Hempseed Hydrolysates Exhibit Antioxidant Activity in Food Model Systems







A Thesis Presented for the
Master of Science
Degree
The University of Tennessee, Knoxville




Brynn Shannon Angeletti
May 2025








ACKNOWLEDGEMENTS

I would first like to thank my major advisor, Dr. Toni Wang, and my committee members, Dr. Vermont Dia, and Dr. Qixin Zhong for their unlimited guidance throughout my graduate program. I would like to emphasize my gratitude for Dr. Wang’s role in becoming a better researcher both inside and outside of the lab. Dr. Wang’s support and guidance enabled me to push the boundaries Dr. Wang’s guidance helped my confidence grow as a food scientist. I’d also like to thank the University of Tennessee Food Science Faculty and Staff, particularly Phillipus Pangloli and the administration staff, for always being there to give a helping hand whenever need be. I would not have been able to move forward without the help of Phillipus and his knowledge of food science equipment, especially the GC and HPLC. I’d like to thank the National Institute of Food and Agriculture United States Department of Agriculture for funding my thesis projects and enabling me to move forward with my research. Additionally, I appreciate all the support from my lab mates, specifically Bingqi Chen, Duy Trinh and Mary Anna Chester, who have helped me in numerous ways such as trouble shooting experimental problems and completing data analysis. Finally, I’d like to thank my friends and family who have encouraged me every step of the way and picked me up when I fell. They supported my persistence and the constant drive I felt throughout my graduate program to execute everything to the best of my abilities. 



