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ABSTRACT
Ice recrystallization is a key problem leading to quality deterioration of frozen foods and biomedical materials. Molecules possessing ice recrystallization inhibition (IRI) activity can control ice crystal size after freezing, reducing the degree of freezing-induced damage. While these IRI active molecules have shown promise in maintaining the quality of frozen foods, their slow discovery, limited creation strategies, and lack of mechanistic understanding limit their hypothesis-driven design. In this work, we address these above-stated needs required for the streamlined implementation of these materials into frozen systems by the creation of a machine-learning-based IRI screening method, the development of a new IRI agent creation strategy, and through the study of a small molecule IRI agents’ mode of action. Cellpose, a segmentation algorithm, was used to develop an automated ice measurement protocol to better screen IRI agents using images from the splat and sucrose sandwiching assays. Next, Ni2+ immobilized metal affinity chromatography (IMAC) was used to fractionate pulse peptide hydrolysates by their histidine, cysteine, and tryptophan residues into peptide fractions enriched or lacking these amino acids. The fractionation of these hydrolysates induced IRI independent of their evaluated molecular characteristics, demonstrating for the first time that IMAC fractionation of pulse peptides may act as a viable creation strategy for bio-based IRI agents. Lastly, we present the discovery of a new IRI agent from biomass, sodium copper chlorophyllin (SCC), that exhibits potent IRI in 10 mM NaCl without inducing IRI in 180 mM NaCl and PBS. SCC’s anti-freeze activities only included IRI, lacking dynamic ice shaping and thermal hysteresis. SCC’s IRI was not mediated by ice binding, self-assembly, or governed by its surface orientation within 10 mM NaCl. Hence, this Thesis advances the field of cryopreservation by the novel identification, creation, and characterization of bio-based IRI agents. 
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[bookmark: _Toc164621647]Ice Crystal Formation in Food Systems
[bookmark: _Toc289175821]Freezing foods is a common mode of preservation, as low temperatures, and the subsequent phase transition of water into ice prevent the proliferation of microorganisms and slows chemical reactions and cellular metabolic rates. This method, if performed under optimal processing conditions, better preserves the favorable sensory attributes of the food product while maintaining good nutritional value in comparison to thermal processing methods [Delgado & Sun, 2001]. While optimal under ideal conditions, the control of ice crystals during storage and transport remains a key issue concerning food quality and functionality. Ice recrystallization, describing the progressive growth and change in ice crystal size and morphology after freezing, often induces chemical and physical changes in the food product including protein denaturation and aggregation, lipid oxidation, and dripping loss [Zhang et al., 2023]. These changes often result in the loss of favorable texture, taste, drip, color, and flavor properties of the product, leading to excess food waste [Zhang et al., 2023]. Beyond food applications, the minimization of ice recrystallization-induced damage and anti-freeze agents are of particular interest in the fields of agriculture and industrial deicing, biomedical and biological material storage, reproductive medicine, and other long-term cold storage applications.
During freezing under standard atmospheric conditions, the arrangement of water molecules, denoted Ice Ih, adapts a tetrahedral bonded and relatively open hexagonal lattice structure accounting for a typical 9% expansion in volume [Arsiccio & Pisano 2020; Dalvi-Isfahan et al., 2019]. To preserve the microstructure of the food product and prevent mechanical damage induced by large ice crystals and the resulting cryoconcentration effect, food products are to undergo the phase transition rapidly to produce many small, uniform nuclei which result in less internal damage to the food microstructure [Li et al., 2018]. While the production of many small, semi-homogenous nuclei aids in the preservation of the present food microstructure, thermodynamically, the formation of many small nuclei results in an unstable higher surface free energy state of the crystal phase [Dalvi-Isfahan et al., 2019]. Hence, recrystallization occurs to minimize this surface-free energy to achieve equilibrium between the chemical potentials of all of the phases present in the food matrix [Dalvi-Isfahan et al., 2019]. Thus, to minimize their surface-to-volume ratio and reduce the free energy, small and rough ice crystals with high surface area melt or add additional water molecules to their lattice to create fewer nuclei with larger mean diameters in a phenomenon known as Ostwald ripening [Dalvi-Isfahan et al., 2019]. Recrystallization mechanisms additionally include accretion: the merging of two ice crystals, iso-mass rounding: the smoothing of the rough surface of the ice crystal, and melt-freeze: temperature fluctuation that melts ice but does not possess the energy to induce nucleation, whose free water joins other ice crystal lattices [Adapa et al., 2000; Dalvi-Isfahan et al., 2019]. 
[bookmark: _Toc164621648]Strategies to Prevent Recrystallization: Ice-Binding Chemical Agents
Hence, to preserve the food microstructure from physical puncture, osmotic stress, and desiccation-related damage, various strategies have been investigated to maintain small semi-homogenous ice nuclei in the product throughout its long-term storage and transport. Of these strategies, the formulation of food products to include chemical ice recrystallization inhibition (IRI) agents, for example, the addition of polysaccharide gums and monosaccharides in ice cream mix, has shown promise in maintaining the microstructure of food overtime [Wan et al., 2022]. While increasing the viscosity of a food mixture to prevent the ripening of ice crystals by restricting the net movement of water molecules is a viable strategy [Hartel, 1998], there is a demand to produce ice recrystallization inhibiting ingredients that have less of an effect on the overall sensory profile of the end product. Anti-freeze proteins (AFPs) and glycoproteins, first discovered from various plant and animal extremophiles used to preserve their cellular components in extreme winter environments, have been identified as ideal antifreeze food ingredients, but because of their small natural concentrations, their costly production has forced producers of high output frozen products to evaluate alternative molecular analogs. These AFPs and glycoproteins have been categorized by their source, residues, and degree of glycosylation, but share their mode of action, the physical binding of their glycans or hydrophobic backbone to the primary prism face of the lattice structure to alter their surface curvature and subsequent crystallization properties described by the Gibbs-Thomson effect, resulting in the depression of the equilibrium freezing point [Buckley & Lillford, 2009; Mochizuki & Molinero, 2018; Rahman et al., 2019]. In binding with the ice lattice, these molecules induce a thermal hysteresis effect responsible for creating a non-colligative depression of the freezing point without lowering the melting point [Delesky & Srubar, 2022]. Anti-freeze activity is identified by 3 main characteristics, the above-mentioned thermal hysteresis effect, dynamic ice shaping activity described by the alteration of ice crystal morphology by the anti-freeze compound, and IRI activity: the ability to prevent the previously described recrystallization mechanisms [Biggs et al., 2019; Diao et al., 2024]. While AFPs and glycoproteins possess all three of these characteristics, it is important to note that thermal hysteresis and dynamic ice shaping are not prerequisites for the inhibition of ice recrystallization [Biggs et al., 2019]. Further, polyvinyl alcohol 20 (PVA20), a long-chain synthetic polymer with potent IRI and ice-binding at concentrations of 1 mg/mL, has anti-freeze activities attributed to its critical contact area and occupation of the interface with the ice structure that inhibits recrystallization [Bachtiger et al., 2021]. Distinct from AFPs, glycoproteins, and PVA20, small molecules that self-assemble into aggregates including dyes such as safranine-O, zirconium acetate, and zirconium acetate hydroxide, and nano-particles created by polymerization-induced self-assembly displaying no IRI before self-assembly, have all displayed ice binding, shaping and IRI activities. [Drori et al., 2016; Mizrahy et al., 2013; Georgiou et al., 2021]. While the nano-architecture of these aggregates differs greatly from the macroscopic AFPs and glycoprotein structure, their self-assembled structures are purported to create a hydrophobic face or H-bonding sites similar to the structure of AFPs. Thus, the self-assembly of small molecules that act directly on ice, has been identified as a viable strategy to retard the maturation of ice. Aside from the binding of AFPs, and self-assembled molecules to the surface of ice, other recrystallization inhibition agents only possessing IRI without TH and ice shaping have been identified.
[bookmark: _Toc164621649]Strategies to Prevent Recrystallization: Non-Ice Binding Chemical Agents
Interestingly, a myriad of molecular motifs have been proposed by various authors to explain IRI activity from unique and molecular distinct non-binding IRI agents. These motifs include facially amphiphilic molecules, flexible polymers (polyampholytes), and small molecules with structural similarities to ice. Facial amphiphilic molecules are categorized by their molecular structure consisting of segregated domains of hydrophobic and hydrophilic patches. Many different types of molecules with the commonality of these rigid and separated domains of polar and non-polar residues have been identified, ranging from complex self-assembled metallohelicies to amino acids such as L-isoleucine, L-phenylalanine, and other amino acid-like molecules [Mitchell et al., 2017; Warren et al., 2022a]. Additionally, nisin, an antimicrobial peptide possessing pH-tunable amphiphilicity only showed IRI under conditions that induced such amphiphilicity, suggesting this molecular motif is responsible for its IRI activities [Mitchell et al., 2015a]. Facially amphiphilic molecules have been purposed to migrate to the quasi-liquid layer separating the ice interfacial monolayer and bulk water, and disorder free water molecules in this region, raising the energy required for free water to crystalize and join the lattice [Tam et al., 2008; Balcerzak et al., 2014]. Quasi-liquid layers, describing the different monolayers of water in direct contact with the ice which still appear below the ice melting point, govern the surface properties of the ice [Asakawa et al., 2016]. The morphology of these water layers appears in multiple forms, the alpha form, comprised of round liquid droplets deposited on the surface, and the beta form, comprised of thin layers of liquid deposited on the surface, with the water vapor pressure range of the system altering the appearance of these layers [Asakawa et al., 2016]. Generally, it is unknown how the morphology of the quasi-liquid layer affects anti-freeze agents purported to disorder this region, or whether specific morphologies possess synergy with these anti-freeze agents. 
Polyampholytes, categorized by their polymer structure with monomeric units including both cationic (+) and anionic (-) groups were found to possess IRI, showing higher recovery of cell viabilities upon thawing [Stubbs et al., 2020; Matsumura & Hyon, 2009; Mitchell et al., 2015b]. Molecularly, these long flexible polymers often have saturated sp3 bonded backbones, thus excluding the presentation of a specific hydrophobic face in contrast to the class of facially amphiphilic molecules [Biggs et al., 2019]. Mechanistically, while the exact mechanisms of this cryo-preservation are not fully understood, carboxylated epsilon-poly L-lysine was purposed to preserve cell viability by interacting with cell membranes, displaying a depression of the gel-liquid phase transition temperature in model phospholipid membranes and increasing permeability. [Stubbs et al., 2020; Matsumura & Hyon, 2009; Mitchell et al., 2015b]. Further, polyampholytes derived from vinyl-based polymers assembled by reverse addition fragmentation chain transfer and reaction with succinic anhydride as anti-freeze glycoproteins mimetics further showed IRI, although the activity was relatively weak in comparison to AFPs [Mitchell et al., 2014]. Thus, polyampholytes, vastly different from facially amphiphilic molecules, native AFPs, and self-assembled dye aggregates, showed cryo-protective ability in the freeze-thaw recovery cells. 
Another studied motif includes the 3D orientation of hydrophobic moieties on simple monomeric molecules, such as beta- and alpha-alanine. Breaking previous thoughts about the source of IRI, the discovery that the stereoisomers of the amino acid alpha alanine possessed potent IRI while its structural isomer, beta-alanine showed no IRI, demonstrated the impact of the hydrophobic unit 3D placement possessed in inducing IRI [Warren et al., 2022b]. The mechanism attributed to this IRI is their structural compatibility to fit into the ice lattice and thus their subsequent propensity to become overgrown by the lattice [Warren et al., 2022b]. Attributed to the 3D orientation of the hydrophobic “face”, this inhibition of recrystallization for small molecules to fit into the ice lattice, is distinct from the previously discussed IRI mechanism. Thus, these diverse molecular features that give rise to IRI show how different ice impediment mechanisms can result in the same end-point macroscopic effect in preventing recrystallization.
[bookmark: _Toc158715480][bookmark: _Toc164621650]Creation of Antifreeze Food Ingredients from Foodstuff, Barriers, and Implementation in Food Systems
While these numerous anti-freeze molecules with diverse modes of action indicate promise for the implementation of these compounds as food ingredients, their ability to uniquely identify the ice lattice among other similar chemical components in the food matrix and the food safety of these compounds present barriers to implementation. To address the latter concern, the production of anti-freeze ingredients from existing foodstuff has been an active research area. A common strategy to produce these anti-freeze ingredients includes the enzymatic or acid hydrolysis of plant and animal proteins and carbohydrate polymers with further processing sometimes required. This can be seen by the creation of anti-freeze peptides from the hydrolysis of bovine bone collagen, squid skin collagen, and soy protein isolate [Cao et al., 2020; Fomich et al., 2023; Cao et al., 2023], and from the creation of wheat gluten, tamarind seed polysaccharides, and nanocelluloses from biomass [Li et al., 2019; Sun et al., 2023; Zhang et al., 2022]. While the primary hydrolysis treatment is seen as a critical processing step to create IRI activity for the above-mentioned protein hydrolysates, other chemical modifications such as succinylation of non-IRI active protein hydrolysates including hemp protein isolates and hydrolysates, zein and gelatin hydrolysates and soy and pea protein hydrolysates [Yuan et al., 2023; Ollis et al., 2024; Wan et al., 2022] have been seen as a promising strategy for generating IRI for these peptide mixtures. While the creation of anti-freeze food ingredients from foodstuff has proven viable for the creation of seemingly non-toxic anti-freeze agents, their implementation and efficacy in food matrices remains a challenge, resulting from the different salt and pH environments and the presence of other macromolecules (fats, carbohydrates, lipids) in food systems. 
Specifically, the salt environment the anti-freeze agent is present in is a critical factor shown to modulate their inhibitory recrystallization behaviors [Delesky & Srubar, 2022]. Here, both the solvent chemical species and concentrations play roles in altering the macroscopic IRI effect. Displayed best by alpha alanine and its recrystallization inhibitory effects discussed previously, the amino acid only displayed ice retardation in 10 mM NaCl, losing its activity in 100 mM NaCl and 1x PBS [Warren et al, 2022b]. Likewise, IRI and ionic additives showed a relationship for AFP type III, displaying increasing IRI with increasing NaCl concentration up to a limiting value of 0.03 M [Leiter et al, 2016]. Investigating the modulation of IRI between two AFPs in chemically distinct solvents with salt additions of 0.1 M NaCl, Na3C6H5O7, Na2[B4O5(OH)4], NaNO3 and Na3PO4 demonstrated that all of the chemically diverse salts enhanced the macroscopic IRI effect [Suris-Valls & Voets, 2019; Delesky & Srubar, 2022]. Additionally, it was revealed that generally, the AFP IRI increased in accordance with anions from the Hofmeister series [Suris-Valls & Voets, 2019; Delesky & Srubar, 2022]. Furthermore, evaluation of a variety of carbohydrate molecules with varying degrees of hydrophobicity that mimic AFPs, revealed that LiCl and KCl salts reduced the IRI effect of the molecules relative to the NaCl [Balcerzak et al., 2013; Delesky & Srubar, 2022]. Pertaining to synthetic IRI agents, 41.1 kDa pHPMA displayed reduced IRI in the presence of CaCl2, MgCl2, CuCl2, and AlCl3 and for 7.6 kDa polythreonine, caused complete IRI activity loss [Delesky & Srubar, 2022]. Thus, these data indicate the curious relationship between various salt components and differing IRI agents, likely affecting the above-discussed categories of molecules differently depending on their mode of action. This inconsistency both in IRI mechanistic action between classes of molecules, and the influence of salt on these modes of action makes it difficult to design hypothesis-driven food systems that guarantee the efficacy of these materials.
A less studied solvent condition is the pH effect on the IRI activities of anti-freeze agents, but the available literature suggests that pH plays less of a role in the modulation of IRI than ionic strength and chemical species of salts present in the system. Demonstrated by 20 kDa PVA, IRI modulation was negligible between pH values of 1, 7, and 14, whose property allow wider implementation in more diverse food or industrial systems [Burkey et al., 2018]. Similarly, both nano-celluloses and AFP III maintained their IRI activities under both acidic and alkaline conditions ranging from systems with pH 1-11 [Li et al., 2019; Li et al., 2020; Delesky & Srubar, 2022]. While these results indicate a smaller role pH plays in modulating IRI, resulting from the diversity of molecules possessing IRI and their independent modes of action, it is not unforeseeable that pH may modulate IRI by the protonation or deprotonation of groups needed to induce IRI for particular molecules as more literature on this relationship becomes available. 
Lastly, the lack of literature studying the effects of macromolecules in food systems, including fats, proteins, and various carbohydrate components on the IRI abilities of the anti-freeze agents, either by attractive or repulsive forces including competition with surfactants to migrate to the interfaces complicates implementation of these anti-freeze food ingredients. Of the available studies assessing the freezing-induced damage and end-point sensory properties of simple and complex food systems, these compounds have shown promise in protecting end-point sensory characteristics. Products such as fruits and vegetables including zucchini, cucumber, strawberries, and starfruit [Munoz et al., 2017; Provesi et al., 2019; Rosa et al., 2019; Tirado-Kulieva et al., 2022], dough and its related products including frozen dough, frozen salted white noodles, hydrated gluten [Cao et al., 2020; Ding et al., 2014; Liu et al., 2018; Tirado-Kulieva et al., 2022], and meat products such as frozen shrimp [Cao et al., 2023] all displayed freeze-thaw protection to some degree conferred by the addition of various anti-freeze agents.  
[bookmark: _Toc164621651]Research Objectives to Further the Identification and Mechanistic Understanding of IRI Agents from Foodstuff
	Thus, resulting from the numerous and diverse classes of molecules including both ice-binding and non-ice-binding IRI agents and their further categorization based on their molecular structures, elucidation of their structure-function relationships and subsequent modes of action to prevent recrystallization have not come to definite conclusions. Thus, there is a current need to (1) develop more rapid systems to identify and screen molecules with hypothesized IRI to elucidate further molecular structural trends that may provide insight into their modes of action, (2) systematically study the structure-function relationship between these molecular motifs and IRI, for example, which amino acids are critical to induce IRI for food proteins, and (3) further discover food safe anti-freeze agents and elucidate their IRI mode of action as to provide food and biomedical producers to create hypothesis-driven systems that preserve the molecules anti-freeze activities. Further, while incremental screening work has been performed to probe the solvent (and salt) relationship with IRI, there is a need to better understand how these salts can modulate IRI to further the implementation and understanding of these molecules and their behavior with ions, the ice crystal interface, the quasi-layer and the bulk water in the frozen state. Lastly, the investigation of processing methods that create new IRI materials from foodstuff may offer new strategies for producing food-sourced IRI agents, as the current strategies of hydrolysis and succinylation treatments still cannot induce particular food protein materials with IRI activities. Thus, the research objectives of this thesis are to further the field of cryopreservation by the novel identification, creation, and characterization of anti-freeze agents from foodstuff to address the above-stated gaps in current research. To address these gaps this body of research includes the creation of an automated machine learning protocol for the quantification of ice crystal size and shape for use in IRI screening assays, additionally offering better quantification parameters than the mean largest grain size. Additionally, we introduce a novel method of producing IRI agents from food proteins by fractionation of their amino acids, additionally characterizing the structure-function relationship between amino acid residues and IRI. Lastly, we present the discovery of a novel IRI agent from chlorophyll, with further elucidation of its IRI activity and characterize its modulation within variable salt systems to better realize the relationship between IRI activity and the solvent environment these molecules are present in. Hence, the below chapters serve to investigate the immediate needs in the research field of cryo-preservation, and serve to provide novel insight into the identification, evaluation, creation, and mechanistic understanding of these molecules. 
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	Accurate measurement of ice crystal size is an essential step in quantitative ice recrystallization inhibition (IRI) analysis using the sucrose sandwiching assay (SSA) and splat assay (SA). Here, we introduce a novel method of measuring ice crystal size and shape using Fiji and Cellpose, an anatomical segmentation algorithm, to address the time-consuming and limited number of ice particle determination associated with the mean largest grain size measurement. This new automated approach, displaying rapid segmentation of ~70 s per image, measures every ice crystal in an image field of view, consequently reducing bias introduced by subjectively selecting the largest crystals in an image. Consistent in determining a diverse set of crystal sizes and shapes, this method allows for the evaluation of ice crystals using Feret’s diameter, a parameter that better accounts for irregular particle shape. This method provides new outputs such as standard deviation, particle size distributions of a population of ice crystals, and circularity to characterize and further provide insight into an analyte’s IRI ability. Applicable to the SSA, the “shape descriptor” measurement can be used to quantify ice binding. This work presents a novel and accurate approach for ice crystal quantitative analysis. 












