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Time-resolved structural investigations of crystallization of water in lipid/protein/salt mesophases at cryogenic temperatures are significant for comprehension of ice nanocrystal nucleation kinetics in lipid membranous systems and can lead to a better understanding of how to experimentally retard the ice formation that obstructs the protein crystal structure determination. Here, we present a time-resolved synchrotron microfocus X-ray diffraction (TR-XRD) study based on ~40,000 frames that revealed the dynamics of water-to-ice crystallization in a lipid/protein/salt mesophase subjected to cryostream cooling at 100K.

The monoolein/hemoglobin/salt/water system was chosen as a model composition related to protein-loaded lipid cubic phases (LCP) broadly used for the crystallization of proteins.

Under confinement in the nanoscale geometry, metastable short-living cubic ice (Ic) rapidly crystallized well before the formation of hexagonal ice (Ih). The detected early nanocrystalline states of water-to-ice transformation in multicomponent systems are relevant to a broad spectrum of technologies and understanding of natural phenomena, including crystallization, physics of water nanoconfinement, and rational design of antifreezing and cryopreservation systems.

INTRODUCTION

Investigations of the phase behavior of water under nanoconfinement and liquid-to-ice transitions have attracted strong interest from both thermodynamic and molecular modeling viewpoints [START_REF] Kastelowitz | Ice-Liquid Oscillations in Nanoconfined Water[END_REF][START_REF] Manni | Soft Biomimetic Nanoconfinement Promotes Amorphous Water over Ice[END_REF][START_REF] Weik | Liquid-like water confined in stacks of biological membranes at 200 k and its relation to protein dynamics[END_REF]. Various polymorphic states, including amorphous and crystalline ice as well as quasi-crystalline forms of different stability, have been found depending on the geometry of the confined spaces, the topology of the soft interfaces, the hydrophilicity of the nanopores, and the studied temperature regions [START_REF] Manni | Soft Biomimetic Nanoconfinement Promotes Amorphous Water over Ice[END_REF][START_REF] Mohammed | Structure of ice confined in silica nanopores[END_REF][START_REF] Moore | Freezing, melting and structure of ice in a hydrophilic nanopore[END_REF][START_REF] Morishige | X-ray diffraction studies of freezing and melting of water confined in a mesoporous adsorbent (MCM-41)[END_REF][START_REF] Löfgren | Crystallization Kinetics of Thin Amorphous Water Films on Surfaces[END_REF][START_REF] Jażdżewska | Structural properties of ice in confinement[END_REF][START_REF] Baker | Nucleation of ice in confined geometry[END_REF]. The phase behavior of water confined in synthetic lipid and biological membranes and its freezing transition states have been a debated topic of persistent scientific interest [START_REF] Meineke | Behavior of Hydrated Lipid Bilayers at Cryogenic Temperatures[END_REF][START_REF] Das | Impact of Topology on the Characteristics of Water inside Cubic Lyotropic Liquid Crystalline Systems[END_REF][START_REF] Gleeson | Freezing and melting water in lamellar structures[END_REF][START_REF] Williams | A combined SAXS/WAXS investigation of the phase behaviour of dipolyenoic membrane lipids[END_REF][START_REF] Takahashi | Behavior of ice-water transition in dimyristoylphosphatidylethanolamine-water system[END_REF].

Importantly, the ice formation rate and the kinetics, which influence lipid and protein movements in three-dimensional (3D) membranous systems, are crucial for understanding the mechanism of protein crystal nucleation in lipid mesophases at low temperatures [START_REF] Moreau | Ice Formation and Solvent Nanoconfinement in Protein Crystals[END_REF].

Upon cooling and freezing, pure water can form nineteen ice polymorphs that have been structurally confirmed [START_REF] Loerting | Open questions on the structure of crystalline water ices[END_REF] including 3 types of amorphous ice [START_REF] Dowell | Low-Temperature Forms of Ice as Studied by X-Ray Diffraction[END_REF][START_REF] Fuentes-Landete | Crystalline and amorphous ices, in Water: Fundamentals as the Basis for Understanding the Environment and Promoting Technology[END_REF][START_REF] Bartels-Rausch | Ice Structures, Patterns, and Processes: A View across the Icefields[END_REF][START_REF] Falenty | Formation and Properties of Ice XVI Obtained by Emptying a Type SII Clathrate Hydrate[END_REF][START_REF] Del Rosso | Cubic ice Ic without stacking defects obtained from ice XVII[END_REF]. Among them, ice I presents two polytypes and the nature of ice XIX is still under debate [START_REF] Hansen | The everlasting hunt for new ice phases[END_REF]. Very recently a further ice phase, called ice XX, has been claimed; despite that neutron diffraction measurements have not confirmed the proposed structure yet [START_REF] Prakapenka | Structure and properties of two superionic ice phases[END_REF]. Under ambient pressure, water forms three major phases upon freezing: (i) cubic ice (Ic), (ii) hexagonal ice (Ih), and (iii) low-density amorphous ice (LDA). Cubic ice Ic and hexagonal ice Ih are both crystal polymorphs. The difference between cubic Ic ice and hexagonal Ih ice is in the stacking of the molecular layers consisting of deformed hexagons [START_REF] Dowell | Low-Temperature Forms of Ice as Studied by X-Ray Diffraction[END_REF]. In the cubic ice Ic phase, each subsequent layer is shifted by a distance of half the diameter of this hexagon, whereas the subsequent layer in the Ih phase is a mirror image of the previous one [START_REF] Dowell | Low-Temperature Forms of Ice as Studied by X-Ray Diffraction[END_REF].

