rinsing with DI H2O prior to analysis by optical 

microscopy. 

 

 

Figure 4-10 Changes in COM crystal dimension with increasing inhibitor concentration. (A) 
Aspect ratio (c/b) comparing the length-to-width of COM platelets along the [001] 
and [010] directions, respectively. (B) Thickness measured along the [100] direction.  

 

The data in Figure 4-10A reveals that Tf has a marginal impact on COM crystal habit; 

however, when we investigated the effect of higher Tf concentration we observed a decrease in 

crystal aspect ratio that reached a minimum plateau of 2.31 ± 0.08 at ca. 70 µg/mL Tf (see Figure 

4-6A ). The reduced aspect ratio suggests that Tf preferentially binds to the apical {12-1} and/or 

{021} faces, similar to BSA. Our findings also revealed that Tf is a less effective inhibitor 

compared to C4S and BSA (see Table 4-1). Interestingly, we observed that Tf has nearly equal 
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impact on crystal thickness. Indeed, all three inhibitors produced an 80% reduction in the COM 

[100] dimension (Figure 4-10B) wherein the thickness monotonically decreased from 9 µm 

(control) to ca. 2 µm with increasing inhibitor concentration. Subtle differences in the rate of 

decrease (i.e., slope of curves in Figure 4-10B) were observed with the following order: BSA > 

C4S > Tf. 

AFM studies of COM growth have shown that steps emanating from screw dislocations 

on the (100) surface advance across the crystal plane as growth hillocks 50,127. Burton, Cabrera, 

and Frank (BCF) derived a theoretical model of spiral growth predicting the rate of crystal growth 

normal to the basal face, G[hkl] (i.e., [100] face for COM), 

                                                012334 � 56%7'8,9'8,5:%7'8, � 9
;  ,                                               (4-2) 

where hhkl is the height of (hkl) steps advancing along the (100) plane, yi is the interstep distance, 

and vi is the velocity of step advancement 52,218. The subscript refers to the ith edge of growth 

hillocks, which advance across the surface in spiral patterns with a characteristic rotation time, τ. 

Measurements of COM [100] thickness (Figure 4-10B) are qualitatively consistent with this 

theoretical equation. Inhibitor binding to steps advancing across the basal surface increases τ of 

spiral growth (as demonstrated by AFM studies of the (010) face in Figure 4-13), thereby 

reducing G[100] and the thickness of the COM platelet. Alternatively, a reduction in thickness may 

be attributed to inhibitor specificity for the (100) face, which would produce a similar effect by 

reducing hillock nucleation on the basal surface and step pinning of advancing hillocks. To 

examine this further, we used confocal microscopy to identify the preferential binding of 

fluorescent-labeled BSA and Tf proteins to COM control crystals. 

4.3.2   Fluorescence Imaging of Inhibitor Binding to COM Surfaces 

Fluorescence microscopy is a powerful tool to identify the interactions between two or 

more fluorescently tagged species. In the past, this technique has been used to identify 

interactions of various crystal growth modifiers with kidney stone crystals. Hunter and coworkers 



have used fluorescence microscopy to show specific adsorption of OPN and polypeptides to 

specific faces of COM crystals 

intersectoral zoning in crystals due to selective adsorption and inclusion of growth modifiers 

134,219 and dyes 220 in crystal interior. To examine the binding of BSA and Tf to COM crystal 

surfaces, conventional fluorescence and confocal microscopy studies were performed. 

Fluorescence microscopy images of COM crystals incubated with AlexaFluor 633 labeled BSA 

(20 µg/mL ) and Tf (20 µg/mL)

right panels are fluorescence images from the red channel (633 nm

detectable autofluorescence in the red channel as shown in 

 

Figure 4-11 Fluorescence micrographs of crystals incubated with proteins in the presence of (A) 
no additives, (B) Tf, and (C) BSA . Left and right panels are brightfield images and 
fluorescence images from the red channel, respectively
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have used fluorescence microscopy to show specific adsorption of OPN and polypeptides to 

specific faces of COM crystals 39,57,126. Fluorescence microscopy was also used to observe 

intersectoral zoning in crystals due to selective adsorption and inclusion of growth modifiers 

in crystal interior. To examine the binding of BSA and Tf to COM crystal 

surfaces, conventional fluorescence and confocal microscopy studies were performed. 

Fluorescence microscopy images of COM crystals incubated with AlexaFluor 633 labeled BSA 

(20 µg/mL) are shown in Figure 4-11. Left panels are brightfield images and 

right panels are fluorescence images from the red channel (633 nm). Control crystals exhibited no 

detectable autofluorescence in the red channel as shown in Figure 4-11A.  

Fluorescence micrographs of crystals incubated with proteins in the presence of (A) 
no additives, (B) Tf, and (C) BSA . Left and right panels are brightfield images and 
fluorescence images from the red channel, respectively. Scale bar equals 25 

have used fluorescence microscopy to show specific adsorption of OPN and polypeptides to 

. Fluorescence microscopy was also used to observe 

intersectoral zoning in crystals due to selective adsorption and inclusion of growth modifiers 

in crystal interior. To examine the binding of BSA and Tf to COM crystal 

surfaces, conventional fluorescence and confocal microscopy studies were performed. 

Fluorescence microscopy images of COM crystals incubated with AlexaFluor 633 labeled BSA 

Left panels are brightfield images and 

Control crystals exhibited no 

 

Fluorescence micrographs of crystals incubated with proteins in the presence of (A) 
no additives, (B) Tf, and (C) BSA . Left and right panels are brightfield images and 

. Scale bar equals 25 µm. 
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COM crystals exhibited no autofluorescence in the red channel, but very weak signal was 

detected in green channel (Figure 4-12). For both proteins, the fluorescence is uniformly 

concentrated on the apical tips of COM crystals, which are defined by the {12-1} and {021} 

surfaces.  Figure 4-11C clearly shows that BSA binds to both {12-1} and {021} surfaces. 

Moreover, it is evident that BSA and Tf do not preferentially bind to COM (100) or (010) 

surfaces, as previously postulated in the literature. As such, the reduced [100] dimension of COM 

crystals in Figure 4-10B is attributed to the BCF theory (Equation 4-2). 

 

 
 

Figure 4-12 Fluorescence micrographs of COM crystals incubated with Alexa 633 nm (A-C) and 
Alexa 488 nm (D-E) in the presence of (A) no protein, (B &D) Tf, and (C & E) BSA. 
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4.3.3   Microscopic Validation of Inhibitor Specificity 

AFM has proven to be a valuable tool for visualizing crystal growth and validating 

inhibition with near-molecular resolution 49,67,79,173-174. COM crystals grow from spiral 

dislocations with parallelogram-shaped hillocks on the (010) face (Figure 4-13A) expressed by 

{12-1} and {021} steps. We used in situ AFM to examine the effect of C4S, BSA, and Tf on 

(010) hillock growth in supersaturated CaOx solutions. Measurements in the presence of C4S 

revealed step pinning. These results are consistent with C4S site specificity for (010) faces and 

theoretical models that predict steps advancing through adsorbates on terraces develop curvature 

(arrows in Figure 4-13B), which reduces localized supersaturation and impedes step motion. 

Higher C4S concentration (i.e., 2.5 µg/mL) resulted in significant reduction of step growth that 

rendered the (010) surface rough and devoid of distinct steps (Figure 4-13C), analogous to the 

reported effects of OPN 127. Reintroduction of inhibitor-free growth solution to the AFM liquid 

cell leads to step regeneration and the unabated growth of hillocks. The presence of Tf yielded 

elongated hillocks (Figure 4-13D) with reduced [021] step growth and a negligible effect on [12-

1] step advance, whereas BSA significantly increased interstep distances (Figure 4-13E) and 

reduced step advancement in both the [021] and [12-1] directions. A comparison of step velocity, 

v, in Figure 4-13F shows a reduction in v{021} for both Tf and BSA and a reduction in v{12-1} for 

only BSA. The method used to calculate step velocity is shown in Chapter 2. It is evident from in 

situ AFM studies that BSA binds to both apical surfaces of COM crystals, while Tf exhibits site 

specificity for only the {021} face, which expresses the lowest surface area on bulk COM 

crystals. To this end, AFM measurements are consistent with ISE and bulk crystallization studies 

identifying BSA as a more effective inhibitor relative to Tf. 
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Figure 4-13 Snapshots from time-resolved in situ AFM imaging of hillock growth on the COM 
(010) of: (A) Control, (B) 0.5 µg/mL C4S, (C) 2.5 µg/mL C4S, (D) 2.5 µg/mL Tf, and 
(E) 0.25 µg/mL BSA. (F) Comparison of step velocities. Scale bar equals 1 µm. 

 

Inhibitor-crystal interactions produce step bunches that are evident in both AFM and 

SEM images (e.g., Figure 4-1 and Figure 4-5). Here we used AFM to characterize differences 

among inhibitors and found this effect to be more prominent with C4S and BSA. AFM 

topographical images of COM (100) surfaces confirmed the presence of step bunches with 

heights equal to multiples of the unit cell length in the [100] direction (ca. 1 nm). The control 

surface is relatively smooth and devoid of step bunches (Figure 4-14A). Crystal growth in Tf 

solutions produced rougher surfaces (Figure 4-14B) with few step bunches. COM crystals 

prepared with C4S contained a high percentage of steps with rounded edges (Figure 4-14C), 

whereas BSA produced steps with sharp edges (Figure 4-14D). Systematic analysis of BSA 

samples revealed a large distribution of step bunches with heights of 100 nm or larger. 

Conversely, the step heights produced by C4S were predominantly less than 15 nm and smooth. 

The distribution of step heights on COM (100) surfaces in the presence of 10 µg/mL of each 

inhibitor (Figure 4-15) revealed the following trend in the height of step bunches (listed from 
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largest to smallest average step height): BSA > C4S > Tf > control. See Chapter 2 for the method 

used to measure the step height.  

 

 

Figure 4-14 AFM deflection images of COM (100) surfaces prepared in the presence of (A) no 
additive (control), (B) Tf, (C) C4S, and (D) BSA. Scale bars equal 1 µm. 

 

 

Figure 4-15 The distribution of step heights on COM (100) surfaces measured by AFM. For each 
sample, the step heights were measured on multiple areas of 10 or more COM 
crystals. 

 

4.3.4   Kinetics of COM Growth Inhibition 

ISE measurements revealed a monotonic increase in the percent inhibition of COM 

crystallization with increasing inhibitor concentration (Figure 4-16). At some threshold 

concentration there is a plateau in the percent inhibition, which resembles a Langmuir adsorption 
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curve (similar to the trends in crystal aspect ratio). Indeed, the threshold concentration in the 

kinetic data likely reflects the approximate point at which inhibitor coverage on COM crystal 

surfaces reaches thermodynamic equilibrium. We observed that C4S is the most potent inhibitor 

based on its rapid increase in percent inhibition at concentrations less than 5 µg/mL. This is 

qualitatively consistent with the morphological changes observed in bulk crystallization studies 

(Figure 4-10A). By contrast, BSA is less potent and exhibits nearly twice the threshold 

concentration as C4S. Kinetic studies revealed that Tf is a relatively weak inhibitor (x = 14 ± 3 % 

at 70 µg/mL Tf), in agreement with AFM measurements of surface step growth. Analysis of 

citrate revealed that this benchmark inhibitor was slightly less potent than BSA, and has a 

threshold concentration outside the range of this study (i.e., > 30 µg/mL). Collectively, inhibitors 

exhibited the following trend in efficacy (from highest to lowest): C4S > BSA ≥ citrate > Tf. 

 

 

Figure 4-16 Kinetic studies of COM growth inhibition for single and binary combinations of 
inhibitors measured by in situ ISE. Lines are guidelines; data are the average of 3 or 
more separate measurements; and error bars equal two standard deviations. 

 

The inhibitors investigated in this study exhibit distinct site specificity for each principal 

surface of bulk COM crystals. This presents a unique opportunity to explore synergistic effects 

using inhibitor combinations. The use of two or more different inhibitors has the potential to 
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impose either synergistic or antagonistic effects on crystal growth depending upon their 

cooperative interaction with COM faces. The use of drug combinations, or dose pairs, to suppress 

diseases, such as malaria 221 and cancer 222, is a common approach in pharmacology and 

formulation design 223. This method is amenable to crystal engineering via the judicious selection 

of modifier combinations that effectively tailor crystal properties (e.g., size and habit). Here we 

investigate inhibitor combinations using binary mixtures of BSA, C4S, Tf, and citrate to assess 

their cooperative mode of action on the rate of COM growth. For all combinations considered, we 

used a 50/50 mixture (by mass) of total inhibitor concentration. The in situ ISE measurements of 

COM crystallization in the presence of binary mixtures are shown in Figure D-2. Binary 

combinations Tf-C4S and citrate-C4S exhibit nearly identical behavior as the C4S-BSA mixture. 

Conversely, Tf-BSA and citrate-BSA combinations are less effective (Figure 4-16). 

We first analyzed pairings of inhibitors that interact with distinctly different faces of 

COM crystals. In all cases considered, the most potent inhibitor of the binary combination had a 

dominant effect on crystal morphology. For instance, the combination C4S-BSA pairs inhibitors 

that bind to the (010) face and the apical faces, {12-1} and {021}. In this pairing, C4S acts to 

increase crystal aspect ratio, while BSA has the opposite effect. Our studies revealed that the C4S-

BSA binary mixture resulted in COM crystals with increased aspect ratio (Figure D-1), which 

suggests C4S is the more influential mediator of crystal habit. ISE measurements of BSA-C4S 

mixtures ( Figure 4-16A) revealed an enhancement of x beyond what was achieved by either 

individual inhibitor (ca. 70%), which can be attributed to the cooperative action of inhibitors 

targeting surfaces that contribute the fastest growth directions in bulk crystallization. 

We also tested the combination of C4S and Tf, which paired inhibitors with specificity for 

the (010) and {021} faces, respectively. Bulk crystallization revealed a monotonic increase in the 

c/b aspect ratio with increased C4S-Tf concentration (Figure D-1). This is again consistent with 

the most potent inhibitor, C4S, having a more pronounced impact on crystal habit. ISE 
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measurements of the binary mixture revealed an enhancement of x relative to each individual 

inhibitor (Figure 4-16B). Similar effects were observed for the combination of citrate and C4S, 

which likewise paired two inhibitors with different site specificity. The results of this binary 

mixture were qualitatively similar to those reported by De Yoreo and coworkers using a 

combination of OPN and citrate. Their studies showed that the potent inhibitor, OPN, binds to 

steps presented on the COM (010) face 127, while citrate binds to steps on the (100) plane (notably 

the intersection of the step riser and the underlying (100) terrace, thereby inhibiting step 

advancement along the c-axis) 50. In this same study, a binary mixture of OPN (5.5 nM) and 

citrate (0.1 mM) produced an additional 27% increase in percent inhibition beyond what was 

achieved by only OPN 76. 