[bookmark: _Toc164621655]Introduction
Accurate ice crystal size and shape quantification is essential for evaluating ice recrystallization inhibition (IRI) activity, commonly performed using the splat assay (SA) and sucrose sandwiching assay (SSA) [Ampaw et al., 2021]. The output from these assays provides similar parameters in which ice crystals are evaluated: the SSA allows viewing of crystal shape influenced by analyte interaction on a particular binding plane of the ice, additionally allowing quantification of ice crystal size, while the SA measures capability of the analyte to suppress ice growth, evaluating reduction of ice crystal size [Ampaw et al., 2021; Budke et al., 2014; Voets, 2017]. Quantification of ice crystal size and shape is paramount in assessing the results obtained by these procedures. While both methods rely on quantitative ability, the SA proves challenging because of the numerous crystals whose borders meet, while the SSA is less cumbersome to analyze due to its lower abundance of crystals and increased spacing. Current determination of analyte ice binding within a particular crystal plane is largely qualitative, lacking quantification methods of ice crystal shape determination. Data analysis of the SA can be time-consuming due to the large number of ice crystals generated, and it will only provide meaningful output if a significant number of crystals are measured. 
For the conventional SA method, a measurement known as the mean largest grain size (MLGS) has been the most used parameter reported in literature. This measurement is often for the ten largest ice crystals in a field of view (FOV) measured by the diameter of a consistent angle or ellipsis [Biggs et al., 2019]. The MLGS measurement is limited in its characterization of ice crystal size and shape, as it lacks the ability to analyze all crystals present in a FOV, only measuring a limited number of ice crystals in both the sample and control to compare size. Lacking automated programming, population analysis of ice crystals in a FOV is labor intensive. Manual measurement and calculation with the assistance of programs such as Fiji can increase efficiency, but regardless the method is slow in generating quantitative output, as it still requires manual measurement and determination of the largest crystals. This MLGS measurement presents many limitations in how these results are interpreted, warranting further development of an improved method for analyzing ice crystal size and shape. If every crystal in a FOV was subject to measurement, a particle size distribution could be generated and compared against different treatments and conditions to further characterize the ice crystal population. This ideal analysis model would not bias the measurement based on shape, is sensitive to particle size distribution, and would provide other parameters such as shape descriptors and standard deviations for population size and shape. Similar concerns were identified and rectified through the creation of Cellpose, capable of masking (i.e. identify and mark a particle) every cell in an image FOV in an automated manner [Stringer et al., 2021]. 
Cellpose is a deep learning-based segmentation program originally designed for segmentating cells and cell parts [Stringer et al., 2021]. The program has been implemented for segmentation of stained skeletal muscle fibers and for other biological applications, achieving success in accurate and descriptive segmentation [Kromp et al., 2021; Waisman et al., 2021]. Cellpose works by using generated topographical maps predicted by a neural network to stipulate if a pixel is inside a region of interest (ROI). Utilizing gradient tracking, all pixels in a given cell can be identified by a center point and thus the shape of the cell can be determined and masked, further articulated by the program’s neural network removing pixels outside the ROI boundaries [Stringer et al., 2021]. Because of the similarities between snap-frozen cross-section skeletal muscle fiber structure viewed under a microscope, and ice crystal structure photographed during the SA and SSA, Cellpose was proposed to segment ice crystals generated by these assays quickly and accurately. 
Largely automated using programs including Fiji, LabelstoROIs (Fiji plugin), and Cellpose, swift segmentation of hundreds of ice crystals per FOV in multiple images can be speedily masked and extrapolated into quantitative data far more efficiently than demarcating the ten largest crystals in the same images. Utilizing this automated method for ice crystal size and shape determination, a more statistically sound output is produced compared to the MLGS, as Cellpose masks entire populations of ice crystals present in a FOV. This output when measured by Feret’s diameter (FD), a common parameter for particle size analysis that has been previously implemented for IRI analysis [Rahman et al., 2019], provides superior quantification of ice crystals [Wang et al., 2013]. The goal of this work was to demonstrate the use of Cellpose, Fiji, and LabelstoROIs in automated segmentation and quantification of ice crystal size and shape, and to compare speed and quantitative ability against the conventional method reported in literature. 
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[bookmark: _Toc164621657]Materials 
Polyethylene glycol 400 (PEG, MW 380–420 Da) was purchased from TCI (Portland, OR) and polyvinyl alcohol (PVA, MW 89–98 kDa) was purchased from Sigma Aldrich (Saint Louis, MO). Peptides 1–3 were products of enzymatic hydrolysis of three food proteins produced in our laboratory, and these are mixtures of peptides of different chain lengths. Similar preparation of food protein hydrolysates for IRI was reported by Damodaran [Damodaran, 2007]. 
[bookmark: _Toc164621658]Splat Assay (SA) 
A standard procedure was used to analyze IRI activity of a few peptide samples. SA [Jackman et al., 2007; Knight et al., 1988] was performed using 4% w/w (40 mg/mL) solutions of the peptide samples in 1x PBS buffer. One drop was delivered from 1.5-m height on to a precooled (− 80 ◦ C) microscope slide. The slide was annealed at − 8 ◦C using a cryo-stage HCS 302 (Instec Instruments, Boulder, CO) for 30 min, with pictures taken using light microscopy (Leica, DM2700 M, Wetzlar, Germany) with a built-in digital camera (Leica, DMC 4500, Wetzlar, Germany) after 30 min. 
[bookmark: _Toc164621659]Generation of sucrose sandwiching assay (SSA) like ice crystals 
A modified SSA procedure [Li et al., 2022] was used for the purpose of this study to allow the annealing of individual crystals to test the ability of Cellpose to segment crystals that are spread across an FOV. PEG was added to a 25% sucrose solution to create samples that were 4% (40 mg/mL) PEG. Each sample (5 μL) was placed on a glass microscope slide and covered with a cover slip (1 mm thickness, 22 × 22 mm). The sample was then placed in an Instec cold stage model TS102 (Instec Instruments, Boulder, CO) and cooled to − 25 ◦C at a rate of 10 ◦C/min and annealed for 5 min until fully solid. The sample was then slowly thawed at a rate of 1 ◦C/min to − 4 or − 5 ◦C depending on the sample and annealed until a small number of individual crystals remained. Temperature manipulation was implemented to create well separated individual crystals solely for the purpose of evaluating the Cellpose segmentation. All temperatures were regulated using liquid nitrogen by an Instec liquid nitrogen pump and mk2000 temperature controller (Instec Instruments, Boulder, CO). Pictures were taken using light microscopy with a built-in digital camera as stated earlier after 30 min. 
[bookmark: _Toc164621660]Calculation of the mean largest grain size (MLGS) 
The MLGS was calculated by measuring the 10 largest ice crystals in each image taken during the SA using Fiji software. A single MLGS value for ice crystals in a FOV was calculated taking the sum of the 10 largest crystals in the FOV and dividing by 10. Each sample was analyzed 2 times (2 slides) and 5 FOVs were captured from each slide from which the ice crystal MLGS sizes were averaged. The average of the 5 images was then averaged between the two slides to give a single MLGS ice crystal size per sample. The time needed for assessing each FOV was recorded. 
[bookmark: _Toc164621661]New automated analysis using Cellpose 
Data was collected and analyzed using a Dell Precision 3640 Tower, Intel® CoreTM i7-10700 CPU @ 2.90 GHz, 2904Mhz 8 core processor, 16.0 GB of RAM, Intel ® UHD Graphics 630, operating in Windows 10 OS. Captured images of ice crystal FOVs were imported in bulk into Cellpose (utilizing Anaconda PowerShell). Cellpose determined the vertical and horizontal gradients of each ice crystal, forming vector fields via gradient tracking. In doing so, Cellpose groups pixels from a center point to mask the irregular shapes of the ice crystals. To ensure the highest degree of accuracy in the formation of these vector fields, prior to masking, the crystal diameter was entered as zero (0) to force Cellpose to calculate the average crystal diameter from each individual ice crystal FOV. No other settings in Cellpose were adjusted with the exception of the diameter value. Upon completion, the newly masked images were exported as .png files to allow bulk data extraction in Fiji. Using a bulk renaming tool for the files, the newly generated masked . png files were then named the same name as the original images, adding “_label” to the end of the file name. This allows the LabelstoROIs plug-in to identify the corresponding masked images and original images to allow bulk quantification of the masked images. Using the LabelstoROIs plug-in in Fiji, the original images and newly named masked images were imported in bulk into LabelstoROIs and pixel erosion was set to a value of zero (0), because the initial Cellpose outlines generally reflect the crystal boundaries without the need for erosion. Measurement parameters included FD and shape descriptors. Corresponding Microsoft Excel® files containing the selected measurements were then generated and used to obtain the mean FD and standard deviation of each individual image. For the SSA samples, the mean shape descriptor value and standard deviation was calculated using Microsoft Excel®. The image boundaries were then inspected manually to verify the accuracy of the domain recognition ability of Cellpose. To keep the results unbiased, misidentified crystals were not removed from the images for the purpose of this study. 
[bookmark: _Toc164621662]Statistical analysis 
To compare the averages of the MLGS and FD calculated by Cellpose, JMP was used, and a Tukey test was performed to compare the two methods of measuring ice crystals at a 5% probability level. The standard deviation when referencing single images was calculated using the diameter of every individual crystal present in one image FOV. The standard deviation when referencing multiple images was calculated treating 5 images on one slide as a single observation, then the two observations from the two slides were averaged and the standard deviation was obtained. 
[bookmark: _Toc164621663]Comparison of MLGS and Cellpose ice crystal size 
Comparison of the ice crystal FOV’s using the MLGS and Cellpose method were made in two different ways. First, as shown in Table 1.1 (all tables and figures can be found in the chapter appendix), the heading of multiple images for MLGS and FD is the average of the two slides for each analyte, in which 5 FOV’s from each slide were averaged to give a single analyte measurement value. For the MLGS, this was the 10 largest crystals in each FOV; for FD, this was a population measurement of the ice crystals present in the FOV. Thus, the standard deviation values represent the difference between the two slides. The heading of single image represents a singular FOV for each peptide sample in which the MLGS value is the average of the 10 largest crystals and FD is the value of the average of all the ice crystals present in the FOV. Here, the standard deviation represents the difference among the 10 largest crystals in the MLGS measurement or size variation among all of the ice crystals for the FD value under a single FOV. 
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[bookmark: _Toc164621665]MLGS vs Cellpose measurement in the comparison of three peptides IRI characteristics 
	Comparison of ice crystal size between multiple images of two different peptide treatments, evaluated using both the MLGS and Cellpose methods, indicated large differences in mean diameter. Fig. 1.1a shows peptide 1 produced an FOV displaying varying crystal size and shape, with a large percentage of the image dominated by smaller crystals while large crystals manifest sporadically. Upon quantification of peptide 1, significant difference in mean crystal size was obtained between the MLGS and Cellpose methods, as shown in Table 1.1. This difference in crystal diameter is likely attributed to inconsistency of ice crystal sizes within the FOV, as only the large crystals are considered by the MLGS, biasing the crystal size measurement. Upon evaluation of peptide 2 (Fig. 1.1c), the ice crystal size present in the FOV is far more consistent when compared to peptide 1. Considering such, the MLGS measurement of peptide 1 is problematic to compare to peptide 2, as it fails to provide an accurate description of the varying crystal sizes within the FOV, when compared to the more uniform sample produced by peptide 2. As a result, the MLGS seemingly indicates that the larger average crystal size is produced by peptide 1 compared to peptide 2. This method failed to account for the sample in a holistic manner, ignoring the superior ability of peptide 1 to reduce crystal size, thus overlooking peptide 1’s enhanced IRI activity when compared to peptide 2. Utilizing Cellpose and Fiji to determine the FD of the crystals, the crystal size influenced by peptide 1 is much lower than the mean diameter calculated by the MLGS. The ability of Cellpose to evaluate every crystal in the FOV provides a more accurate description of peptides 1’s ability to reduce ice crystal size, allowing Cellpose’s measurement to serve as a better indicator of IRI activity. This enhanced measurement of crystal size across the entire FOV changes the outcome of comparison between peptide 1 and 2, as peptide 1 displays an apparent lower FD value when compared to peptide 2, contrary to the MLGS results. 
Similarly, evaluation of ice crystal size within a single image using both the MLGS and Cellpose methods displayed large differences in mean diameter. As discussed previously, the MLGS measurement is only capable of characterizing a FOV holistically if the crystal size is uniform. Upon measurement of ice crystals produced by peptide 3, shown in Fig. 1.2 and Table 1.1, the size quantified by the two methods varied greatly resulting from the MLGS selection of largest crystals compared to Cellpose’s population analysis. Additionally, when using Cellpose to determine ice crystal size, the measurement of all crystals in the FOV can provide further insight into the analytes’ IRI ability when evaluating the standard deviation of the crystal sizes. The large standard deviation value of peptide 3 by Cellpose reveals its varied crystal sizes within the FOV. This new quantification of ice crystal size distribution by measurement of population standard deviation by Cellpose reveals the sample’s inability to control crystal size uniformity, likely unable to slow the Ostwald ripening process. When evaluated together with the mean crystal size, the user can understand not only the basic IRI activity of an analyte, but also how uniformly it is able to suppress ice growth or slow the Ostwald ripening process, allowing visualization of IRI capability without the need of an image. Though the standard deviation of the 10 largest crystals can be calculated, as seen in Table 1.1, it is not the same as the population standard deviation provided using Cellpose. The two measurements evaluate fundamentally different aspects of size consistency, as the MLGS only measures the consistency of the largest crystals, biasing the measurement through selection of similarly sized crystals, making comparisons between the standard deviations less useful. 
Because the MLGS measurement does not take into account the entire FOV’s ice crystals, biasing the size measurement toward the largest crystals, that if all the crystals in the FOV were similarly sized (in this case the MLGS would not suffer from the biasing issue), the Cellpose data is more statistically robust when compared to the MLGS measurement due to the entire ice crystal population being measured in the FOV. When referencing statistical ability, we only use it as a general term to discuss the ability to detect a true effect if present, due to the large number of ice crystals measured. 
[bookmark: _Toc164621666]Ability of Cellpose to accurately mask a diverse set of crystal sizes and shapes 
Resulting from the diverse and numerous images employed during the training of Cellpose, a wide range of crystal shapes and sizes can be evaluated. All crystals present in our study induced by different analytes and conditions could be accurately masked, seen in Figures 1.1, 1.2, 1.3 (rod shaped, excluding 1.3c), 1.4 (light intensity), and 1.5 (by SSA). These include crystals generated using both the SA and SSA methods. Evaluated visually, apart from the intentionally unfocused image in Fig. 1.3 (image c), all images of crystal outlines produced by Cellpose accurately reflect the crystal domains in the corresponding images regardless of size variability seen in Figs. 1.1a and 1.2, differing shape seen in Fig. 1.1c, Fig. 1.3a, and Fig. 1.5, and ice crystal density as shown in the SSA (Fig. 1.5). Fig. 1.6 shows a gallery of segmented crystals presented in different colors to indicate how the individual ice crystals are recognized. 
[bookmark: _Toc164621667]Novel automation of ice crystal masking and measurement speed 
Automation of ice crystal masking and quantification significantly reduces hands-on time required to assess crystal shape and size. Automation relieves the significant limitation of the MLGS that requires manual measurement of ice crystals. Automated segmentation performed using groups of images is fast, accurate, and less biased than the selection of the largest crystals visually. As shown in Table 1.2, the time required to mask an entire FOV on our hardware is comparable to the determination of the ten largest crystals and subsequent manual segmentation aided by Fiji. Table 2 shows that when segmenting in bulk, all crystals in an image were masked in a rate of ~70 s per image, on average. The number of crystals present in an FOV has a direct effect on the time to segment, as the group of 10 images contained fewer crystals than the groups of 20, 50, and 100 images, and had a much shorter segmentation time. While segmentation time varies dependent on hardware and the number of crystals present in the FOV, segmentation of images in Cellpose does not require full attention from the user. When there are hundreds of images to analyze for examining IRI agents’ concentration effect and dynamic size changes with annealing time, the automated outputs without any fatigue-caused human error or inconsistency is a significant advantage of the new method reported. 
[bookmark: _Toc164621668]Factors to consider to ensure accuracy in masking ice crystal domains 
Cellpose’s demarcation of crystal domains varied slightly when an image was analyzed under different image brightness, as shown in Fig. 1.4. Due to the automated detection of ice crystal domains, inadequate picture quality can introduce bias, though not impacting the measurement greatly. Changes in brightness affect the pixel border at which Cellpose identifies crystals, slightly altering crystal diameter output recorded using FD. The FD values of the images, altered only in their brightness, are 25.05 ± 0.00 μm for the dark image, 24.64 ± 0.00 μm for the moderate image, and 23.88 ± 0.00 μm for the bright image. To control for image quality, it is important that images selected for analysis are both in focus and that brightness levels of images are relatively similar. In our case, using a Leica camera and paired software, manipulation of brightness and image sharpness allows optimal imaging of a sample. While Cellpose can successfully mask a wide range of crystal shapes including elongated crystals as shown in Fig. 1.3, the lack of focus and obvious crystal outlines in Fig. 1.3c leads to poor outcomes. To maintain image integrity and accurate determination of crystal domains, images should be processed in similar manners prior to masking. The accuracy of the domain recognition ability of Cellpose has previously been evaluated against expert manual demarcation of myofibers investigated by Waisman et al. [Waisman et al., 2021] with similar images to ice crystals formed in the SA. The results obtained show that Cellpose was just as accurate as visual demarcation upon pixel erosion, providing confidence in Cellpose’s ability to accurately mask ice crystals when imaging conditions are controlled [Waisman et al., 2021]. 
[bookmark: _Toc164621669]Particle size distribution analysis 
Population measurement using Cellpose allows for presentation of particle size distribution analysis. These plots, as shown in Fig. 1.7, serve as a visual comparisons of ice crystal populations. They not only highlight the differences in crystal size reduction by IRI agents but also provide further information about the ability of an analyte to reduce crystal size uniformly or selectively, as demonstrated by peptide 1 and 2’s IRI activity and size uniformity. Unattainable using the MLGS measurement, the ability to plot ice crystal size distributions allow for visualization of IRI activity, assisting the characterization and comparisons of analytes when using other parameters accessible by Cellpose and Fiji, such as the FD and standard deviation. 
[bookmark: _Toc164621670]Analysis of SSA generated crystals and novel shape descriptors 
The SSA method is suitable for obtaining specific information about an analyte. It focuses on isolated crystal shape to understand an IRI active compound’s binding plane to the ice crystals [Ampaw et al., 2021]. The new automated method of ice crystal segmentation and quantification was used to analyze the SSA images whose crystal shapes differ from Cellpose’s training background. Our analysis showed consistent segmentation of ice crystals regardless of differences in shape created in the SSA. Cellpose is shown to be capable of accurately masking these abnormal shapes as shown in Fig. 1.5 In Fiji, a set of parameters known as “shape descriptors”, can be obtained which includes circularity that is more relevant to the SSA method. A circularity value of 1.0 is representative of a perfect circle, while a value of 0 represents an infinitely elongated polygon [Schindelin et al., 2012]. Using Cellpose and Fiji, quantitative data output through measurement of FD and circularity were obtained as 21.30 ± 4.39 μm and 0.86 ± 0.08, respectively. Water or standard buffers form circular crystal disks in the SSA, while ice binding analytes change the morphology of the crystals [Bredow et al., 2017]. Thus, circularity may be used to evaluate ice binding ability. These values can support the largely qualitative analysis used for assessing an analyte’s binding characteristics. 
[bookmark: _Toc164621671]Fiji quantitative data output selection to best evaluate ice crystal size 
While particle size analysis using Fiji is common, importation of automatically masked images from the SA provides new quantitative parameters for evaluating ice crystal size that are not commonly seen. Imported in bulk through the LabelstoROIs plugin, relevant parameters available for characterization include FD (max and min), area, and perimeter. While not limited to these parameters, we identified these as the most suitable to characterize ice crystal shape, accounting for irregular particle size. Identified by Briguet et al. [Briguet et al., 2004], FD was presented as the most applicable measurement for analysis of muscle fiber size, relating closely to ice crystal shape and size generated by the SA. Having the lowest coefficient of variation [Briguet et al., 2004], FD was determined to serve as a reliable parameter for measurement of muscle fibers. While Fiji permits the analysis of crystal size using a multitude of parameters, we have adopted measurement of ice crystal diameter using the maximum FD, slightly biasing the measurement for lower IRI activity, but controlled by measuring PEG (negative control, as shown in Fig. 1.8) using identical parameters. The selection of FD maximum over FD minimum was to align our measurement to the larger crystal size measured by the MLGS approach. FD is more suitable for analyzing irregular particles when compared to the MLGS measurement that uses a consistent angle in the FOV. The maximum or minimum caliper used by the FD measurement accounts for shape inconsistency influenced by an analyte or concentration evaluated, while the MLGS measurement can become biased by the crystal domain due to selection of a fixed angle within the FOV. 
[bookmark: _Toc164621672]Adoption of Cellpose for measuring ice crystal size and shape 
Inspected visually, Cellpose generated masked images were determined to be accurate in demarcation of ice crystals present in the SA and SSA generated images. We determined this by viewing Cellpose produced segmented images overlaid over original, unmodified crystal images, monitoring how closely the segmented crystals matched the original crystal outlines, as shown in Fig. 1.1b and d. In our experience utilizing Cellpose over twelve months to determine ice crystals boundaries, we have had continuous accuracy in a diverse and wide variety of analytes that affect crystal size and shape. 
[bookmark: _Toc164621673]Limitations of various methods in ice crystal size quantification 
The MLGS measurement most frequently reported in literature was used to quantify ice crystal growth in the SA and SSA. Because it measures the 10 largest ice crystals in an image FOV by the diameter of a consistent angle or ellipsis [Biggs et al., 2019], this measurement presents several limitations in how ice crystals are described quantitatively. If the shape of the ice crystals in a FOV varies greatly, the measurement will be biased [Jackman et al., 2007]. When the selected fixed angle of the MLGS measurement does not correspond to the longest diameter of the crystal because these particles are irregularly shaped and randomly positioned in the FOV, the measurement will not be accurate. If the crystals are visually similarly sized, it will be difficult to differentiate the largest crystals in the FOV. When the sample FOV has a wide distribution of crystal sizes, the ten largest may not be suitable for the characterization of the sample in a holistic sense, thus preventing valid comparisons among samples [Jackman et al., 2007]. These problems intrinsic in the MLGS measurement led to problematic determination of ice crystal size, with quantitative results not consistent with the qualitative assessment of an image. 
Aside from the MLGS measurement, a measurement known as the mean grain size (MGS) is also reported in literature, although less frequently. The MGS measures ice crystals in an image FOV by the diameter of a consistent angle and measures every crystal present in the FOV [Biggs et al., 2019]. More commonly reported as the output of the SSA because of the presence of lower numbers of ice crystals in the FOV, the MGS measurement does not have the biased sampling issue. This measurement provides size distribution, but still suffers the problem of not accounting for the irregular shape of the ice crystals. While the MGS serves as the superior measurement when compared to the MLGS, it is less reported in literature likely because of the inconvenience of measuring all crystals. While these measurements can be aided by Fiji, without automated image analysis software, analysis of even a single analyte becomes extremely labor intensive, exacerbated by the hundreds of crystals per image the SA method can generate. 
Cellpose for size and shape quantification may also have some limitations. Due to the restricted view of the masking process when running Cellpose with multiple images, verification of the masked crystals cannot be seen prior to importation into Fiji. As a result, manual inspection of crystal outlines generated by Fiji should be performed to ensure the highest accuracy of the masking process before performing treatment comparisons. In the case of misidentified crystal outlines, we recommend using Fiji’s function to remove or re-draw masks to ensure data accuracy. Though rare, extreme departures of crystals shape generated by the SA may cause misidentification of crystal domains by Cellpose. In these cases, it may be more beneficial to run Cellpose from the user interface as opposed to segmenting the images in bulk. The additional utility of the user interface to select how close particle shapes match the Cellpose training sets can allow for more accurate segmentation. If manipulation inside the user interface of Cellpose is not sufficient to allow masking of unknown crystal boundaries, the MLGS measurement may be applicable to quantify such samples. The pretrained masks struggled to identify ice crystals by PVA treatment that is commonly used as the positive control for IRI screening, as shown in Fig. 8, because the high IRI activity and extreme recrystallization inhibition lead to an insufficient size for mask overlay. This shortfall of the Cellpose system when used for the evaluation of IRI activity, does not hinder qualitative assessment. When Cellpose is unable to recognize the domain of exceptionally small crystals, the sample is determined to be exceedingly active, and other method of quantification and comparison should be used. 
[bookmark: _Toc164621674]Expanded application beyond the SA and SSA 
The implementation of Cellpose for measurement of ice crystal domains provides a novel method of ice crystal quantification. Cellpose has proved to be extremely useful outside of cellular biological imaging, as demonstrated by this study. This method can likely be adopted for other assays requiring the measurement of ice, other crystals structures or particles viewed under a microscope, such as crystallization of lipids or other particles that have similarities to cellular components or ice crystals. 
[bookmark: _Toc164621675]Summary of findings and impact 
We have fully demonstrated the automated segmentation and quantification method utilizing Cellpose and Fiji to characterize ice crystal size and shape. Our method is adaptable to both the SA and SSA methods that are most widely used in the evaluation of IRI activity. It provides new analytical parameters, has reduced labor input through rapid automation, and provides a more statistically robust output by characterizing all ice crystals in an image FOV. The ability of Cellpose to recognize a host of diverse crystal shapes and sizes allows for easy adoption of this method in measuring a vast number of analytes that can influence ice crystal formation and growth. Our analysis indicates that when expressed in FD, Cellpose and Fiji provide a superior, more holistic analysis of ice crystal size generated by common IRI assays. Our results highlight the consistency and versatility of the method compared to the commonly used MLGS measurement. We expect this analysis method will facilitate a more quantitative and accurate analysis of ice crystals, consequently aiding the discovery of compounds possessing IRI ability to enable long-term freezing storage of foods and biomedical materials. 