ABSTRACT
	It has been previously determined that many types of protein hydrolysates exhibit antioxidant activity due to their reduced molecular weight and bioactive components. However, the antioxidant efficacy of hempseed hydrolysates when incorporated into food model systems remains unknown. It is pertinent to inhibit lipid oxidation in food systems to prevent quality deterioration, oxidative rancidity and a decrease in shelf life. The research objective of the first chapter was to determine the antioxidant efficacy of hempseed hydrolysates in an antioxidant screening and a nanoemulsion system. The antioxidant efficacy of various hempseed hydrolysate products was determined, and the most effective hempseed hydrolysates were selected to incorporate into a nanoemulsion system. Hydrolysates referred as AHM10 and AHPI10 exhibited the ability to act as antioxidants through mechanisms such as metal chelation, hydrogen atom donation and single electron transfer. AHM10 and AHPI10 were incorporated into nanoemulsions systems, and the change in oxidation over time under accelerated conditions were quantified to determine the ability of these hempseed hydrolysates to inhibit lipid oxidation. Their applicability in food systems could be observed as they acted in a dose dependent manner. Overall, 0.5% AHM-10 and AHPI-10 was proven to be most effective and are applicable to inhibit oxidation in food systems.
The second chapter of this research further allows for the observation of AHM10 and AHPI10 to act as antioxidants in ground meat. Beef and turkey meatballs were prepared with the incorporation of AHM10 and AHPI10 at 0.4% to determine their effect on lipid oxidation levels across 14 days under refrigerated conditions. The quantification of oxidation products showed hempseed hydrolysates’ ability to inhibit lipid oxidation. Fatty acid composition allowed for a better understanding of the lipid profile of both meat systems. Sensory analyses were completed to determine the effect of hempseed hydrolysates on the organoleptic properties of the meat. The antioxidant efficacy of AHM10 was proven to be equivalent or better to that of synthetic antioxidants. Overall, AHM10 has applicability in food systems, particularly in beef, to protect lipid containing products against oxidation.
Key words: Hempseed meal (HM), hempseed protein isolate (HPI), protein hydrolysate, antioxidant efficacy, peroxide value (PV), thiobarbituric acid reactive substances (TBARS)
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[bookmark: _Toc196147299]Lipid Oxidation
Fats, or lipids, are a major macronutrient necessary for biological function (Shahidi et al, 2010; Shahidi et al, 2011; Wang et al, 2023). Lipid oxidation is a naturally occurring process of reactions that occurs in any lipid containing system. The inhibition of lipid oxidation has been a primary focus of research as oxidation induces negative effects in food systems and within the body such as cardiovascular disease and cancer (Shahidi et al, 2011). There are a variety of catalysts that initiate the onset or increase the rate of lipid oxidation. These include the presence of light, heat and transition metal ions (Frankel, 1980; Hadidi et al, 2022; Shahidi et al, 2011; Zhou et al, 2013) such as iron. These catalysts allow for the classification of oxidation, more specifically being autooxidation, photo-oxidation or enzymatic oxidation. 
There are three steps in which autooxidation proceeds including initiation, propagation and termination (Hadidi et al, 2022; Shahidi et al, 2011). It is generally known that initiation includes the production of radicals, propagation is associated with an increase in reactive compounds and the termination stage is where the reactive compounds degrade to form non-radical compounds (Wang et al, 2023). More specifically, the initiation stage of oxidation is where an unsaturated fatty acid loses a hydrogen atom to generate the formation of an alkyl radical (Frankel, 1980; Hadidi et al, 2022). The susceptibility of unsaturated fatty acids to lose a hydrogen atom is “dependent on the allylic hydrogens for reactions with peroxy radicals” (Frankel, 1980). Additionally, an increase in double bonds will increase the susceptibility of a lipid to oxidize. Propagation is the second stage where the formed alkyl radical reacts with oxygen to generate highly reactive peroxide radicals (Hadidi et al, 2022). Peroxide radicals are able to react with unsaturated fatty acids to form primary oxidation products such as hydroperoxides and additional alkyl radicals (Hadidi et al, 2022). Hydroperoxides decompose to form secondary oxidation products such as aldehydes and ketones which are volatile and aromatic (Hadidi et al, 2022) contributing the off odors and flavors associated with oxidized lipids (Jin et al, 2021). The chain reactions of free radicals further increase the rate of lipid oxidation. The final phase of lipid oxidation is the termination stage in which non-radical compounds are produced and stop the continuation of the propagation step (Hadidi et al, 2022). 
[bookmark: _Toc196147300]Preventing Lipid Oxidation in Food Products
Fresh food products with desirable flavor and color are appealing to consumers although various chemical reactions occur during the processing and storage of food products that impose negative affects to these attributes. A primary cause of quality deterioration and decreased shelf life is autooxidation in food products (Hadidi et al, 2022; Wang et al, 2023). Autooxidation in food products is the main process for lipid oxidation to occur due to the presence of unsaturated fatty acids which come in contact with oxygen to produce primary and secondary oxidation products (Hadidi et al, 2022). Food waste significantly increases due to the decrease in quality and consumer acceptability of food products caused by lipid oxidation (Hadidi et al, 2022). Oxidation is naturally induced during storage of lipid containing foods or during processes such as cooking which increases the rate of oxidation due to catalysis by heat. In addition to the negative effects that lipid oxidation products pose for the quality of food products, these products additionally cause biochemical reactions within the human body (Wang et al, 2023) and increase oxidative stress in cells. 
The shelf life of food products is associated with the oxidative stability of the lipids present (Wang et al, 2023) making the inhibition of oxidation pertinent. The use of antioxidants is the main strategy in which autooxidation is prevented or retarded (Frankel, 1980; Hadidi et al, 2022; Wang et al, 2023) Antioxidants are the most economical and effective method to stabilize free radicals in lipid containing systems (Shahidi et al, 2011). These antioxidants interfere with the initiation and propagation steps of lipid oxidation (Frankel, 1980) to slow the rate of reactions and production of secondary oxidation products. Primary antioxidants are those that act through free radical scavenging mechanisms such as butylated hydroxyanisole (BHA) and tert-butyl hydroquinone (TBHQ). One limitation in the use of these primary antioxidants is that their efficacy deteriorates at high temperatures (Frankel, 1980). Metal chelators such as ethylenediaminetetraacetic acid (EDTA) are known as secondary antioxidants which act by coordinating with transition metal prooxidants which increase the rate of lipid oxidation (Frankel, 1980). Due to the potential toxic (Jin et al, 2021) and carcinogenic effects (Hassanpour et al, 2023; Ribeiro et al, 2019) of synthetic antioxidants such as those previously mentioned, the use of natural antioxidants has become more popular in food production (Hadidi et al, 2022; Wang et al, 2023). 