 

 

Figure 4-17  Classic isobolograms for (A) C4S-BSA, (B) Tf-BSA, (C) Tf-C4S, (D) citrate-BSA, 
and (E) citrate-C4S combinations. (F) The graphical interpretation of these plots 
including binary combinations (solid symbols) and single inhibitors (open symbols).  
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The binary combinations C4S-BSA and C4S-citrate pairs two efficacious inhibitors; 

therefore, it is reasonable to expect that these combinations will yield a higher percent inhibition 

than either individual inhibitor. Interestingly, the combination Tf-C4S, which pairs a weak and 

potent inhibitor, respectively, resulted in an enhanced x comparable to mixtures of two potent 

inhibitors. The combination BSA-citrate, which pairs two effective inhibitors with different site 

specificity, yielded virtually no enhancement of x. Likewise, the combination Tf-BSA resulted in 

negligible synergy owing to their overlapping site specificity, which likely engenders competitive 

binding to COM {021} crystal surfaces. 

In addition to ISE measurements, we also performed dynamic light scattering (DLS) 

analyses of C4S, BSA, Tf, and mixtures thereof in oxalate-free growth solutions to ensure that the 

observed effects of binary combinations were not attributed to interactions between inhibitors in 

solution through the formation of binary species. The impact of such species could be twofold: (i) 

The formation of binary complexes act as a single, more potent inhibitor; or (ii) the formation of 

aggregates reduce available inhibitor concentration in COM growth solutions. The hydrodynamic 

diameters measured by DLS showed no evidence of increased particle size that would be 

indicative of either aggregate or complex formation (Figure D-3). For example, analysis of Tf, 

BSA, and a Tf-BSA mixture resulted in monodisperse particle sizes with hydrodynamic 

diameters equal to 10.1 ± 0.1, 8.5 ± 0.2, and 9.6 ± 0.2 nm, respectively. These dimensions are 

consistent with the expected hydrated size of a single protein, whereas the binary mixture is the 

average of each protein without any trace of larger aggregates. 

A rigorous quantitative analysis of the cooperative effects of COM growth inhibitors was 

performed by the construction of isobolograms (Figure 4-17), which is a technique commonly 

employed in drug testing. This graphical tool plots the equipotency sum of inhibitor 

concentration. Isobolograms for five binary mixtures (i.e., C4S-BSA, Tf-BSA, Tf-C4S, citrate-

BSA, and citrate-C4S) are presented for different percent inhibition, x (%), in Figure 4-17. The 
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graphical interpretation of these plots is as follows. Binary combinations (solid symbols) that lie 

below the solid lines connecting data for single inhibitors (open symbols) signify synergism; 

those that lie near or along the solid line represent additive effects; and those that are above the 

line indicate an antagonistic effect. Using data in Figure 4-16, we calculated the combination 

index (CI), 

                                                          �< � 5=7>5=?7> 
 5=7�5=?7�      ,                                                 (4-3) 

where (D)i is the “dose” (i.e., concentration, µg/mL) of species i in the binary mixture that 

inhibits COM crystallization by x (percent inhibition), and (Dx)i is the concentration of species i 

used as an individual inhibitor to achieve the same percent inhibition as the binary mixture. This 

mathematical expression facilitates the comparison of inhibitor combinations that display 

synergism (CI < 1), additivity (CI = 1), or antagonism (CI > 1). This so-called Chou-Talalay 

combination index theorem  224  was introduced as a means of quantifying the effect of drug 

combinations (see the review by Chou 225). Here we use this theorem to characterize the effects of 

COM inhibitor pairings, which to our knowledge is the first application of the CI analysis in 

studies of crystal engineering.  

The CI values for each inhibitor combination as a function of increasing x are shown in 

Table 4-2 and Figure 4-18, along with their corresponding weight-averaged values, CIwt. Semi-

quantitative ranges of CI defined in the literature label the effects in categories, such as strong 

synergism, synergism, moderate synergism, nearly additive, slight antagonism, and moderate 

antagonism. In studies of drug combinations it is common to observe systematic changes in 

synergism or antagonism with different concentrations or effect levels 225 shown in Figure 4-18. In 

this study, the effect level equates to different percent inhibition, x, of COM crystal growth. The 

various degrees of synergism and antagonism (i.e., colored regions in Figure 4-18) were proposed 

by Chou and coworkers 225 as a semi-quantitative method of comparison.  
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Figure 4-18 Combination index plot of all COM growth inhibitor pairings tested in this study. In 
studies of drug combinations it is common to observe systematic changes in 
synergism or antagonism with different concentrations or effect levels 225. 

 

The range of CI values corresponding to each category is as follows: 0.3 – 0.7 

(synergism); 0.7 – 0.85 (moderate synergism); 0.85 – 0.9 (slight synergism); 0.9 – 1.1 (nearly 

additive); and 1.1 – 1.2 (slight antagonism). Interestingly, we observe COM inhibitor pairings 

that span nearly all ranges. The most synergistic effects occurred with C4S-Tf and C4S-BSA, 

which exhibit nearly identical CI value. In contrast, the pairing C4S-citrate was less effective. The 

pairing of inhibitors with similar site specificity, Tf-BSA, produced a nearly additive effect, while 

the citrate-BSA binary combination was slightly antagonistic. In the latter pairing, both inhibitors 

interact with steps on triangular hillocks within the basal (100) plane (illustrated in Figure 1-1A). 

As shown in Figure 4-4, citrate reduces the surface area of apical tips, which thereby decreases 

the available surface area for BSA adsorption. As such, the concerted binding of these two 

inhibitors to (100) growth hillocks produces an antagonistic effect, which is a unique finding for 

COM growth inhibition with potentially broader implications for crystal design. 
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Table 4-2 Cooperative effects of binary inhibitor combinations 

x (%) 
Combination Index, CI 

Tf-BSA Tf-C4S BSA-C4S 
BSA-
Citrate 

Citrate-
C4S 

2 1.09 0.59 0.68 1.03 0.78 
5 1.08 0.52 0.64 1.05 0.76 
7 0.99 0.48 0.58 1.07 0.75 

10 0.94 0.44 0.54 1.07 0.77 
20   0.51 1.09 0.73 
30   0.51 1.21 0.69 
35   0.44   

CIwt
 ‡ 1.00 0.48 0.52 1.11 0.74 

Effect 
†
 

Nearly 
additive 

Synergism Synergism 
Slight 

antagonism 
Moderate 
synergism 

                 ‡ CIBC � ∑ i · CI5i7�FG2 ∑ i�FG2⁄   where i = 1,2,…,N goes from lowest to highest x 
  

† Based on categories defined by Chou 225 for ranges of CI 
 

4.4  Conclusions 

In summary, we have examined the specificity and resulting influence of biomolecular 

inhibitors on the crystallization of calcium oxalate monohydrate, which is a model system of 

calcification with specific relevance for pathological mineralization. We analyzed three natural 

inhibitors of COM crystallization using a combination of microscopy techniques to determine 

their molecular recognition for faces of COM crystals, and to quantify their impact on crystal 

habit and growth rate. We have conclusively shown that chondroitin sulfate and serum albumin 

preferentially bind to COM {010} and {12-1}/{021} faces, respectively. These site-specific 

interactions resulted in distinct morphological modifications of COM crystal aspect ratio. 

Transferrin preferentially binds to {021} faces and produced only moderate changes in crystal 

habit. Kinetic studies of COM bulk crystallization revealed marked differences in inhibitor 

efficacy. In these studies, we drew inspiration from quantitative approaches in pathophysiology 

that assess drug combinations to examine cooperative effects of inhibitors in COM 

crystallization. Using the combination index theorem, we showed that inhibitor pairings with 
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either similar or different site specificity yielded a range of effects spanning synergism to 

antagonism.  

In a broader context, the combination effects observed here may in fact elude to a more 

widespread mechanism of biomolecules in living systems that modulate pathological 

mineralization. This generalized mode of action offers new approaches for the rational design of 

combination therapies aimed at inhibiting COM crystallization in renal stone disease. 

Interestingly, no new pharmacologic therapies have been introduced for the treatment of calcium 

kidney stones for over two decades. While current citrate therapy lowers stone risk, it has not 

been as successful as hoped. An improved understanding of crystal inhibition mechanisms at the 

molecular level may provide insights for the design of improved stone therapies. Indeed, such 

knowledge could allow production of inhibitors that potentiate the natural inhibitors present in 

urine or lead to production of inhibitors that work in tandem to provide synergistic activity while 

minimizing the dose needed of either drug to minimize potential side effects. 

Designing biomimetic molecules capable of emulating in vivo growth inhibition may also 

provide routes in crystal engineering to tailor physical properties of materials that otherwise could 

not be achieved through more conventional synthetic methods. Indeed, a single inhibitor or 

multiple inhibitors acting cooperatively can be used to tune the size and habit of virtually any 

crystalline material. Designing site-specific inhibitors of crystals hinges upon a molecular level 

understanding of inhibitor-crystal interactions and the stereochemical source of their molecular 

recognition. To this end, techniques capable of probing interfacial phenomena, such as AFM and 

molecular modeling, will be invaluable tools to elucidate inhibitor binding to crystal surfaces. 

Significant advancements over the years have led to the identification of inhibitors and their 

respective role(s) in modulating crystallization. The outcome of these and future studies can 

potentially impact diverse areas spanning materials design and synthesis to pharmaceuticals. 



89 

 

CHAPTER 5:  PROMOTION OF CALCIUM OXALATE MONOHYDRATE 

CRYSTALLIZATION  

5.1 Introduction 

Crystalline materials with desired physical and chemical properties can be engineered by 

incorporating ions, molecules, or macromolecules (often referred to as modifiers or inhibitors) in 

growth solutions. Growth modifiers bind to specific crystallographic faces and reduce the rate of 

growth normal to that face by frustrating the attachment of solute growth units 62. Nature provides 

many examples of such processes, which include minerals (e.g., calcium sulfate dehydrate 226 and 

gypsum) and biogenic crystals (e.g., calcium carbonate in nacreous shells 200 and calcium 

phosphate in bone 74). The role of modifiers in natural and synthetic crystallization is generally 

that of an inhibitor whereby biomolecules such as proteins and peptides adsorb at interfaces and 

reduce the rate of crystal growth 26,54,57,79. As a case in point, osteopontin 110,215 and peptides 

derived from osteopontin (OPN) 56,70 are known inhibitors of COM crystal growth. Far fewer 

examples of growth promotion through specific modifier-crystal interactions have been reported 

in the literature 154. 

Calcium oxalate monohydrate (COM) is the most prevalent crystalline component of 

human stones, accounting for more than 70% of nephrolithiasis incidence 22,227-228. Past studies 

reveal that growth modifiers affecting COM crystallization contain either anionic functional 

groups (e.g., aspartic acid and glutamic acid) or specific domains which exhibit calcium binding 

activity 213. Examples of binding domains include (DDDS)n in OPN 145 or a 55-amino acid 

peptide in protein G 229. Modifiers rich in anionic sites such as citrate 50,127,130, OPN 27,127, serum 

albumin 132, and chondroitin 32,92,140 have been shown to be moderate to effective inhibitors of 

COM crystal growth. One factor affecting the role of modifiers (i.e., inhibition or promotion) in 

COM crystallization is the distribution of electrostatic surface charge on the modifier. For 

example, native protein G promotes COM crystal growth rate. When aspartic acid and glutamic 
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acid in protein G are substituted by asparagine and glutamate, respectively, this protein becomes 

an inhibitor 229. Furthermore, other factors such as concentration of modifiers, pH, and ionic 

strength play a role in their effects on the crystallization of COM and other calcium minerals 

(e.g., calcium carbonate and calcium phosphate). For instance, strontium has  been 

experimentally shown to promote calcite growth at low concentrations, of which mechanism is 

not fully understood, while strontium inhibits calcite growth at higher concentrations by step 

pinning 230. There have been several cases reported in the literature where anionic peptides  act as 

calcification promoters and inhibitors at low and high concentrations, respectively 150. Tamm-

Horsfall glycoprotein, depending on the experimental condition (e.g., pH or ionic strength), can 

function in a dual role of promoting/inhibiting COM aggregation 139. Phospholipids are believed 

to promote COM nucleation 231, while other modifiers such as chondroitin sulfate inhibit COM 

crystal growth while promoting the aggregation of COM crystals 232-233. 

Proteomic studies of organic constituents occluded within the matrix of COM stones 

reveal the presence of different proteins, glycosaminoglycans, and lipids 213, which exhibit 

various charges ranging from anionic to cationic 93. Unlike anionic molecules, the effects of 

cationic molecules on COM crystallization are not fully understood and are less commonly 

studied. Cationic proteins such as ferritin block the anionic epithelial cells; therefore, attachment 

of COM crystals to these cells is hindered in the presence of ferritin 234. Three cationic proteins 

isolated from renal stones have been studied on the formation of COM crystals, histone-lysine N-

methyltransferase, inward rectifier K channel, and protein Wnt-2 235, which inhibit COM 

nucleation and growth. Positively charged proteins such as lysozyme and lactoferrin, which are 

rich in arginine (Arg, R) and lysine (Lys, K) in their sequences, are commonly observed in COM 

human stones; however, the effects of these cationic modifiers on COM crystallization remains 

elusive. Lysozyme and lactoferrin are of particular interest because they are observed in prostatic 

stones 236, and lactoferrin has also been identified in pancreatic stones 237.  
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Herein, we examine two positively charged proteins on COM crystallization: lactoferrin 

and lysozyme. We systematically quantify their effects on COM crystal growth and show that 

both proteins promote COM crystallization with different efficacy. Moreover, we tested the 

effects of different amino acids (i.e., aspartic acid, glutamic acid, lysine, and arginine) on COM 

crystallization. We also examined COM bulk crystallization in the presence of 12 peptide 

sequences derived from lysozyme to identify segments of the protein that are likely implicated in 

the promotion of COM growth.  

5.2 Experimental Methods 

Materials. The following reagents for calcium oxalate monohydrate crystallization were 

purchased from Sigma Aldrich (St. Louis, MO) and used without further purification: calcium 

chloride dihydrate (ACS Reagent, 99+%), sodium oxalate (Na2C2O4, >99%), hydrochloric acid 

(HCl, ACS Reagent, 37%), sodium hydroxide (NaOH, ≥98%) lactoferrin from bovine milk 

(≥85%), lysozyme from chicken egg white (lyophilized powder, ≥90%), human transferrin 

(bioreagent, ≥98%), L-lysine (C6H14N2O2, ≥90%), L-arginine (C6H14N4O2, ≥98%), Poly-L-lysine 

hydrobromide (mol wt 4,000-15,000), Poly-L-arginine hydrochloride (mol wt 5,000-15,000). 

Sodium chloride (99.9% ultrapure bioreagent) and HEPES sodium salt (Ultrapure Bioreagent, 

C₈H₁₇N₂NaO₄S , 99.6% ) were purchased from JT Baker.  