[bookmark: _Toc164621676]Appendix
[bookmark: _Toc289175849][bookmark: _Toc164621760]Table 1.1. Comparison of 3 peptide samples in inhibiting ice crystal growth measured by the standard mean largest grain size (μm) and the new procedure using Feret’s maximum diameter (FD) (μm)		

Sample	        MLGS***         FD***         MLGS*           FD*            Circularity*         Number of crystals 
								                         identified in FOV*
												
Peptide 1      30.7 ± 1.2a         21.6 ± 0.6b        28.9 ± 2.8      20.8 ± 6.5        0.80 ± 0.08 	        1007
Peptide 2      29.5 ± 2.0a        24.2 ± 2.4b      31.8 ± 4.6      30.2 ± 8.6        0.74 ± 0.08 	        589
Peptide 3              -	        -             70.4 ± 9.6       38.4 ± 16.7      0.78 ± 0.08 	        261		
*** represents data was collect from multiple images, * indicates that data was collect from a single image. 4% PEG had a MLGS 58.3 ± 2.9 (multiple images) and a FD of 48.4 ± 1.0 (multiple images). “–“ indicates that data was not collected. Means with different superscripts within “multiple images” and in the same row are significantly different (P < 0.05). The standard deviation for any single image measurement is the variation of crystal size under one image. 






[bookmark: _Toc164621761]Table 1.2. Time needed in minutes to mask 10, 20, 50, and 100 images using Cellpose		
Images	              Automated time	    Automated Average      Manual time  	  Manual Average 
                             for all images 	     time per image              for all images          time per image 		
												
10	                3.94 ± 0.01 		0.39 		    3.35 		         0.35 
20		14.10 ± 0.53 		0.71 		      -	 	           -
50		36.40 ± 2.61 		0.73 		     -	                         -
100		67.89 ± 0.63 		0.68 		     -	                         -			
Hardware: Dell Precision 3640 Tower Intel® CoreTM i7-10700 CPU @ 2.90 GHz, 2904Mhz 8 core processor 16.0 GB of RAM, Intel ® UHD Graphics 630 (n = 3). “–“ indicates that data was not collected. 
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[bookmark: _Toc164622803]Figure 1.1. Microscopic images (a and c) and outlined crystals by Cellpose masking (b and d) taken after 30 min at − 8 ◦C for peptide sample 1 (a and b) and peptide sample 2 (c and d).
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[bookmark: _Toc164622804]Figure 1.2. Images and generated outlines from Cellpose masking (top) and MLGS analysis (bottom) taken after 30 min at − 8 ◦C for peptide sample 3. 
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[bookmark: _Toc164622805]Figure 1.3. Pictures of rod-shaped ice crystals with varying image focus produced by a peptide mixture (left, a and c) after 30 min at − 8 ◦C and the masked outline pictures by Cellpose (right b and d). Picture a (and b) was obtained from controlled conditions for image focus and brightness while c (and d) was not controlled prior to masking in Cellpose. 
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[bookmark: _Toc164622806]Figure 1.4. Images used for reproducibility and effect of light on measurements (Table 1.2) with both the original image (top) and Cellpose outlined images (bottom).
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[bookmark: _Toc164622807]Figure 1.5. Sucrose sandwiching images of 4% PEG after annealing (left) and the Cellpose outlined image (right).
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[bookmark: _Toc164622808]Figure 1.6. Gallery of Cellpose-segmented ice crystals presented in different colors to show differentiation of crystals.




[bookmark: _Toc164622809]Figure 1.7. Ice crystal distribution profile for peptide samples 1 and 2. 
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[bookmark: _Toc164622810]Figure 1.8. PVA (left) and PEG (right) Cellpose masked ice crystals. 
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Pulse Protein Hydrolysates Exhibited Ice Recrystallization Inhibition Activity After Immobilized Metal Affinity Separation















[bookmark: _Toc164621679]Abstract
Creating molecules capable of inhibiting ice recrystallization is an active research area aiming to improve the freeze-thaw characteristics of foods and biomedical materials. Peptide mixtures have shown promise in preventing freezing-induced damage, but less is known about the relationship between their amino acid compositions and ice recrystallization inhibition (IRI) activities. In this article, we used Ni2+ immobilized metal affinity chromatography (IMAC) to fractionate pulse protein hydrolysates, created by Alcalase and trypsin, into mixtures lacking and enriched in His, and Cys residues. The aim of this study was to fractionate pulse protein hydrolysates based on their amino acid compositions and evaluate their resulting physicochemical and IRI characteristics. Ni2+ IMAC fractionation induced IRI activity in all of the evaluated soy, chickpea, and pea protein hydrolysates regardless of their amino acid composition. Ni2+ IMAC fractionation produced chemically distinct fractions of peptides, differing by their molecular weights, amino acid composition, and IRI activities. The resulting peptide mixtures' molecular weight, amino acid composition, secondary structure, and sodium ion levels were found to have no correlation with their IRI activities. Thus, we demonstrate for the first time the ability of Ni2+ IMAC fractionation to induce IRI activity in hydrolyzed pulse proteins.