Cubic ice Ic has been considered a metastable phase that may appear as a result of the heating of amorphous ice or during water cooling in confined spaces [START_REF] Dowell | Low-Temperature Forms of Ice as Studied by X-Ray Diffraction[END_REF][START_REF] Baker | Nucleation of Ice in Confined Geometry[END_REF][START_REF] Murray | Formation and Stability of Cubic Ice in Water Droplets[END_REF][START_REF] Murray | The Formation of Cubic Ice under Conditions Relevant to Earth's Atmosphere[END_REF]. The term "cubic ice" was not always appropriately used in the literature devoted to ice crystals. For ice I structure involving a mixture of cubic and hexagonal stacking sequences, the correct term would be "stacking disordered ice I", i.e. Isd, leaving the nomenclature of "ice Ic" to the pure cubic ice phase (with approximately 100% of cubicity). Cubic ice Ic without stacking defects has been recently observed [START_REF] Del Rosso | Cubic ice Ic without stacking defects obtained from ice XVII[END_REF]. However, the recorded X-ray diffraction patterns may include additional peaks or shoulders at certain positions of the Ih peaks, which are associated with stacking faults [START_REF] Fuentes-Landete | Crystalline and amorphous ices, in Water: Fundamentals as the Basis for Understanding the Environment and Promoting Technology[END_REF][START_REF] Murray | The Formation of Cubic Ice under Conditions Relevant to Earth's Atmosphere[END_REF][START_REF] Kuhs | High-Resolution Neutron Powder Diffraction Study of Ice Ic[END_REF][START_REF] Malkin | Structure of Ice Crystallized from Supercooled Water[END_REF][START_REF] Lupi | Role of Stacking Disorder in Ice Nucleation[END_REF]. Synthetic methods contributing to stacking disordered ice Isd formation comprise (i) water vapour deposition, (ii) heating of LDA over 140 K, (iii) transformation of recovered high-pressure ice, and (iv) gas hydrate methods [see ref. [START_REF] Malkin | Stacking disorder in ice I[END_REF] and the references cited therein].

Reports on ice formation in droplets of pure water or in mesopores have demonstrated that the smaller the droplet size is, the fewer stacking faults in the cubic ice structure occur [START_REF] Murray | Formation and Stability of Cubic Ice in Water Droplets[END_REF][START_REF] Morishige | Stability of Cubic Ice in Mesopores[END_REF]. Investigations of ice formation inside protein crystals upon cooling by a lowtemperature nitrogen-gas stream have established that stacking disorder was present even with pore diameters as small as ~30 Å [START_REF] Moreau | Ice Formation and Solvent Nanoconfinement in Protein Crystals[END_REF]. Studies on ice formation in eukaryotic cells have indicated that cubic ice Ic formation does not lead to lethal cell destruction due to the formation of small crystals [START_REF] Huebinger | Direct Measurement of Water States in Cryopreserved Cells Reveals Tolerance toward Ice Crystallization[END_REF]. However, the subsequent formation and/or transition to a hexagonal ice Ih phase and the extended Ih crystal growth have provoked cellular death [START_REF] Huebinger | Direct Measurement of Water States in Cryopreserved Cells Reveals Tolerance toward Ice Crystallization[END_REF]. In this regard, structural studies of ice formation during cryo-cooling of biomolecular lipid/protein mixtures are of interest for creating cryoprotectants as well as for elucidating the kinetics of protein crystallization in lipid mesophases at very low temperatures.

Structural information on dynamic phase transitions in lipid/protein/salt/water systems is scarce at very negative temperatures. Therefore, time-resolved structural investigations are essentially needed to elucidate the crystallization kinetics and the polymorphism of ice in organized molecular systems. The purpose of the present work is to monitor ice nucleation and growth in situ from a multicomponent lipid/protein/salt/water biomolecular assembly. The considered model system is linked to the lipid cubic phase (LCP) method (known as the in meso crystallization method), which is a robust technique for the crystallization of membrane proteins as well as of proteins whose well-ordered 3D crystals are difficult to fabricate using standard crystallization techniques [START_REF] Van't Hag | Protein-Eye View of the in Meso Crystallization Mechanism[END_REF][START_REF] Moraes | Membrane Protein Structure Determination -The next Generation[END_REF]. In pioneering works, Larsson and independently Landau and Rosenbusch, have proposed the idea of ordering proteins through confinement in LCPs [START_REF] Larsson | Cubic Lipid-Water Phases: Structures and Biomembrane Aspects[END_REF][START_REF] Landau | Lipidic Cubic Phases: A Novel Concept for the Crystallization of Membrane Proteins[END_REF]. More than 900 protein crystal structures have been successfully determined by exploring crystal nucleation in lipid mesophases, including those of full-length membrane proteins (e.g., β2-adrenergic receptor and bacteriorhodopsin) and/or of their domains, or of water-soluble proteins (e.g., lysozyme) [START_REF] Grabe | Protein Interactions and Membrane Geometry[END_REF][START_REF] Cherezov | High-Resolution Crystal Structure of an Engineered Human β[END_REF][START_REF] Rasmussen | Crystal Structure of the β 2 Adrenergic Receptor-Gs Protein Complex[END_REF][40]. Thus, it is of fundamental interest to study the influence of the components of the initial mesophase mixture on the kinetics of the phase transitions, which lead to a nanocrystalline state.