[bookmark: _Toc196147301]Peptides Act as Antioxidants
There has been an increase in demand for natural sources of safe and inexpensive antioxidants to replace synthetic ingredients (Sampaio et al, 2012; Zhou et al, 2013). Protein hydrolysates are one natural source that have been found to supply various beneficial physicochemical and functional characteristics (Tang et al, 2023). Protein hydrolysates are prepared by enzymatic hydrolysis or microbial fermentation of a protein source (Tang et al, 2023) and contain bioactive peptides that enhance food products (Chen et al, 2023). It has been found that hydrolysis of protein sources can increase the antioxidant properties of these proteins (Peña-Ramos et al, 2003). There are a variety of protein sources that produce bioactive peptides such as rice protein hydrolysates (Zhou et al, 2013), whey protein hydrolysates and soy protein hydrolysates (Peña-Ramos et al, 2003). Research has shown these peptides to act through various mechanisms such as free radical scavenging, transition metal chelation (Zhou et al, 2013 and sacrificial protein oxidation (Peng et al, 2010). Antioxidant activity of hydrolysates is thought to be due to their peptide size and composition (Carrasco-Castilla et al, 2012). Protein hydrolysates have been shown to have comparable antioxidant efficacy to their synthetic alternatives (Peña-Ramos et al, 2003) in addition to being more effective and economical (Shahidi et al, 2015). A few limitations to using protein hydrolysates include the potential to contribute a bitter flavor, low chemical stability and short-term efficacy (Tkaczewska, 2020).
[bookmark: _Toc196147302]Hempseed Protein Hydrolysates as an Alternative to Synthetic Antioxidants
The 2008 Farm Bill allowed for the cultivation of industrial hempseed with a required level of Δ9-tetrahydrocannabinol (THC) below 0.3%. This has allowed for research on this sustainable crop to expand as it contains a high amount of oil (30%) and protein (24%) (Saad et al, 2023) which enhances its potential as an alternative food ingredient. Hempseed protein hydrolysates have previously exhibited antioxidant activity (Girgih et al, 2010) thought to be due to its high protein content (Chen et al, 2024) and bioactive components (Chen et al, 2025). Although, there has never been research on hempseed meal which is a waste product from protein extraction when preparing hempseed protein isolate. Additionally, the use of hempseed protein hydrolysates in food systems has not yet been determined and is necessary to complete to close the knowledge gap in terms of hempseed protein hydrolysates as an antioxidant in food products. 
Chapter one will include the antioxidant screening of three hempseed hydrolysate products when hydrolyzed by three different enzymes. Two hempseed hydrolysates were then selected based on the antioxidant screening results to incorporate into a nanoemulsion system under accelerated oxidation conditions. The objectives of chapter one includes determining the antioxidant efficacy of three hempseed hydrolysate products when prepared with three different enzymes as well as to examine the antioxidant activity of the two selected hempseed hydrolysates in an oil-in-water nanoemulsion system under accelerated oxidation conditions. The hypothesis of chapter one is that the hempseed hydrolysates will exhibit antioxidant activity dependent on their molecular weight and the concentration in which they are used at. Chapter one provides insight to chapter two on which hempseed hydrolysates to incorporate into meat systems. 
Chapter two includes the incorporation of the two previously selected hempseed hydrolysates at a specific concentration in ground beef and turkey meats. The objective was to determine the antioxidant efficacy of the two selected hempseed hydrolysates in beef and turkey meatballs under refrigerated conditions over a 14-day period. Additionally, sensory analysis was completed to determine the potential effect that the hempseed hydrolysates had on the organoleptic properties of the beef and turkey meatballs. The hypothesis of the second chapter is that the two selected hempseed hydrolysates will exhibit antioxidant activity depending on the concentration used and will not generate negative sensory attributes again due to their low molecular weight.
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ABSTRACT
The ability of hempseed protein, a more hydrophobic protein compared to others used in similar research, used as antioxidants and their efficacy are not well explored. This report aims to demonstrate the antioxidant efficacy of hydrolysates of hempseed meal (HM) and hempseed protein isolate (HPI) prepared at pH 10 and 12 as affected by enzymatic hydrolysis and their ability to prevent lipid oxidation of oil-in-water (O/W) nanoemulsion. Two hempseed hydrolysates by Alcalase, AHM10 and AHPI10, exhibited antioxidant ability through single electron transfer mechanism (23% and 21% free radical inhibition) at 5 mg/mL, hydrogen atom donation mechanism (293 and 363 µmol Trolox eq./g sample) at 1 mg/mL, and iron (54% and 41%) and copper chelating (64% and 74%) at 10 mg/mL. AHM10 showed the most effective antioxidant activity at 0.5% concentration in nanoemulsions stored at 40C for 7 days. More specifically, 0.5% AHM10 maintained PV and TBARS below 14.68 meq hydroperoxides/kg oil and 4.14 mg MDA/kg oil, respectively, the lowest values compared to all other treatments. Molecular weight and compositional differences, such as phytic acid content, contributed to AHM10’s high antioxidant ability. This is the first study that reports the protein extraction residue had better antioxidant potential compared to protein isolate. Overall, hemp hydrolysates have potential applications in food systems as they provide a more natural and effective antioxidant alternative to synthetic agents.
Key words: Hempseed meal (HM), hempseed protein isolate (HPI), protein hydrolysate, antioxidant efficacy
[bookmark: _Toc196147306]INTRODUCTION
It is commonly known that lipid oxidation in food systems generates free radicals which produce rancidity and leads to quality deterioration in food products. It has been previously reported that peptides such as common bean protein hydrolysates (Carrasco-Castilla et al, 2012) and soy protein isolate hydrolysates (Castro et al, 2013) exhibit antioxidant abilities potentially due to their peptide size and composition (Carrasco-Castilla et al, 2012). Protein hydrolysates have been found to inhibit oxidation in food systems through mechanisms such as free radical scavenging, metal chelation (Elias et al, 2008; Tang et al, 2009; Torres-Fuentes et al, 2012) and sacrificial protein oxidation (Peng et al, 2010). Hempseed protein hydrolysates are known to possess antioxidant activity (Girgih et al, 2010). However, the antioxidant activity of industrial hempseed protein isolate (HPI) and its corresponding meal (HM), a residue from protein extraction, as affected by protein isolation and enzymatic hydrolysis conditions, and particularly in nanoemulsion systems has not been determined. 