[bookmark: _Toc164621680]Introduction
The recrystallization of ice can damage foods and biomedical materials, often affecting their sensory characteristics and bioactivity [Zhang et al., 2023]. Commonly exacerbated by temperature fluctuations during storage and transportation, the recrystallization of small ice crystals to larger crystals can cause damage to cells by puncturing membranes and increasing osmotic stress, affecting the quality and functionality of the frozen product [Zhang et al., 2023]. Thus, the creation and subsequent implementation of ice recrystallization inhibiting molecules is an active research area aiming to improve the freeze-thaw characteristics of food products and the survival rate of cells [Tian et al., 2020; Biggs et al., 2019]. While ice recrystallization inhibition (IRI) agents occur naturally, such as anti-freeze proteins (AFPs) and glycoproteins, their minuscule concentration and costly extraction have led to efforts to create bio-based mimetics from sources such as food proteins and carbohydrates [Voets et al., 2017; Li et al., 2019]. Pulses are of great interest for this application because of their abundant globulin storage proteins such as vicilins (7S) and legumins (11S), with well-documented food safety, and scalable production quantity.
Additionally, a multitude of bio-based and synthetic molecules have been found to possess IRI activity, including varieties of protein and other structures including non-hydrolyzed proteins, peptide mixtures and single amino acids, synthetic and bio-based dyes, carbohydrates, synthetic polymers, etc. [Biggs et al., 2019; Warren et al., 2022]. Resulting from their individual and diverse molecular features, several mechanisms have been proposed for these compounds' IRI activities. Regarding proteins, previous studies have shown relationships between IRI activity and numerous molecular characteristics, including but not limited to molecular weight, amphiphilicity, secondary structure, and amino acid composition, making the characterization of molecules important in understanding IRI activity [Biggs et al., 2019; Zhang et al., 2022]. Specifically, the amino acid composition of proteins has been suggested to play a role in their IRI activities. Bhattacharya and co-workers performing structural and functional modeling of AFPs found that seven AFPs were highly hydrophobic and lacked three amino acids specifically, cysteine, histidine, and tryptophan [Bhattacharya et al., 2018]. Additionally, Cao et al. found in preparation of enzymatically hydrolyzed collagen, that the amino acid composition of the active fraction lacked tryptophan and cysteine, possessing only a small amount of histidine [Cao et al., 2020]. Thus the manipulation and removal of particular amino acids such as tryptophan, cysteine, and histidine, may result in peptide products with increased IRI activities.
Immobilized metal affinity chromatography (IMAC) can separate peptide mixtures based on their ability to form coordination complexes with immobilized metal ions, dependent on amino acid composition and peptide structure [Porath., 1988]. Particularly, histidine, tryptophan, and cysteine residues can form coordination complexes with metal ions [Porath., 1992]. These coordination complexes are formed because of transition metal ions’ ability to act as Lewis acids, accepting lone pair electrons from atoms such as oxygen, nitrogen, and sulfur [Holmes et al., 1997]. Additionally, different metal ions possess unique affinities to different atoms dependent on the Pearson system that categorizes metal ions as hard, intermediate, and soft based on their reactivity toward nucleophiles [Porath., 1988]. Hard metal ions prefer oxygen, intermediate ions nitrogen, oxygen, and sulfur, while highly polarizable soft metal ions prefer sulfur [Porath., 1988]. Ions such as Fe3+ and Ca2+ are categorized as hard metal ions and used for specialized fractionation such as calcium binding peptides or phosphopeptides [Lv et al., 2013; Holmes et al., 1997]. Ni2+ and Co2+ are more suitable to complex a diverse group of proteins and peptides, such as hydrolyzed food proteins [Porath., 1992; Gutiérrez et al., 2007]. 
Thus, we hypothesize that separating peptide mixtures according to their ability to form coordination complexes (isolation based on His, Cys, Trp) with Ni2+ immobilized metal ions will create peptide fractions with enhanced IRI activity, resulting from the imitation of amino acid compositions identified from studied IRI peptides and proteins. Hence, we hypothesize that IMAC fractionation of hydrolyzed pulse proteins into bound (enriched in His, Cys, and Trp) and unbound fractions (lacking His, Cys, Trp) will result in a bound fraction lacking IRI activity, and an unbound fraction with enhanced IRI activity. The aim of this study was to fractionate pulse protein hydrolysates based on their amino acid compositions and evaluate their resulting physicochemical and IRI activities.
[bookmark: _Toc164621681]Materials and Methods
[bookmark: _Toc164621682]Materials
Soy, chickpea, and pea protein isolates were purchased from bulk supplements.com (Henderson, NV). Alcalase was purchased from Millipore Sigma (Burlington, MA) and trypsin was purchased from Alfa Aesar (Ward Hill, MA). 
[bookmark: _Toc164621683]Enzymatic hydrolysis of pulse protein isolates
Soy, chickpea, and pea protein isolates were hydrolyzed by Alcalase and trypsin. Briefly, a 10% dispersion of the protein isolates was suspended in deionized (DI) water and the pH was adjusted to optimum conditions (both at pH 8) using a NaOH solution. The dispersions were then placed in a shaking water bath under optimum temperatures for each enzyme (Alcalase 55 °C and trypsin 37 °C) and allowed to equilibrate for 15 min. The enzyme was then added (Alcalase at 0.176 Au/g and trypsin at 280 Au/g). The trypsin hydrolysis time was 2 hr for the soy isolate and 4 hr for the pea and chickpea isolates. The Alcalase hydrolysis time was 10 min for all the protein isolates. Different hydrolysis times were selected to create a proper range of molecular weight distributions for the subsequent IMAC treatment. The samples were then placed in a boiling water bath for 10 min to denature the proteases, and centrifuged at 20,000 g, 15 min, 4 °C. The supernatant was then separated from the residue and lyophilized to produce a powder used for all subsequent treatments. 
[bookmark: _Toc164621684]Ni2+ IMAC fractionation of the protein hydrolysates 
An iminodiacetic acid (IDA) -IMAC column was created by packing a glass buret with layers of fiberglass, silicon dioxide, and 10 mL of IDA Chelating Sepharose Fast Flow purchased from Cytiva (Marlborough, MA). Modified from Lin and coworkers, [Lin et al., 2021] to fractionate the samples, the column was first drained of 20% ethanol used for storage and the resin was washed with 5 column volumes (CV) of DI water, followed by 3 CV of 0.2 M nickel (ii) sulfate hexahydrate. Then, an additional 2 CV of 0.2 M nickel (ii) sulfate hexahydrate was added to the resin and incubated for 30 min. After incubation, 5 CV of DI water was passed through the column followed by 5 CV of the elution buffer (0.05 M Na3PO4, 0.5 M NaCl, pH 4) to remove loosely bound metal ions. Following, 5 CV of equilibrating buffer (0.05 M Na3PO4, 0.5 M NaCl, pH 7.4) was passed through the column to equilibrate the resin for fractionation. Approximately 40 mg of the hydrolysate samples were added to 1 mL of equilibrating buffer, vortexed, and added to the column. Then, 3 CV of equilibrating buffer was passed through the column, collected, and labeled the “unbound fraction” followed by 3 CV of eluting buffer collected and labeled the “bound fraction”. The fractionation of the samples into the “unbound” and “bound” fractions was determined by monitoring the pH of the eluent. The bound fraction was collected when the pH of the eluent decreased from 7.4. After the bound fraction was collected, 3 CV of equilibrating buffer was used to wash the column to prepare for the next fractionation. Following, another 40 mg of the same hydrolysate sample was added into the column and the procedure was repeated 2 more times for a total of 3 fractionations per sample (~120 mg per isolate sample). The metal ions were eluted (using 0.2 M EDTA) and recharged for different protein hydrolysate sample fractionations. After the final fractionation, the column was washed with 5 CV of DI water and stored in 2 CV of 20% (v/v) ethanol.
[bookmark: _Toc164621685]Dialysis and lyophilization of IMAC fractions
Before dialysis, the IMAC fractionated pulse hydrolysates were partially lyophilized to reduce sample volume. To desalt the IMAC fractions, SnakeSkin dialysis tubing with a cut-off of 3.5 kDa was used (Thermo Fischer Scientific, Waltman MA). Dialysis tubing was cut and presoaked in DI water before use. The fractions were added to the dialysis tubing and placed in approximately 200x – 500x the sample volume of DI water, changing the water every 2 hr, 4 times a day, after which the samples were stored overnight at 4 C. Water changes and overnight storage were repeated for a total of 4 days and upon completion, the samples were placed in pre-weighed 50 mL centrifuge tubes. These samples were lyophilized until a fine powder was obtained and used for all sample characterizations.
[bookmark: _Toc164621686]Mass balance of the IMAC fractions
The mass balance of the IMAC fractions after lyophilization was calculated according to the following formula:
(Unbound mass recovery + Bound mass recovery) / (Wt. of sample loaded on IMAC column) *100 = % Total sample recovery
[bookmark: _Toc164621687]Quantification of remaining sodium ions in IMAC samples after dialysis
Briefly, lyophilized IMAC fractions were solubilized in 1x PBS to achieve a concentration of 2% (w/v) and allowed to stand at room temperature (RT) to achieve temperature equilibrium. All other solutions measured were allowed to stand until RT. A Horiba Na-11 Laquatwin Sodium Ion (Na+) Meter (Kyoto, Japan) was calibrated using 150 ppm and 2000 ppm NaCl solutions. Once calibrated, solutions containing known quantities of sodium ions (1x PBS, 10 mM NaCl, 100 mM NaCl) were quantified by placing 300 µL of each solution on the sensor. Similarly, the IMAC fractions were quantified by placing 300 µL of solution on the sensor. To calculate the final Na+ concentration, the ppm quantity of sodium measured was converted to mM Na+ using the following formula:
((Avg. IMAC fraction (in PBS) sodium ion ppm – PBS sodium ion ppm)/(22.99)) = IMAC sample sodium ion mM conc. (22.99 represents the molecular weight of sodium ions)
[bookmark: _Toc164621688]IMAC fraction molecular weight distribution measured by size exclusion chromatography-high performance liquid chromatography (SEC-HPLC)
The IMAC fractions with a concentration of 20 mg/mL (in PBS) were diluted with HPLC-grade water to achieve a concentration of 1 mg/mL. The sample was then filtered through a 0.45 µm PTFE chromatography syringe filter and added to 2 mL autosampler HPLC vials for SEC-HPLC. The fractions were analyzed by an Agilent 1200 HPLC system for 20 min as previously described [Saad et al., 2023b].
[bookmark: _Toc164621689]Quantification of the IMAC fraction amino acid composition
Using a modified method from Akhlaghi and coworkers [Akhlaghi et al., 2015], 50 µL of the 20 mg/mL IMAC fractions suspended in 1x PBS was added into specific hydrolysis tubes and combined with 1.1 mL of 6 M HCl. The hydrolysis tube was then sealed under vacuum and placed in a pre-heated block at 150 C for 30 min. After hydrolysis, the samples were cooled to room temperature, and the vacuum in the tubes was released. The samples were then placed into a vacuum oven pre-heated between 50-60 C under vacuum to dry overnight. The dried sample was combined with 1 mL of 50 mM NaHCO3 pH 8.4 sample buffer and vortexed until dissolved. Following, 50 µL and 25 µL of the dissolved sample were combined with 150 µL and 175 µL of 50 mM NaHCO3 pH 8.4 sample buffer to create 2 dilutions with total volumes equaling 200 µL. These samples were then combined with 300 µL of 4-(Dimethylamino)azobenzene-4’-sulfonyl chloride solution (1.3 mg/mL acetonitrile) and vortexed for 30 sec. The samples were then heated at 70 C for 20 min, shaken periodically (5 and 15 min), and placed in an ice bath to stop the reaction. Following, 500 µL of diluent solution was added (50 mM sodium phosphate buffer of pH 7 and HPLC grade ethanol at 1:1), vortexed, and filtered with a 0.45 µm nylon filter for HPLC analysis. The samples were analyzed by HPLC, performed on a Zorbax Eclipse Plus C18 (4.6 × 250 mm) column with a mobile phase containing 25 mM sodium acetate (pH 6.5) and 4% dimethyl formamide, at a flow rate of 1.0 mL/min, an injection volume of 10 μL, maintained at 40 C, and detected at a wavelength of 436 nm. The samples were injected alongside a serial dilution of an amino acid standard mixture (Sigma, AA-S-18) prepared using the same methods as the samples. 
[bookmark: _Toc164621690]Splat assay and ice crystal quantification
[bookmark: _Hlk56716407][bookmark: _Hlk95336711][bookmark: _Hlk99649781]A standard splat assay procedure was used to analyze IRI activity [Knight et al., 1988]. The assay was performed using a variety of analyte concentrations in 1x PBS buffer; with the same concentration (v/v) of PEG in 1x PBS buffer serving as the control.  One drop (~10 µL) was dropped from a 1.5-meter height onto a precooled (-80 ℃) microscope slide. The slide was annealed at -8 ℃ using a cryo-stage HCS 302 (Instec Instruments, Boulder, CO) for 30 min, with pictures taken using light microscopy (Leica, DM2700 M, Wetzlar, Germany) after 30 min. Quantification of ice crystals was performed using Cellpose and Fiji using the Feret’s maximum diameter and standard deviation to measure ice crystal size [Saad et al., 2023a].
[bookmark: _Toc164621691]Secondary structure analysis by Raman spectroscopy
The secondary structure of the protein hydrolysates and IMAC fractionated samples were evaluated by Raman spectroscopy. Briefly, samples at a 2% concentration in 1x PBS were added dropwise into an aluminum pan for evaluation. The measurement was conducted using a Horiba T64000 spectrometer equipped with a DXR green laser (532 nm). Data was collected with an acquisition time of 5 seconds and an accumulation of 180 seconds. The data were processed in OriginPro (ver. 10.05) by baseline subtraction and decomposition of the spectral region of interest (amide I) in Voigt curves [Bradley, n.d.] (an example of the fit spectra can be seen in Fig. 2.1) (all tables and figures can be found in the chapter appendix). The secondary structures of the samples were calculated using the area under the curve of the Voigt fit curves after spectral decomposition. 
[bookmark: _Toc164621692]Particle size distribution of trypsin Soy IMAC fractions to detect metal ion-induced structure
The particle size distribution of the try soy IMAC samples and pulse hydrolysates were evaluated using a Zetasizer Nano-ZS (Malvern Panalytical, Westborough, MA). The try soy samples before and after IMAC treatment were diluted to a 1 mg/mL concentration and added to cuvettes for measurement. All measurements were made in triplicate.
[bookmark: _Toc164621693]Statistical analysis
All treatments were repeated in duplicate or triplicate. Correlation analysis of the various molecular characteristics and IRI was performed in JMP Pro ver. 17.0.0. 
[bookmark: _Toc164621694]Results and discussion
[bookmark: _Toc164621695]Enzyme hydrolysis and MW profile
Soy, chickpea, and pea hydrolysates were prepared by Alcalase and trypsin hydrolysis. Enzyme hydrolysis was performed to create peptide mixtures with varying physicochemical properties that are different from their protein’s isolates, as numerous studies have reported improved IRI activity from protein isolates upon hydrolysis [Fomich et al., 2023; Cao et al., 2020; Zhang et al., 2022; Cao et al., 2023]. This improvement in IRI activity is attributed to favorable peptide size compatibilities with the ice lattice, cooperative effects among peptides when present at an interface, changes in H-bonding abilities, and increased amphiphilicity [Fomich et al., 2023; Cao et al., 2020; Zhang et al., 2022; Cao et al., 2023]. In addition to the general improvement of IRI activity, enzyme hydrolysis was also performed to evaluate the effect of peptide sizes and compositions on the IMAC fractionation, as peptide size and exposure of key amino acid residues greatly affect IMAC fractionation outcomes [Tovar et al., 2019]. Specifically, Alcalase and trypsin were selected to hydrolyze the pulse proteins because of their different enzyme specificities. Alcalase is a nonspecific endopeptidase while trypsin is an endopeptidase selective for the C-terminal side of lysine and arginine, resulting in the creation of differing peptide compositions between the enzyme treatments [Tacias-Pascacio., 2020; Vajda et al., 1976]. Lastly, soy, chickpea, and pea protein isolates were hydrolyzed by Alcalase for 10 min to create relatively small peptide sizes, while soy was hydrolyzed by trypsin for 2 hr and pea and chickpea were hydrolyzed by trypsin for 4 hr to achieve a larger average molecular weight than the Alcalase treatments. 
Upon enzyme hydrolysis, the mass distribution of protein hydrolysates into the supernatant and residue fractions varied among the samples and enzyme treatments. The recovery of the protein hydrolysates into the supernatant fractions ranged from 44.5% to 76.4%.  The supernatant fraction was used for the remainder of the study, as the IMAC treatment requires soluble material to successfully fractionate the peptides by their respective amino acid. 
Characterization of the pulse protein material molecular weight profiles was achieved by SEC-HPLC to determine the effect of hydrolysis on their molecular weight distributions. As shown in Table 2.1, the Alcalase and trypsin hydrolysis greatly affected the molecular weight distribution of the pulse protein hydrolysates. Prior to hydrolysis the soy, chickpea, and pea protein isolates possessed 39.7%, 12.0%, and 16.8% of their molecular weight fraction between <1-5 kDa, respectively. After hydrolysis, the Alcalase hydrolyzed pulses showed a greatly reduced molecular weight distribution of 84.0%, 89.1%, and 95.4% of the hydrolysate molecular weight between <1-5 kDa for the soy, chickpea, and pea hydrolysates, respectively. These modified molecular weight distributions indicate the successful hydrolysis of the pulse protein isolates by Alcalase that created a mixture of small molecular weight peptides. Similarly, the pulse proteins hydrolyzed by trypsin showed a change in their molecular weight distributions after hydrolysis. Distinct from the Alcalase hydrolysates, the trypsin hydrolyzed pulse proteins showed a broader molecular weight distribution range, containing a higher percentage of the larger peptides with sizes ranging from 5-50 kDa. While the trypsin hydrolysis preserved a higher percentage of larger peptides when compared to the Alcalase treatment, the trypsin hydrolysis was still effective in reducing the molecular weight distribution of the starting protein isolates, creating a broader molecular weight distribution with weights ranging from > 50-1 kDa. This difference in the endpoint molecular weight distribution can be attributed to the differences in the enzyme’s specificity and treatment times. Thus, Alcalase and trypsin were both successful in hydrolyzing the soy, chickpea, and pea protein isolates, creating various peptide mixtures with different molecular weight distributions for evaluation in the subsequent IMAC fractionation.  
[bookmark: _Toc164621696]IRI Activity
The IRI activities of the pulse proteins hydrolysates before IMAC treatment were evaluated to determine if the hydrolysis treatments promoted IRI activity from the newly created peptide mixtures. Shown in Table 2.1, at a 2% peptide concentration, the hydrolysis treatment did not promote IRI activity for either the Alcalase or trypsin hydrolysates relative to the PEG control. Interestingly, our Alcalase soy hydrolysate did not promote IRI activity in comparison to work done by Fomich and coworkers whose soy Alcalase hydrolysate produced potent IRI activity upon 10-minute hydrolysis [Fomich et al., 2023]. Although they used a similar concentration of analyte to our study, the random specificity of Alcalase enzyme may affect the final composition of peptides produced after hydrolysis. Furthermore, differences in the soy protein isolate source and processing conditions may also affect the IRI activities of the hydrolyzed product. Regardless, our pulse protein hydrolysates possessing no IRI activity were then fractionated by Ni2+ IMAC to evaluate the fractionation treatment effect of their IRI activities. 
[bookmark: _Toc164621697]Preparation of Ni2+ IMAC fractionated pulse hydrolysates 
The pulse protein hydrolysates were fractionated using Ni2+ IMAC to create peptide mixtures enriched (bound fraction) or lacking (unbound fraction) cystine, histidine, and tryptophan. After fractionation, dialysis and lyophilization were performed to remove excess salt (NaCl, Na3PO4) from the IMAC fractions, as these salts have been previously reported to affect IRI activities and the crystallization behavior of ice in the splat assay [Suris-Valls et al., 2019]. Because dialysis is not selective for salt alone, also removing low MW peptide material, we created additional samples to control for the treatment effect of dialysis on IRI activity to ensure the loss of low MW peptides would not affect our determination of the relationship between key amino acid residues and IRI activity. Thus, we created the “hydrolysate dialysis” sample and the “combination” sample. The “hydrolysate dialysis” sample was created to evaluate the effect of dialysis on the hydrolysate IRI activity independent from the Ni2+ IMAC fractionation. This sample was used to determine if the removal of low MW peptides contributed to changes in IRI activity. The mass recovery of the hydrolysate dialysis samples was 23.3% for Alc chickpea, 21.1% for Alc pea, and 67.4% for try soy. Furthermore, we evaluated a “combination sample” which is the combination of the unbound (UB) and bound (B) fractions after IMAC fractionation. The sample ID “combo” indicates that the sample was hydrolyzed by either Alcalase or trypsin and was fractionated by Ni2+ IMAC. After fractionation, the UB and B fractions were re-combined before dialysis and lyophilization. The mass recovery of the combination samples was 49.9% for the Alc chickpea, 59.6% for the Alc pea, and 90.2% for try soy, displaying similar values to the total recovery of the hydrolysates fractionated into the UB and B fractions in Table 2.2. 
[bookmark: _Toc164621698]Mass distribution of pulse hydrolysates after Ni2+ IMAC fractionation
The mass distribution of the pulse protein material into the B and UB fractions after IMAC fractionation is shown in Table 2.3. As expected, the mass recovery of peptides into the UB fraction was consistently higher than the B fraction, likely because of the relatively low abundance of amino acid residues implicated in binding with immobilized metal ions. Furthermore, the mass recovery of the UB and B samples were affected by sample loss during dialysis, lowering the overall mass recovery of both the UB and B fractions. Interestingly, the ratio of mass recovered in the UB:B fractions shows close similarities among all the pulse protein hydrolysates displaying a ~ 2:1 mass recovery ratio between the UB and B fractions. While the abundance of histidine, cysteine, and tryptophan residues on the peptides is relatively low, the ~30% total recovery for the B fractions is likely due to chaperon proteins; the protein-protein interaction that occurs between the immobilized metal ion, metal binding cluster (MBC) on the peptide (the placement of His, Cys and Try) and proteins bound to the peptide containing the MBC [Lingg et al., 2020]. The amino acid composition of these fractions will be discussed later. 
[bookmark: _Toc164621699]Splat assay screening of pulse hydrolysates after Ni2+ IMAC fractionation
After fractionation, dialysis, and lyophilization, the fractionated pulse hydrolysates were evaluated for their IRI activities by the splat assay. As shown in Table 2.4, all the hydrolyzed pulse protein samples that were fractionated and dialyzed displayed IRI activity relative to the PEG control. IRI activity varied between samples displaying mean ice crystal FD ranging from 57.5 ± 4.4% to 82.8 ± 2.7% relative to the size of the PEG control. Because of the large number of samples and numerous subsequent characterization techniques utilized, we chose to continue to investigate 3 samples specifically, chickpea hydrolyzed by Alcalase, pea hydrolyzed by Alcalase, and soy hydrolyzed by trypsin. Chickpea and pea hydrolyzed by Alcalase were chosen over trypsin chickpea and pea because of their high IRI activity and better solubility facilitated by Alcalase hydrolysis. Further, the trypsin hydrolyzed soy sample was chosen for subsequent characterization due to its large molecular weight distribution when compared to the Alcalase hydrolyzed samples allowing a more diverse set of samples to be characterized. 
[bookmark: _Toc164621700]Mass distribution of trials 1 and 2 Alc chickpea, Alc pea, and try soy Ni2+ IMAC fractions
To confirm our initial observations gained from the screening of the IMAC fractionated pulse hydrolysates, the selected samples were fractionated again in duplicate (named trial 1 and 2). As seen earlier in Table 2.2, when comparing the percent recovery of the hydrolysates between the trial 1 and 2 treatments, similar percent values were obtained aside from the Alcalase chickpea sample whose percentage of trial 1 mass was altered due to a spill during sample processing. This indicates that the removal of low MW material during dialysis was similar between the two trials and that the subdivision of peptides during IMAC was consentient when evaluating the mass percentage recovered in the UB and B fractions. Further, the trypsin soy hydrolysate showed consistently higher recovery than the Alcalase hydrolyzed chickpea and pea hydrolysates. This is likely due to the enzyme treatment creating more peptides greater than 3.5 kDa (the dialysis membrane cut-off) allowing more peptides to be retained and recovered after the dialysis treatment. The small average molecular weight of the Alcalase hydrolyzed samples caused a large portion of the di-, tri-peptides, and single amino acids to be lost into the dialysis buffer. Thus, the repeatability of the mass balance suggests that the dialysis treatment and fractionation were repeatable, which will be further discussed later during subsequent sample characterization.
[bookmark: _Toc164621701]IRI activities of the IMAC fractionated and further processed samples
The newly fractionated trial 1 and 2 IMAC fractions, IMAC combination samples, and hydrolysate dialysis samples were then evaluated for their IRI activities in the splat assay. As shown in Table 2.5, the hydrolysates and dialyzed hydrolysates before IMAC treatment showed no IRI, displaying average crystal diameters larger than PEG.  Paralleling our screening trial, all the IMAC fractionated pulse hydrolysates showed enhanced IRI activity after fractionation, with a reduction of ice crystal Feret’s diameter as large as ~ 50%. In contrast to our hypothesis, the B fractions possessed potent IRI activity in the case of the B Alc chickpea trial 1 and 2. Interestingly, the B fraction IRI is seemingly larger than the UB fractions except for the UB and B Alc pea trial 1 fractions, but this was found not to be statistically significant when compared to the IRI activities of the UB fractions. The IRI activities of the fractionated peptides varied slightly between the trials and is likely attributed to probable differences in peptide compositions collected within the fractions. Many small differences in the different peptide fraction molecular characteristics between the trials may induce slight changes in IRI as multiple mechanisms attributed to IRI have been identified in literature corresponding to a wide number of molecular characteristics. Remarkably, the “combination sample” created by combining the UB and B peptide fractions after fractionation, displayed potent IRI activity typically inducing mean crystal diameter values between the B and UB fractions. Additionally, as shown in Figure 2.2, the pulse hydrolysates and IMAC fractionated peptide mixtures differed in their ability to induce ice crystal size uniformity. For all of the evaluated pulse peptide mixtures, the B fraction typically induced a more monodispersed ice crystal size profile when compared to the UB fraction. This more monodispersed ice crystal size profile is more desirable for food and biomedical applications to ensure large ice crystals do not induce mechanical damage. Likewise, the combination samples induced an ice crystal size distribution similar to the UB and B profiles, and in the case of the Alc Pea sample, showed a more monodispersed and smaller ice crystal size than was created by the UB and B fractions. Unsurprisingly, the non-IRI active pulse hydrolysates showed a wide distribution of ice crystal sizes and a higher average ice crystal size overall. This may indicate that ice recrystallization through the Ostwald ripening mechanism may occur, as Ostwald ripening requires wider distributions of ice crystal sizes where the small ice crystals get smaller, and the large crystals get larger overtime. 
IRI activity has a close relationship with an array of molecular characteristics, including amphiphilicity mediated by amino acid R-groups, protein structure, molecular weight, solvent ionic strength, etc. [Biggs et al., 2019].  Thus, this newly realized IRI activity was hypothesized to be the result of multiple molecular characteristics working in tandem to promote the IRI activity of the samples. Thus, we investigated the molecular characteristics of these samples to deduce the source of these new IRI activities, and particularly, why IMAC treatment induced IRI activity. 
[bookmark: _Toc164621702]Sodium ion quantification of the Ni2+ IMAC samples
To determine the source of the fractionated samples’ and combination samples’ IRI activity, the residual sodium ion content was characterized. Standard fractionation of proteins in IMAC requires buffers with large amounts of salt to screen potential electrostatic interactions between amino acids and column components [Gutiérrez et al., 2007]. While it is necessary to create a selective coordination-complex-based binding affinity, high and non-uniform concentrations of salt can interfere with IRI assessment in the splat assay [Suris-Valls et al., 2019]. Thus, to remove excess salt from the IMAC fractions, dialysis was performed. The remaining sodium ion concentration after dialysis can be seen in Table 2.5. Although the identical dialysis method was repeated for both trials 1 and 2, the endpoint sodium ion measurements displayed random differences in final sodium ion concentrations. While the source of this difference in dialysis efficacy is unknown, it may be affected by multiple factors including differences in water temperature, initial sodium quantity, total volume of the IMAC fraction after partial lyophilization before dialysis, membrane tightness, and sodium ion binding potential of different peptides present in the different fractions and trials [McPhie et al., 1971].  The combination samples showed sodium levels similar to trials 1 and 2 of the fractionated samples, indicating that the combination of the samples may not have affected the end-point sodium content greatly. The hydrolysate sample controls (no fractionation) had minimal sodium ions resulting from neutralization reactions during the adjustment of pH during the hydrolysis step. Finally, the whole dialysis samples displayed the lowest concentration of sodium resulting from the low initial concentration of salt in the sample and subsequent dialysis treatment. The retention of sodium ions after the 4-day dialysis in all of the protein samples is likely due to the protein's high affinity to bind and interact with sodium, potentially equilibrating at a low concentration of sodium ions due to the presence of the peptide mixtures [Zhang, 2012]. Hence, these retained salts present after extensive dialysis may indicate that the salts were bound to the peptide mixtures playing a potential role in stabilizing and inducing structure for these mixtures, as the interaction affinities of salts and the charged amino acid groups may be more favorable than the osmotic gradient present during dialysis, leading to the higher end point recoveries [Zhang, 2012].  Despite the differing amounts of salts possessed by the IMAC samples evaluated, statistically, salt concentration was found to have no correlation with IRI. 
[bookmark: _Toc164621703]Average molecular weight quantification of the Ni2+ IMAC samples
Next, the average MW of the trial 1 and 2 IMAC fractions were quantified, seen in Table 2.5. Comparing the two trials, similar average MW values were obtained for all the fractions. Comparing the UB and B fraction MW within trials, the average MW of the peptides in the B fraction were consistently larger than the UB fraction suggesting that histidine, cysteine, and tryptophan were present in the sequence of larger peptides, or that MW compatibility allowing multi-point attachment of amino acids to immobilized metal ions allowed these peptides to be retained and enriched in this fraction [Gutiérrez et al., 2007]. Close similarities in average MW between the two trials along with the mass balance of the fractions and amino acid composition, discussed next, indicate high repeatability in fractionation of these peptides into the B and UB fractions. Regardless, correlation analysis found no relationship between MW and IRI activity, prompting us to investigate other molecular characteristics of the fractions.
[bookmark: _Toc164621704]