Monoolein (MO) is a lyotropic lipid (Supplementary Figure S1, left) capable of spontaneously forming bicontinuous cubic phases at room temperature among the various liquid crystalline structures that can be obtained by its self-assembly at different lipid/water ratios and temperatures [START_REF] Qiu | The Phase Diagram of the Monoolein/Water System: Metastability and Equilibrium Aspects[END_REF][START_REF] Longley | A Bicontinuous Tetrahedral Structure in a Liquid-Crystalline Lipid[END_REF][START_REF] Larsson | Two Cubic Phases in Monoolein-Water System[END_REF][START_REF] Kraineva | Kinetics of Lamellar-to-Cubic and Intercubic Phase Transitions of Pure and Cytochrome c Containing Monoolein Dispersions Monitored by Time-Resolved Small-Angle X-ray Diffraction[END_REF][START_REF] Yaghmur | Oil-Loaded Monolinolein-Based Particles with Confined Inverse Discontinuous Cubic Structure (Fd3m)[END_REF][START_REF] Angelov | SAXS Investigation of a Cubic to a Sponge (L3) Phase Transition in Self-Assembled Lipid Nanocarriers[END_REF][START_REF] Gustafsson | Phase Behavior and Aggregate Structure in Aqueous Mixtures of Sodium Cholate and Glycerol Monooleate[END_REF]. In the presence of additional components in the mixtures, such as salts, co-lipids, detergents, and guest biomolecules, a primitive cubic phase (periodic curved membrane structure with water channels), a micellar cubic phase, a sponge (lack of long-range order) phase, or vesicular membrane phases can be formed as well [START_REF] Kraineva | Kinetics of Lamellar-to-Cubic and Intercubic Phase Transitions of Pure and Cytochrome c Containing Monoolein Dispersions Monitored by Time-Resolved Small-Angle X-ray Diffraction[END_REF][START_REF] Yaghmur | Oil-Loaded Monolinolein-Based Particles with Confined Inverse Discontinuous Cubic Structure (Fd3m)[END_REF][START_REF] Angelov | SAXS Investigation of a Cubic to a Sponge (L3) Phase Transition in Self-Assembled Lipid Nanocarriers[END_REF][START_REF] Gustafsson | Phase Behavior and Aggregate Structure in Aqueous Mixtures of Sodium Cholate and Glycerol Monooleate[END_REF]. According to the temperature-composition phase diagram of the pure monoolein/water mixtures [START_REF] Qiu | The Phase Diagram of the Monoolein/Water System: Metastability and Equilibrium Aspects[END_REF], a lamellar crystalline (Lc) phase emerges at temperatures below 20 °C and low water contents (< 5-10 %w/w) (Supplementary Figure S1). When the water content increases, the self-assembled MO/water mixtures transform into a fluid lamellar phase (Lα) and then into a gyroid cubic phase (Ia3d). Hydrated MO forms a bicontinuous cubic phase of double diamond (Pn3m)-type symmetry at higher water contents ( 42% (w/w)). At temperatures below 0 °C, MO was found in the crystalline Lc phase (at very low water content) and in the Lc phase with ice (for water content above 5% w/w). Under steady-state conditions [START_REF] Qiu | The Phase Diagram of the Monoolein/Water System: Metastability and Equilibrium Aspects[END_REF], the pure lipid sample containing 32% water formed a hexagonal Ih phase of ice in the temperature region between 0 and -20°C. The hexagonal ice crystals represent a stable equilibrium form of ice, which is the most common in nature [START_REF] Bartels-Rausch | Ice Structures, Patterns, and Processes: A View across the Icefields[END_REF][START_REF] Dowell | Low-Temperature Forms of Ice as Studied by X-Ray Diffraction[END_REF].

Here we present a time-resolved microfocus beam SAXS/WAXS study of the kinetics of ice formation in a self-assembled MO/hemoglobin/salt/water mixture during cryostream cooling. The hemoglobin was chosen as a water-soluble model globular protein that has the potential to crystallize in the MO water channels without disrupting the lipid bilayer.

The results revealed that the in situ recorded Braggs peaks, characterizing the kinetics of ice crystallization, arise from different ice crystal polymorphs, which accompany the crystallization of the lipid/protein mesophase (Figure 1). 

MATERIALS AND METHODS

Materials and sample preparation

Monoolein (MO) (purity > 99%) was obtained from Hampton Research (HR2-435).

Hemoglobin (human lyophilized powder, H7379) and buffer salts (magnesium sulfate, ammonium sulfate, sodium phosphate monobasic, sodium phosphate dibasic, sodium acetate) were purchased from Sigma-Aldrich. Milli-Q water (Millipore Corp.) was employed for the preparation of aqueous solutions. The hemoglobin powder was dissolved in the buffer solution to concentrations of 1 mg/mL, 5 mg/mL and 10 mg/mL, avoiding aggregation and precipitation by centrifuging the sample at 12000g. The pH was controlled using inorganic salts (pH 5.9 -7.5). The protein concentration was determined from the UV-visible spectra of hemoglobin solutions.

