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During oriented biomimetic crystallization of calcium oxalate monohydrate under floating fatty acid monolayers, the (101) surface structure is initially compressed and epitaxial with the monolayer lattice. The surface subsequently relaxes to the bulk structure and the monolayer expands, reestablishing a lattice match. These interactions were observed in situ using synchrotron X-ray diffraction. Calcium oxalates can be found in many living organisms including plants, animals and humans. Plants grow oriented crystals of calcium oxalate for several purposes including self-protection and calcium regulation.1,2 On the other hand, calcium oxalates form the main constituent of kidney stones in humans and animals.3,4 Although they are pathological and have no known beneficial function, studies show that calcium oxalate monohydrate (COM) crystals in kidney stones also exhibit a preferred orientation.5 They are stacked with their ( 101) faces parallel to each other. Understanding the growth process may help us to find ways to inhibit their pathological growth, and in general it would help us to learn more about the basic principles of biomineralization. Organic molecules such as lipids and proteins make up less than 3% of the weight of a kidney stone.3 Their existence in every stone formed suggests that these molecules are in some way involved in the process, but there is no agreement on their role.6 It has been shown that organic macromolecules can promote nucleation and growth of calcium oxalates in vivo7 and in vitro.8 On the other hand it has been shown that certain macromolecules can inhibit the COM crystal nucleation and/or growth.9–11 Studies of the inorganic–organic interface are therefore crucial to understanding oriented COM crystallization. Langmuir monolayers of lipids at the air–water interface are widely used to model lipid crystal interfaces during biomineralization. Monolayers of several phospholipids and fatty acids have been shown to nucleate and grow oriented COM crystals, in vitro, from supersaturated calcium oxalate solutions.12–16 The effects of molecular density, head-group charge, head-group stereochemistry and surface pressure on the crystal growth and orientation have been studied. Negatively charged monolayers promote COM crystallization more than positively charged or neutral monolayers.12 Monolayers at low surface pressures can nucleate and grow COM crystals better than monolayers at high surface pressures.15 Studies of crystals transferred to solid substrates suggest that COM crystals grow with their ( 101) faces parallel to the water surface. Crystals with their (010) faces a Department of Physics & Astronomy, Northwestern University, Evanston, IL, 60208, USA. E-mail: [email protected] b CARS, University of Chicago, Chicago, IL, 60637, USA
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parallel to the monolayer surface are also observed but their number usually does not exceed 10% of the total number of crystals.15 It is interesting that SEM and AFM studies show that COM crystals in real kidney stones also exhibit the same ( 101) orientation.5 Although in vitro experiments cannot simulate the real biological systems exactly,17 the similarity in growth direction suggests that studies of nucleation under monolayers may provide useful information regarding the aspects of COM biomineralization. Ex situ studies of COM crystals transferred on solid substrates can clarify certain aspects of crystallization process, but in situ measurements are necessary for a better understanding of the organic–inorganic interface. BAM and optical microscopy are the most common tools used for in situ measurements. However, these methods cannot be used to determine monolayer structure or crystal orientation. It is known that Langmuir monolayers can adopt different structures depending on the ions in the subphase and/or the crystals growing under them.18 Therefore, estimating monolayer structures from isotherm data is likely to be misleading. Grazing incidence X-ray diffraction (GID) has not previously been used to study COM crystallization, but it is a very powerful in situ probe of biomimetic crystal growth under Langmuir monolayers.18–21 GID has been used for investigating soft–hard interfaces during crystallization of a number of crystals and biominerals, such as barium fluoride,22 strontium fluoride,18 and calcium carbonate.20 These studies showed that monolayer structures can change during the crystallization to adapt themselves to inorganic crystals. The lattice spacing of inorganic crystals nucleated under monolayers may also be different than their bulk values, i.e. the lattices can be strained. Mechanisms such as hydrogen bonding, stereochemistry, electrostatics and lattice matching have been considered to explain the oriented growth of COM crystals in vivo and in vitro. It has been suggested that lattice matching is not an important factor in the oriented growth of COM under phospholipid Langmuir monolayers because several different kinds of monolayers can nucleate ( 101) oriented COM.12,15 Since the structures of these different monolayers are assumed to be different, it is considered unlikely that they will all have an epitaxial match with ( 101) face of COM. In the present study, we used synchrotron X-rays in the grazing incidence diffraction (GID) geometry to determine the monolayer structure and orientation of COM crystals in situ during the biomimetic crystallization under heneicosanoic acid monolayers. All chemicals were purchased from Sigma-Aldrich and used without further purification. Calcium oxalate supersaturated solutions in TrisNaCl buffer were prepared as described by Backov et al.15 except that the quantity of all ingredients was increased proportionally to obtain 0.88 mM [Ca2+] and [C2O42] concentration for more rapid crystallization since the available experimental time at synchrotrons is CrystEngComm, 2010, 12, 2025–2028 | 2025