Amino acid composition of the Ni2+ IMAC samples
Next, the amino acid compositions of the UB and B fractions were characterized to evaluate the relationship between amino acid composition and IRI activity, as shown in Figure 2.3. Unfortunately, tryptophan’s instability during acid hydrolysis did not allow quantification of this residue in the HPLC assay. Seen in Figure 2.3, the abundance of histidine and cysteine residues displayed clear enrichment of these amino acids into the B fractions with no or trace quantities present in the UB fractions. Aside from the enrichment of these key amino acid residues responsible for the separation of the peptides into the UB and B fractions, the composition of the other amino acid residues in the IMAC fractions and between trials showed close similarities. Furthermore, the categorization of amino acids by their structural features including neutral nonpolar, neutral polar, basic, and acidic amino acid residue categories displayed similar compositions between the UB and B fractions and between trials. Thus, this data supports the successful implementation of IMAC through the enrichment of peptides containing cysteine and histidine into the B fraction, and together with the mass balance and average MW data shows that the IMAC treatment performed a successful and consistent separation between the trials. Though the IMAC treatment properly fractionated the pulse peptides into UB and B fractions, no statistical correlation was found between the IMAC fractions' amino acid composition and their IRI activities, in contrast to our hypothesis.
[bookmark: _Toc164621705]

Secondary structure quantification of the Ni2+ IMAC samples
	To further characterize the IMAC fractions and evaluate the relationship between their molecular structure features and IRI activity, the secondary structures of the IMAC fractionated samples, whole dialysis samples, and starting pulse hydrolysates were quantified by Raman Spectroscopy. As shown in Table 2.6, resulting from the hydrolysis treatment that creates a diverse composition of peptides with differing amino acid residues and chain lengths, the Alcalase and trypsin hydrolysate samples showed differences in their secondary structures. Furthermore, the Alcalase chickpea and pea hydrolysate samples showed close similarities in their secondary structure makeup, likely due to their similarities in MW and similar sources of storage proteins [Chang et al., 2011; Barac et al., 2010]. Additionally, the whole dialysis samples’ secondary structure composition is distinct from that of the starting hydrolysates due to the dialysis treatment removing peptides under 3.5 kDa. The combination samples and individual UB and B IMAC fractions seem to show less of a trend pertaining to their secondary structure makeup. Though the UB and B try soy samples and UB and B Alc chickpea samples show some similarities in their beta-sheet percentages displaying a lower abundance of beta-sheet for the UB fraction relative to the B samples. It should also be noted that the amount of residual salt discussed previously may affect the presentation and type of secondary structure, as cations’ interaction with the peptide bond and amino acid side chains alongside competitive binding with water molecules and intrachain H-bonds may destabilize secondary structure, potentially burying any trends induced by the IMAC treatment [Okur et al., 2017]. Considering this salt effect that may hide secondary structural trends with IRI activity, it is unsurprising that statistically the secondary structure profiles of the peptide chains showed no relationship with their respective IRI activities. 
[bookmark: _Toc164621706]Alc chickpea splat assay under different buffer conditions
	To further elucidate the IRI activities of the IMAC fractionated pulse proteins and combination samples, additional splat assay model systems were created using several dispersing mediums containing different salts and metal ions. These characterizations were performed to evaluate the possibility of metal ion transfer from the IMAC column into the collected peptide mixtures, potentially chelating the peptides and creating aggregates that may be responsible for their IRI [Rotilio et al., 1980; Porath et al., 1992]. Further, additional salts were also evaluated in the splat assay dispersing mediums to evaluate if there was a critical salt concentration or pH condition needed to induce IRI across the IMAC treated samples, as previously, the splat assay dispersing medium has been reported to play a role in altering IRI and ice nucleation [Suris-Valls et al., 2019]. Thus, using the 4% (w/v) Alc chickpea hydrolysate as a model “IRI inactive” control, dispersing medium conditions were altered to try to induce IRI activity. Interestingly, as shown in Table 2.7, none of the solvent or pH conditions promoted the IRI of the Alcalase hydrolysate sample. Unexpectedly, a trend of increasing ice crystal size with increasing sodium concentration was observed as this trend has been reported by other authors and summarized by Delesky and coworkers [Delesky et al., 2022]. Thus, the sodium concentration retained by the peptides during dialysis or pH differences stemming from the IMAC fractionation could not have promoted IRI activity, suggesting that the IRI activity of the IMAC samples was mediated through their individual molecular characteristics. 
	To further explore the relationship between the dispersing medium conditions experienced by the IMAC fractionated samples and their IRI activities, we performed the splat assay with different concentrations of the IMAC elution and equilibration buffers to evaluate the effect on the ice crystal size induced by the Alc chickpea hydrolysate. Additionally, we diluted the IMAC buffers down to concentrations mirroring the IMAC fraction’s sodium ion content recorded in Table 2.5, to more closely represent the realistic solvent environments the hydrolysates were evaluated in, additionally matching the analyte concentration to 2 and 4%. As seen in Table 2.8, the presence of both sodium phosphate and sodium chloride from the IMAC buffers did not induce IRI for the hydrolysate in a multitude of IMAC buffer concentrations.
	 Finally, to investigate the possible metal ion transfer events that could potentially induce IRI activity, we evaluated the Alc chickpea hydrolysate with the addition of two structure-forming metal ions, nickel and calcium known to bind proteins that may potentially induce IRI as has been reported for calcium [Delesky et al., 2021]. Similar to results obtained with the IMAC buffers seen (Table 2.8), the addition of the metal ions did not induce IRI, suggesting that possible contamination of metal ions during IMAC was not the source of the IRI viewed in nickel fractionated IMAC hydrolysates. This conclusion was also supported by the particle size distribution of the Ni2+ IMAC try soy samples that showed little differences between the hydrolysate sample, combination samples, and IMAC fraction particle size distributions, indicating that aggregation mediated through metal ion-protein interactions was not responsible for the IMAC fractions’ IRI activities (Figure 2.4). 
[bookmark: _Toc164621707]Conclusions and perspectives
We have fully demonstrated for the first time, the ability of Ni2+ IMAC to fractionate protein hydrolysates by their amino acid compositions to create peptide mixtures capable of inhibiting the recrystallization of ice from widely available food materials. While Ni2+ IMAC treatment has shown clear and significant promotion of IRI activities from inactive pulse source materials, the structure-function relationship of the peptide mixtures and their IRI activities could not be definitively stated. While none of the individual characterizations showed a relationship with IRI activity, the combination of these characteristics working in tandem could potentially be the source of this IRI activity. It must also be considered that the quantification techniques used to try to describe the relationship between molecular characteristics and IRI, measured here at ambient temperatures, may be insufficient to describe how the vastly different microenvironment of the ice-water interface and low temperatures affect these dynamic molecules, including peptide folding, H-bonding and their potential for cooperative effects at the interface under these conditions. Regardless, the impact of our novel Ni2+ IMAC treatment of pulse hydrolysates may provide a new method of producing IRI active molecules for potential use as preservation agents for foods and biomedical materials. Future work should include the characterization of additional molecular characteristics, under relevant conditions (ice-water interface, below the freezing point) and more advanced statistical modeling that may be able to elucidate the source of the peptide fractions IRI. Further, investigation of differing protein hydrolysates outside of pulses and the use of differing immobilized metal ions should be conducted to determine the ability of IMAC to produce IRI active peptides from diverse sources of proteins, and further evaluate the effect of the immobilized metal ions’ role in inducing these molecules IRI activities. 