The following reagents for peptide synthesis were purchased from AGTC Bioproducts 

and used without further purification: O-(Benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium 

(coupling reagent),  piperidine (99.5%), dichloromethane (99.9%), N,N-dimethylformamide 

(99.8%), methyl tert-butyl ether (99.5%). The following reagent were purchased from Sigma 

Aldrich and used without further purification: Acetonitrile (99%), acetic acid (99.7%), 

triisopropylsilane (99%),  N-methylmorpholine (99%), 1-methyl-2-pyrrolidinone (99.5%), 2,2′-

(ethylenedioxy)diethanethiol (95%). Trifluoroacetic Acid (99.5%) was purchased from Alfa 

Aesar. The following amino acids were purchased from 21st Century Biochemicals exhibiting 
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≥99% purity: Fmoc-L-Ala-OH, Fmoc-L-Arg(Pbf)-OH, Fmoc-L-Arg(Pbf)-OH, Fmoc-L-

Asp(OtBu)-OH, Fmoc-L-Cys(Trt)-OH, Fmoc-L-Gln(Trt)-OH, Fmoc-L-Glu(OtBu)-OH, Fmoc-L-

Gly-OH, Fmoc-L-His(Trt)-OH, Fmoc-L-Ile-OH, Fmoc-L-Leu-OH, Fmoc-L-Lys(Boc)-OH, 

Fmoc-L-Met-OH, Fmoc-L-Phe-OH, Fmoc-L-Pro-OH, Fmoc-L-Ser(OtBu)-OH, Fmoc-L-

Thr(OtBu)-OH, Fmoc-L-Trp(Boc)-OH, Fmoc-L-Tyr(OtBu)-OH, and Fmoc-L-Val-OH. 

Calcium oxalate monohydrate (COM) crystallization. COM crystals were prepared 

according to a previously reported procedure 203. In brief, we prepared a molar composition of 0.7 

mM CaCl2: 0.7 mM Na2C2O4: 150 mM NaCl by first dissolving NaCl in deionized water, 

followed by the addition of CaCl2 stock solution (10 mM). The sample was placed in an incubator 

at 60 ºC for one hour prior to adding Na2C2O4 stock solution (10 mM) dropwise while stirring. 

The sample was returned to the incubator for three days. Crystals prepared by this method are 

referred herein as the control. The procedure for preparing COM crystals in the presence of 

growth modifiers was the same as the control, with the dropwise addition of an appropriate 

amount of modifier to the solution prior to the addition of Na2C2O4. A clean glass slide was 

placed at the bottom of the synthesis vial to collect crystals for microscopy analysis. The glass 

slides were removed from the mother liquor, gently washed with deionized water to remove the 

residual supernatant, and dried in air prior to analysis. 

Analytical Methods. COM crystals were analyzed by optical microscopy using a Leica 

DM2500-M microscope equipped by a DM2500-M video camera for recording. The crystal 

dimensions were measured in three directions (i.e., [001] length, [010] width, and [100] 

thickness) using built-in software. For each experiment, the average dimension is reported as the 

average of ca. 200 crystals measured from three separately prepared crystal batches. The overall 

bulk morphology of COM crystals were recorded by scanning electron microscopy (SEM) using 

a FEI 235 Dual-Beam Focused Ion-beam instrument equipped with SEM sample extraction 
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probe. Samples were prepared by transferring COM crystals to carbon tape followed by coating 

with a ca. 25-nm layer of carbon. 

Time-resolved images of COM (010) surface growth was analyzed 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 4 hours. COM crystals were transferred to the 

AFM sample by gently pressing the glass microscope slide on the partially-cured epoxy followed 

by heating the specimen for an additional hour at 60 ̊C. For in situ studies, a solution of 

composition 3.6 mM CaCl2 and 0.18 mM Na2C2O4 (supersaturation ratio S = 2.9) was delivered 

to the AFM liquid sample cell using  a dual syringe pump (CHEMYX, Fusion 200) with an in-

line mixing configuration to deliver the solution at a combined flow rate of 0.2 mL/min. The 

modifiers were introduced into the sample cell by their addition to the CaCl2 solution. An 

Olympus AC240TS cantilever (2 N/m spring constant) was used in contact mode with scan rate 

of 8.14 Hz at 256 lines/scan. 

The kinetic studies of COM crystallization were performed by measuring calcium 

depletion in situ using an Orion 9720BNWP ionplus® calcium ion-selective electrode (ISE). 

Samples were prepared as discussed above using a molar composition of 0.5 mM CaCl2:0.5 mM 

Na2C2O4:150 mM NaCl (S = 4.1) at room temperature. Modifiers were added to the solution after 

adding CaCl2, and prior to adding Na2C2O4. The electrode was placed in the solution immediately 

after adding Na2C2O4. The concentration of calcium was recorded for an hour while the solution 

was continuously stirred at 1200 rpm. The effect of stirring rate on growth rate is shown in Figure 

2-1. Prior to each measurement, the ISE 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 (10-1, 10-2, and 10-3 mol Ca2+/L), then adding an ion strength 

adjuster (ISA, Thermo Scientific) in a 1:50 volume ratio of ISA-to-standard. 
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We analyzed COM crystallization in the presence of two proteins frequently detected in 

human stone matrix: lysozyme and lactofferin 93. The pH of solutions was measured in the 

presence and absence of modifiers using an Orion 3-Star Plus pH Benchtop Meter and 

8102BNUWP ROSS Ultra electrode (Table E-1). Solutions containing some of modifiers exhibit 

different pH than the control sample. Since pH variation affects supersaturation, COM 

crystallization is influenced consequently. We performed all the kinetic studies at constant pH. To 

this end, we considered following procedures: (i) For modifiers that did not change the pH, no 

corrections were required and the samples were used at the compositions stated above, (ii) For 

solutions where there was a change in pH, we added an appropriate amount of NaOH or HCl 

prior to adding Na2C2O4 to adjust pH values to that of the control (pH 6.1), (iii) For solutions 

where there was a minor change in pH (ca. < 0.2 which could not be measured by pH meter, 

accurately) HEPES buffer was used to maintain the pH in both control samples and solutions 

containing modifiers (Figure E-3).   

5.3 Results and Discussion 

5.3.1 Electrostatic Considerations of COM Growth Modifiers 

In aqueous solution, calcium dissociates from the COM surfaces to generate a negatively-

charged crystalline interface (Figure 1-3). Dissociated calcium ions reside within the diffuse 

double layer and seemingly frustrate the binding of cationic amino acids (e.g., Arg, Lys) due to 

electrostatic repulsion with calcium ions in close proximity to the crystal surface (i.e., Stern 

layer). As such, the most potent inhibitors of COM growth tend to be rich in negatively-charged 

groups (e.g., carboxylic acid and phosphate 55,213) that mimic oxalate vacancies on COM crystal 

surfaces. For example, aspartic acid-rich proteins are known inhibitors of COM crystallization 56. 

The carboxylate groups interact with Ca+2 ions of the COM crystal surfaces 57. These anionic 

moieties bind to COM interfaces via calcium bridges: (COM)COO-…Ca2+…-OOC(inhibitor) as 

shown in Figure 1-3. Past studies have established that anionic proteins (e.g., osteopontin 127 and 
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serum albumin 30) and polypeptides (poly-acrylic acid 26, poly-Asp 78, and poly-Glu 34) are 

effective growth inhibitors of COM crystal growth. Although effects of anionic species on COM 

crystallization have been widely studied 26,61,70,76,78-80,130,145,165, there are very few studies done to 

examine the influence of cationic species. It is not entirely unexpected that cationic groups are 

less effective than anionic groups in affecting COM crystallization due to electrostatic repulsion 

caused by divalent calcium ions. Proteins and polypeptides with isoelectric point (pI) higher than 

the pH of the control (i.e pH 6.1) exhibit positive charges in solution. Close inspection of the 

sequences of these macromolecules reveals that they are rich in amino acids with basic side 

chains (e.g., amines with pKa values higher than the pH of the control solution). Therefore, we 

explored whether these amino acids interact with COM surfaces. We examined the effect of 

lysine (Lys, K) and arginine (Arg, R) on COM crystallization and also compared the results with 

negatively-charged amino acids, aspartic acid (Asp, D) and glutamic acid (Glu, G).  

Systematic studies of amino acids on COM growth rate were quantified by in situ ISE 

(Figure 5-1). The ISE measurements were performed with careful consideration to assure that the 

addition of each modifier did not alter the pH of COM growth solutions. The calcium oxalate 

supersaturation, which determines the driving force for crystal growth 1,42, is dependent upon pH; 

therefore, any change in pH can lead to differences in COM growth rates that complicate the 

interpretation of modifier efficacy in ISE data. We purposefully avoided the use of buffers to 

minimize any potential interactions with COM surfaces, which could in any way interfere with 

modifier binding. To this end, we measured solution pH at the beginning and end of each 

experiment and in cases where the pH was altered by the addition of modifiers, we corrected for 

this by the addition of either acid or base. For instance, the cationic and anionic amino acids 

imparted significant changes in solution pH (see Table E-1). To correct for these effects, we 

added a small quantity of HCl or NaOH stock solution, respectively, to bring the pH closer to the 

control (no more than 0.02 mM was required of the acid or base). Since the molar composition of 
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the control solution contains 150 mM NaCl, a marginal increase in Na+ or Cl- ions (ca. 0.01 %) 

had an insignificant effect on the COM growth rate. A comparison between experiments with and 

without pH correction is shown in Figure E-2. Figure 5-1 shows that pH corrected growth 

solutions containing Arg and Lys behave similar to the control and increasing the amino acid 

concentration does not have noticeable effects on COM growth rate. Prior studies in the literature 

revealed that Lys and Arg at pH 6 adsorb on COM crystals by 0.0144 µmol/m2 and 0.017 

µmol/m2, respectively. These coverages are relatively small compared to those of Asp (0.0714 

µmol/m2) and Glu (0.0669µmol/m2) measured under the same conditions 100. As shown in Figure 

5-2, Asp and Glu monotonically decreased the relative growth rate with increasing amino acid 

concentration. Growth rate decreased by ca. 10% and 7% in the presence of 30 µg/mL of Asp and 

Glu, respectively. The slightly higher percent inhibition of Asp is attributed to (i) stronger 

adsorption of Asp than Glu on COM crystals and (ii) its low pI value (2.77) compare to Glu 

(3.22) 100. Therefore, poly-Asp is expected to act as a more potent inhibitor than poly-Glu. Past 

studies revealed that poly-Asp is 16 times more effective than poly-Glu in COM growth 

inhibition 78. 

Since amino acids are zwitterionic, it is possible that the negatively-charged C-terminus 

binds to COM surfaces; therefore poly-Arg and poly-Lys were also tested to assess cationic 

macromolecules, thereby minimizing the potential influence of the C-terminus. Moreover, 

polymers are believed to affect COM crystallization more effectively than their corresponding 

monomers. As a case in point, poly aspartic acid (poly-Asp) inhibits COM crystallization 1000 

times more strongly than aspartic acid 78. Compared to the amino acids, the change in solution pH 

with the addition of polyamino acids was not  much (e.g., an increase of ca. 0.21 and ca. 0.15 in 

solution pH with 20 µg/mL lysine and arginine, respectively shown in Table E-1), and thus the 

pH correction was unnecessary. ISE measurements in the presence of either 20 µg/mL poly-Arg 

or 20 µg/mL poly-Lys revealed that these two polymers did not produce a noticeable effect on the 
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COM growth rate (Table 5-1). Collectively, our comparison of cationic amino acids (i.e., Arg and 

Lys) and polyamino acids (i.e., poly-Arg and poly-Lys) suggests that these species do not 

strongly interact with COM surfaces. 

 

 

Figure 5-1 Relative growth rate (r modifier/r control) of COM crystallization in the presence of amino 
acids at different concentrations. Solid lines are interpolations and the dashed line 
represents growth rates equal to the control. 

 

The organic content encapsulated within polycrystalline COM stone aggregates (referred 

to as the organic matrix) comprises a mixture of proteins, polysaccharides, carbohydrates, lipids, 

and other urinary constituents 92 with a wide range of electrostatic charges. More than 90 proteins 

are observed in human stones 238. Proteins with a high degree of cationic residues (pKa > 7) are 

associated with stone matrix, such as cathepsin G (pI 11.4 93 or 11.19 239), eosinophilic cationic 

protein 93 (pI 10.7), lactoferrin 93 (pI 8.5), lysozyme (pI 9.1 93 or 9.38 239 or 11.1 125), and 
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myeloperoxidase precursor 95 (pI 9.3 93). The effects of these proteins on COM crystallization 

have been studied very limitedly. Prior studies have suggested that lysozyme has no significant 

effect on COM growth rate 125. However, studies on the concentration of lysozyme in urine 

indicate that its concentration in individuals with renal diseases is higher than healthy people 240, 

which suggests that lysozyme may play a role in stone formation. Incubation of COM crystals in 

CaOx saturated solution containing cathepsin D showed the effects of erosion (pit formation) on 

crystal surfaces 241-242, which indicates that cathepsin D induces COM crystal dissolution. 

Myeloperoxidase is found within the inner core of COM stones, but its role in stone formation is 

still unknown 95. In general, the effect of these positively-charged proteins on COM 

crystallization is not fully understood. 

 

Table 5-1 Comparison of COM crystallization inhibitors. 

Growth modifiers
 a
 Relative growth 

b
 

Amino acids  

Lysine (Lys, K) 1.00 ± 0.04 

Arginine (Arg, R) 0.98 ± 0.04 

Aspartic acid (Asp, D) 0.96 ± 0.03 

Glutamic acid (Glu, E) 0.96 ± 0.06 

Poly amino acids  

Poly lysine (poly-lys) 1.03 ± 0.04 

Poly arginine (poly-arg) 1.04 ± 0.03 

Proteins  

Transferrin 0.89 ± 0.05 

Lactoferrin 1.03 ± 0.05 

Lysozyme 1.08 ± 0.05 
a Solution with 0.5 mM CaOx: 150 mM NaCl (S = 4.08) at pH 6.1, 25 oC, and 20 µg/mL modifier 
b Relative growth = r modifier/r control (from ISE data)  

 

In this study we limited our analysis to a fraction of the commonly observed matrix 

constituents with isoelectric points higher than 7: lysozyme and lactoferrin. Amino acid 

sequences and molecular structures of lysozyme and  lactoferrin are shown in Figure C-4 and  
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Figure C-5, respectively. These two biomolecules exhibit isoelectric point (pI) 11.1 125 (or 9.1 by 

93) and 8.5 93 for lysozyme and lactoferrin, respectively. Analysis of COM crystallization in the 

presence of these positively-charged proteins revealed that they promote the growth rate and their 

efficacy may differ depending on the molecular structure of these modifiers. A comparison 

between the effects of growth modifiers on COM growth rate is provided in Table 5-1. For 

example, lysozyme at 20 µg/mL promotes the growth by ca. 8% which is higher than lactoferrin 

at the same concentration (3% promotion).  