limited. The subphase solutions were stable over the period of the experiment, except under the monolayer. Heneicosanoic acid was dissolved in chloroform at 1 mg ml1 concentration, and spread over the subphase with a micro-syringe. After spreading heneicosanoic acid monolayers over the subphase, they were compressed at ˚ 2 min1 until a phase transition was observed at a constant rate of 1 A 1 8 mN m (Fig. 1). Then the controller was set to keep the surface pressure constant at 9 mN m1. The area did not change more than 1%, showing that the monolayer was stable. Synchrotron X-ray studies were conducted at beamline 15-ID, ChemMat-CARS, Advanced Photon Source at Argonne National ˚ ) was used. Laboratory. An X-ray beam of 10 keV (l ¼ 1.240 A A Pilatus area detector located 61 cm away from the sample was used at its pinhole mode for data collection. With the slit settings we used, ˚ 1 and the vertical the horizontal resolution was DKxy z 0.009 A 1 ˚ resolution was DKz z 0.001 A . Details of the Pilatus detector and its usage at pinhole mode have been reported by Meron et al.23 GID data were collected during the first 4 hours of COM growth under Langmuir films. Three regions in K-space were scanned to determine the structure of heneicosanoic acid monolayer and orientation of inorganic crystals. The (101), (110) and (020) peaks are the most intense in powder diffraction data. Because of their relative orientations, they can be used to determine the crystal orientation ˚ 1 < Kxy < 1.12 A ˚ 1 unambiguously. The first region, 0.98 A  (left panels in Fig. 2), includes the (101) and (110) peaks of COM. If  faces parallel to the organic film, we the crystals grow with their (101) should not observe any (101) peaks, while the (110) peak should ˚ 1 and Kz ¼ 0.22 A ˚ 1. The second region, appear at Kxy ¼ 1.06 A 1 1 ˚ ˚ 1.44 A < Kxy < 1.60 A (middle panels in Fig. 2), includes the possible range of organic monolayer peak positions. The third region, ˚ 1 < Kxy < 1.75 A ˚ 1 (right panels in Fig. 2), includes the (020) 1.65 A ˚ 1 if there is the peak of COM. This peak should appear at Kz ¼ 0 A  expected (101) orientation. Fig. 2 shows the time evolution of the peaks in these three regions. The Langmuir trough was moved 3 mm before each scan to make sure that the changes in the peak positions are not due to beam damage. We observed only one in-plane peak initially, centered at ˚ 1. This three-fold degenerate peak is the signature of Kxy ¼ 1.52 A a hexagonal, untilted structure. We calculated the centered



Fig. 1 Compression isotherm of heneicosanoic acid monolayer over 0.88 mM calcium oxalate subphase. Inset: SEM image of COM crystal transferred to a silicon substrate from air/water interface after 9 hours of crystallization. Scale bar is 2 mm.
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Fig. 2 Top: in situ GID intensity contours for the first 3 hours of COM nucleation and growth under heneicosanoic acid monolayer. Dashed lines represent Debye rings for the bulk crystal. Bottom: one-dimensional diffraction scans derived from the GID intensity contours. Data are integrated over DKz ¼ 0.02 A1. Bottom left: heneicosanoic acid monolayer peaks at Kz ¼ 0.15 A1 and Kz ¼ 0.30 A1 after 3 hours. Bottom right: change of (020) peak of COM crystals with time.