[bookmark: _Toc164621708]Appendix
[bookmark: _Toc289175850][bookmark: _Toc158968913][bookmark: _Toc164621762]Table 2.1. Molecular weight profiles and IRI activities of pulse protein isolates before and after hydrolysis	
Sample			   Molecular Weight (kDa), %	             	Feret Diameter of Ice (% PEG)	
                     ≥ 50                  10 - 49.9           5 - 9.9             1 - 4.9               ≤1				
SPI	      27.5 ± 0.5	   23.6 ± 0.1	9.3 ± 0.3         18.9 ± 0.1         20.8 ± 0.2	    114.1 ± 8.7
CPI  	      54.9 ± 8.5         24.0 ± 9.6	9.1 ± 2.7	         3.8 ± 1.1	     8.2 ± 0.5	    120.5 ± 2.2
PPI	      58.8 ± 0.6	   24.4 ± 0.5	0.0 ± 0.0	         5.7 ± 0.1	     11.1 ± 0.0.           131.6 ±13.2

Try SPH	      21.6 ± 5.3	   27.1 ± 2.7	6.6 ± 2.9	         15.3 ± 1.2	   29.3 ± 9.7	    103.7 ± 0.5
Try CPH      0.0 ± 0.0	   47.5 ± 0.4	24.0 ± 0.3       16.2 ± 0.0	   12.2 ± 0.1	    108.6 ± 0.2
Try PPH	      0.0 ± 0.0	   5.9 ± 0.3	0.0 ± 0.0	         75.2 ± 0.2	   18.8 ± 0.1	    118.4 ± 2.1
Alc SPH	      0.0 ± 0.0	   9.7 ± 5.3	5.0 ± 0.1	         28.3 ± 1.7	   55.7 ± 3.4              112.1 ± 2.1
Alc CPH      2.6 ± 3.5	   1.0 ± 0.5	7.3 ± 2.1         32.4 ± 1.2       56.7 ± 0.2	    106.0 ± 0.1
Alc PPH	      0.0 ± 0.5             0.0 ± 0.1	4.5 ± 2.4	         35.8 ± 7.5       59.6 ± 0.3	    105.0 ± 3.0	
SPI, CPI, and PPI represent the soy, chickpea, and pea protein isolates before hydrolysis, respectively. Try and Alc represent the trypsin and Alcalase enzymes used to hydrolyze the protein isolates, respectively. SPH, CPH, and PPH represent the soy, chickpea, and pea protein hydrolysates, respectively. The Feret diameter value is the percent ice crystal size relative to the PEG control. Thus, 100% would indicate that the ice crystal size induced by the sample was the same size as the IRI inactive PEG control. 





[bookmark: _Toc164621763]Table 2.2. Mass recovery of the trial 1 and 2 protein hydrolysates after fractionation and dialysis		
Sample 	     		Unbound Mass (%)   	   Bound Mass (%)  	   Total Recovery (%)	
Alc Chickpea T1	   		63.6			36.4			56.2
Alc Pea T1	   		76.6			23.4			48.6
Try Soy T1	   		61.7			38.3			82.7
Alc Chickpea T2	   		69.8			30.2			52.9
Alc Pea T2	   		67.4			32.6			59.7
Try Soy T2	   		60.7			39.3			64.8		
T1 represents trial 1, T2 represents trial 2 replicate IMAC treatments.  The mass recovery of peptides in the unbound and bound fractions is relative to the total mass recovered. 












[bookmark: _Toc164621764]Table 2.3. Pulse hydrolysate mass recovery after Ni2+ IMAC fractionation and dialysis			
Sample 	     Enzyme Treatment	   Unbound Mass (%)   	   Bound Mass (%)      Total Recovery (%)	
Soy	   	Alcalase			61.1			38.9			49.5
		Trypsin   		61.7			38.3			82.7
Chickpea	Alcalase   		63.6			36.4			56.2
		Trypsin			54.2			45.8			59.4
Pea	   	Alcalase			76.6			23.4			48.6
		Trypsin  		69.4			30.6			43.3	
The mass recovery of peptides in the unbound and bound fractions is relative to the total mass recovered. 













[bookmark: _Toc164621765]Table 2.4. The IRI activities of the Ni2+ IMAC fractionated pulse protein hydrolysates (2%)		
Sample 	           Enzyme Treatment                        IMAC Fraction	            Feret Diameter (% PEG)	     
Soy		      Alcalase			Unbound                              	   70.6 ± 2.3
						Bound                                                  64.4 ± 3.2
     Trypsin			Unbound     		  	   72.3 ± 4.6
						Bound	      		                 65.5 ± 1.5
Chickpea	     Alcalase			Unbound      		  	  66.2 ± 2.2  
						Bound	      		         	  57.5 ± 4.4   
                                 Trypsin			Unbound      	                               72.2 ± 0.9
						Bound	     		     	  81.9 ± 2.1
Pea	     	    Alcalase			Unbound      		  	  59.1 ± 2.9  
						Bound	       		          	  82.8 ± 2.7
                                 Trypsin			Unbound     		 	  73.1 ± 1.1
						Bound	    		          	  61.3 ± 0.2	
The Feret diameter value is the percent ice crystal size relative to the PEG control. Thus, 100% would indicate that the ice crystal size induced by the sample was the same size as the IRI inactive PEG control. The standard deviation is the variation of crystal size (%) between duplicate splat assay measurements. 





[bookmark: _Toc164621766]Table 2.5. Molecular weight, Na+ concentration, and IRI activities of the selected trial 1 and 2 pulse protein Ni2+ IMAC fractions										
Sample          	Fraction      Avg. MW (kDa, T1/T2)   Na+ Conc. (mM, T1/T2 )    FD (% PEG, T1/T2)	
Alc Chickpea	 Hydrolysate		3.2	  -	          14        -	      106.0 ± 0.1          -
		Hydrolysate Dialysis	13.0	  -	          13	       -	      106.9 ± 3.0          -
		Combo			5.0	  -	          56	       -	      52.6 ± 0.2            -
              Unbound      		2.3 	 1.3	          67       83	      66.2 ± 2.2    75.9 ± 5.0 
	Bound	      		10.0 	13.9       	          48       87          57.5 ± 4.4    54.6 ± 0.5
Alc Pea		Hydrolysate		1.3	  -	          36       -	      105.0 ± 3.0	     -
		Hydrolysate Dialysis	5.6	  -	          13       -            103.3 ± 4.8	     -
		Combo			3.2	  -	          45       -            56.4 ± 3.6	     -
              Unbound      	              3.5 	 1.2	          52       65         59.1 ± 2.9    76.8 ± 1.3
		Bound	       		8.0 	 5.1      	          43       57         82.8 ± 2.7    70.7 ± 3.3	
Try Soy		Hydrolysate		28.6	  -	         18	        -          103.7 ± 0.5	     -
		Hydrolysate Dialysis	31.0	  -	         22         -          102.6 ± 2.5	     -
		Combo			28.6	  -	         49         -           77.4 ± 12.3	     -
              Unbound     		25.0 	 22.0	         65	      74	      72.3 ± 4.6    89.6 ± 0.7
		Bound	      		38.3 	 39.8               61	      52          65.5 ± 1.5    59.5 ± 2.8	
T1 represents trial 1, T2 represents trial 2 of the replicate IMAC separation. The Feret diameter value is the percent ice crystal size relative to the PEG control at 2%. Thus, 100% would indicate that the ice crystal size induced by the sample was the same size as the IRI inactive PEG control. The standard deviation is the variation of crystal size (%) between duplicate splat assay measurements. Try and Alc represent the trypsin and Alcalase enzymes used to hydrolyze the protein isolates, respectively


[bookmark: _Toc164621767]Table 2.6. Secondary structure profiles of the selected Ni2+ IMAC fractions and hydrolysate samples	
     Sample				                         Secondary Structure (%)			
			       	           β-sheet 	          α-helix               Random coil           β-turn 	
Soy Hydrolysate				26		36		15		24
Chickpea Hydrolysate			69		0		9		22
Pea Hydrolysate				65		11		10		14
Hydrolysate Dialysis Try Soy		32		0		31		38
Hydrolysate Dialysis Alc Chickpea		40		38		22		0
Hydrolysate Dialysis Alc Pea		69		9		0		22
Combo Try Soy				74		12		15		0
Combo Alc Chick			55		5		14		26
Combo Alc Pea				34		11		34		21
UB Try Soy T1				33		17		7		43
UB Try Soy T2				35		13		22		30
B Try Soy T1				81		2		17		0
B Try Soy T2				72		0		14		13
UB Alc Chick T1				33		18		26		23
UB Alc Chick T2				36		5		29		31
B Alc Chick T1				75		11		4		10
B Alc Chick T2				19		22		31		28
UB Alc Pea T1				67		7		22		5
Table 2.6 continued
UB Alc Pea T2				59		13		10		17
B Alc Pea T1				62		4		24		10
B Alc Pea T2				44		18		19		19	
T1 represents trial 1, T2 represents trial 2 of the replicate IMAC treatments. Try and Alc represent the trypsin and Alcalase enzymes used to hydrolyze the protein isolates, respectively. UB represents the unbound fraction and bound after IMAC. The Combo sample represents the recombined UB and B samples after IMAC.











[bookmark: _Toc164621768]Table 2.7. Alc Chickpea hydrolysate IRI in different dispersing mediums varying salt and pH	 	
Solvent         					Feret’s Diameter (% PEG)			
10 mM NaCl      						87.58 ± 8.5   	
90 mM NaCl						99.8 ± 0.4
180 mM NaCl						145.1 ± 15.8
1x PBS							114.1 ± 5.8	
pH 2 1x PBS						126.0 ± 16.9
pH 13 1x PBS						100.9 ± 0.9				
The Feret diameter percentage is relative to the ice crystal size induced by 4% PEG in the same solvent as the Alc chickpea hydrolysate for each respective sample. The standard deviation is the variation of crystal size (%) between duplicate splat assay measurements. All samples were evaluated at a 4%(w/v) concentration.








[bookmark: _Toc164621769]Table 2.8. Alc chickpea hydrolysate IRI in different dispersing mediums containing IMAC buffers and metal ions											
Solvent          			Analyte Concentration		   Feret’s Diameter (µm)		
100mM  PBS 				4%				51.8 ± 4.1
10mM PBS				4%				51.1 ± 3.8
100mM PBS				2%				60.9 ± 1.5
10mM PBS				2%				63.0 ± 2.2
IMAC elution buffer			4%				53.5 ± 3.2
IMAC equilibration buffer			4%				50.6 ± 4.6
10uL 0.2M Calcium chloride in 1x PBS 	4%				50.5 ± 1.6	
10uL 0.2M Nickel sulfate in 1x PBS	4%				50.2 ± 1.1		
4% PEG in 1x PBS induced a mean ice crystal diameter of 43.8 ± 0.7 µm. The standard deviation is the variation of crystal size (µm) between duplicate splat assay measurements. 
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[bookmark: _Toc164622811]Figure 2.1.  An example of the Raman-amide I vibrational region fit. 
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[bookmark: _Toc164622812]Figure 2.2.  Ice crystal size distribution induced by the starting hydrolysates and IMAC fractionated peptide mixtures (refer to table 2.5 for sample identification).
Amino Acid Abundance (%)










[bookmark: _Toc164622813]Figure 2.3.  The amino acid compositions of the evaluated trial 1 and 2 hydrolysate samples and Ni2+ IMAC fractions (refer to table 2.5 for sample identification).
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[bookmark: _Toc164622814]Figure 2.4. Particle size distribution of the try soy hydrolysate treatments measured by Zetasizer (refer to table 2.5 for sample identification).
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CHAPTER III: Commercial Grade Sodium Copper Chlorophyllin Possesses Ice Recrystallization Inhibition Activity 


















[bookmark: _Toc164621711]Abstract 
Ice recrystallization is a key problem causing deterioration of foods and biomaterials in frozen storage that contributes to quality loss and excess waste. To minimize this damage, ice recrystallization inhibition (IRI) molecules are currently being investigated for potential implementation into food or biosystems, but the safety of these compounds remains a concern. In this chapter, we report the IRI activity of commercial-grade sodium copper chlorophyllin (SCC), a readily available food-safe dye commonly sold as “liquid chlorophyll”. SCC induces potent IRI activity in 10 mM NaCl at 4% and 2% concentrations, displaying a 70% decrease in ice crystal size as demonstrated by splat assay. Additionally, SCC was tested in two other buffers, 180 mM NaCl and 1x PBS, showing no IRI at evaluated salt concentrations. SCC did not display ice binding in the sucrose sandwiching assay or self-assembly in 10 mM NaCl, indicating its anti-freeze mechanism of action was not mediated by ice binding or molecular self-assembly. Additionally, molecular dynamic simulation supported the non-binding IRI dependence of SCC. Vibrational sum frequency generation revealed that SCC in 10 mM NaCl had more water bound at the interface than that in 180 mM and 1x PBS, indicating an interfacial water binding related IRI mode of action. SCC was evaluated for its ability to preserve THP-1 and HCT-116 cell lines against freezing induced damage during cryo-storage but displayed no cryo-protective ability. Thus, we report, for the first time, the IRI activity of SCC. 