The 2008 Farm Bill has allowed hempseed cultivation for industrial use and expanded research on this sustainable crop. The movement towards more “natural” and “clean label ingredient” foods by consumers is a main driver as to why the antioxidant efficacy of hempseed protein hydrolysates is pertinent to study to allow for their incorporation in food systems. These products, if proven effective, can replace synthetic primary antioxidants such as butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT) which pose risk of toxicity (Gulcin et al, 2010; Wen et al, 2020) and carcinogenicity (Hassanpour et al, 2023). Hempseed meal (HM) is a waste product from hemp protein isolate (HPI) extraction. When this co-product is also used in food systems, it would increase the sustainability of hempseed production system. Additionally, if hydrolysis of HPI and HM increases antioxidant efficacy, this will be a  low cost and low energy method with high practicability (Wen et al, 2020). This study is important as using alternative protein hydrolysates to replace synthetic antioxidants would reduce risk to human health. Even though it is outside the scope of this study, the uniqueness of hemp protein and it’s hydrolysates may lie in its relatively low water solubility that may lead to unique antioxidant activity that stems from the well-known antioxidant polar paradox. Additionally, the hemp protein extraction residue, i.e. the meal, still has high content of protein and is a rich source of phytochemicals (Chen et al, 2024), the study of this fraction may bring interesting findings. 
For this study, it is hypothesized that enzymatic hydrolysis of HPI and HM will result in whole hydrolysates with varying antioxidant activities. The objective of this study is to determine the antioxidant efficacy of hydrolysates derived from HM10, HPI10 and HPI12 by using antioxidant screening tests. Following the antioxidant screening, the nanoemulsion oxidation experiment was performed with the objective of examining the antioxidant activity of selected hempseed hydrolysates in oil-in-water (O/W) nanoemulsion systems under accelerated oxidation conditions. Four antioxidant methods were used to evaluate the antioxidant efficacy of hempseed protein hydrolysate products at three concentrations. These methods included 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, oxygen radical absorbance capacity (ORAC), iron and copper chelating assays. Additionally, two accelerated oxidation trials on nanoemulsions containing two different concentrations of ferrous chloride (394 μM and 100 μM) and hempseed hydrolysates were completed to observe the change in primary and secondary oxidation products over time by peroxide value (PV) and thiobarbituric acid reactive substances (TBARS) assays, respectively. The study of lipid oxidation in the presence of hempseed protein hydrolysates was compared to a selected primary and secondary antioxidants such as BHA and EDTA, respectively. If proven effective in these systems, we can further study their efficacy in food models that may lead to the incorporation of hempseed hydrolysates into “clean label” based food products, such as processed meats. 
[bookmark: _Toc196147307]MATERIALS AND METHODS
[bookmark: _Toc196147308]Materials
Preparation of hempseed hydrolysate products was performed according to a previous study (Chen et al, 2024). Hempseed hearts were defatted through hexane extraction to generate defatted hempseed. The defatted hempseed then underwent protein extraction at pH 10 or 12 to increase the solubility of the protein. After centrifugation, the precipitate was collected and considered hempseed meal (HM). The supernatant was then precipitated at the isoelectric point of pH 5 and centrifuged to generate hempseed protein isolate (HPI). Both HM and HPI were hydrolyzed for 30 min by Alcalase (A), bromelain (B) and trypsin (T) to generate 12 products considered HM10 (A/B/T), HM12 (A/B/T), HPI10 (A/B/T) and HPI12 (A/B/T). Each enzymatic treatments had three replications. 
Vegetable (soybean) oil was purchased from Publix grocery store (Knoxville, TN, USA). Trypsin, Alcalase and bromelain were purchased from Thermo Fisher Scientific (Ward Hill, MA, USA), EMD Millipore Corp. (Billerica, MA, USA) and MP Biomedicals (Solon, OH, USA), respectively. The HPLC standard was created using analytical grade albumin, aprotinin, glucagon, bradykinin acetate, bradykinin 1-5, glutathione and glycine, all purchased from Sigma-Aldrich (St. Louis, MO, USA). Silica gel 60 (70-230 mesh) was purchased from Thermo Fisher Scientific (Ward Hill, MA, USA). All reagents and chemicals were purchased from Thermo Fisher Scientific (Ward Hill, MA, USA) and Sigma-Aldrich (St. Louis, MO, USA).
[bookmark: _Toc196147309]Antioxidant Screening of Hempseed Hydrolysates
High Performance Liquid Chromatography-Size Exclusion Chromatography (HPLC-SEC) to Determine Average Molecular Weight of the Protein Hydrolysates
Hydrolysate samples were subjected to protein extraction prior to analysis by the HPLC-SEC. A solution of 0.1M NaOH (1 mL) was added to each sample of HM10, HM12, HPI10 and HPI12 (10 mg). Samples were vortexed for 1 hour and then centrifuged for 30 min at 10,000 rpm to obtain the supernatants. Samples were then diluted 10x using HPLC water to achieve a final apparent concentration of 1 mg/mL. Hempseed protein hydrolysate samples were filtered (0.45 µm) into HPLC vials and run in the HPLC-SEC against a set of known standards including albumin, a mixed standard solution and glycine. Peptides in hydrolysates were separated by using a 1200 Agilent HPLC system (Agilent Technologies, Santa Clara, CA, USA) as described by a previous study (Chen et al, 2024). The HPLC column used was BioSep-SEC-2000 column (300 x 7.80 mm, Phenomenex, Torrance, CA, USA). Samples were eluted with the mobile phase of 45% acetonitrile with 0.1% trifluoroacetic acid. The specific paremters used are: 10 µL injection volume, 1.0 mL/min flow rate, 20 min running time at room temperature. Data was collected at 214 nm detector wavelength. The average molecular weight of each sample was then determined using the standards based on the peaks and the percent area of each fraction. Average values were determined for three replicate analyses of each hempseed hydrolysate product. The analysis was performed for the three independent hydrolysis treatments.
DPPH Assay to Screen Free Radical Scavenging Ability
DPPH, a common antioxidant activity screening method, was used to evaluate free radical scavenging ability (Rumpf et al, 2023) primarily through the single electron transfer mechanism (Schaich et al, 2014; Shahidi et al, 2014). This method examines the effect of antioxidant compounds on the production of 2,2-diphenyl-1-picrylhydrazyl- free radicals (Saad et al, 2023) by observing the loss in purple color of the free radical (Schaich et al, 2014). Prior to DPPH evaluation, hempseed protein hydrolysates were dispersed using distilled (DI) water (20 mg/mL dry weight basis). Following dispersion and hydration, hempseed protein hydrolysates were diluted using DI water to achieve a starting concentration of 1, 2, and 5 mg/mL (Saad et al, 2023) as multiple concentrations should be evaluated for accurate representation of antioxidant potential (Schaich et al, 2014). Additionally, a 100 μM solution of DPPH was prepared in methanol. Hempseed protein hydrolysate samples were measured against a blank solution of 1x phosphate buffer solution (PBS). The blank underwent the same conditions as hempseed protein hydrolysate samples for experimentation.  Following dilution of hempseed protein hydrolysate dispersions, 100 μL of each hempseed protein hydrolysate supernatant was plated in triplicate in a clear 96-well plate. An equal volume of 100 μM DPPH solution was added to each sample well and then incubated in the dark for 30 min at room temperature. A second plate containing 100 μL of sample and 100 μL of methanol was also prepared as a reference and underwent the same incubation conditions. The absorbance of both plates was read at 517 nm using a microplate reader (BioTek Epoch Microplate Spectrophotometer, Santa Clara, CA, USA) and the percent inhibition was calculated using the following equation below. The DPPH assay was performed in at least three independent treatment replicates.  