The lipid/protein liquid crystalline assemblies were prepared by the method of hydration of thin lipid films [START_REF] Rakotoarisoa | Cubic liquid crystalline nanostructures involving catalase and curcumin: BioSAXS study and catalase peroxidatic function after cubosomal nanoparticle treatment of differentiated SH-SY5Y cells[END_REF][START_REF] Angelova | Pep-lipid cubosomes and vesicles compartmentalized by micelles from self-Assembly of multiple neuroprotective building blocks including a large peptide hormone PACAP-DHA[END_REF]. The quantity of MO was approximately 10 mg per sample. The lipid hydration level corresponded to the formation of a bulk bicontinuous cubic phase at room temperature in accordance with the phase diagram of the monoolein/water system [START_REF] Qiu | The Phase Diagram of the Monoolein/Water System: Metastability and Equilibrium Aspects[END_REF]. Self-assembled lipid/protein mesophases were obtained in glass vials by incubation of protein solution (hemoglobin dissolved in 0.01 M phosphate buffer, pH 7.1) with the lipid film for 6 hours at room temperature. Magnesium sulfate (2 M) was subsequently added (3 µL) to the glass vials as a precipitant impacting the lipid and protein hydration levels [START_REF] Abdallah | Crystallization of the Large Membrane Protein Complex Photosystem I in a Microfluidic Channel[END_REF]. The obtained liquid crystalline mixtures were stored at 4 °C prior to structural measurements.

Time-resolved synchrotron microfocus beam X-ray diffraction experiments

Time-resolved X-ray measurements were performed at the PROXIMA 2A (PX2-A) beamline of synchrotron SOLEIL [START_REF] Polsinelli | Comparison of helical scan and standard rotation methods in single-crystal X-ray data collection strategies[END_REF][START_REF] Wang | A robust large-pore zirconium carboxylate metal-organic framework for energyefficient water-sorption-driven refrigeration[END_REF]. The experimental configuration is depicted in Supplementary Scheme 1. X-rays of 0.98 Å wavelength generated from the in-vacuum undulator source were focused on using a Kirkpatrick-Baez (KB) mirror pair. A cryogenically cooled single-cut silicon monochromator delivered X-rays with a monochromaticity of ~2×10 -4 . Water-cooled primary slits located upstream of the monochromator were used in regulating the photon flux during the experiments. The beam size at the sample position was 10 μm × 5 μm. A high-precision micro-diffractometer MD2 (Arinax, France) was placed downstream from the KB mirrors.

The bulk mesophase monoolein/hemoglobin/salt/water samples were mounted on the goniometer head in the micro-diffractometer using cryo-loops. The sample rotation was around the -axis, corresponding to the one employed in single crystal protein crystallography [START_REF] Polsinelli | Comparison of helical scan and standard rotation methods in single-crystal X-ray data collection strategies[END_REF]. The achieved temporal resolution was 25 ms per frame. The advantages of helical scans [START_REF] Polsinelli | Comparison of helical scan and standard rotation methods in single-crystal X-ray data collection strategies[END_REF] were exploited for XRD data collection with such a small beam. This gave the possibility to collect data at several points on the sample and reduce the thermal melting. The helical scan option was enabled during the sample rotation via the control program MXCube [START_REF] Gabadinho | MxCuBE: a synchrotron beamline control environment customized for macromolecular crystallography experiments[END_REF].

Continuous cooling to 100 K was performed using nitrogen gas through a cryostream blower (Oxford Cryo Systems, Oxford, United Kingdom). A beam stop was placed immediately before the detector to block the primary X-ray beam. The sample-to-detector distance was 149 mm. The diffraction patterns were recorded in situ by a two-dimensional EigerX 9M detector (DECTRIS Ltd., Baden-Daettwil, Switzerland) while the sample was rotated around the  axis in front of the microfocus X-ray beam. The employed experimental configuration (Supplementary Scheme 1) optimized the resolution and minimized the background scattering (noise).

The parameters of the investigated mesophases were derived from the Bragg peaks detected in the X-ray diffraction patterns. The repeat spacing between the scattering planes d is defined by Bragg's law d = 2π/q. The assigned reflections were fitted with a Gaussian shape through the Miller indexes according to the following relationships: (a/d) 2 = 1: √3: 2: √7: 3: √12 for hexagonal phase structures.

a/d = 1,2,

RESULTS

Time-resolved synchrotron X-ray diffractograms acquired under cryogenic cooling

A series of approximately 40000 two-dimensional (2D) X-ray diffraction patterns was acquired by -axis rotation SAXS/WAXS scans to in situ characterize the kinetic process of ice nucleation in the multicomponent lipid/protein/salt/water mesophase under cryostream cooling. To this aim, several rotation cycles were performed with a step of 0.1 degrees (corresponding to a temporal resolution of 25 ms per frame). For analysis of the positions of the detected XRD peaks in the obtained large series of time-resolved images, they were subsequently converted into 1D powder diffraction plots using fast azimuthal integration. The 2D diffraction patterns for the salt contained single crystal peaks, while the MO and water gave powder rings. does not have an ideal cylindrical shape, the X-ray beam passed through different thicknesses during the rotation. Therefore, it was necessary to perform a thickness correction of the measured X-ray intensity. The diffraction curves were normalized to the integral intensity of the 1 st Bragg peak of monoolein in the SAXS region at q = 0.126 Å -1 .