[bookmark: _Toc164621712]Introduction
Freezing foods used widely as a preservation method can minimize nutrient loss and inhibit microbial growth, but control of ice crystal size during storage presents a unique challenge [Zhang et al., 2022]. Ice recrystallization, a precursor to “freezer burn”, contributes to 5.89 billion dollars’ worth of frozen food waste annually [Conrad, 2023]. Manifesting through Ostwald ripening, isomass rounding, or accretion, ice recrystallization is a process where large ice crystals grow bigger most often at the expense of smaller ice crystals. The formation of large ice crystals can cause damage to cells via osmotic stress or physical puncture leading to the reduction of sensory qualities upon thawing, contributing to excess food waste and the loss of expensive biomedical materials [Zhang et al., 2022]. Molecules possessing ice recrystallization inhibition (IRI) activity can interact with or bind ice crystals and free water to control ice crystal size and they have shown great promise in reducing freezing-induced damage [Biggs et al., 2019; Cao et al., 2020; Cao et al., 2023]. 
Many bio-based and synthetic molecules with diverse structural features have been shown to possess IRI activity. These include whole proteins, peptides, single amino acids, carbohydrates, synthetic dyes, helicates, among others [Biggs et al., 2019; Li et al., 2019; Warren et al., 2022]. Because of the unique and diverse molecular structures of these compounds, a multitude of mechanisms have been proposed for their IRI activities. Within these molecules of interest, a class of compounds possessing segregated domains of both hydrophobic and hydrophilic molecular moieties, referred as facially amphiphilic IRI compounds, are being investigated for their abilities to prevent ice recrystallization [Biggs et al., 2019]. It is hypothesized that these molecules “sit” at the quasi-ice layer-bulk water interface and disorder free water molecules, thus preventing their addition to the ice lattice structure [Biggs et al., 2019]. Thus, we began investigating food-safe molecules whose structures may lead to facial amphiphilicity for potential use as IRI agents. 
Sodium copper chlorophyllin (SCC) is a food-grade colorant often sold as a health-promoting tincture due to its purported bioactive properties [Tumolo et al., 2012]. Commonly marketed as “liquid chlorophyll” or chlorophyll drops, SCC is widely produced and available in grocery stores and retailers in the United States. SCC is produced by hydrolytic degradation of chlorophyll and subsequent replacement of Mg2+ with Cu2+. This hydrolytic degradation treatment produces a mixture of degradation products, with the major components being CuCe4 (30-60%), CuIsoCe4, CuCp6, and CuCe6 [Wang et al., 2020]. These major components differ by the number (2-3) and position of their carboxylic acid groups but possess surface activity due to their dominant hydrophobic character resulting from their chlorin structure and segregated hydrophilic face made up of numerous carboxyl groups [Xia et al., 2016]. 
Because of SCC’s accepted use in the food industry, relative abundance, and molecular structure, we hypothesized that food-grade SCC would possess IRI activity resulting from its distinct molecular features and will offer a potential application case for implementation into food formulations or biomedical preparations as a cryo-preservation agent. Additionally, we hypothesized that the salt composition of the dispersing medium would affect SCC’s IRI activity, resulting from the role of salt concentration and species in modulating IRI activities of small-molecule anti-freeze agents that share similar molecular features as SCC.
[bookmark: _Toc164621713]Material and Methods
[bookmark: _Toc164621714]Materials
Commercial grade chlorophyllin sodium copper salt (CAS-NO: 11006-34-1) was purchased from Sigma Aldrich (Saint Louis, MO, USA), and polyethylene glycol 400 (PEG, MW 380-420 Da) was purchased from TCI (Portland, OR, USA). RPMI-1640, MEM and penicillin/streptomycin was purchased from Corning Inc. (Corning, NY, USA) and FBS was purchased from Gibco Inc. (Grand Island, NY, USA).  All other chemicals used in the study were purchased from Fisher Scientific (Atlanta, GA, USA).
[bookmark: _Toc164621715]Evaluation of IRI activity of SCC
IRI activity was quantified using the standard splat assay [Knight et al., 1988]. The assay was performed using 4, 2, 1, and 0.1% solutions of SCC in 1x PBS buffer, 10 mM NaCl, and 180 mM NaCl. PEG (v/v) at the same concentrations of SCC in the above solvents served as the controls for comparisons.  A drop was delivered from a 1.5-meter height onto a precooled (-80 ℃) microscope slide and annealed for 30 min at -8 ℃ using a cryo-stage HCS 302 (Instec Instruments, Boulder, CO). According to the Cryopreservation and Freeze-Drying Protocols 9th chapter, Use of Ice Recrystallization Inhibition Assays to Screen for Compounds That Inhibit Ice Recrystallization, the splat assay is sensitive to screen analyte IRI between 20-40 minutes [Ampaw et al., 2021]. Pictures were taken using light microscopy (Leica, DM2700 M, Wetzlar, Germany) outfitted with a digital camera (Leica, DMC 4500, Wetzlar, Germany) after the annealing period. Quantification of ice crystals was performed using Cellpose and Fiji using the Feret’s maximum diameter (FD) to measure ice crystal size according to our previous study [Saad et al., 2023]. The % FD of PEG was calculated by dividing the FD of SCC by the FD of PEG at the same analyte concentration and solvent and multiplying by 100.  
[bookmark: _Toc164621716]Determination of ice binding/shaping of SCC
Ice binding/shaping was determined using a slightly modified sucrose sandwiching assay [Judge et al., 2023]. Briefly, 3 µL of 4% SCC in a 45% sucrose solution was placed on a glass slide (1 mm thickness, 22 × 22 mm) and sandwiched with a coverslip. The slide was placed in an Instec cold stage model TS102 (Instec Instruments, Boulder, CO) and cooled to -50 ◦C at a rate of 20 ◦C/min and annealed for 5 min until fully solid. The sample was then slowly thawed at a rate of 5 ◦C/min to -10 C and then warmed at 1 ◦C/min to a final temperature of -5 ◦C allowing only a small number of individual crystals to remain. Pictures were then captured every 5 min for a duration of 30 min at -5 C using light microscopy with a built-in digital camera as stated earlier. Temperatures were regulated by using an Instec liquid nitrogen pump and mk2000 temperature controller (Instec Instruments, Boulder, CO). The assay was repeated in triplicate. 
[bookmark: _Toc164621717]Small angle x-ray scattering of SCC 
Small-angle x-ray scattering (SAXS) was performed on SCC in three solvents, 180 mM NaCl, 10 mM NaCl, and 1x PBS at 0.5, 1, 2, and 4% concentrations (w/v). SAXS was collected using a Xenocs Xeuss 3.0 SAXS instrument (Xenocs, Grenoble, France) outfitted with a PILATUS3 R 300K, SN 3-0366 detector. To prepare the samples, capillary tubes were loaded with the SCC mixtures and sealed with epoxy overnight. SCC was scattered at an intensity of 6.45597e-10 at a wavelength of 1.54189e-10, with an exposure time of 600 seconds and a detector distance of 0.9 meters at ambient temperature. Data analyses were performed by background subtraction, Guinier fitting, and distance distribution modeling using ATSAS Ver. 3.2.1. 
[bookmark: _Toc164621718]Pendant drop surface tension measurement
The critical micelle concentration of SCC was measured using a Kruss (Hamburg, Germnay) drop shape analyzer (model DSA25B) using the pendant drop technique. Briefly, measurements were made by suspending various drops of SCC (0.005 - 0.04%) in 10 mM NaCl, 180 mM NaCl and 1x PBS buffer. An approximately 11 μL drop was suspended from the tip of a metal needle with a diameter of 1.8 mm. Once suspended, the drops surface was allowed to saturate with SCC and achieve equilibrium for 120 seconds before surface tension (SFT) measurement. After, SFT data was collected using Kruss ADVANCE imaging for 120 seconds at a rate of 2 FPS (240 total measurements). Upon completion, a new drop was suspended, and the procedure was repeated. Data analysis was performed using the ADVANCE Kruss software. The CMC of SCC in the distinct solvents assisted in selecting the concentrations for VSFG analysis and SAXS.
[bookmark: _Toc164621719]Vibrational sum frequency generation (VSFG) spectroscopy
VSFG spectroscopy was used to measure SCC’s interfacial structure in 180 mM NaCl, 10 mM NaCl, and 1x PBS. SCC in concentrations ranging from 0.001- 4%. Measurements were made using a modified instrument as described elsewhere [Chowdhury et al., 2018; Chowdhury et al., 2020]. Briefly, the output of a femtosecond laser was split to produce mid-infrared light centered ~2900 cm−1. Time symmetric narrowband near-infrared pulses (∼1 ps centered at ∼803 nm) were generated in a second path equipped with a pulse shaping device and used for upconversion. Light from both paths were temporally and spatially overlapped in a colinear excitation geometry at the interface (sample and air). The radiated SFG light was collected with an achromatic doublet, polarization-resolved, and dispersed in a spectrograph (Andor Kymera 328i, Oxford Instruments, Belfast Ireland) for detection with an electron multiplying CCD camera (Andor Newton CCD 2.0, Oxford Instruments, Belfast Ireland). SFG spectra were captured in the SSP, PPP, and SPS polarization combinations (letters refer to the polarization of the radiated VSFG, NIR, and IR fields, respectively). The spectra were corrected using a reference spectrum collected from a gold film in the PPP polarization combination. Background spectra were collected frame-for-frame using a co-specified region of interest. 
[bookmark: _Toc164621720]Cell culture and cryopreservation ability of SCC
THP-1 human monocytes and HCT-116 colon cancer cells were cultured under humidified atmosphere (5% CO2) at 37 °C in RPMI-1640 or minimum essential media (MEM) containing 1% v/v penicillin/streptomycin and 20% heat-inactivated fetal bovine serum (FBS) according to our previous publication [Saad et al., 2023]. Cells were maintained under ATCC standard conditions and subcultured every 48 hours for 2-4 weeks until high viability was achieved for the freezing experiment, determined by a Countess 2 cell counter (Thermo Fischer, Waltman, MA, USA). 
To evaluate the cryoprotective effect of SCC, cells were harvested and treated with various solutions used for cryo-storage, including 5% dimethyl sulfoxide (DMSO) (control), 1% SCC, and 5% SCC. Cells were collected and added to CRYO.S freezing vials (Greiner Bio-One, Monroe, NC, USA) at an approximate density of ~ 2x106 per vial, in duplicate. The freezing mediums were then added to the cells dropwise and placed into a Corning CoolCell (Corning Inc., NY, USA) for controlled freezing rate of -1°C/min at -80°C freezer for 24 hrs. The cells were then transferred into the vapor phase of liquid nitrogen for 90 days (THP-1) or 1 week (HCT-116). For THP-1 cell revival, the DMSO control was revived after 90 days according to standard ATCC conditions. The SCC-treated cells could not be collected by centrifugation, so the vials were diluted to a cell density of 1.0x106. Because the cells could not be removed from the SCC treatment, an additional sample of viable THP-1 cells was incubated with 5% SCC to determine the effect of SCC on the viability of the cells after revival. The SCC-treated samples and control were plated into a sterile 24-well plate and differentiated using 1 μL of phorbol 12-myristate 13-acetate (1mg/mL) (PMA) to assess viability. After 48 hours, the media was removed, and the adhered cells were inspected for differentiation to determine viability after freezing and incubation with SCC. For HCT-116 cell revival, cells were collected by centrifugation and evaluated for their viability using a Countess 2 cell counter.
[bookmark: _Toc164621721]Minimum inhibitory concentration (MIC) assay for SCC’s antimicrobial activity
MIC was performed on 4 food pathogens including E. coli MG1655, E. coli AR0495, Salmonella Oslo AR0540, and Salmonella Typhimurium 14028. SCC at 20 mg/mL was sterile filtered using a 0.2 μm PES conical vacuum filter and diluted to a concentration of 400 μg/mL using cation adjusted Mueller Hinton broth. In a sterile 96 well plate, 200 μL of 400 μg/mL SCC was plated and serially diluted creating concentrations ranging from 400  – 0.4 μg/mL. Following, 5 μL of the bacterial cultures in cation adjusted Mueller Hinton broth at an approximate cell density of 2.0x107 were added to the serially diluted SCC wells in duplicate. Additionally, wells only containing bacterial cultures were used as a positive control to verify bacterial viability. After bacteria addition, the plate was shaken lightly for 30 seconds and incubated at 37° C under aerobic conditions. After 24 hrs the plate was inspected visually for turbidity to determine the MIC.
[bookmark: _Toc164621722]Molecular dynamic simulations of SCC in ice-water system
Molecular dynamics (MD) simulations were performed using GROMACS version 2021.5. SCC’s parameters were taken from Amber14-EHT (Amber14 force-field as implemented in MOE and converted to GROMACS format using the paramed python package- https://parmed.github.io/ParmEd/html/index.html). CHARMM-GUI was used to prepare SCC, NaCl ions (100 mM and 0 mM) and the water model. The TIP3P water model was subsequently replaced with the TIP5P water model, as the latter's melting point (274 K) is in closer agreement with the experimental value (273 K). 
The ice Ih model in GRO format was obtained from GenIce2 and served as an ice seed for subsequent ice growth on the planes (https://pypi.org/project/GenIce2/). The ice model and water box model (containing SCC) were then merged using VMD. The system was initially energy minimized with 5000 steps by using the steepest descent algorithm. Then, a 125 ps simulation in the canonical (NVT) ensemble was followed by a 125 ps simulation in the isobaric isothermal (NPT) ensemble and finally a MD simulation in an NPT ensemble for 200 ns. The position of SCC relative to the ice interface was assessed after running the simulation for 200 ns. The calculation of the ice percentages during the simulation was performed in OVITO. 
[bookmark: _Toc164621723]Statistical analysis
All data were reported as the average ± standard deviation using Microsoft Excel 2016. 
[bookmark: _Toc164621724]Results and Discussion
[bookmark: _Toc164621725]Evaluation of SCC IRI in multiple dispersing mediums
In this study, we evaluated SCC’s IRI activities in a few dispersing mediums. PBS was chosen because of its common use in evaluating IRI activity, acting as a buffer to minimize pH-induced IRI effect [Voets, 2017]. Similarly, 10 mM NaCl was chosen for evaluation due to its regular use in IRI screenings, providing enough salt to avoid false positives of IRI activity while simulating low salt matrix conditions [Voets, 2017]. Because PBS contains a mixture of salts (NaCl, KCl, NaH2PO4, Na2HPO4) whose ionic strength differs greatly from 10 mM NaCl, 180 mM NaCl was also evaluated to mimic the ionic strength of PBS. 
As shown in Table 3.1 and Figure 3.1 (all tables and figures can be found in the chapter appendix) SCC IRI activity varied both by media and analyte concentration. SCC at 4% concentration induced the smallest mean ice crystal FD in all the evaluated salt concentrations regardless of the media used, and showed nonlinear increases in ice crystal FD as the concentration was lowered to 0.1%. At all evaluated salt concentrations, SCC in PBS did not display IRI, inducing an average crystal FD 1.2% smaller than the PEG control at the highest SCC concentration. Likewise, at all SCC concentrations in 180 mM NaCl, ice crystal FD were larger than the PEG control. In 10 mM NaCl, 4% and 2% SCC inhibited ice recrystallization, resulting in mean ice crystal FD that were 30.0 ± 1.3% and 34.8 ± 1.5% the size of the PEG control, a strong IRI ability to reduce ice crystal size by 70% at a 4% SCC concentration. In the same medium SCC displayed reduced IRI activity at the 1% and 0.1% concentrations, with mean ice crystal FD of 87.1± 8.3% and 71.7 ± 0.3% the size of the PEG control. Thus, SCC showed no IRI activity in 1x PBS and 180 mM NaCl but displayed potent IRI at 4% and 2% concentrations in 10 mM NaCl.
These results revealing modulation of IRI by SCC in varying dispersing media are mirrored by other reported IRI agents. Warren et al. [2022] and Briard et al. [2016] reported modulation and inactivity of different IRI agents under different buffers’ ionic strength conditions. Furthermore, Suris-Valls and coworkers [2019] reported modulation of anti-freeze glycoprotein’s IRI is dependent on the species of salt present from the Hoffmeister series under fixed ionic strength conditions. In the case of this study, it was demonstrated that the ionic strength of the solvent plays a greater role than the chemical species of salts in the solvent, as both PBS and 180 mM NaCl “switched off” SCC IRI activity. Interestingly, SCC in 180 mM NaCl seemed to promote ice crystal growth when compared to the PBS solvent regardless of their similar ionic strengths. This may indicate that the chemical species has some influence on ice recrystallization behavior, as differences in their chemical compositions seem to promote ice crystal growth differently. To better characterize the anti-freeze activities of SCC, including its dynamic ice shaping, we performed the sucrose sandwiching assay to evaluate if SCC IRI was accompanied by other anti-freeze properties. 
[bookmark: _Toc164621726]SCC ice binding activity
SCC ice binding and dynamic shaping was determined using the sucrose sandwiching method and the result is shown in Figure 3.2. Upon annealing for 30 min, circular ice wafers appeared in all three SCC replicates, mirroring the morphology of the PEG control (not shown), indicating that ice binding did not occur [Bredow et al., 2017]. This circular morphology indicates that additional anti-freeze activities mediated through ice binding (thermal hysteresis and dynamic ice shaping) did not contribute to the potent IRI in 10 mM NaCl. As stated previously, it is hypothesized that facially amphiphilic IRI agents inhibit ice growth by interacting and ordering water molecules to prevent ice crystal coarsening as opposed to interacting with the ice crystal itself. Thus, this mechanism of action for SCC is indirectly supported by the lack of ice-binding in addition to SCC’s inherent surface activity, indicating that the molecules' facial amphiphilicity may be responsible for its anti-freeze properties [Xia et al., 2016]. Thus, to further understand the source of SCC’s IRI, we performed SAXS to evaluate if SCC self-assemble into IRI active nano-architecture, as observed for zirconium acetate, zirconium acetate hydroxide, and safranine-O [Mizrahy et al., 2013; Drori et al., 2016] which was responsible for their IRI. 
[bookmark: _Toc164621727]Characterization of SCC self-assembly by measuring the nanoparticle shape and size of the dispersions
	The shape and size of SCC in the evaluated dispersing media were measured at various SCC concentrations to evaluate if the dispersing media induced differing aggregate with identifiable shapes and sizes that may be correlated with their IRI activities. Since SCC only showed potent IRI under low ionic strength conditions, we hypothesized that the reduction of the Debye length by the increased ionic strength conditions present in SCC’s two IRI inactive media (180 mM NaCl, 1x PBS) may be responsible for the modulation of macroscopic IRI by the changing of SCC’s surface potential and subsequent aggregate characteristics. These potentially unique aggregates possessing different shapes and sizes under low ionic strength conditions were hypothesized to be contributing to SCC’s IRI mode of action. Thus, the shape and size of the aggregates were determined by Guinier and Distance Distribution modeling in ATSAS. The collected SAXS spectra before modeling are shown in Figure 3.3
Shown in Figure 3.4a-c, the quality of the scattering profiles was first determined by the linear Guinier model. Here, a “smile” in the residual plot indicates molecular aggregation of the material, whereas, a “frown” in the residual plot indicates a repulsive force [Jacques et al., 2010]. Thus, the relatively randomly distributed points (slight smile) around the centerline show the general dispersity of the material at 0.5% (relevant concentration for descriptive SAXS data) in PBS, 180 mM NaCl, and 10 mM NaCl, indicating quality data for distance distribution modeling as discussed next. To characterize SCC’s radius of gyration within the dispersing medium, the sRg limits were constricted to a sRg qMin <0.65 and a qMax ~ 1.3, to fit the particles to a globular model [Jacques et al., 2010]. 
	The radius of gyration, describing the distance between the scattering centers (electrons), showed close similarities in 0.5% SCC in different dispersing media. SCC at 0.5% concentration had a radius of gyration of 4.31 ± 0.22 in 180 mM NaCl, 4.17 ± 0.20 in PBS, and 4.20 ± 0.22 in 10 mM NaCl. Thus, at a 0.5% concentration, SCC did not show differences in their radius of gyrations in their respective dispersing mediums. Evaluation of the residuals from the more concentrated SCC samples (2-4%) unsurprisingly displayed strong propensities to aggregate, which were so strong at the higher concentrations that ATSAS could not find a consistent linear region, forcing an expansion of the sRg limits in an attempt to find linear data points (example in Figure. 3.5a-b). It should be noted that macroscopic IRI is greatest at concentrations > 2% of SCC where aggregation is demonstrated in the measured scattering curve. Regardless, at 0.5% SCC, a sufficient concentration for the formation of nano-architecture as shown in the CMC profiles (Figure 3.6), no self-assembly was detected as evaluated by SCC’s radius of gyration in the dispersing media. To better describe the shape of SCC at 0.5% in the distinct media, distance distribution analysis was performed. 
	Shown in Figure 3.7a-c, both the radius of gyration and Porod volume calculated by the distance distribution show close similarities between SCC in different media. The Porod volume, better describing the space occupied by SCC, showed similarities, indicating that systematic differences between the sizes of SCC induced by the different media may not be the source of their differences in their measured IRI, and that the media may have affected IRI through another mode of action. Furthermore, the relative shape of SCC was consistently seen to fit the spherical model, based on the P(r) plot shape [Dmitri et al., 2003]. Thus, the generally defined shape and size of SCC between the media proved to be similar at all salt concentrations that did not promote extreme molecular aggregation. Therefore, it is more likely that the aggregate architecture under cryo-concentrated conditions, and the behavior of these SCC aggregates at the ice-water interface environment, may differ among the salt systems that may not have been observable under ambient temperature conditions. 
Thus, we evaluated SCC in the different media by SAXS at -8 °C to evaluate if ice formation induced a structural transformation in the SCC material, but no difference between the scattering curves at ambient temperatures and at -8 °C was seen. Therefore, we conclude that SCC aggregates do not show significant shape and size differences among the different media as evaluated by SAXS. 
Thus, to better understand the interfacial behavior of SCC under conditions similar to the ice-water interface, we performed VSFG to gain insight into the interfacial monolayer of SCC and its general structure at an air-water interface previously used to model the chemical environment present at the ice-water interface [Fu et al., 2023]. 
[bookmark: _Toc164621728]Characterization of SCC structure at a model ice-water interface 
As shown in Figure 3.8, the VSFG spectra of SCC at 0.1, 2and 4% concentrations in the different aqueous environment measured in the SSP polarization combination showed different structural arrangements of SCC at the interface between the 4% and 0.1% concentrations. The ratios of the peak intensities between the peak at 2875 cm-1 and 2930 cm-1 in 10 mM NaCl between 0.1% SCC and 4% SCC indicate that the interfacial arrangement of SCC in 10 mM NaCl changes as the concentration of SCC increases. Furthermore, the VSFG signal is found to decrease with increasing SCC concentration, indicating that these species are forming increasingly centrosymmetric (possibly stacked assemblies) due to symmetry. This observation is supported by the surprisingly large VSFG intensity recorded in the PPP data when compared to the SSP intensities, as shown in Figure 3.9. At 4% SCC, the similar interfacial packing regardless of aqueous phase salt, suggests that SCC IRI may result in aggregate layers that are indirectly probed here, or through other mechanisms. 
Interestingly, the water intensity (probed at ~3025 cm-1) is higher at 4% in 10 mM than at 4% in 180 mM NaCl and PBS, suggesting that a higher degree of ordered water is present at the interface when SCC is probed in 10 mM NaCl. The low ionic strength and lack of significant charge screening results in a relatively large Debye length when compared to SCC in 180 mM and PBS. This difference in Debye length changes the ordering of water near the interface [Ohno et al., 2016]. At high ionic strength conditions present in PBS and in 180 mM NaCl, SCC will be better screened which can allow for better packing of SCC to the interface while excluding (or confining) water from the interface. In 10 mM NaCl, charges are not as effectively screened due to the low concentration of ions in solution thus reducing the amount of SCC that can occupy the interface. This additional space at the interface can then be occupied by ordered water bound to SCC molecules present at the interface. This may suggest that SCC binds more water at the interface at low ionic strength and therefore impacts the propensity to become ordered during ice accretion, thereby raising the energy barrier for ice recrystallization; however, more evidence is required to state this as its source of IRI activity. 
[bookmark: _Toc164621729]Molecular dynamic (MD) simulation of SCC
As shown in Figure 3.10, MD simulation of SCC revealed its ability to prevent the further growth of ice crystals when compared to a simulation ran under the same conditions lacking SCC. Only the first 50 ns of the simulation are shown as after this period no changes were observed and the system was in equilibrium. Ice crystal growth at the top of the simulation box can be seen after 10 ns when SCC was not present. At 40 and 50 ns (as shown in the red box), ice appeared to sandwich the layer of ions in the simulation resulting in 69.1% of the water box containing ice as shown in Figure 3.11. When SCC was present in the water box, it was able to prevent the crystallization of water at the top of the water box, as after 50 ns the percentage of ice was much lower, only occupying 43.4% of the water box. Thus, SCC mirrored its experimentally observed ability to prevent the recrystallization of ice, but it should be noted that the activity observed is shown from a single SCC molecule and not its aggregates structures which likely occur at the real ice water interface under 4% conditions where it is most active.
Additionally, SCC was not seen to bind to the ice interface, supporting our observed ice binding assay where SCC showed no dynamic ice shaping ability. Interestingly, SCC also did not sit in the quasi layer during the simulation but rather moved within the water phase by diffusing during the 50 ns capture as shown in Figure 3.10. Again, it must be noted here that SCC is only present as a single molecule in the simulation whereas under experimental conditions it is present in a much higher concentration allowing SCC to form additional aggregate structures as demonstrated by the VSFG observations. Thus, we demonstrate using MD simulation, that SCC was able to reduce the amount of water molecules forming ice after 50 ns of simulation as shown in Figure 3.11. While SCC ice binding or diffusion to the quasi-water layer was not observed in the simulation, SCC’s behavior as a single molecule may not fully describe its IRI mode of action. 
[bookmark: _Toc164621730]Cryopreservation of THP-1 monocytes by SCC
The cryoprotective ability of SCC was evaluated by THP-1 monocytes under standard cryo-storage conditions to probe the application of SCC in protecting bio-medical materials from freezing induced damage. The current standard method for the long term cryo-storage of cells involves the addition of DMSO to the cell media, a cytotoxic cryoprotective used at the detriment of the cell lines’ long-term viability [Dludla et al., 2018]. Current cryoprotective strategies using DMSO or glycerol reduce cell viability and in the case of glycerol, require the use of dialysis treatments to remove the additive before use in biomedical applications. Thus, we evaluated the ability of SCC to inhibit freezing induced damage at concentrations of 5% and 1% used in the cell freezing media to replace DMSO. Shown in Figure 3.12a-d, upon cell culture revival after 90-days of cryogenic storage and subsequent treatment with PMA to induce differentiation (used to determine viability) the DMSO control (image d) alone showed the presence of THP-1 macrophages after media removal. No THP-1 macrophages were found in samples containing SCC as represented in images a-c, only showing small and large SCC aggregates remaining on the plate after media removal. When THP-1 monocytes are differentiated, they typically no longer remain as suspension cells and begin to adhere to surfaces, as attachment to the bottom of the tissue-culture in 24-well plate for this test [Liu et al., 2023]. Thus, the absence of the cells in the SCC treated sample images indicates that they were unable to differentiate. This abnormal cell function indicates that SCC failed to preserve the cells during freezing, or that excess SCC within the media during incubation was lethal to the cells.
Interestingly, the viable THP-1 cells incubated with 5% SCC that did not undergo freezing and revival (image c) also did not show differentiation, supporting the observation that SCC may be lethal to the cell line. Because the cells could not be centrifuged out of their freezing media it is unclear whether cell death occurred by freezing induced damages, or if SCC injured the cells after the revival. Though we do not know at which stage of the treatment SCC injured the cells (i.e. during freezing, after, or both), the inability to recover the cells after thawing indicates that the cells were damaged in cryo-storage, as dead cells do not collect into a “pellet” unlike health THP-1 cells did. Likewise, HCT-116 cells evaluated alongside THP-1 cells also showed no viability after 1 week of frozen storage when stored with the same concentrations of SCC (data not shown).  The inability of SCC to preserve the viabilitys of the cell line may also be linked to its anti-cancer properties [Tumolo et al., 2012]. Because THP-1 and HTC-116 are immortalized cell lines (cancerous), SCC may have harmed the cells by it’s anti-cancer mechanisms after long term incubation both at freezing and ambient temperature, which may explain its inability to preserve the cells viability after freezing as was demonstrated in our experiment. 
Because SCC proved lethal to the healthy THP-1 cells the potential anti-microbial effects by SCC was evaluated that may accompany SCC’s IRI activity.  
[bookmark: _Toc164621731]
SCC’s minimum inhibitory concentration (MIC) on a few food pathogens 
The MIC of SCC on E. coli MG1655, E. coli AR0495, Salmonella Oslo AR0540, and Salmonella Typhimurium 14028, was evaluated using SCC concentrations ranging from 400 μg/mL to 0.4 μg/mL (concentrations relevant to anti-microbial activity). Though SCC damaged THP-1 cell function by inhibiting its ability to differentiate, SCC was not found to inhibit any of the bacteria in all evaluated concentrations as indicated by turbidity from bacterial growth present in the well plate. While determining the MIC visually may not be optimal for physically unstable solutions that aggregate and precipitate resulting in a turbid appearance, SCC’s dark color and thus dark aggregate formation excludes the increased turbidity observed in the wells from its physical instability. Interestingly, while the anti-microbial activity of SCC has not been widely reported in literature, our findings do not replicate work done by Suresh and coworkers evaluating the antimicrobial activity of synthesized Cu-chlorophyllin and SCC [Suresh et al., 2022]. The source of this difference may be due to their preparation and treatments to obtain the SCC material, as their qualitative profiling of the phytochemicals included the presence of other phytosterols and phenols [Suresh et al., 2022]. Thus, this work demonstrates that SCC itself does not possess anti-microbial activity.
[bookmark: _Toc164621732]Considerations for implementation of SCC into frozen systems 
	In addition to proteins and carbohydrates, various food-safe IRI agents are currently being researched to assist in addressing frozen storage-mediated quality deterioration. Here, SCC may provide an interesting application case for implementation into food systems. First, SCC is widely available, addressing the primary issue limiting the application of anti-freeze proteins that only occur naturally in minuscule concentrations. In addition, SCC IRI would be accompanied by its reported bioactivity, antioxidant activity, and colorant properties [Tumolo et al., 2012]. While SCC’s food colorant properties grow more desirable as consumer preference shift from synthetic dyes to bio-based pigments, the concentration at which it presents strong IRI, most potently at 4% and 2%, may be too high of a concentration to achieve a desirable color strength in addition to its required use within a low salt matrix which may hinder implementation. Since IRI evaluation in model systems and real food matrices are rarely correlated, more studies need to be performed under a wider range of conditions.
[bookmark: _Toc164621733]Conclusion
Thus, we have evaluated the anti-freeze activities of SCC using both the sucrose sandwiching and splat assays to characterize ice binding and IRI activities. SCC induced the potent reduction of ice crystal size (70%) at a 4% (w/v) concentration in 10 mM NaCl, displaying a dose-dependent relationship between analyte concentration and ice crystal size. Salt species and concentration of the SCC’s dispersing medium affected SCC IRI ability, showing a loss of activity in PBS and in 180 mM NaCl at all concentrations as for other reported small ice recrystallization inhibitors. SCC did not display ice binding in the sucrose sandwiching assay indicating its IRI is independent of thermal hysteresis or ice binding. SCC did not have unique self-assembly or surface orientation as measured by SAXS and VSFG but had more bound water in 10 mM NaCl at the air-water interface in comparison to 180 mM NaCl and PBS likely related to charge screening of the dispersing mediums. SCC demonstrated ability to prevent the crystallization of ice by MD simulation, supporting our experimental findings. Further, while SCC possessed IRI in 10 mM NaCl it did not show cryoprotective ability for THP-1 cells. Thus, we discovered and characterized for the first time, a novel food safe anti-freeze agent with potent IRI in 10 mM NaCl for potential use in low salt food applications. 
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[bookmark: _Toc164621770][bookmark: _Toc289175833]Table 3.1 IRI activity of SCC in PBS, 10 mM NaCl, and 180 mM NaCl				
Solvent	                     % Concentration of SCC (w/v)	                    % FD relative to PEG	
PBS				4				98.8 ± 0.2		
				2				109.1 ± 7.8
				1				111.9 ± 7.1
				0.1				101.1 ± 1.4		