5.3.2 Protein Modification of COM Crystallization   

In situ ISE measurements were performed to examine the effect of lactoferrin and 

lysozyme on COM growth rate. Similar to poly-amino acids, the addition of proteins had a minor 

impact on solution pH. For instance, COM growth solutions exhibit slightly higher pH in the 

presence of lysozyme (pH 6.16 ± 0.13 at 30 µg/mL of lysozyme) (see Table E-1). We did not 

correct for this small change, but in order to assure that the observed enhancement of growth rate 

in the presence of lysozyme was not affected by this small change in pH, we repeated all the ISE 

measurements of lysozyme in the presence of 0.1 mm HEPES buffer. As shown in Figure E-3, 

HEPES buffer maintained a constant pH of ~7.78 with increased lysozyme concentration, and the 

effect of growth promotion was observed irrespective of solution pH. Preliminary studies in our 

group revealed the HEPES did not influence the growth rate of COM crystallization, but it did 

alter the surface topography from smooth to rough interfaces, which suggests some degree of 

interaction with the COM crystal surface. As such, the use of buffer was avoided to remove the 

possibility that such interactions interfered with the modifier binding. 

COM growth was examined in the presence of lysozyme and lactoferrin concentrations 

between 5 and 100 µg/mL. The relative rate of COM growth increases monotonically as a 

function of protein concentration, reaching a plateau at some threshold concentration of 

lactoferrin or lysozyme (see Figure 5-2). ISE measurements reveal a maximum of 7% promotion 
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in the COM growth rate as the concentration of lactoferrin approaches 50 µg/mL. Lysozyme is a 

more effective promoter of COM growth, imparting a ca. 20% increase in COM growth rate as its 

concentration approaches 80 µg/mL. At first glance, differences in protein isoelectric point (pI) 

may suggest that the degree of COM growth promotion increases with increased pI (i.e., 

increased positive charge). Indeed, if we extend this comparison to prior studies of anionic 

proteins, such as serum albumin 132 and osteopontin 76, there is an apparent trend of decreasing 

relative growth rate with decreasing pI. As an example, we included in Figure 5-2 the ISE data 

for transferrin (Tf), which is a matrix protein with a lower pI than lactoferrin that exhibits near 

neutral charge in COM growth solutions. 

 

 

Figure 5-2 Relative growth rate (r modifier/r control) of COM crystallization in the presence of 
proteins at different concentrations. Solid lines are interpolated; and the dashed line 
signifies growth rates equal to that of the control. 
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 A recent study revealed that Tf is a mild inhibitor of COM growth 243; however, it was 

shown in this study of various growth inhibitors that the modifier efficacy cannot be solely 

attributed to its net charge. The same can be said for growth promoters. For instance, three 

cationic proteins, histone-lysine N-methyltransferase, inward rectifier K channel, and protein 

Wnt-2 are inhibitors of COM crystallization 235. In this study, the effects of these three proteins 

were examined on COM growth rate by monitoring depletion of free oxalate in solution during 

crystallization.  On the other hand, negatively-charge proteins can serve as COM crystal 

promoters. For examples, proteins such as ethanolamine-phosphate cytidylytransferase (pI 6.44), 

Ras GTPase-activating-like protein (pI 5.47), and macrophage-capping protein (pI 5.82) promote 

COM crystal growth 244. Moreover, in calcium carbonate crystallization, peptides with similar 

molecular charge and size exhibit different efficacies for promoting step velocity measured by in 

situ AFM 154. Therefore, the presence of cationic charge is not the only requirement for growth 

promotion. 

5.3.3 Putative Mechanism of COM Growth Promotion 

The vast majority of COM studies in the literature have focused on the impact of growth 

inhibitors. The mechanism of growth inhibition is well established. There are two general modes 

of action by which modifiers inhibit crystal growth: (i) Step pinning where the adsorption of a 

modifier on a crystal terrace impedes the step advancement within the plane of adsorption, and 

(ii) modifier binding to kink sites that frustrate solute attachment to step sites. In the case of 

growth promotion, few cases have been presented. In aqueous solution, modifiers play a 

significant role in local water reinstructing 154. Local water around solutes is released easily as a 

result of perturbation in its structure in the presence of modifiers. As a result the energy barrier 

for growth units to attach to crystal faces is lowered, thereby facilitating the incorporation of 

solute in the crystal phase. This hypothesis was suggested by studies of peptides at low 

concentrations on calcium carbonate crystallization 154. 
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Interestingly, confocal microscopy studies  by Grohe et al., suggest that lysozyme at 50 

µg/mL labeled by the fluorescent molecule Alexa, does not adsorb on COM crystal surfaces 125. 

ISE data in Figure 5-2 clearly reveal the effects of cationic proteins on COM growth rate, which 

suggests some degree of interaction between the protein and crystal surface; however, it is 

uncertain if these interactions are specific to any crystallographic face, and to what degree, if any, 

these interactions influence the anisotropic growth of COM crystals. To this end, we performed 

bulk crystallization studies and in situ AFM measurements of surface growth in the presence of 

lysozyme and lactoferrin to gain further insight into the effect of each protein on COM 

crystallization. The findings of these experiments are discussed in the following two sections.  

5.3.3.1 Bulk Crystallization Studies 

The influence of proteins on COM crystal habit was evaluated from three separate 

batches of COM crystals using optical microscopy to measure the crystal aspect ratio within the 

(100) plane and the thickness along the [100] direction (see example micrographs in Figure E-4). 

In Figure 5.3, we plot the change in COM aspect ratio measured as the relative ratio of [001] 

length to [010] width of the basal surface. Statistical analysis of more than 150 crystals prepared 

from different batches and at different protein concentrations reveal that both lysozyme and 

lactoferrin produce a slight increase (ca. 8%) in the COM aspect ratio. This effect was observed at 

low protein concentration (e.g., less than 2 µg/mL), whereby the aspect ratio plateaued and any 

additional change in crystal dimension with increased protein concentration was negligible. The 

absolute size of COM crystals in the presence of lactoferrin and lysozyme was not affected. There 

was approximately one distribution of COM crystal based on their size in control samples, and 

samples prepared in the presence of either lactoferrin or lysozyme shown in Figure E-4. We also 

measured the thickness of crystals from optical micrographs reported as the average of 60 crystals 

from 3 separate batches (Figure 5-3B). Lysozyme produced a 30% increase in COM [100] 

direction wherein the thickness monotonically increased from ca. 11 µm (control) up to ca. 15 
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µm, while COM crystals were slightly thicker in the presence of lactoferrin (ca 8%). Based on the 

Burton- Cabrera- Frank model predicted in crystals with spiral growth mechanism, the rate of 

crystal growth normal to the (100) crystal faces, G [100], is expressed by,  

              012334 � 56%7'8,9'8,5:%7'8, � 9
; ,                   (5-1) 

where hhkl is the height of (hkl) steps advancing along the growing plane, yi is the interstep 

distance, and vi is the velocity of step advancement 52,218. Since lysozyme increases the step 

advancement across the (100) faces, τ is decreased which is resulted in enhancing G[100] and the 

thickness of the COM platelet.  

 

 

Figure 5-3 Changes in COM bulk crystal dimensions with increasing modifier concentration. (A) 
Aspect ratio measured as the ratio of [001] length to [010] width. (B) Measurements 
of thickness along the [100] direction. Error bars equal two standard deviations. 

 

5.3.3.2 In Situ AFM Measurements of (010) Surface Growth 

AFM is an established tool for investigating growth kinetics at molecular level 49,67,79. 

COM crystals grow by screw dislocations. Hillocks on (100) faces of COM crystals exhibit 

parallelogram-shaped habit expressed by {12-1} and {021} steps shown in Figure 5-4A. We used 

in situ AFM to study the influence of lysozyme, the stronger growth promoter, on (010) hillock 
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growth in supersaturated CaOx solutions. It is evident from in situ AFM studies that lysozyme 

made elongated hillocks (Figure 5-4B). A comparison of relative step velocity (v modifier/v control) in 

Figure 5-4C shows lysozyme enhanced the step velocity in all directions, which agrees with the 

ISE results in Figure 5-3A. In the presence of lysozyme, it was also observed that more elongated 

crystals are formed.  

 

 

Figure 5-4 Snapshots from time-resolved AFM imaging of hillock growth in supersaturated 
CaOx solutions on the COM (010) of: (A) Control and (B) 2.5 µg/mL lysozyme. (C) 
Comparison of step velocities for (A) and (B). Scale bar equals 0.5 µm. 

 

5.3.4 Peptide Sequences That Mediate COM Growth Promotion 

In addition to the number and type of charged groups in a protein sequence, it has been 

shown that other interactions, such as hydrophobicity, may play an important role in the 

interaction of modifiers with crystal surfaces 125. Lysozyme is a hydrophobic molecule 

(hydrophilicity = -18.83 kJ/mol) 125 containing acidic and basic regions in its sequence (Table 

5-2). Molecular modeling calculations reveal that both basic and acidic amino acids interact with 

COM crystals, specially lysine (K), phenylalanine (F), alanine (A), and leucine (L) 235.  In order 

to determine a segment(s) in lysozyme responsible for growth promotion, we synthesized 12 

peptides that collectively cover the entire sequence of lysozyme. Each peptide contains 20 

consecutive amino acids generated by shifting the position of the first amino acid in lysozyme 

sequence by 10 units (see Table 5-2). For example, first peptide, L1, contains amino acids located 
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in 1-20 position, L2 contains 11-30, and L3 contains 21-40. Since lysozyme has 129 amino acids, 

following this trend results in a 19-mer peptide for the last sequence (i.e., L12). Since ten amino 

acids are repeated in two consecutive peptides, we were able to find the role of those 10-mer 

segments in COM growth by comparing the ISE results of two consecutive peptides containing 

the specific 10-mer segments. Table 5-2 shows that lysozyme peptides exhibit various sequence 

and pI with different quantities of amino acids with either basic side chains (colored in green) or 

acidic side chains (colored in red).  

 

                          Table 5-2 Peptides derived from lysozyme (chicken egg white). 

 
a Anionic amino with acidic and basic side groups are shown in red and green, respectively. 
b
 Theoretical pI calculated by ExPASy.org 

 

Similar to proteins and amino acids studies, a quantitative comparison of peptide effects 

on COM crystallization was performed using in situ ISE. Relative growth was calculated in the 

presence of single peptide concentration (50 µg/mL), which is shown in Figure 5-5. In this plot, 

positive values which are located above the dash line represent COM growth promotion, while 

negative relative effect values indicate inhibition and are located below the dash line. A scatter 
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plot of ISE data ranged from 1.1 to  0.85 relateive growth rate, revealing a large distribution of 

peptide efficacy for promoting/inhibiting COM crystallization. In comparing peptides L1, L2, and 

L3, which are all positively-charged under our experimental conditions (i.e., pH 6.11) due to their 

estimated pI values (Table 5-2), we observed that their effects on COM crystallization are 

markedly different. Both peptides L1 and L2 promote COM growth by 10 % (relative growth = 

1.10 ± 0.09) and 11 % (relative growth rate = 1.11 ± 0.06), respectively. On the other hand, 

peptide L3 slightly inhibits the growth by 32% (relative growth rate = 0.97 ± 0.02). This 

comparison reveals a relationship between peptide effect and its sequence. Close inspection of 

peptides L1, L2, and L3 suggests that the segment located in 11-20 can be responsible for the 

promotion. In this segment, the presence of 3 consecutive cationic amino acids, KRH, may play a 

key role in growth promotion.  

In peptides L4, L5, and L6, which are all negatively-charged, the cationic amino acids are 

spread out in peptide sequences. These three peptides act as COM growth inhibitors with 

different efficacies. Peptide L4 yielded an 11% inhibition (relative growth = 0.89 ± 0.03); while a 

16% (relative growth = 0.84 ± 0.03) and 11% (relative growth rate = 0.89 ± 0.03) inhibition were 

achieved in the presence of peptides L5 and L6, respectively. Past studies reveal that peptides 

with lower pI values adsorb more strongly on calcium minerals than peptides exhibiting higher pI 

values 152. Proteins exhibiting a high content of  anionic and  hydrophilic amino acids tend to act 

as potent inhibitors of COM crystallization 125.  

A comparison of peptides L11 and L12, which both exhibit different pI values, reveals 

that these two peptides contain a cation-rich segment of RNRCK. However, it is likely that the 

presence of anionic region located in position 101-111 in peptide L11 suppressed the potential 

promotion effect of this peptide, which resulted in a 6 % inhibition (relative growth = 0.94 ± 

0.06) in COM crystal growth. On the other hand, peptide L12 yielded a 7 % (relative growth rate 
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= 1.07 ± 0.07) promotion suggesting that the presence of high quantities of cationic amino acids 

in peptide sequences causes the promotion. 

 

 

Figure 5-5 Relative growth rate (r modifier/r control) in the presence of 50 µg/mL of each lysozyme 
peptide. Green and purple bars refer to COM growth inhibition (relative ratio < 1) 
and promotion (relative ratio > 1), respectively. Error bars equal two standard 
deviations. 

 

5.4 Conclusions 

We have examined the role of native proteins, lactoferrin and lysozyme in calcium 

oxalate monohydrate crystallization. These proteins are rich in amino acids with basic side chains 

and commonly observed in the organic matrix of human stones. To characterize their efficacy, we 

used a combination of experimental techniques to quantify the effects of these proteins on COM 

crystal size, habit, surface architecture, and growth kinetics. Results of these studies reveal that 
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lysozyme promotes COM crystal growth and lactoferrin is considered as a weak growth 

promoter.  

In order to determine the most effective segment(s) of lysozyme in growth promotion, we 

studied the effects of peptides derived from lysozyme sequences. These studies revealed a range 

of COM crystal inhibitors and promoters in different lysozyme peptides. The role of peptides in 

COM growth depends on the net charge, amino acids included in the sequence, and the spatial 

patterns of amino acids in these sequences. This work explored the physicochemical properties of 

effective protein promoter of COM crystallization towards an improved understanding of disease 

pathogenesis. 
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CHAPTER 6:  EFFECT OF ALKALI METALS ON CALCIUM OXALATE 

MONOHYDRATE CRYSTALLIZATION 

6.1  Introduction 

Trace elements play vital roles in living systems, such as electronic transfer and enzyme 

and redox reactions 120. Similar to macromolecules (e.g., proteins and glycosaminoglycans), trace 

elements are observed in urine 113-115 and have been detected in the calcium oxalate monohydrate 

(COM) stone matrix 115-119. Trace elements in urine can interact with COM crystal surfaces and 

affect crystallization 120. For instance, Fe3+, Al 3+, and Cr3+  are reported as inhibitors of COM 

crystal growth 121 at higher concentrations than those measured at physiological conditions 113. 

However, the inhibitory effect of Zn2+, Cu 2+, Sn2+, Pb2+, Al3+, Ni2+, Cd2+, and Mn2+ on COM 

crystallization at physiological concentrations is negligible 120,245. The presence of Fe3+ at 

physiological concentration  inhibits COM crystallization due to the formation of stable iron-

oxalate interactions on COM crystal surfaces 120. Moreover, it is believed that urinary elements 

can interact with known urinary inhibitors 120. It has been shown, for example, that phytate and 

pyrophosphate inhibit COM crystallization more effectively in the presence of Fe3+ (i.e., 

synergism). Conversely, the combination of Fe3+ and citrate (at high citrate: Fe3+ ratio) is less 

effective inhibitor than citrate alone (i.e., antagonism) 120. The reduced efficacy in the latter case 

is attributed to the formation of a stable low molecular weight iron-citrate complex, which 

prevents the direct interaction between Fe3+ and COM crystal surfaces 120-121. Interestingly, such 

antagonistic effects are not observed when citrate is in the presence of either Al 3+ or Cr3+ 121.  