In this way, we confirmed that the changes in the intensity at the characteristic positions of the ice crystal peaks did not result from changes in the sample thickness.

The results in Figure 2 demonstrate that Bragg diffraction peaks of ice nucleated from the studied lipid/protein/salt/water mesophase appear at the 14200 th frame, corresponding to approximately 355 sec of cryo-cooling. The first peak of cubic ice crystals (q111 = 1.711 Å -1 ) emerged from zero intensity (liquid water state) and progressively increased with the growth of the crystalline phase. The increasing intensity of the peaks of the ice crystals upon cooling to very low temperatures implied that the amount of crystallized water increased. The kinetics of this structural transformation process were analysed quantitatively. In a section below, the kinetics of the water crystallization process is described in the relevant time interval from 355 sec to 810 sec of cryocooling.

Figure 2B shows a characteristic experimental pattern, which summarizes the designation of the Bragg peaks in the investigated SAXS/WAXS regions of the scattering vector q. The diffraction peaks in the small-angle and middle-angle regions, with q-vectors spanning from q = 0 to q~1.2 Å -1 , characterize the lamellar phase structure of the monoglyceride lipid MO. The peaks in the MO wide-angle (WAXS) region start at q = 1.3 and extend to 2.1 Å -1 . In this region, the resolved Bragg peaks evidenced the formation of a crystalline Lc phase of MO/hemoglobin, in which the lipid hydrocarbon chains rest frozen. The differences between the monoolein/hemoglobin crystalline Lc phase with liquid water and monoolein/hemoglobin crystalline Lc phase with ice are revealed in Figure S2 of the Supporting Information. The ice crystallization caused changes in the relative peak intensities of the Lc phase and a small shift in its lattice spacing d in the SAXS region. The monoglyceride crystalline Lc phase with liquid water without ice was characterized by a spacing d=4.99 nm, which slightly increased to d=5.05 nm when ice formed between the MO lamellae. The intensities of the 4 th and 6 th SAXS peaks at q=0.502 and 0.753 Å -1 increased relative to the 1 st SAXS peak due to ice formation. This feature was less notable for the 2 nd and 3 rd SAXS peaks. The observed changes in the ratios of the lamellar peak intensities and positions evidenced the structural influence of ice crystallization on the organization of the lamellar lipid phase. Lc peaks in the SAXS region, and (C) Indexing of the WAXS Lc peaks with a triclinic lattice in the lateral direction of the membrane (values given in Table 1).

The WAXS region for the crystalline Lc phase with liquid water, i.e. absence of ice peaks, is depicted on Figure 3C. Table 1 lists the wave vector q-values of the first 12 resolved WAXS peaks of the lipid phase together with the corresponding 2 Theta angles and distances d = 2 π/q. The indicated hkl planes were deduced through a space group search with the program Expo2014 [START_REF] Altomare | EXPO2013: a kit of tools for phasing crystal structures from powder data[END_REF]. The corresponding space group that displayed the highest figure of merit (FoM = 1.0) and a realistic unit cell dimension was determined to be the triclinic P-1 group. The space group identification from the WAXS peaks should be considered with caution since it is not the only possibility proposed by the peak indexing program. The triclinic P-1 group is a quite general space group, and a more specific space group identification would require the detection of more WAXS peaks in the XRD pattern.

The unit cell dimensions and angles were determined using the procedure N-TREOR09 from the same program Expo2014. The obtained values are a=24.7 Å, b=5.4 Å, c=5.0 Å, α=116.7, β=92.2, and γ=91.1 degrees. From the determined long axis a=24.7 Å, the lipid bilayer thickness should be expected to be at least two times larger, i.e. d=4.94 nm. The thickness d=4.94 nm is very close to the one d=4.99 nm determined above from the SAXS peaks. This value is also in agreement with that reported in previous structural studies of MO/protein systems [START_REF] Angelova | Structural organization of proteocubosome carriers involving medium-and large-size proteins[END_REF].

The changes in the WAXS region coming from water crystallization to ice will be considered in the following section. They are more challenging to elucidate due to the interference of peaks from salt crystals. 

Diffraction peaks arising from ice crystal polymorphs

Well-developed ice peaks were detected at a time frame corresponding to 412 sec. A comparison with the diffractogram of monoolein system without ice is shown in Figure 4.