ORAC Method to Screen Antioxidant Ability via Hydrogen Atom Transfer
The Oxygen radical absorbance capacity (ORAC) assay that evaluates the inhibition of peroxyl radicals generated by oxidation commonly found in food systems (Shahidi et al, 2014) was performed. This method evaluates antioxidants function by the hydrogen atom transfer mechanism (Schaich et al, 2014; Shahidi et al, 2014). Peroxyl radicals are produced by the addition of an azo compound and fluorescence is measured over time using a target compound such as fluorescein. The loss of fluorescence is measured with the addition of antioxidants (Schaich et al, 2014) in comparison to a blank solution. The same hempseed protein hydrolysate dispersions as for DPPH were used. Sample dispersions were further diluted 100 times by phosphate buffer solution (PBS) pH 7.4. The fluorescein working solution (75 mM) was prepared in PBS and a 0.15M (41.5 mg/mL) 2,2’ azobis(2-amidonpropane) dihydrochloride solution was prepared. In a black 96-well plate, 150 μL of fluorescein working solution was plated in each well. Following addition of fluorescein working solution, hempseed protein hydrolysate samples were mixed thoroughly and plated in duplicate (25 μL). Additionally, 25 μL of sample blank and Trolox standard solutions (3.125-100 μM) were plated in triplicate. The plate was then covered and incubated in the dark for 30 min at 37°C. After incubation for 30 min, 25 μL of 2,2’ azobis(2-amidonpropane) dihydrochloride was added to each well and the plate was immediately read with a Synergy microplate reader (Bio-Tek, Winooski VT) using an excitation wavelength of 485 nm and an emission wavelength of 528 nm. Fluorescence was recorded every minute for 2 hours at 37°C and ORAC values were determined using the area under the curve (AUC) for each sample. Net AUC of each sample was then determined using the following equation (Huang et. al, 2009; Dudonné et. al, 2009; Zheng et. al, 2012). By using the Trolox standard curve, ORAC values were quantified and reported in μmol Trolox equivalent per gram of sample. ORAC was performed in at least three independent treatment replicates.  