There is a direct relation between urinary K+ and citrate in people with a history of renal 

calcium stones 246. Potassium is a vital electrolyte in physiological function that regulates the 

content of citrate in the body. Potassium depletion, which is referred to as hypokalemia, causes 

more resorption of citrate in urine (i.e., alters citrate clearance), which decreases citrate levels in 

body 123. As a result, these processes can lead to citrate depletion (or hypocitraturia), which is the 



110 

 

cause of nearly 18 - 40% of kidney stones 247. Hypokalemia is believed to be problematic in renal 

stone formers 248. Potassium alkali salts are considered as an important factor in kidney stones 

owing to the fact that they may reduce urinary calcium excretion 249. Urinary assays of calcium 

oxalate stone formers indicate a higher calcium concentration in urine than that found in healthy 

people. Similar studies also find that  urinary concentration of potassium is significantly lower in 

stone formers 250, which implies that by increasing the urine potassium, the tendency to form 

kidney stones decreases 251. 

Trace elements in urine can also affect COM crystallization by changing the solubility of 

calcium oxalate. Magnesium 114,122, potassium 123, iron 114, and copper 114 ions are believed to 

increase the solubility of COM crystals. The solubility of many metallic oxalates is similar to that 

of calcium oxalate 114. Interestingly, the concentration of various elements in urine differs 

between stone forming and healthy individuals. For instance, the quantity of urinary lithium, 

nickel, and manganese is lower in stone formers 115. Kidney stone incidence rate has increased 

recently due to several factors 14,16-17, such as global warming, which may influence fluid loss by 

increasing mean annual temperature. Hence,  saturation of urine with respect to stone-forming 

salts is increased 18.  

Herein, we examine the effects of alkali metal (Li+, Na+, K+, and Cs+) on COM 

crystallization in vitro. We systematically quantify COM crystal growth rate in the presence of 

alkali metals and show that increasing electrolyte concentration reduces growth rates, which is 

consistent with our calculations of COM solubility revealing a decreased supersaturation. There is 

a distinct trend in the effect of alkali metal on growth rate that seems to follow the lyotropic 

series. Moreover, we investigate the effects of alkali metal chlorides on COM crystal morphology 

and number of crystals by optical and electron microcopies, and show that a reduction in the rate 

of nucleation with increased electrolyte concentration is consistent with theoretical predictions.  

Collectively, the results of this study suggest that a reduction of electrolytes in urine would lead 
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to increased COM growth, although the concentrations required to have a significant effect may 

be well outside the range of physiological conditions. These studies also suggest that Na+ is a 

more effective inhibitor of COM crystallization than K+ (a common alkali in citrate supplements 

administered as a common kidney stone therapy).  

6.2  Experimental Methods 

Materials. The following reagents for calcium oxalate monohydrate crystallization were 

purchased from Sigma Aldrich (St. Louis, MO) and used without further purification: calcium 

chloride dihydrate (ACS Reagent, 99+%), potassium chloride (SigmaUltra, 99+%), lithium 

chloride (ACS Reagent, 99+%), and cesium chloride (ReagentPlus®, 99+%). Sodium chloride 

was purchased from JT Baker. 

Calcium oxalate monohydrate (COM) crystallization. COM control crystals were 

synthesized at 60ºC using molar composition of 0.7 mM CaCl2: 0.7 mM Na2C2O4: X mM alkali 

metal chloride, where X varied from 100 to 500. Samples were made by first dissolving alkali salt 

in deionized water, followed by adding CaCl2. The sample was placed in an incubator at 60 ̊C for 

one hour before adding Na2C2O4 dropwise while stirring. The sample was returned to the 

incubator for three days to allow complete crystallization. The alkali metals examined in this 

study were LiCl, NaCl, KCl, and CsCl. The COM crystals prepared in the presence of 150 mM of 

any of these salts are referred herein as the control, which was used as a baseline for comparison 

of electrolyte effects.  

Analytical Methods. Measurements of COM bulk crystal dimensions along the basal 

(100) plane were performed by optical microscopy in reflectance mode using a Leica DM2500-M 

microscope equipped Olympus objectives. The length and width were measured along the [001] 

and [010] directions, respectively. Each data point is an average of ca. 200 crystals prepared from 

3 different batches. The crystal habit was assessed by scanning electron microscopy (SEM) using 

a FEI 235 Dual-Beam Focused Ion-beam instrument equipped with SEM sample extraction 
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probe. COM crystals on glass slides were transferred to carbon tape by gently pressing the slide 

to the tape followed by coating samples with a layer of carbon (ca. 25 nm). COM crystals were 

characterized by powder X-ray diffraction (XRD) using a Siemens D5000 X-ray diffractometer 

with Cu Kα radiation (40 kV, 30 mA). The approximate number density of crystals was obtained 

by counting the total number of COM crystals (per unit area) that were collected on glass slides 

placed at the bottom of each synthesis vial. The crystal number density reported here is an 

average of 3 measurements from separately prepared crystal batches. Each measurement was 

obtained from approximately 50 regions on the glass slide (using an area of 324 × 242 µm2 for 

each location). This rudimentary analysis is based on statistical sampling of crystals, and does not 

account for (i) crystallites too small to sediment to the bottom of the vial, (ii) crystals that adhere 

to the sides of the synthesis vial, or (iii) crystals that are removed from the glass slide during 

gentle rinsing with deionized H2O prior to analysis by optical microscopy. 

The growth rate of COM crystallization was measured using an in situ calcium ion-

selective electrode (ISE) from Orion (model 9720BNWP) at room temperature. The calcium 

depletion was analyzed using solutions of composition 0.5 mM CaCl2:0.5 mM Na2C2O4:X mM 

alkali metal chloride, where X varied from 100 to 500, with continuous stirring at 1200 rpm. The 

relative growth rates were calculated as the ratio of r electrolyte (i.e., growth rate at a specific alkali 

metal chloride concentrate) to r control (i.e., growth rate at 150 mM of the corresponding alkali 

metal chloride). 

COM crystal surfaces were analyzed by atomic force microscopy (AFM) using a 

Nanoscope IV (Digital Instruments, Santa Barbara, CA) in contact mode at a scanning rate of 5 

Hz . Samples were mounted on AFM specimen disks (Ted Pella, Inc.) covered with a thin layer of 

photocurable epoxy (Lens Bond Type SK-9). Crystals were transferred to the AFM sample by 

gently pressing the glass microscope slide on the partially-cured epoxy (pretreated with UV light 

for 60 min). The sample was placed under UV light for an additional 60 min to fully cure the 
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epoxy and anchor COM crystals with the (100) surface oriented in the plane of imaging. COM 

crystals were imaged with Olympus AC240TS cantilevers (2 N/m spring constant). 

6.3 Result and Discussion 

6.3.1 Effect of Electrolytes on COM Bulk Crystallization 

Here, we have examined the influence of alkali metals on COM bulk crystallization by 

optical and scanning electron microscopies on the COM crystal size, habit, and number density. 

To this end, we have selected NaCl as an example to probe the effect of alkali metal chloride on 

bulk crystallization. We analyzed COM crystal dimensions along the basal (100) plane in the 

presence of NaCl ranging from 150 mM to 500 mM. The [001] and [010] directions were 

measured, which are referred as the length and the width, respectively (Figure 6-1A). Our results 

indicate that larger crystals were obtained by increasing NaCl concentration, which is related to 

the change in solubility and rate of nucleation.  Although the crystal size increased with NaCl 

addition, the crystal habit remained unaffected, yielding a constant aspect ratio (i.e., the relative 

ratio of [001] length to [010] width) (Figure 6-1B); therefore, NaCl does not exhibit specificity 

for binding to COM. Number of COM crystals prepared in the presence of NaCl electrolyte 

significantly dropped by increasing the electrolyte concentration (Figure 6-2). Collectively, COM 

crystals at higher NaCl concentrations were fewer and larger than lower NaCl concentrations. A 

likely explanation for this behavior is the influence of salt on supersaturation ratio (S), which in 

turn impacts the rate of nucleation (J). 

By changing the salt concentrations (e.g., NaCl) in COM synthesis, the solubility of 

COM undergoes changes as shown,  

�OP�PQR5S7 ��TUV �OP 
  �PQRWP                                               (6-1) 

and,                                      XYZ  �  [���\  1�OP]4 ^  [�����_  1�PQRPW4  ,                                    (6-2) 

where Ksp is the solubility product, which equals 1.7×10-9 M2 and 3.55×10-9 M2 for COM at 25°C 

122 and 60°C 252, respectively (see Table  B-2 for Ksp at different temperatures). The parameters  
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[���\  and [�����_ are the activity coefficients of Ca2+ and C2O4
2-, respectively, and [Ca2+] and 

[C2O4
2-] are equilibrium concentrations of these ions (Cs). In our experimental studies we use 

equimolar ratios of calcium and oxalate. Since oxalate (or oxalic acid) is a diacid, it dissociates in 

aqueous solution exhibiting two dissociation constants, which are expressed by 

                                                   X�2 �  1`����_41`\4
1`�����4                                   (6-2) A 

and                                                          X�P �  a�����_b1`\4
1`����_4 .                                         (6-2) B 

 

 

Figure 6-1 Effect of electrolyte (NaCl) concentration on COM crystal size and habit (NaCl) at 
60ºC. (A) Measurements of COM crystal dimensions within the basal (100) plane. 
(B) Aspect ratio of the (100) basal plane measured as the ratio of length to width. 
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Figure 6-2 Changes in COM number density with increasing electrolyte (NaCl) concentration at 
60ºC. 

 

Under our experimental condition (i.e., pH 6.1), [H2C2O4] and [HC2O
-] are negligible 

owing to the fact that pKa,1and pKa,2 equal 1.23 and 4.19, respectively  253. Therefore, we only 

considered C2O4
2- in our calculations.  The activation coefficients can be calculated by Debye 

Hückel equation 
254, 

log [ � W3.g2h�√j
2]klmn

opq r    ,                                                         (6-3) 

where st is the ion charge (z = 2 for Ca2+ and Ox2-), µ is ionic strength calculated from the total 

concentration ci of ions using the equation,  

 µ � 2
P ∑ uFF tF   .                                                          (6-4) 

The ionic strength accounts for the electrolytes (alkali ions and Cl-), Ca2+, C2O2
2-, H+ and 

OH- . The hydrated radius of the ion, v, is 600 pm for Ca2+ and 450 pm for Ca2+ 254. The 

calculated solubility, Cs, from Equations 6-1 to 6-4 was used to estimate the supersaturation ratio, 

S, by  

S � �
��     ,                                                               (6-5) 
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where C is the concentration of calcium oxalate solution (0.7 mM and 0.5 mM in bulk and kinetic 

studies, respectively). The effect of electrolyte concentration on S at 25ºC is shown in Figure 3A. 

The supersaturation ratio monotonically decreases by progressively increasing the electrolyte 

concentration from 100 to 500 mM. Increasing the electrolyte concentration causes an increase in 

µ (Equation 6-4), which decreases γ (Equation 6-3). The solubility increases with increasing 

electrolyte concentration, which subsequently decreases S (Equation 6-5).  

 

 

Figure 6-3 (A) Theoretical changes in supersaturation ratio, S, and (B) nucleation rate, J, with 
increasing electrolyte concentration at 25ºC. Both S and J monotonically decrease 
with increasing electrolyte concentration. 

 

The influence of salt on S impacts the nucleation. The homogeneous nucleation rate J, 

refers to the number of nuclei formed per time per volume, can be estimated as 43, 

w � x y"z { |o6}� �~
�o�o5�� �7�� ,                                                       (6-6) 

where x is a frequency constant estimated at 1030 nuclei/cm3 sec 255, � is the geometric factor 

(16�/3 for a spherical nucleus), y is the surface energy (7.14 mJ/m2 for COM), ��  is the 

molecular volume (66.418 cm3/mol for COM 255), �  is the Avogadro number, � is the gas 

constant, and � is the absolute temperature (298.15 K in this study). The effect of electrolyte 
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concentration on J using Equation 6-6 is shown in Figure 6-3B. There is a good agreement 

between theoretical predictions with our nucleation studies (Figure 6-2). Increasing electrolyte 

concentration decreases S, which in turn lowers the rate of nucleation. As J is reduced, fewer 

nuclei form. Hence, number of crystals drops. 

 

 

Figure 6-4 SEM macrographs of COM crystals in the presence of  (A) NaCl 150 mM, (B) LiCl 
150 mM, (C) KCl 300 mM, (D) NaCl 150 mM, (E) KCl 300 mM, (F) KCl 300 mCl, 
(G) CsCl 150 mM. Scale bars equal 10 µm. 

 

COM crystal habit in the presence of different alkali metals was studied using SEM. 

COM crystals prepared in the presence of all concentrations of Na+ (i.e., 150 mM - 500 mM) tend 

to have a relatively uniform hexagonal morphology. Top view of the (100) face and side view of 
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the (010) face in the presence of 150 mM  NaCl are shown  in Figure 6-4A and Figure 6-4D, 

respectively. By substituting NaCl with KCl, LiCl, and CsCl, some additional morphologies are 

observed. COM crystals with diamond-shaped (100) faces and extended (12-1) faces are prepared 

in the presence of Li+, K+, and Cs+ , which are shown top view (Figure 4B) and side view (Figure 

4G), in the presence of  150 mM LiCl and 150 mM CsCl, respectively. In the presence of KCl, 

LiCl, and CsCl, the dominant crystal faces are not the (100), which means that these salts shift the 

dominant growth directions. As a case in point, thicker COM crystals are prepared (Figure 6-4E 

to Figure 6-4F), in the presence of KCl (and other salt which are not shown here) whereby 

crystals grow relatively faster along the [010] direction. On the other hand, the dominant growth 

along [12-1] direction makes knife-shaped COM crystals as shown in Figure 6-4C in the presence 

of 300mM KCl.  

 

 

Figure 6-5 Powder XRD patterns of COM crystals prepared in the presence of different 
electrolytes.  Basal faces (100) are the dominant faces in the presence of NaCl, while 
KCl, LiCl, and CsCl make (010) faces the dominant faces.  
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In Figure 6-5, the comparison of XRD patterns for COM crystals prepared in solutions of 

LiCl, NaCl, KCl, and CsCl (200 mM) reveals that these electrolytes do not promote the formation 

of other calcium oxalate hydrates, such as dihydrate (COD) or trihydrate (COT). However, there 

is a shift in the intensity of peaks attributed to changes in bulk crystal morphology. The more 

conventional in vitro preparations of COM crystals tend to employ NaCl (e.g., 150 mM), which 

results in the morphology observed in Figure 6-4A. In the presence of NaCl, the intensity of XRD 

peaks corresponding to a d-spacing of the (100) plane is higher than other peaks. When NaCl is 

substituted with KCl, LiCl, and CsCl, there is a shift in the intensity of peaks whereby the (010) 

plane is more dominant. This effect is also reflected in the change in bulk crystal habit that is 

observed in SEM images (Figure 6-4E and Figure 6-4F).   