The corresponding face-centered cubic space group Fd3m (Q227) is characterized by Bragg peak positions spaced in the ratio √3:√8:√11:√12:√16:√19 and indexed by the hkl sequence ( 111), ( 220), ( 311), ( 222), (400), and (331). The first three Ic peaks have values of q(111) = 1.711, q(220) = 2.794 and q(311) = 3.276 Å -1 . The identified peak positions for the hexagonal Ih ice have values and corresponding hkl planes (given as subscript to q) q(100) = 1.612, q(002) = 1.711, q(101) = 1.825, q(102) = 2.352, q(110) = 2.794, q(103) = 3.032, q(200) = 3.225, q(112) = 3.276, and q(201) = 3.336 Å -1 [START_REF] Malkin | Structure of Ice Crystallized from Supercooled Water[END_REF]. Overlapping of the Ic and Ih peak is observed for all three Ic peaks. An increase of the background due to the formation of the ice was not observed. The intensity of the monoolein WAXS peaks remains the same in the q-range from 1.3 to 2.1 Å -1 without dependence on the ice formation. . The presence of "hexagonal" faults in the cubic ice is not visibly detected through a wide shoulder in the region q ≈1.6-1.9 Å -1 and between the peaks of the cubic phase for planes (220) and (311) in the diffraction pattern. Regardless of the overlapping peaks of the lipid and ice in the q range of 1.6-1.9 Å -1 , it is seen in Figure 4 that the Ic peaks are not accompanied by a noticeable shoulder in the region between the (200) and (311) planes. There is only a small peak splitting at q = 3.225 Å -1 . Peaks appear at q = 1.825 Å -1 and q = 3.0324 Å -1 after 685 s of cooling as well as additional peaks near the (311) plane related to the hexagonal ice (Ih) phase. The presence of hexagonal ice is also manifested in the diffraction image in Figure 5d by the appearance of diffraction spots on the powder diffraction rings of the cubic ice phase. The appearance of Ih peaks can be caused either by the partial transformation of the metastable cubic ice into hexagonal ice (in the case of annealing of the cubic phase) or by the nucleation of ice crystals of an initial hexagonal symmetry. Hence, one can conclude that Ic ice is formed with a relatively small number of faults [START_REF] Malkin | Structure of Ice Crystallized from Supercooled Water[END_REF] at the beginning of the cooling process, and then Ih ice begins to form separately from Ic ice after 685 seconds of cooling. 

Kinetics of cubic ice crystal formation

Figure 6 shows variation of the intensity for each of the three Bragg peaks characterizing the formed cubic ice. Every point corresponds to a specific measurement time of continuous rotation and cooling of the sample. In the studied configuration, the measurement angle did not affect the diffraction pattern since cubic ice is generated in the form of many small crystals with different orientations, which results in a powder diffraction pattern. The vertical axis in Figure 6 represents the intensity of the peak with a baseline correction, whereas the horizontal axis shows the difference between the snapshot time and the time of the onset of the crystallization process on a logarithmic scale. The onset time of the crystallization process and the rate constant for each peak were obtained by approximating the experimental data (black dots) by the Avrami equation (red solid line):

𝐼 = 𝑎(1 -𝑒 ( ) )
, where 𝐼 is the intensity of the diffraction peak, 𝑎 is a normalizing coefficient, 𝑘 is the rate constant, 𝑡 is the snapshot time, and 𝑡 is the time of the onset of the crystallization process.

At the characteristic Ic positions of q = 1.711, q = 2.794 and q = 3.276 Å -1 , the process of cubic ice crystallization begins at 486.815 s, 489.530 s and 484.165 s, respectively. The reaction rate constants are determined to be equal to 0.0022 ph*m -2 *s -2 , 0.0019 ph*m -2 *s -2 and 0.0019 ph*m -2 *s -2 , where ph denotes photons. Thereby, the values averaged over the three peaks for cubic ice crystallization from the lipid MO/hemoglobin/salt (MgSO4)/water mesophase system are t0 = (486.840 ± 1.130) s and k = (0.0020 ± 0.0001) ph*m -2 *s -2 . The calculated parameters are represented in Table 2. °C [START_REF] Qiu | The Phase Diagram of the Monoolein/Water System: Metastability and Equilibrium Aspects[END_REF]. Indeed, hexagonal ice has been regarded as the thermodynamically more stable form of ice [START_REF] Dowell | Low-Temperature Forms of Ice as Studied by X-Ray Diffraction[END_REF][START_REF] Michielsen | Small-angle x-ray scattering in the early stages of ice formation[END_REF].

In our kinetic SAXS/WAXS experiments with a lipid/protein/salt/water mesophase, we observed the early nucleation of ice crystals with cubic symmetry (Ic), which was followed by hexagonal ice (Ih) crystal formation upon continuous cryo-cooling. The acquired powder diffraction pattern corresponded to nucleation of many small crystals of cubic Fd3m symmetry, which displayed different orientations. The average crystallite size obtained from the Scherrer equation was 30.9 nm (Supplementary Information, Equation 1). Throughout the continuous cooling experiment, the formation of the hexagonal ice phase appeared to be a longer lasting separation process. Molecular dynamics (MD) studies have explained the preference for the cubic structure in newly formed ice crystals by the propensity of the hydrogen-bonded pairs between the molecules for certain relative orientations [START_REF] Grabowska | Why is the cubic structure preferred in newly formed ice?[END_REF].

It is worth noting that the formation of Ic ice or Ih ice essentially depends on the external conditions and on the composition of the studied systems. There are significant experimental differences between our experiment and the works of Manni et al. [START_REF] Manni | Soft Biomimetic Nanoconfinement Promotes Amorphous Water over Ice[END_REF] and Qiu et al. [START_REF] Qiu | The Phase Diagram of the Monoolein/Water System: Metastability and Equilibrium Aspects[END_REF]. In our experimental design, the in situ XRD measurements were carried out in a dynamical mode. The sample was not incubated for equilibration at a given temperature for a certain time before measurement, which could affect the kinetic pathway of the formed ice crystals. In addition, the mesophase samples were sealed in quartz glass capillaries or between two thin replaceable mica sheets in the investigations of Manni et al.