Iron Chelating Capacity of Hempseed Hydrolysates
The iron chelating method which utilizes ferrous chloride that allows for the binding of iron by a metal chelator and the remaining iron to react with ferrozine to generate a purple-colored complex (Santos et al, 2017) was used. Greater binding by a metal chelator reduces the free iron in the system and can be observed by a reduction of the color generated. The iron chelating method was performed following the method by Girgih et al, (2010). A 2 mM ferrous chloride (FeCl2) solution was prepared in addition to a 5 mM ferrozine solution. The same hempseed protein hydrolysate samples as described above were screened at a concentration range of 1, 3, 5, and 10 mg/mL. A standard curve using ethylenediaminetetraacetic acid (EDTA) disodium salt in a range of 0-1 mg/mL was prepared for comparison against hempseed hydrolysate samples. The ferrous chloride solution (50 μL) was added to 1 mL of hempseed protein hydrolysate clear supernatant or standard samples in addition to 1.85 mL DI water. A blank solution of DI water (1 mL) was also prepared and follows the same procedure of reagent addition and experimental conditions. An aliquot of ferrozine (100 μL) was then added to each sample or standard mixture to begin the color reaction. Samples were vortexed and incubated for 10 min at room temperature. Following incubation, 200 μL of sample were plated in triplicate in a clear 96-well plate. The absorbance was read at 562 nm using the same microplate reader and the percentage of iron chelating ability was calculated using the following equation. The iron chelating efficacy relative to EDTA was also calculated using the percent chelating vs. concentration relationship slope for each hempseed protein hydrolysate sample and slope of the EDTA standard curve. Iron chelating ability was performed in at least three independent treatment replicates. 