10 mM NaCl			4				30.0 ± 1.3
				2				34.8 ± 1.5
				1				87.1 ± 8.3
				0.1				71.7 ± 0.3

180 mM NaCl			4				130.9 ± 0.3
				2				282.5 ± 12.2
				1				206.9 ± 5.2
				0.1				225.4 ± 9.5			
The % FD relative to PEG represents the mean Feret’s maximum diameter of the sample relative to the PEG control at the same concentration. ± indicates the standard deviation of replicate splat assay measurements. 
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[bookmark: _Toc164622815]Figure 3.1. Microscopic images of SCC IRI activity measurements in different concentrations and media.
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[bookmark: _Toc164622816]Figure 3.2. Sucrose sandwiching ice crystal morphology influenced by SCC showing no ice binding.
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[bookmark: _Toc164622817]Figure 3.3. SAXS profile of 0.5% SCC in 180 mM NaCl, 10 mM NaCl and PBS, showing no apparent difference.
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[bookmark: _Toc164622818]Figure 3.4. Guinier analysis of 0.5% SCC in 180 mM NaCl (a), PBS (b), and 10 mM NaCl (c), showing no apparent differences in SCC size.
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[bookmark: _Toc164622819]Figure 3.5. Guinier analysis of 2% (a) and 4% SCC (b) in 1x PBS displaying extreme aggregation seen in the residual plot demonstrating SCC propensity to aggregate at IRI active concentrations. 
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[bookmark: _Toc164622820]Figure 3.6. Critical micelle concentration of SCC in 10 mM NaCl, 180 mM NaCl, and 1x PBS. 
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[bookmark: _Toc164622821]Figure 3.7. Distance distribution of 0.5% SCC in 10 mM NaCl (a), 180 mM NaCl (b), and 1 x PBS (c) showing no apparent differences in SCC shape. 
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[bookmark: _Toc164622822]Figure 3.8. VSFG spectra of SCC in different dispersing media in the SSP polarization state displaying a strong water peak in 10 mM NaCl. 
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[bookmark: _Toc164622823]Figure 3.9. VSFG spectra of SCC in different dispersing mediums in the PPP polarization state showing large signal intensity.
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Description automatically generated]Figure 3.10. Snapshots from MD simulation including and excluding SCC displaying ice formation in the simulation box when SCC is not present after 20 ns. 
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[bookmark: _Toc164622825]Figure 3.11. Percentage of ice crystals present in the water box during MD simulation displaying SCC’s ability to prevent ice formation when present in the system.
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[bookmark: _Toc164622826]Figure 3.12. Microscopic pictures of THP-1 macrophages after PMA-differentiation used to determine viability for 5% SCC freezing media treatment (a), 1% SCC freezing media treatment (b), viable THP-1 cells with 5% SCC added (c), and DMSO freezing media treatment control (d).
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CONCLUSION
We have fully demonstrated the novel identification, creation, and characterization of anti-freeze agents through the development of an automated IRI screening and quantification protocol; through the creation of new anti-freeze agents from bio-based sources by IMAC; and by the discovery and elucidation of sodium copper chlorophyllin’s (SCC) IRI activities and its dispersing medium-modulated mechanisms therewithin. Automated ice crystal segmentation analysis using Cellpose and Fiji is adaptable to both the splat and sucrose sandwiching assays and provides additional parameters to better quantify the ice population. This process reducing the labor input needed to screen potential anti-freeze agents allows for a higher throughput of evaluated IRI agents while providing a more statistically robust measurement sensitive to a wide variety of diverse crystal shapes, sizes, and light conditions.
Furthermore, we have demonstrated for the first time, the ability of Ni2+ IMAC to fractionate protein hydrolysates by their amino acid residues to create peptide mixtures possessing IRI activity. Though the exact source of the newly realized IRI could not be attributed to molecular weight, secondary structure, sodium ion content, or amino acid composition, Ni2+ IMAC fractionated pulse peptide mixtures displayed clear, repeatable, and significant promotion of IRI activity from their inactive starting material. Thus, Ni2+ IMAC fractionation has been identified as a novel treatment that is capable of producing bio-based IRI agents from non IRI active source materials, such as soy, pea and chickpea protein hydrolysates.  
Finally, we have discovered a new food-safe IRI agent from biomass, sodium copper chlorophyllin, that displayed potent IRI in 10 mM NaCl. Like other small molecule IRI agents, we discovered that SCC did not possess IRI activity in 180 mM or 1x PBS, and that its mode of action was independent of ice binding/shaping. SCC IRI in 10 mM NaCl was not attributed to its self-assembly, or due to its unique ordering at the model ice water interface distinct from its structure in 180 mM NaCl and PBS. We determined SCC was unable to preserve THP-1 macrophages under long term cold storage but did not possess anti-microbial activity. Thus, we have discovered and characterized for the first time, SCC IRI activities that may be applicable for use in frozen food systems. 
Future investigation may serve to further expand this body of work by the continued development and understanding of IMAC as a source of inducing IRI activity. Further characterizations of the molecules used in our study by monitoring their behavior at the ice-water interface in a time and temperature dependent manner, unavailable to us resulting from current limiting characterization methods, may also reveal new insights. In conclusion, our findings have addressed the current needs in the area of cryopreservation through the advancement of the screening, creation, discovery, and characterization of anti-freeze compounds for their implementation into frozen food systems or for use in biomedical research. We expect that our findings will allow for and facilitate more rapid discovery and creation of compounds possessing IRI for the long-term frozen storage of foods and biomedical materials. 
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