 

 

Figure 6-6 SEM images of double-diamond COM crystals prepared in the presence of  KCl: (A) 
top view of the (100) face and (B) side view of the (010) face at 150 mM KCl. (C) 
Measurements of double-diamond COM crystal percentage (%). 

 

As shown in Figure 6-4, COM crystals in the presence of KCl, LiCl, and CsCl creates 

other morphologies than hexagonal platelets. In our analysis of COM crystals prepared from KCl, 

LiCl, and CsCl solutions, we divided crystal batches into populations based on their habit. The 
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two most distinct crystal habits observed in bulk crystallization studies were either hexagonal 

(Figure 6-4A) or double-diamond (Figure 6-6A and Figure 6-6B) crystals. Additional populations 

obtained in the presence of these electrolytes exhibit large (010) faces, such as Figure 6-4E and 

Figure 6-4F. In Figure 6-6C we plot the percentage of double-diamonds COM crystals as a 

function of increasing KCl concentration. At 100 mM, nearly the entire batch of crystals exhibits 

this morphology; however, the percentage of double-diamonds decreases as the concentration of 

KCl increases. At higher KCl concentrations (>300 mM), COM crystals with dominant (010) 

faces are formed, analogous to the crystals shown in Figure 6-6A and Figure 6-6B. 

6.3.2 Effect of Electrolytes on COM Crystal Growth Rate 

The temporal change in Ca2+ concentration during COM growth was monitored in situ 

using a calcium ion-selective electrode (ISE), which measures the concentration of free Ca2+ ions 

in solution. ISE measurements revealed a monotonic decrease in the growth rate of COM 

crystallization with increasing electrolyte concentration (Figure F-1). Burton, Cabrera, and Frank 

developed a theory suggesting that growth kinetics from spiral dislocations, which is the mode of 

COM growth, depend on the level of supersaturation and the distance between turns 256. In this 

kinetic model, the growth rate, r, is expressed by, 

� � x�Ptanh 5�
�7  ,                                                        (6-7) 

where A and B are constants that depend on the temperature and step spacing, and σ is the 

relative supersaturation (σ = S – 1). Depending on the magnitude of supersaturation relative to the 

characteristic supersaturation, σc, the growth rate can be pseudo second order (Equation 7A) or 

first order (Equation 7B): 

at low supersaturations (σ << σc):                       � � �P   and                                               (6- 7) A 

and at high supersaturation (σ >> σc):                 � � �  .                                                       (6- 7) B 
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Figure 6-7 Relative growth rate of COM crystallization at varying relative supersaturation and 
corresponding electrolyte concentration. The observed dependence of the growth rate 
on relative supersaturation is linear in the presence of all alkali metal chlorides.  

 

For most of cases σc = 10-3 256, although crystals are still capable of growing at relative 

supersaturation as low as  10-4 41.  The linear dependence between r and σ was observed for COM 

crystal growth on uric acid seeds at σ above 0.63 257. Since all of our kinetic and bulk studies 

were performed using much higher supersaturation (σ > 1.7), the linear trend (Equation 6-7B) 

was expected during the early stages of growth. Our results are in a good agreement with this 

model, as we observed linear trends in relative growth rate as a function of σ (see Figure 6-7). 

Crystal growth can be suppressed in the presence of cations. If a cation occupies a crystal 

vacancy on COM crystal surfaces (at kinks and steps), the cation blocks further attachment of 
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calcium to growing crystal surfaces. The trend in decreasing growth rate with reduced 

supersaturation as a result of increasing electrolyte concentration is expected on the basis of 

solution thermodynamics; however, the trends observed for different alkali metals cannot be 

predicted by theory. Interestingly, the trend of decreasing growth rate with K+ > Na+ > Li+ agrees 

with the Lyotropic series used to explain differences in the ability of ions to enhance the 

aggregation of charged colloidal particles. For instance, our results show that increasing K+ 

concentration up to 500 mM (σ = 1.7) had the least effect on the decreasing relative growth rate 

of COM crystals (ca. 35% reduction) compared to the effects of other alkali metals. The effect of 

electrolyte concentration on relative growth rate was the most pronounced in the presence of Li+, 

which results in a ca. 60% reduction at 500 mM LiCl (σ = 1.7) compared to the control.  Weaver 

et al investigated the effects of alkali metals (Li+, Na+, K+, Rb+, Cs+) on COM (100) surface 

growth by in situ AFM. They reported that KCl has the least effect on the velocity of steps 

advancing in the (100) plane, while NaCl was the most effective inhibitor of step advancement. 

Notably, the rate constant for KCl solutions is nearly a factor of three larger than that of NaCl. 

The efficacy of other electrolytes (LiCl, RbCl, and CsCl) falls somewhere between NaCl and KCl 

80. Close inspection of hydrated radius of these electrolytes (Table 6-1) shows that K+ has a 

hydrated radius (α = 300pm) that is one-half of Ca2+ (α = 600 pm); therefore, the replacement of 

Ca2+ with K+ in the crystal structure produces additional void space as well as a charge mismatch 

that must be compensated by an additional K+ atom. Interestingly, Li+ has the same size as Ca2+, 

which suggests a more favorable substitution of Li+ in Ca2+ vacancies. Our results also show that 

Na+ and Cs+ had similar effects on the relative growth rate. Another explanation that may explain 

the different slopes observed in Figure 6-7 is the different influence of alkali metals on COM 

solubility. For instance, prior studies have shown that various cations, such as magnesium 114,122, 

potassium 123, iron 114, and copper 114, increase the solubility of COM stones. 
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Table 6-1 Hydrated radius of species at 25ºC 

Species  α (pm)
*
 

Ca2+ 600 

C2O4
2- 450 

Li+ 

Na+ 

600 

450 

K+ 

Cs+ 

300 

250 

Cl- 300 

*Reference 254 

 

6.4 Conclusions 

Trace elements are observed in urine and COM stone matrix. We have examined the 

effect of alkali metals (Li+, Na+, K+, and Cs+) on COM crystallization in vitro. To characterize 

their influence, we used a combination of experimental techniques to quantify the effects of these 

elements on COM crystal size, habit, and growth kinetics. By increasing alkali metal 

concentration in solution, fewer and larger crystals were produces, which is explained by a 

monotonic decrease in supersaturation ratio (S) and nucleation rate (J). In other word, at higher 

alkali metal concentrations, the solubility is higher and fewer nuclei are formed, which makes it 

possible to achieve larger crystals. Different morphologies of COM crystals were observed in the 

presence of Li+, K+, and Cs+ as a result of a shift in dominant crystal growth direction. 

Moreover, studied of alkali metal on COM growth rate revealed that the dependence of 

the growth rate on relative supersaturation is linear in the presence of all alkali metal chlorides, 

which is in a good agreement with Burton, Cabrera, and Frank model. However, the slope of 

linear function was not identical for different alkali metals. This behavior may be explained by 

the size of hydrated radius of alkali metals and the complimentarity between calcium ions and 

alkali metals. We observed that Li+ has the most effect on the relative growth, while K+ has the 

least. 
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CHAPTER 7:  CONCLUSTIONS AND FUTURE OUTLOOK 

7.1 Overview 

Pathological biomineralization is believed to be regulated in vivo by the interaction of 

natural molecules (e.g., urinary constituents) with crystal interfaces. In addition to natural 

molecules, biomimetic molecules and macromolecules affect crystallization in vitro. We 

examined the role of natural and biomimetic growth modifiers of calcium oxalate monohydrate 

(COM), which is the most prevalent crystalline constituent of human kidney stones. We used a 

combination of experimental techniques capable of probing multiple length scales to characterize 

the efficacy and specificity of inhibitor binding to COM crystal surfaces, as well as quantify their 

effects on COM crystal size, habit, surface architecture, and growth kinetics. 

There are many known inhibitors of COM crystal growth in urine, e.g., osteopontin. 

COM growth inhibitors tend to be rich in negatively-charged sites in their structures, such as 

aspartic acid and glutamic acid, which mimic oxalate vacancies on COM crystal surfaces. Using 

the most effective urinary proteins as inspiration, we designed and tested small peptides (18 

amino acids) as COM growth modifiers (i.e., biomimetic analogues). In our libraries, we used L-

Asp as a binder group and L-Ala was used as a spacer group. The peptides were designed with 

random sequences of D, DD, and DDD groupings to assess the effects of patterns in peptide 

efficacy. A large distribution of peptide effects on COM growth rate was observed, which 

suggests that peptide sequence plays an important role in its ability to inhibit crystallization. Our 

results show that subtle variations in amino acid sequences and composition have a profound 

effect on growth inhibition. For example, a comparison between the peptides with sequences 

ADAAADDAAADAAAADAA and ADAAADDAAADAAADDAA reveals that the sequential 

replacement of one L-Ala spacer with one L-Asp binder increased peptide efficacy by a factor of 

ca 5. Interestingly, we designed peptides that were capable of inhibiting COM crystal growth by 

nearly twice that of citrate, which is a moderate inhibitor of COM crystallization used as a 
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therapeutic agent for kidney stone disease. Collectively, we developed a platform for the design, 

synthesis, and screening of peptide libraries to quantify their efficacy for inhibiting COM 

crystallization. Moreover, this approach has broader applicability for a variety of inorganic and 

organic materials as a facile, modular method to tailored material properties.  

Proteomic studies of organic constituents occluded within the matrix of human kidney 

stones reveal the presence of more than 60 different proteins, glycosaminoglycans, and other 

molecular species. Many proteins and glycosaminoglycans in urine are putative growth inhibitors 

and display an affinity for binding to specific surfaces of COM crystals to suppress their growth 

(and aggregation) in vivo. We examined some of the most common constituents identified by 

proteomic studies of the organic matrix of human stones ranging from anion-rich to cation-rich 

species. These studies reveal a range of COM crystal inhibitors and promoters.  

Focusing on the negatively-charged urinary constituents, which include serum albumin 

(BSA), chondroitin sulfate (C4S), and transferrin (Tf), we observed that these molecules 

preferentially bind to different COM crystal faces and inhibit growth along different directions. 

We have conclusively shown that chondroitin sulfate preferentially binds to COM {010} faces 

producing elongated crystals, while serum albumin exhibits specificity for binding to {12-1} and 

{021} faces, resulting in the formation of diamond-shaped crystals. Transferrin, which is a 

relatively weak inhibitor, preferentially binds to {021} faces and influences crystal habit only 

marginally at high concentrations (above 40 µg/mL). In contrast, C4S and BSA effectively alter 

crystal habit at concentrations as low as 1 µg/mL and 5 µg/mL, respectively. These site-specific 

interactions resulted in distinct morphological modifications of COM crystal aspect ratio. Kinetic 

studies of COM growth were performed to quantitatively assess the efficacy and potency of these 

natural molecules. Our results reveal that chondroitin sulfate is the most potent inhibitor. C4S 

inhibits the growth by ca. 40%. This is qualitatively consistent with the morphological changes 

observed in bulk crystallization studies. On the other hand, BSA is less potent, while kinetic 
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studies revealed that Tf is a relatively weak inhibitor that decreases COM growth rate by ca. 14 % 

at 70 µg/mL Tf. Analyses of citrate reveals that this benchmark inhibitor was slightly less potent 

than BSA. Citrate binds to the steps on the COM (100) surface to generate rectangular-shapped 

crystals. Collectively, inhibitors exhibited the following trend in efficacy (from highest to 

lowest): C4S > BSA ≥ citrate > Tf. 

Since these three molecules exhibit specificity for binding to COM crystal faces, we 

studied the effect of combinations of these molecules on COM crystallization. Results of 

combination studies reveal that certain binary combinations of urinary components (e.g., C4S-Tf) 

exhibit a synergetic enhancement of their efficacy, while other combinations yielded antagonistic 

effects (e.g., BSA-citrate). To quantitatively characterize the effect of combinations, we 

calculated the combination index (CI), which to our knowledge was the first time this theoretical 

method has been applied in the area of crystal engineering. To this end, we constructed 

isobolograms for each binary combination, which is a technique commonly employed in 

combination drug therapies. Using the combination index theorem, we showed that inhibitor 

pairings with either similar or different site specificity yielded a range of effects spanning 

synergism to antagonism. In a broader context, the combination effects observed here may elude 

to a more widespread mechanism of biomolecules in living systems that modulate pathological 

mineralization. This generalized mode of action offers new approaches for the rational design of 

combination therapies aimed at inhibiting COM crystallization in renal stone disease. 

In addition to anion-rich species in human stone matrix, there are components with net 

positive charge at physiological conditions (i.e., pH 5-8), which include lysozyme and lactoferrin. 

Our analysis of the effect of these proteins on COM crystallization revealed that lactoferrin and 

lysozyme promote COM crystal growth by ca. 5% and 20%, respectively. Focusing on the more 

effective promoter, lysozyme, we used in situ AFM to study the influence of lysozyme on (010) 

hillock growth in supersaturated growth solutions. Our results reveal that lysozyme enhanced the 
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step velocity along the [021] and [12-1] directions, which agrees with the kinetic and bulk 

crystallization studies. In order to determine the most effective segment(s) of lysozyme in growth 

promotion, we studied the effects of peptides derived from lysozyme sequences. These studies 

revealed a range of COM crystal inhibitors and promoters in different lysozyme peptides. The 

role of peptides in COM growth depends on the net charge, amino acids included in the sequence, 

and the spatial patterns of amino acids in these sequences. Collectively, studies of cationic species 

explored the physicochemical properties of effective protein promoter of COM crystallization 

towards an improved understanding of disease pathogenesis. 

Similar to macromolecules (e.g., proteins and glycosaminoglycans), trace elements are 

observed in urine and calcium oxalate monohydrate (COM) stone matrix. We examined the effect 

of alkali metals (Li+, Na+, K+, and Cs+) on COM crystallization. Our results revealed that 

increasing alkali metal concentration reduces nucleation and growth rates, which is consistent 

with our calculations of COM solubility revealing a decreased supersaturation. There is a distinct 

trend in the effect of alkali metal on growth rate with K+ > Na+ > Li+ that seems to follow the 

lyotropic series. This behavior may be explained by the size of hydrated radius of alkali metals 

and the complementarity between calcium ions and alkali metals. Collectively, our results suggest 

that Na+ and Li+ are more effective inhibitors of COM crystallization than K+ which is a common 

alkali metal in citrate supplements administered as a common kidney stone therapy. 