Copper Chelating Ability of Hempseed Hydrolysates
The copper chelating method that utilizes copper sulfate to allow for the binding of copper by a metal chelator was used. Greater binding by a metal chelator will reduce the free copper in the system to react with pyrocatechol violet that can be observed by a reduction of the blue color generated. The copper chelating method was performed following the method by Narmuratova et al, (2022) with slight modifications. Reagent preparation included a 2 mM copper (II) sulfate (CuSO4) solution, a pyridine solution (10% v/v) and pyrocatechol violet (0.1% w/v). The same hempseed protein hydrolysate dispersions were used as previously described for iron chelating. Additionally, an EDTA standard curve in a range of 0.48-1.0 mg/mL was made as comparison against the hempseed hydrolysate samples following the same experimental conditions. A mixture of CuSO4 (200 μL), pyridine (200 μL) and pyrocatechol violet (20 μL) were prepared and vortexed. Hempseed protein hydrolysate supernatant (1 mL) or standard solutions (200 μL) were then added to the reagent mixture to allow for the metal chelation reaction to occur. A blank was also prepared using 1 mL DI water and the same conditions used for samples during experimentation was followed. Sample and standard mixtures were incubated for 2 min at room temperature in the dark. After incubation, samples were plated (200 μL) into a clear 96-well plate and the absorbance was measured at 632 nm using a microplate reader. Copper chelating ability was calculated using the same equation as for iron chelating. The copper chelating efficacy relative to EDTA was also calculated as the same way for iron chelating. Copper chelating ability was performed in at least three independent treatment replicates. 
[bookmark: _Toc196147310]Preparation of Hempseed Hydrolysates for Accelerated Oxidation in Nanoemulsion Systems
Preparation of Hempseed Meal and Hempseed Protein Isolate by Alcalase Hydrolysis to Generate AHM10 and AHPI10 Hydrolysates for Lipid Oxidation Studies
The Alcalase enzyme was utilized to hydrolyze HM-10 and HPI-10 based on antioxidant screening results. Preparation of hydrolyzed HM and HPI was performed according to Chen et al, (2024). To hydrolyze the prepared HM-10 and HPI-10 samples, a 50 mL centrifuge tube was used to suspend 2.5 g of HM-10 and HPI-10 in 25 mL of DI water at Alcalase’ optimum pH (8.0) and was stirred in a cold room overnight. HM-10 and HPI-10 suspensions were then placed in a water bath at Alcalase’ optimum temperature (55C) to equilibrate before adding the enzyme to the suspension at a concentration of 0.1% w/v. The HM-10 and HPI-10 suspensions were hydrolyzed with Alcalase for 30 min, boiled for 10 min to inactivate the Alcalase enzyme and then placed in the freezer at -40C. After freezing, AHM-10 and AHPI-10 samples were lyophilized for 5 days. 
Purification of Vegetable (Soybean) Oil for Incorporation into O/W/ Nanoemulsions by Silica Column Separation
Purification of the soybean oil was performed to remove naturally occurring antioxidants and to have a faster oxidation rate. A preparative chromatography column that was previously dried (100 °C overnight) was filled with 100 g of silica gel 60, 0.060-0.2 mm (70-230 mesh). The column was primed with 200 mL of hexanes. Vegetable (soybean) oil (100 g) in hexanes (~10%) was loaded and passed through the column under slight vacuum. The column was then eluted with a total of 600 mL ethyl ether-hexanes (1:5 v/v). The collected mixture was then desolventized using Buchi roto-evaporator. The oil was then transferred to test tubes, purged with nitrogen, and stored in the refrigerator at 4C for nanoemulsion formation.
Nanoemulsion Preparation by Microfluidization
Nine O/W nanoemulsions were prepared to study the effects of two hempseed protein hydrolysates hydrolyzed by Alcalase (AHM10 and AHPI10) on the degree of lipid oxidation over a seven-day period. Emulsions were prepared by dissolving Tween 80 (10% w/v) in the aqueous DI water phase (90% w/v) followed by the addition of purified soybean oil (10% w/v) to produce a coarse emulsion stock dispersion (650 mL) by homogenizing for 1 min at 5000 rpm. The nanoemulsion was made by passing the coarse emulsion through a microfluidizer (LM20 Microfluidizer, Westwood, MA, USA) at 30,000 psi with four passes. The control nanoemulsion (50 mL) was then taken and ferrous chloride (50 ppm, equivalent to 394 μM based on the whole system) was added to the remaining nanoemulsion. The eight remaining nanoemulsions were separated (50 mL) and additional components were added to each nanoemulsion. More specifically, an EDTA (100 ppm based on the whole system) nanoemulsion was prepared along with AHM-10 and AHPI-10 containing nanoemulsions at a range of 0.1-0.5% based on the whole system for each hydrolysate. The nanoemulsions underwent accelerated oxidation at 40C for seven days in a forced air oven with a water reservoir to avoid moisture loss. Nanoemulsion samples (2 mL) were taken daily, purged with nitrogen and stored in the freezer. Following oxidation sampling, peroxide value (PV) and thiobarbituric acid reactive substances (TBARS) were performed on day 7 to quantify primary and secondary oxidation products, respectively, in each nanoemulsion. Preparation of nanoemulsions using a lower concentration of ferrous chloride (12.6 ppm, equivalent to 100 µM) too further detect treatment differences at a milder prooxidant condition. The nanoemulsions were prepared following the same procedure as previously described but additional treatment of a BHA control (200 ppm based on oil) as suggested by the Food and Drug Administration regulations and a lower concentration of AHM-10 at 0.05% were included. 
[bookmark: _Toc196147311]Quantification of Accelerated Oxidation of O/W Nanoemulsions Containing Hempseed Hydrolysates
Peroxide Value (PV) Determined by the Ferrous Thiocyanate Method to Determine Primary Oxidation Products