˚, rectangular unit cell dimensions for this structure as ao ¼ 4.77 A ˚ and a ¼ 90 . (Since the lattice is hexagonal, b/a ¼ O3.) bo ¼ 8.26 A The monolayer peak stays in-plane for 2 hours although it loses intensity. After 2 hours, two out-of-plane peaks appear and the inplane peak disappears. This indicates the tilting of fatty acid backbones toward the next nearest neighbor (NNN). This structure has been studied in detail previously.24 The tilt angle of the alkyl chains increases with time and becomes 11 from the plane normal after 3 hours. We also show regular one-dimensional diffraction scans derived from the contour data. It can be seen in the scan at ˚ 1 and lower left of Fig. 2 that, there are two peaks at Kxy ¼ 1.50 A 1 ˚ Kxy ¼ 1.54 A This change cannot be a surface pressure or temperature driven phase transition since we keep these variables constant during the experiment. We do not observe a change in the area of the monolayer other than small fluctuations less than 1%. The This journal is ª The Royal Society of Chemistry 2010



horizontal-plane structure of the monolayer is distorted hexagonal. The centered-rectangular unit cell dimensions for the tilted phase change with time. The lattice expands in one direction while con˚ to 4.86 A ˚ and bo tracting in the other one. ao changes from 4.90 A ˚ to 8.20 A ˚ . The monolayer peaks lose intensity changes from 8.18 A continuously with time. This is due to the increasing roughness of the surface as inorganic crystals grow. After four hours the monolayer peaks become too weak to determine the monolayer structure. For the first hour we observe inorganic peak intensities distributed over the Debye rings, implying that the crystals are not very well oriented (Fig. 2). However, the higher intensity of the (020) peak around Kz ¼ 0 shows that most of the crystals are ( 101) oriented. In the first two hours we observe two rings in the (020) ˚ 1) corresponds to the bulk region. One of these rings (K ¼ 1.724 A 25 ˚ 1), which COM (020) spacing while the other one (K ¼ 1.732 A has a higher intensity, corresponds to a contracted lattice. Fig. 2 (bottom right) shows Kz-integrated plots for these two peaks. We consider the structure of the stronger peak only. The (101) surface has a rectangular unit cell with sides ai and bi. In this case ai ¼ 7.255 ˚ , about 0.5% smaller than the bulk value. We cannot determine bi A directly because the corresponding (501) diffraction peak has a very low structure factor (negligible intensity in powder data). We assume ˚ . After 3 hours the that it has also a 0.5% contracted value, 10.059 A peak at the higher K value disappears and the bulk (020) peak appears as a sharp spot at Kz ¼ 0. Simultaneously, (110) peak be101) peak comes a sharp spot 11.7 above the horizon and the ( disappears. These are the expected signals of a strong (101) orien˚ , and bi is assumed to have the bulk tation. Here ai ¼ 7.294 A ˚ value 10.114 A. We also collected COM crystals from the air/water interface for SEM studies. The unique morphology of COM crystals makes it possible to identify them (Fig. 1, inset). The (101) faces of the crystals are parallel to the substrate as expected, which is in good agreement with observations of other groups.12,15,26 Contraction of the COM lattice at the initial stage of the crystallization suggests some linkage to the monolayer, i.e. a lattice match. We used software developed by Hillier and Ward,27 Epicalc, to investigate the possible lattice matches between organic and inorganic surface lattices. This software uses the transformation matrix between the substrate and overlayer lattice constants to determine the level of lattice match. The quality of the match is expressed in terms of a unitless quasipotential, V/V0, which is defined in eqn (13) of ref. 27. V/V0 can change between 0 and 1, where 0 corresponds to a perfect 1 : 1 match and 1 means incommensurate. If V/V0 is equal to 0.5 the match is defined as ‘‘coincident’’.27 In a coincident relation not all atoms are in registry, but the substrate and overlayer share a common supercell, which decreases the interaction energy. Although Epicalc performs a purely geometrical calculation, it has been shown that for many different systems it is in very good agreement with potential energy calculations and experimental results.27,28 We calculated V/V0, between the organic monolayer and inorganic crystals in our experiment, for an overlayer size of 25  25. When the ‘‘substrate’’ is the untilted monolayer, V/V0 ¼ 0.50 for the contracted COM (101) face and V/V0 ¼ 0.63 for the bulk COM (101) face. Therefore the bulk structure is less favored energetically, and the observed contracted lattice has a coincident relation with the untilted monolayer lattice. Their common supercell is shown in Fig. 3 (upper panel). We can define the supercell basis vectors (as, bs) in terms of either organic (ao, bo) or inorganic (ai, bi) basis vectors: This journal is ª The Royal Society of Chemistry 2010