[2] and Qiu et al. [START_REF] Qiu | The Phase Diagram of the Monoolein/Water System: Metastability and Equilibrium Aspects[END_REF], whereas our samples were placed on a cryo-loop, which is in contact with air. In the latter case, water might start crystallizing more easily from small droplets on the sample surface. On the other hand, we did not investigate pure lipid/water mixtures but a mesophase, which contained protein (hemoglobin) and salt (MgSO4) components in addition to lipid and water.

Morishige et al. studied the behaviour of pure water in mesoporous silica with different types of pores and showed that the formation of cubic ice Ic occurs in pores with a diameter of 17 nm or less [START_REF] Morishige | Stability of Cubic Ice in Mesopores[END_REF]. It has been established that the number of stacking faults in cubic ice Ic decreases with decreasing pore diameter. In our experiment, the q-region that may display possible staking faults in Ic overlaps with the WAXS diffraction peaks of the lipid phase. Therefore, it is challenging to estimate the fraction of staking faults in the Ic phase and whether the number of staking faults changes during the experiment.

Nevertheless, possible stacking faults in Ic ice are suggested by the presence of a small shoulder of Ih ice at peak position q = 3.278 Å -1 in the absence of other diffraction peaks of Ih ice. In our opinion, small ice crystals could start to form both between the lipid bilayers and on the surface of the mesophase sample, where the water molecules appear to be confined in a sufficiently small volume of nanodroplets, which may induce cubic ice formation.

Regarding the kinetic parameters of cubic ice Ic formation, we obtained the onset time of cubic ice formation using the Avrami equation, which yielded a rate constant equal to t0 = (486.840 ± 1.130) s and k = (0.0020 ± 0.0001) ph*m -2 *s -2 . Figure 6 demonstrates that the curves, constructed by the Avrami equation, fit the obtained experimental data in a good approximation. A limitation may arise from the fact that the Avrami equation describes homogeneous nucleation at a constant temperature, whereas heterogeneous nucleation could not be excluded in our case. This discrepancy may be due to small displacements of the sample during the -rotation relative to the X-ray beam. Since the incident beam had a micrometer size (10 μm × 5 μm), the initially gel-like sample could move slightly during the -rotation to radiation-exposed slightly different areas during the freezing process.

This could result in a partially uneven increase in the intensity of the peaks of Ic. ice. To avoid this, the data were normalized to the 1 st SAXS peak of the lipid phase, which had quite small changes in the peak intensity. Thus, we can affirm from the in situ XRD data that the amount of ice in the sample undoubtedly increases during the cooling experiment. This is confirmed by plotting the ratio of the area under the cubic ice Ic peak at q = 2.795 Å -1 to the area under the first peak of the monoolein Lc phase as a function of time. The analytical plot in Figure 7 clearly shows an increase in this ratio with time. In the published literature, most kinetic processes have been studied by the differential scanning calorimetry (DSC) method, and the calculated parameters have been presented in energy units. Owing to this fact, there is no experimental basis allowing comparison of our k parameter (expressed in photons per m 2 per s 2 ) with published values expressed in terms of enthalpy. A recent study on the weak interactions in concentrated amphiphilic systems has shown that the freezing can control the self-assembly of temperature-sensitive building blocks such as lipids [START_REF] Pierre-Antoine | Freezing-induced self-assembly of amphiphilic molecules[END_REF]. It has been demonstrated that the segregation by the ice crystals provides a very efficient mechanism to increase the concentration of the building blocks by several orders of magnitude. Considering the presented here results, this direction of research deserves more attention to reveal the potential implications for globular or membrane protein crystallization in mezzo.

As highlighted in the context of protein diffraction [START_REF] Moreau | Ice Formation and Solvent Nanoconfinement in Protein Crystals[END_REF], it can be hypothesized that a suitable nanoconfinment, either induced by the lipid or the protein, could suppress the ice freezing temperature and nucleation rate, to allow the water or the solvent to remain as a supercooled liquid for a time that will be sufficient to collect complete structural data sets.

CONCLUSION

Water plays an important role in cellular survival, the formation of lipid membranous structures, their interaction with proteins, and subsequent use for protein crystallization.

Despite the numerous thermodynamic investigations of ice crystal formation in the pure state and under nanoconfinement in synthetic mesoporous and soft materials, time-resolved structural dynamics studies of biomimetic lipid/protein/salt/water systems under cryostream cooling are challenging and remain scarce. Using ω-axis rotation scans, similar to those in single-crystal XRD measurements, we performed a time-resolved structural study of the kinetics of ice crystallization in a mixed self-assembled lipid/protein system composed of monoolein, hemoglobin, salt, and water under cryo-cooling conditions. The chosen membranous system served as a model relevant to protein crystallization in lipid cubic phases. In this work, we revealed the early kinetics of the formation of cubic ice (Ic) in a cryo-cooled multicomponent mixture by time-resolved X-ray powder diffraction measurements. The major result of the performed structural study is that cubic ice crystals are nucleated first from the lipid/protein/salt/water assembly, whereas hexagonal ice is subsequently formed. For the obtained low-temperature lipid/hemoglobin crystalline Lc phase, 12 positions of Bragg diffraction peaks were resolved in the XRD patterns, whereas only one or two peaks have been reported for the monoolein/protein/water mixtures in previous works [START_REF] Angelova | Structural organization of proteocubosome carriers involving medium-and large-size proteins[END_REF]. To our knowledge, this is the highest resolution reported for the monoolein-based crystalline (Lc) phase.