In conclusion, the results obtained in this work are promising in their direct impact on 

COM crystallization. Our work established new paradigms for the design, synthesis, and 

screening of growth modifiers for controlling crystallization, as a basis for ongoing initiatives to 

design novel drug candidates for kidney stone disease and a generalized platform for the rational 

design of inorganic and advanced materials with tailored properties. 
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7.2 Opportunities for Future Work 

We designed and examined the effect of peptides containing L-Asp and L-Ala. Future 

studies could be designed to explore L-Glu binders and combinations of L-Asp and L-Glu with 

various sequences. Studies of peptides containing other spacers groups will suggest the best 

combination of sequences for inhibitors of COM crystallization. Analogous to lysozyme studies, 

examining different amino acid segments of the negatively-charged proteins, such as BSA, to 

identify the most effective segment(s) will help guide the design of more effective peptides. It has 

been suggested that phosphorylation enhances the inhibitory role of COM inhibitors. Therefore, 

considering amino acids such as L-Ser and L-Thr as spacer groups followed by phosphorylation 

may create more effective peptides. Furthermore, similar to combination studies performed with 

urinary constituents, synergism may be observed in the presence of certain mixtures of peptides. 

In addition to molecular-level studies done by AFM, molecular modeling of peptide binding to 

COM surfaces will be an important means of gaining a more fundamental understanding of 

inhibitor-crystal interactions. Collectively, the objective of peptide design is to identify targets for 

future drug design and testing. Additional factors that could be considered for designing peptides 

as drug targets include their bioavailability and toxicity. To this end, collaborations with medical 

doctors can open new opportunities to perform clinical trials and animal studies in conjunction 

with the design of new therapeutic drugs for kidney stone disease. 

Although the results obtained in this work are promising in their direct impact on COM 

crystallization as one of the critical processes in kidney stone pathogenesis, the effect of these 

growth modifiers can be examined on other calcium biominerals (e.g., calcium carbonate and 

calcium phosphate). In a broader context, the platform we established for the design and testing 

growth modifiers can be used in a wide range of inorganic and advanced materials. 
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APPENDIX A: APPEARANCE OF HUMAN KIDNEY STONES 

 

There are different forms of kidney stones 10. Struvite stones (magnesium ammonium 

phosphate) are observed in 10 - 20% of stones 11. About 5% of stones contain pure uric acid 10-11. 

Cystine stones are observed in less than 1% of stones 10-11. In 5% of stones, the amount of 

hydoxyapetite or calcium monohydrogen phosphate (brushite) is more than 50% 11. Calcium 

oxalate stones are the most prevalent and account for 70 - 80% of all stones 10-14. 

 

Table A-1 Images of different kidney stones.  

Stones Color Appearance 
11

 

Calcium oxalate/phosphate black, gray, or white opaque and dense 

Uric acid white/orange nearly transparent 

Struvite yellowish-white/brownish-white gnarled, ginger root-like 
Cystine greenish yellow flecked and shiny 
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APPENDIX B: CALCIUM OXALATE CRYSTALS 

There are different monoclinic space groups assigned to COM crystals in the literature: 

The P21/n space group reported by Deganello and Piro 36 and the P21/c space group reported by 

Tazzoli and Domeneghetti 37 . Deganello and Piro (similar to Goldschmidt) reported space group 

with dimensions: a = 9.978 Å, b = 14.5884 Å, and c = 6.2913 Å (β= 107.05o). While Tazzoli and 

Domeneghetti reported space group with cell parameters a = 6.290 Å, b = 14.580 Å, and c = 

10.116 Å (β= 109.46o). 

 

Table B-1 COM crystal face indices. 

Tazzoli 
37 Deganello 36 Goldschmidt 258 

{100} {-101} e {-101} 

{101} {010} b {010} 

{001} {100} c {001} 

{10-1} {001} a {100} 

{011} {110} y {021} 

{11-1} {011} r {210} 

{10-2} {101} µ {101} 

{021} {120} x {011} 

{121} {22-1} Φ {112} 

{12-1} {021} m {110} 

{112} {31-1} p {21-6} 

{013} {310} w {061} 

{031} {130} I {032} 

{131} {23-1} {23-4} 

{13-1} {031} n {230} 

{12-3} {221} f {112} 

{140} {14-1} δ {121} 

{14-1} {041} u {120} 

{15-1} {26-1} d {250} 

{161} {26-1} s {13-2} 
{16-1} {061} l {130} 
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Table B-2 Ksp of COM, COD, and COT. 

 

Temperature COM COD COT 

23ºC 1.7×10-9 M2        26 4.2×10-9 M2     26 5.4×10-9 M2     26 

25ºC 1.7×10-9 M2        122 4.6×10-9 M2     122 5.75 ×10-9 M2  122 

37ºC 

2.57×10-9 M2   61 

2.2×10-9 M2     259 

2.24×10-9 M2    122 

6.76×10-9 M2     122 

4.89×10-9 M2   257 

7.58×10-9 M2    122 

7.19 ×10-9 M2   259 
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APPENDIX C: STRUCTURE OF MOLECULES 

Here we present the structure of macromolecules (i.e., protein and glycosaminoglycan) 

and amino acids examined in this work. Based on isoelectric points, we studied anionic proteins 

(Chapter 4) and cationic proteins (Chapter 5) separately. Structure of proteins was obtained by 

using the program Visual Molecular Dynamics. 

C.1  Macromolecules 

Proteomic studies reveal that macromolecules are observed in human urine and human 

kidney stone matrix. Here we focus on urinary macromolecules identified in more than 40% of 

kidney stone matrix.  

C.1.1   Anionic Proteins 

Calcium-binding proteins tend to be rich in negatively charged sites such as L-aspartic 

acid (Asp, D) and L-glutamic acid (Glu, E). Here we show the structure and amino acid 

sequences of serum albumin from human (HSA) and bovine (BSA) and transferrin (Tf). Aspartic 

acid and glutamic acid amino acids in anionic protein sequences are highlighted in red and green, 

respectively. A comparison between BSA and HSA reveals that these two proteins exhibit nearly 

identical structures and amino acid sequences. 

 

 

Figure C-1 Structure and amino acid sequence of serum albumin from bovine (BSA). The 3D 
images were generated from the reported crystal structure of BSA 112 using the 
program Visual Molecular Dynamics. 
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Figure C-2 Structures and amino acid sequence of serum albumin from human (HSA). The 3D 
images were generated from the reported crystal structure of HSA 260 using the 
program Visual Molecular Dynamics.  

 

 

Figure C-3 Structures and amino acid sequence of transferrin from human (Tf). Structure of 
transferrin (human). The 3D image was generated from the reported crystal structure 
172 using the program Visual Molecular Dynamics.  

 

C.1.2   Cationic Proteins 

Cationic proteins tend to be rich in positively charged sites such as L-arginine (Arg, R) 

and L-lysine (Lys, K). Here we show the structure and amino acid sequences of lactoferrin and 

lysozyme.  Anionic (D and E) and cationic (R and K) amino acids in the protein sequences are 

highlighted in red and green, respectively. 
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Figure C-4 Structures and amino acid sequence of lysozyme from chicken egg white. The 3D 
image was generated from the reported crystal structure 261 using the program Visual 
Molecular Dynamics. 

 

 

Figure C-5 Structures and amino acid sequence of lactoferrin from bovine milk. The 3D image 
was generated from the reported crystal structure 262 using the program Visual 
Molecular Dynamics.  

 

C.1.3   Glycosaminoglycan 

Chondroitin sulfate is a sulfated glycosaminoglycan (GAG) exhibiting a chain of 

alternating sugars (N-acetylgalactosamine and glucuronic acid). Depending on the position of 

sulfate groups, chondroitin sulfate are named differently. 

We used Chondroitin sulfate A (C4S) in this work, which is shown in Figure C-6. 

 

 



Table C

Name Abbreviation

Chondroitin sulfate 
A 

Chondroitin sulfate 
C 

Chondroitin sulfate 
D 

Chondroitin sulfate 
E 

* Data from Shirane et al 

 

Figure C-6 Structures of chondroitin sulfate A sodium salt from bovine trachea.

 

C.2  Amino Acids 

In our peptide libraries we employed L

group and L-alanine as the spacer group. 

positively charged side chain (

(i.e., L-aspartic and L-aspartic) on 
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Table C-1 Name and structures of chondroitin sulfate. 

Abbreviation Position of Sulfate 

C4S carbon 4 of the sugar 

C6S carbon 6 of the sugar 

C2,6S 
carbon 2 of the glucuronic acid and 6 
of the sugar 

C4,6S carbons 4 and 6 of the sugar 

* Data from Shirane et al 263. 

 

 

Structures of chondroitin sulfate A sodium salt from bovine trachea.

In our peptide libraries we employed L-aspartic acid and L-aspartic 

alanine as the spacer group. Moreover, we studied the effect of amino acids with 

positively charged side chain (i.e., L-lysine and L-arginine) and negatively charged side chain 

aspartic) on COM crystallization. 

Sulfur content 

(%)* 

6.2-6.6 

6.4-6.8 
carbon 2 of the glucuronic acid and 6 

7.1-7.7 

8.2-9.0 

Structures of chondroitin sulfate A sodium salt from bovine trachea. 

aspartic acid as the binder 

Moreover, we studied the effect of amino acids with 

arginine) and negatively charged side chain 
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Figure C-7 Molecular structure of amino acids. 
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APPENDIX D: SUPPORTING INFORMATION FOR CHAPTER 4 

Data within this appendix supports the studies presented in Chapter 4.  We begin with pH 

measurements of COM growth solutions containing growth modifiers. The remaining sections are 

comprised of COM crystallization in the presence of binary mixtures of inhibitors.  

D.1  pH Change in the Presence of Growth Inhibitors 

Many of the inhibitors used in this study contain a high percentage of anionic functional 

groups that dissociate in aqueous solvent and have the potential to alter the pH of COM growth 

solutions. To ensure that the conditions for all bulk crystallization and ISE assays were fixed, we 

measured the pH of growth solutions with different concentrations of inhibitors. As shown in 

Table S1, the pH remains constant for all conditions (within experimental error). 

 

      Table D-1 Initial pH of COM growth solutions in the presence of inhibitors. 

Growth Inhibitor 
a
 

Inhibitor Concentration (µµµµg/mL) 
b
 

0 1 5 10 20 

Control (inhibitor-free)  6.11 ± 0.05 ------ ------ ------ ------ 
Transferrin ------ 6.11 ± 0.06 6.04 ± 0.04 6.10 ± 0.03 6.07 ± 0.04 
Serum albumin (bovine) ------ 6.15 ± 0.01 6.10 ± 0.02 6.12 ± 0.03 6.16 ± 0.02 
Chondroitin sulfate A ------ 6.11 ± 0.03 6.16 ± 0.06 6.12 ± 0.01 6.17 ± 0.03 
 a COM crystallization was performed in aqueous solutions containing 0.5 mM CaC2O2 and 150 

mM NaCl. 

 b Solution pH was measured at room temperature (23 oC) prior to COM crystallization. 
 
 
D.2  Cooperative Effects of Binary Combinations of COM Growth Inhibitors 

The use of two or more different inhibitors has the potential to impose synergistic, 

additive, or antagonistic effects on crystal growth depending upon its site-specific interactions 

with COM faces. Here we investigate inhibitor combinations using binary mixtures of BSA, C4S, 

and Tf to assess their cooperative effects on COM Crystallization.  
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Figure D-1 Influence of binary combinations of growth inhibitors on COM crystal habit. 
Comparisons are made between individual inhibitors and the following binary 
combinations: (A) BSA-C4S, (B) C4S-Tf, and (C) Tf-BSA.  

 

We tested the effect of binary mixtures on COM crystal dimensions. The length-to-width 

aspect ratio of COM crystals was measured as the relative crystal dimensions along the [001] and 

[010] directions of COM crystals by optical micrographs. Each data point is an average of 3 

separate measurements calculated from more than 200 crystals. Error bars equal two standard 

deviations and lines are interpolations. Our studies revealed that the C4S-BSA binary mixture 

resulted in COM crystals with increased aspect ratio, which suggests C4S is the more influential 

mediator of crystal habit. Similarly, a monotonic increase in the c/b aspect ratio with increased 

C4S-Tf concentration was observed. Although, C4S and Tf, exhibit specificity for the (010) and 

{021} faces, respectively, this is again consistent with the most potent inhibitor, C4S, having a 

more pronounced impact on crystal habit in the presence of C4S-Tf aspect ratio increased. On the 

other hand, in the presence of BSA-Tf we observed a decrease in the aspect ratio by increasing 

mixture concentration. Although both BSA and Tf preferentially bind to apical faces, aspect ratio 

is slightly lower than BSA confirming that Tf is a weak binder.  
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Figure D-2 In situ ISE measurements of COM crystallization in the presence of the following 
binary combinations: (A) BSA and C4S, (B) Tf and C4S, and (C) BSA and C4S.  

 

In situ ISE measurements show antagonism, synergism, and additive effect in the 

presence of binary mixtures of inhibitors. When two inhibitors aggregate, the content of available 

binding sites in their structures is reduces. One method to investigate the formation of  aggregates 

is dynamic light scattering (DLS). We measured the size of inhibitors in aqueous solutions 

containing 150 mM NaCl and 0.7 mM CaCl2 by DLS. These solutions with 1 mg/mL total 

inhibitor and compared individual inhibitors with all possible binary combinations. The high 

concentration of inhibitor was used to ensure sufficient scattering intensity (i.e., > 10,000 counts 

per second) for DLS measurements. Here we report the autocorrelation function, C(τ), as a 

function of delay time, τ, for the following sets of inhibitors: C4S, Tf, BSA, C4S-Tf, C4S-BSA, 

and BSA-Tf. Analyses of C4S-containing solutions using the cumulant method reveal large 

particles (e.g., > 600 nm), suggesting the presence of aggregates. CONTIN analysis of these 

samples revealed multiple populations, indicative of a highly polydisperse sample.  

DLS studies reveal that solutions of BSA, Tf, and BSA+Tf are monodisperse with 

hydrodynamic diameters of 10.1 ± 0.1 nm, 8.5 ± 0.2 nm, and 9.6 ± 0.2 nm, respectively. The 

hydrodynamic diameters measured by DLS showed no evidence of increased particle size that 

would be indicative of either aggregate or complex formation. These dimensions are consistent 

with the expected hydrated size of a single protein, whereas the binary mixture is the average of 
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each protein without any trace of larger aggregates. A representative CONTIN size distribution is 

shown in Figure D-3D for solutions containing Tf, BSA, and a binary combination of both 

proteins revealed a monodisperse population of these proteins and their binary mixtures with a 

hydrodynamic diameter less than 10 nm, consistent with the expected size of a single protein. 

 The autocorrelation functions obtained from all binary mixtures are summations of each 

individual inhibitor. Collectively, these DLS measurements suggest that binary mixtures of 

inhibitors remain dispersed and do not form aggregates or complexes of appreciable 

concentration. 

 

 

Figure D-3 DLS measurements of inhibitors in water. The autocorrelation functions obtained for 
the following sets of inhibitors: (A) C4S, Tf, and C4S-Tf; (B) C4S, BSA, and C4S-
BSA; and (C) BSA, Tf, and BSA-Tf. (D) CONTIN size distribution of BSA and Tf. 
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APPENDIX E: SUPPORTING INFORMATION FOR CHAPTER 5 

Data within this appendix supports the studies presented in Chapter 5.  We show the 

change in pH solution in the presence of all growth modifiers studied in Chapter 5, followed by 

pH correction studies. 