Fig. 3 Real space lattices of the fatty acid head groups (B) and calcium atoms (red circles) of the (101) face of COM. The lattices share a common super-cell, outlined by dashed lines. Top: monolayer is untilted and the COM lattice is contracted. Bottom: monolayer is NNN tilted and the COM lattice is expanded back to its bulk value.



as ¼ 4ai ¼ 5ao + 2bo bs ¼ 5bi ¼ 6ao + 5bo The misfit in the a-direction is 0.03% and the misfit in the b-direction is 0.10%. Recall that we cannot determine the crystal lattice parameter bi directly; we assumed that the lattice was evenly contracted in both directions. If the COM crystals were growing with bulk lattice parameters, the misfit in the a-direction would be 0.5%, more than fifteen times larger than the actual misfit. Similarly the misfit in the b-direction would be 0.6%, six times greater than the actual misfit. In the later stages, (020) spacing becomes equal to the bulk value and monolayer structure becomes NNN tilted. We show that an epitaxial interaction is also responsible for this simultaneous change. If the monolayer had stayed untilted after the expansion of the crystal lattice, V/V0 would be equal to 0.63. However, the tilted monlayer structure has a coincident lattice match with the bulk structure with V/V0 ¼ 0.51. This again means bulk COM crystals and the late-stage structure of the Langmuir film (NNN tilted, distorted hexagonal) share a common supercell. In terms of the bulk inorganic ( 101) face lattice parameters and the late stage organic lattice parameters, we find that: as ¼ 2ai ¼ 3ao bs ¼ 5bi ¼ 6bo In the a-direction the misfit is 0.08%; in the b-direction the fit is not as good (misfit 2.8%). Here, we used the bulk value for bi since the other peak is at the known bulk position. Recall, however, that the tilted CrystEngComm, 2010, 12, 2025–2028 | 2027



organic structure evolves with time; bo is observed to change from ˚ to 8.20 A ˚ . If it were to continue to change in this direction, 8.18 A ˚ (V/V0 ¼ 0.48). This potential there would be a better fit at 8.43 A lattice match is shown in Fig. 3 (bottom). Thus the picture that emerges is a little more complex than the simple hypotheses in the literature. It is not true that epitaxy plays no role, but neither is it true that the monolayer always controls the crystal structure. We cannot directly measure the transient initial thickness of nucleating crystals, but they are likely to be small and thin. Thus these crystals are easily strained in order to achieve a lattice match with the organic monolayer. This is presumably the mechanism by which oriented crystals are nucleated, although there are certainly other factors involved, such as electrostatic interactions.15 As the crystals grow, the strain cannot be maintained, and the COM structure relaxes to its bulk value. The monolayer also changes its structure when the crystal does, presumably indicating an effort to find another coincident relationship. The coexistence of contracted and bulk COM structures after 1 hour (Fig. 2) suggests the presence of other nucleation mechanisms: a small number of COM crystals nucleate without an epitaxial match. Our experiments reveal the importance of epitaxial interactions during the biomimetic crystallization of COM. Since neither the organic nor inorganic lattice structures are fixed, seeing what happens requires monitoring the organic and inorganic structures in situ during nucleation and subsequent growth. We thank Ivan Kuzmenko, Mati Meron and Binhua Lin for their advice and assistance in synchrotron experiments. We also thank Daniel R. Talham and Denise Sharbaugh for very useful discussions. This work was supported by US Department of Energy, Office of Basic Energy Sciences, Division of Materials Sciences and Engineering, under grant no. DE-FG02-84ER45125. Grazing incidence X-ray diffraction experiments were conducted at Sectors 15-ID (data shown in this paper) and 9-ID (preliminary studies) of the Advanced Photon Source, Argonne National Laboratory.
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