Under the studied conditions, we identified the contribution of lipid and ice components to the X-ray powder diffraction patterns and obtained kinetic curves characterizing cubic ice formation from lamellar lipid/protein/salt/water assembly. The crystallization rate constant was found by analysing the time-resolved diffractograms of the cubic ice phase. The comparison of the data with the available information of ice crystallization in other nanostructured materials (e.g., mesoporous SBA-15, carbon nanotubes, etc.) showed notable differences. The proposed strategy for time-resolved scan microdiffraction measurements can be applicable to other sophisticated biomolecular systems that provide water confinement and crystallization at very low temperatures.

Further work in this direction should allow a better understanding of the factors affecting the compaction and crystallization of proteins in biomimetic media.

Figure 1 .

 1 Figure 1. Schematic presentation of the confined geometry of lipid bilayer membrane stacks with nanometer-sized interlamellar spacing (indicated by arrow), from which ice nanocrystal nucleation is induced under cryostream cooling.

Figure 2 .

 2 Figure 2. (A) Time-resolved intensity versus q vector 3D plot of representative XRD patterns of the monoolein/hemoglobin/salt/water mesophase, which were selected from the in situ measured powder microdiffraction dataset. The z-axis indicates the time of cryostream cooling in the rotation scans. (B) A representative synchrotron X-ray diffraction pattern of the monoolein (MO)/hemoglobin (Hb)/salt (MgSO4)/water systemacquired during cryogenic cooling and defining the Bragg peak positions for the lipid phase, the ice phase, and the salt crystals. The Bragg peaks of the lipid/protein system cover the SAXS and the WAXS regions, as indicated by dashed lines. The Bragg peaks for the ice crystals (including cubic Ic and hexagonal Ih phases) are clearly observable in the WAXS region. The peaks of the formed salt crystals are very narrow and appear at higher q-vectors in the WAXS region.
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  Figure2Ashows an exemplary set of diffraction images collected during cryostream
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 3 Figure 2B also indicates that the Bragg peaks of the crystalline lipid phase in the
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 3 Figure 3. (A) Full representative SAXS/WAXS diffraction pattern for monoolein crystalline Lc phase with liquid water without ice, (B) Indexing of the lamellar crystalline

Figure 4 .

 4 Figure 4. Comparison of the diffraction patterns for monoolein crystalline Lc phase with liquid water without ice (lower red curve) and the crystalline Lc phase with ice (upper blue curve). The positions of the cubic (Ic) and hexagonal ice (Ih) ice peaks are indicated by gray bars.

Figure 5

 5 Figure5shows the 2D diffraction patterns and the integrated 1D XRD plots in the

Figure 5 .

 5 Figure 5. Kinetic frames showing the growth of ice crystals from monoolein/hemoglobin/salt/water self-assembled mesophase under continuous cryocooling. The 2D patterns (a-d) and 1D plots are recorded a) after 505 s (black solid line), b) 595 s (red solid line), c) 685 s (green solid line), and d) 775 s (blue solid line). The dotted lines indicate the diffraction peak positions of cubic ice, which grows upon the cryo-cooling process.

Figure 6 .

 6 Figure 6. Kinetic curves of the ice crystallization process from the lipid/protein/salt/water mesophase (black dots) fitted by the Avrami equation (red solid line) and plotted for the cubic Ic peaks centred at q-vectors: a) q=1.711 Å -1 ; b) q=2.794 Å -1 ; and c) q=3.276 Å -1 .

Figure 7 .

 7 Figure 7. Time-dependent change in the ratio of the area under the Bragg peak at q=2.795 (cubic ice crystal peak) and the area under the peak at q=0.126 Å -1 (1 st SAXS peak of the monoolein crystalline Lc phase).

Table 1 .

 1 Indexed WAXS peaks of the monoolein Lc phase at cryogenic temperatures with a schematic representation (adapted from ref. 52) of the triclinic lattice and 2D lipid lateral arrangement.

	Peak		2Theta		
	No	Hkl	[deg]	d[Å]	q [Å -1 ]
	1	-2 1 0	12.426	4.5282	1.388
	2	0 0 1	12.583	4.4687	1.406
	3	-1 0 1	12.671	4.4393	1.415
	4	2 1 0	12.776	4.4005	1.428
	5	1 0 1	12.907	4.3626	1.440
	6	1 1	13.008	4.3251	1.453
	7	-2 0 1	13.164	4.2771	1.469
	8	-2 -1 1	13.511	4.1674	1.508
	9	-3 -1 1	14.423	3.9077	1.608
		-4 -1 1	15.623	3.6020	1.744
	11	7 0 0	16.024	3.5162	1.787
	12	5 -1 1	17.288	3.2605	1.927

Table 2 .

 2 Parameters of the Avrami approximation for the cubic ice diffraction peaks.

	Cubic Ice Peak	q (Å -1 )	A (a.u.)	t0 (s)	k (ph*m -2 *s -2 )
	(111)	1.711	6.6138	486.815	0.0022
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