E.1  Effect of pH of COM Growth Solution on Crystallization 

Solutions containing some of modifiers, such as amino acids, exhibit different pH than 

the control sample. However, effect of proteins and poly amino acids on solution pH is negligible. 

 

Table E-1 Initial pH of COM growth solutions in the presence of growth modifiers. 

Growth modifiers 
a
 

  Concentration (µg/mL) 
b
 

0 1 5 10 20 30 

Amino acids       

Lysine 6.1 ± 0.1 6.7 ± 0.8 8.0 ± 0.4 9.0 ± 0.2 9.2 ± 0.1 9.3 ± 0.1 

Arginine  ------ 7.1 ± 0.3 8.0± 0.2 8.5 ± 0.2 8.9 ± 0.1 9.1 ± 0.1 

Aspartic acid ------ 6.3 ± 0.1 5.7 ± 0.1 5.1 ± 0.1 4.6 ± 0.1 4.5 ± 0.1 

Glutamic acid  ------ 6.3 ± 0. 1 5.7 ± 0.1 5.2 ± 0.1 4.8 ± 0. 1 4.7 ± 0.1 

Poly amino acids       

Poly lysine  ------ ------ ------ ------ 6.3 ± 0.1 ------ 

Poly arginine  ------ ------ ------ ------ 6.3 ± 0.1 ------ 

Proteins ------      

Lactoferrin ------ 6.1± 0.1 6.1± 01 6.2 ± 0.1 6.2 ± 0.2 6.3± 0.2 
Lysozyme ------ 6.1 ± 0.1 6.1± 0.1 6.0 ± 0.1 6.1 ± 0.1 6.2 ± 0.1 

 a COM crystallization was performed in aqueous solutions containing 0.5 mM CaC2O2 and 150 
mM NaCl .      

b Solution pH was measured at room temperature (23 oC) prior to COM crystallization. 

 

Since the calcium oxalate supersaturation depends on pH, any change in pH can lead to 

differences in COM crystallization. We measured the influence of lysine and arginine (5-30 

µg/mL) on COM crystal habit from three separate batches of COM crystals using optical 

microscopy to measure the crystal aspect ratio within the (100) plane and the thickness along the 

[100] direction. We also prepared COM growth solutions at different pH, ranging from 6 to 10 by 
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adding appropriate quantity of either NaOH or HCl. The analysis of crystal habit similar to lysine 

and arginine was performed for pH samples. Although there was an increase in the aspect ratio as 

a function of amino acids concentrations, the trends were in a good agreement with the pH curve, 

suggesting that lysine and arginine do not affect COM crystallization at the pH identical to the 

control. An increase in the thickness data in the presence of lysine and arginine can be explained 

similarly. We also examined the effect of poly-Arg and poly-Lys on COM crystal dimensions at 

20 µg/mL of each polymer.  COM crystals prepared in the presence of polyK exhibit the aspect 

ratio of 2.7 ±0.1, which is comparable with control samples (2.8 ± 0.1), suggesting that polyK has 

no notable effect on COM crystaldimensions. However, presence of polyR slightly increases the 

aspect ratio to 3.2 ± 0.2 at 20 µg/mL.  

 

 

Figure E-1 Effect of lysine (A,C) and arginine (B, D) on COM crystal habit. Crystal dimensions 
are measured along [001], [010], and [100] directions. Aspect ratio and thickness 
follow the pH curve shown by dashed lines.  
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E.2  pH Correction Studies 

Our studies of amino acids in previous section revealed that Arg and Lys increase the 

solution pH. We performed all the kinetic studies at constant pH. To this end, based on Table C-

1, we corrected for the pH change in growth solution by the addition of either acid or base. A 

comparison between effects of pH corrected and non-pH corrected experiments in the presence of 

Arg and Lys reveals that these two amino acids have no effect on COM growth rate by 

performing pH correction.  

 

 

Figure E-2 A comparison between effects of pH corrected and non-pH corrected studies on 
relative growth rate (r modifier/r control) in the presence of Arg and Lys. Data are 
the average of 3 separate measurements and error bars equal two standard deviations.  

 

Since lysozyme slightly increases the solution pH, we repeated all the ISE measurements 

of lysozyme in the presence of 0.1 mM HEPES buffer. HEPES buffer maintained a constant pH 



162 

 

of ~7.78 with increased lysozyme concentration, and the effect of growth promotion was 

observed irrespective of solution pH. 

 

 

Figure E-3 Relative growth rate (r modifier/r control) of COM crystallization in the presence of 
lysozyme in the presence and absence of HEPES buffer. Error bars equal two 
standard deviations. Solid line is interpolated. 

 

E.3  Amino Acid Adsorption on COM Crystals 

Adsorption of 20 amino acids on COM crystals over the physiological urinary pH range 

(5-8) in aqueous solutions was examined by Ryall group 100. They incubated COM crystals with 

different amino acids at 37 ºC for 15 hours, followed by measuring the concentration of amino 

acid in filtered solution by HPLC. Results reveal that amino acids with negatively-charged side 

chains adsorb more strongly on COM crystals. 
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Table E-2 Amino acid adsorption on COM crystals as a function of pH. 

Amino acid 

pH 5 

(µmol/m
2
) 

pH 6 

(µmol/m
2
) 

pH 7 

(µmol/m
2
) 

pH 8* 

(µmol/m
2
) 

Acidic (pI < 5)     

Aspartic acid 0.1308 0.0714 0.0466 0.0067 

γ-Carboxyglutamic acid 0.2010 0.1510 0.0466 0.1470 

Glutamic acid 0.1116 0.0669 0.0445 0.0062 

Neutral (5 < pI < 8)     

Alanine 0.046 0.0370 0.0224 nd 

Cystine 0.0076 0.0050 0.0017 nd 

Glysine 0.0237 0.0233 0.0089 nd 

Histidine 0.0422 0.0327 0.0322 0.0068 

Leucine 0.015 0.107 0.0097 nd 

Isoleucine 0.0178 0.0160 0.0085 0.0023 

Norleucine 0.0070 0.0065 0.0061 nd 

Methionine 0.0210 0.0121 0.0085 0.0054 

Methionine sulphate 0.0041 0.0029 0.0027 nd 

phenylalanine 0.0301 0.0230 0.0209 0.0053 

Proline 0.0365 0.0313 0.0191 nd 

Serine 0.0409 0.0304 0.0273 nd 

Theorine 0.0141 0.0084 0.0076 nd 

Tyrosine 0.0353 0.0298 0.0226 0.0051 

Valine 0.0113 0.0053 0.0018 nd 

Basic (pI > 8)     

Arginine 0.0200 0.0170 0.0136 0.0108 
Lysine 0.0157 0.0144 0.0132 0.0052 

* not detected. 

 

E.4  COM Bulk Crystals 

The absolute size of COM crystals in the presence of lactoferrin and lysozyme is not 

affected. There is approximately one distribution of COM crystal based on their size in control 

samples, and samples prepared in the presence of either lactoferrin or lysozyme. 
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Figure E-4 Optical micrographs of COM crystals in the presence of (A) no additives, (B) 20 
µg/mL lactoferrin, (C) 20 µg/mL lysozyme.  
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APPENDIX F: SUPPORTING INFORMATION FOR CHAPTER 6 

Data within this appendix supports the studies presented in Chapter 6.  We show how 

alkali metal chlorides affect COM growth rate. We also list all the elements observed in human 

urine. 

F.1  Effect of Alkali Metal Chloride on COM Growth Rate 

We increased the concentration of alkali metal concentration from 150 mM to 500 mM. 

Our results indicate that there is a decrease in growth rate by increasing alkali metal 

concentrations, which is attributed to a decrease in supersaturation. 

 

 

 

Figure F-1 Relative growth rate (r modifier/r control) of COM crystallization in the presence of 
alkali metals. Data are the average of 3 separate measurements and error bars equal 
two standard deviations. Solid line is interpolated. 
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F.1  Amount of Elements in Human Urine 

Here we listed all the elements observed in human urine and their concentration which 

were reported by Caroli and coworkers (1994). 

Table F-1 Elements in Urine. 

Element Concentration Unit  Element Concentration Unit 

Ag 0.4-6 µg/L  Lu 1 - 220 ng/L 

Al 2.3 - 110 µg/L  Mg 90 mg/L 

As 2.3 - 100 µg/L  Mn 0.12 - 20 µg/L 

Au 1 - 600 ng/L  Mo 100 µg/L 

B 0.5 - 3.3 mg/L  Na 2200 mg/L 

Ba 0.03 - 57 µg/L  Nb 240 µg/L 

Be 0.04 - 0.76 µg/L  Ni 0.06-8 µg/L 

bi 0.8 - 1.6 µg/L  Pb 12 - 30 µg/L 

Br 5 mg/L  Pd < 0.15 µg/L 

Ca 120 mg/L  Pt < 1 µg/L 

Cd 0.4 - 70 µg/L  Rb 1 - 4.1 mg/L 

Ce 0.1 - 12 µg/L  Sb 0.19 - 1.8 µg/L 

Co 0.2 - 135 µg/L  Sc 0.3 - 130 ng/L 

Cr 0.04 - 50 µg/L  Se 2 - 160 µg/L 

Cs 0.1 - 20 µg/L  Si 2.9 - 12 mg/L 

Cu 42 - 50 µg/L  Sm 1 - 210 ng/L 

Eu 3 - 360 ng/L  Sn 14 µg/L 

F 0.3 - 1.0 mg/L  Sr 0.22 mg/L 

Fe 0.17 mg/L  Ta 0.01 - 0.6 µg/L 

Ga < 0.5 µg/L  Te 360 µg/L 

Gd < 1 µg/L  Th 0.01 - 0.28 µg/L 

Ge 0.95 mg/L  Ti 1.3 - 10 µg/L 

Hf 0.01 - 1.3 µg/L  Tl 0.02 - 8.9 µg/L 

Hg 0.1 - 24 µg/L  U 10 - 350 ng/L 

In < 0.15 µg/L  V 0.2 - 10 µg/L 

Ir 0.5 - 54 ng/L  W 0.05 - 0.85 µg/L 

K 1.9 mg/L  Yb 5 - 86 ng/L 

La 0.015 - 36 mg/L  Zn 0.27 - 0.85 mg/L 
Li 0.5 µg/L  Zr 2 - 100 µg/L 
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APPENDIX G: PRELIMINARY RESULTS OF GLU-ALA PEPTIDES 

Here we present preliminary results of Glu-Ala peptides on COM crystallization, which 

we compare to the results of Asp-Ala peptides in Chapter 3.  

G.1  Effect of Glu-Ala Peptides on COM Crystallization 

It is well established that the carboxylic acid groups of aspartic acid and glutamic acid 

interact with COM surfaces via Ca2+ bridges. At physiological pH, Asp and Glu residues are 

negatively charged and the carboxylate groups mimic an oxalate vacancy on the surface of COM 

crystals. ISE measurements and bulk crystallization studies of anionic peptides will help 

determine which binder moiety and which sequence(s) have the most effect on COM crystal 

growth inhibition. Using the same amino acid sequences shown in Table 3-1, we prepared a 

library of Glu-Ala peptides by substituting Asp with Glu (see Table G-1). 

 

Table G-1 Peptide library containing Glu as binder groups. 

 

 

The effect of Glu-Ala peptides on COM bulk crystal habit were assessed by optical 

microscopy images to examine the dimensions of COM crystals along the [010] and [001] 

directions (similar to Chapter 3). The length-to-width aspect ratio ([001]/[010]) in the presence of 
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20 µg/mL Glu-Ala peptides is shown in Figure G-1. For each experiment, the average aspect ratio 

is reported as the average of ca. 200 crystals measured from three separately prepared crystal 

batches. Our results reveal that most of peptides did not significantly affect the aspect ratio. 

However, E10, E12, E13, and E14 increased the aspect ratio, indicating that they preferentially 

bind to the (010) face. Close inspection of these four peptides reveal that they exhibit repeated 

domains (e.g., AAEE, AEAE, and AAE) in their sequences. In the library containing As-Ala 

peptides, a similar effect was observed in the presence of D4 (Chapter 3) and aspect ratio was 

increased to 3.2 ± 0.3. 

 

 

 

Figure G-1 COM bulk crystallization in the presence of Glu-Ala peptides. Aspect ratio (c/b) 
compares the length-to-width of COM platelets along the [001] and [010] directions, 
respectively. Error bars equal two standard deviations. 

 

G.2  Comparison of Glu-Ala Peptides with Asp-Ala Peptides 

A comparison between five Asp-Ala peptides and five Glu-Ala peptides with comparable 

sequences on COM crystal morphology is shown in Figure G-2. Preliminary results indicate that 

the Glu-Ala peptides and Asp-Ala peptides have nearly identical effects on COM crystal habit.  
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Figure G-2 A comparison of the effects of Asp-Ala peptides and Glu-Ala peptides on COM 
crystal aspect ratio. The aspect ratio (c/b) compares the length-to-width ratio of 
COM platelets along the [001] and [010] directions, respectively.  

 

A quantitative comparison of peptide efficacy for inhibiting COM crystallization was 

performed using in situ ISE measurements. We calculated the percent inhibition in COM growth 

rate using the relative difference in ISE slopes in the presence of 20 µg/mL peptide. Our ISE 

results reveal that there is a nontrivial relationship between peptide efficacy and its sequence, 

which is similar to what we observed in Chapter 3. We compared the effect Asp with Glu in 

peptide sequences on COM growth inhibition (See Table G-2).  Our results suggest that peptides 

with identical sequences (but different binder groups) do not influence COM growth rate 

similarly. Although the error bars are large in ISE measurements of COM growth in the presence 

of Glu-Ala peptides, there is clearly a difference between the effect of Asp-Ala peptides and Glu-

Ala peptides on COM growth inhibition. Ward and coworkers examined the effect of poly-Glu 

and poly-Asp on COM growth rate by in situ AFM and they observed that poly-Asp is 16 times 

more effective than poly-Glu 78, which is in a good agreement with the effects of Asp and Glu on 
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COM growth rate reported in Chapter 5. Interestingly, the opposite trend was observed reported 

in Table G-2, suggesting that the presence of specific binder groups (i.e., Asp and Glu) is not the 

only factor determining peptide efficacy. Further experiments are required to improve the 

statistical accuracy of Glu-Ala peptide experiments. 

 

Table G-2 Comparison of Glu-Ala and Asp-Ala peptides Efficacy 

Sequence 
% inhibition 

X=D X=E 

AXAAXAAXAAXAAXAAXA 21 ± 10 40 ± 18 
AXAAAXXAAAXAAAXXAA 36 ± 8 36 ± 21 
AXAAXAAAXAAXXAAXAA 36 ± 5 52 ± 16 

 

 

 

 

 

 

 

 

 