Lipid hydroperoxide value by the ferric thiocyanate method quantifies the concentration of primary lipid oxidation products by a colorimetric method. This method quantifies the oxidation of ferrous iron to ferric iron by hydroperoxides and allows for a red color to generate. Potassium thiocyanate solution (3.94 M) was prepared in HPLC water, and a ferrous sulfate solution (35.9 mM) was made by dissolving ferrous sulfate pentahydrate in HPLC water followed by the addition of 1 mL of 10N HCl. A solvent solution of 2:1 chloroform: methanol (CHCl3: MeOH) was also prepared. All reagents were deoxygenated by purging with nitrogen gas. The cumene hydroperoxide (CuOOH) standard curve was prepared using a 100 μM stock solution and standard solutions were made by adding varying volumes of cumene hydroperoxide stock solution to different volumes of 2:1 chloroform: methanol achieving a concentration range of 0-10 μM. Additionally, an aliquot (10 μL) of each nanoemulsion was taken and diluted by 2 mL of CHCl3: MeOH to achieve a final oil concentration below 5 mg/mL. A reagent blank was prepared using 2 mL CHCl3: MeOH and follows the same conditions as standard and sample solutions. Following standard curve and sample preparation, potassium thiocyanate (12 μL) and ferrous sulfate solution (12 μL) were added to each sample or standard with vortexing in between their addition. Samples were then incubated in the dark for 20 min at room temperature and the absorbance was read at 510 nm using a UV-spectrophotometer (VWR UV-3100PC, Radnor, PA, USA) against the reagent blank. Using the cumene hydroperoxide standard curve, peroxide values were calculated and reported in milliequivalents of hydroperoxides per kilogram of oil. 
Thiobarbituric Acid Reactive Substances (TBARS) Determination for Secondary Oxidation Products
The TBARS assay measures the secondary lipid oxidation products, mainly but not specific to malondialdehyde (MDA), which is a compound responsible for off flavors and odors in food products (Ghani et al, 2017). A pink colored complex is generated through a heated reaction between thiobarbituric acid and MDA present in a sample. Reagent preparation included butylated hydroxy anisole (BHA) (7.2% in ethanol) and a thiobarbituric acid (TBA)/trichloroacetic acid (TCA) solution (20 mM TBA/15% TCA). Standard solutions were prepared using malondialdehyde bis (dimethyl acetal) in a range of 0-0.4 μM using varying volumes of MDA and DI water. Treatment samples were prepared by adding 25 μL of nanoemulsion samples to 225 μL of DI water. A blank was also prepared using 250 μL DI water and follows the same reaction conditions as sample and standard solutions. BHA (12.5 µL) and TBA/TCA solution (500 μL) were added to standard and sample solutions with vortexing in between their addition. The mixtures were vortexed again and incubated in a water bath for 15 min at 90 ºC allowing for the color reaction to occur. Samples were cooled for 10 min in cold water and then centrifuged at 3000 g for 15 min at 4 ºC. The absorbance of samples was then read at 531 nm against the blank solution using the same UV-Spectrophotometer as stated above. Using the MDA standard curve, TBARS values were calculated and reported in mg MDA per kilogram of oil. 
[bookmark: _Toc196147312]Statistical Analysis
Descriptive statistics were calculated by treatment and time for PV and TBARS, and by enzyme, product and concentration for DPPH Inhibition, ORAC value, and iron and copper chelating activity. Repeated measures mixed-model analysis of variance (ANOVA) was used to evaluate PV and TBARS for time, treatment and treatment-by-time differences. A linear trend effect was tested for each treatment using a custom contrast post hoc comparison across time points. A three-way ANOVA was used to evaluate DPPH Inhibition, ORAC value, and iron and copper chelating activity for enzyme, product, and concentration (mg/mL) differences. Normality of residuals and equality of variance were evaluated for all models using the Shapiro-Wilk test, Q-Q plots, Levene’s test for equality of variances, boxplots and studentized residual diagnostics. PV and TBARS values required a log-transformation, and DPPH Inhibition, iron chelating activity, and ORAC value required rank transformations to meet the normality assumption. Heterogeneous between-group variance structures were incorporated into all models to adjust for unequal group variances. Bonferroni p-value adjustments were applied to linear trend post hoc tests of the repeated measures models. Tukey-Kramer p-value adjustments were applied to post hoc tests of the three-way ANOVA models. After transformations and heterogeneous variances were applied, all statistical assumptions were met for all models. A P-value less than 0.05 was considered significant. Statistical analysis was performed using commercial software (SAS software, Version 9.4, Cary, North Carolina, Release TS1M8). 
Due to the large standard deviations generally observed in this study possibly stemming from three hydrolysis treatment replicates, the water solubility nature of the samples and the 3-way ANOVA data analysis and complex interactions among factors, only general treatment effects with P-values and some specific comparisons are made in all discussion sections. No letters that signify treatment differences are used to complicate the figure presentations. Nonetheless, all standard deviations are presented with the means. 
[bookmark: _Toc196147313]RESULTS AND DISCUSSION
[bookmark: _Toc196147314]Molecular Size of Hempseed Protein Hydrolysates
The average molecular weights and crude protein content of whole HM and HPI hydrolysates after 30 min enzymatic treatment are shown in Table 1. Overall, there are large standard deviations among the 3 independent hydrolysis replicates due to the products being mixtures with peptides of different molecular sizes. In general, HPI hydrolysates prepared with Alcalase generated the smallest molecular weight peptides ranging from 1046 ± 375 to 6184 ± 1397 Da. This is due to the broad specificity of
Table 1. Crude Protein Content and Average Molecular Weights (Da) of Each Hempseed Product Hydrolyzed by Trypsin, Alcalase and Bromelain 
	Sample 
	Crude protein content (%, w/w)
	Trypsin, 
Average MW

	Alcalase, Average MW
	Bromelain,
 Average MW

	HM10
	71.74 ± 0.45
	23752 ± 3703
	3732 ± 691
	4410 ± 732

	HM12
	16.57 ± 0.65
	7408 ± 2671
	1046 ± 375
	4266 ± 620

	HPI10
	74.79 ± 0.14
	19394 ± 2180
	3781 ± 1378
	5462 ± 650

	HPI12
	94.28 ± 0.27
	35857 ± 2870
	6184 ± 1397
	13776 ± 2202


*Crude protein content was determined by previous study (Chen et al, 2025).

Alcalase, a non-specific endoproteinase, allowing for greater degree of hydrolysis of protein into smaller peptides. Trypsin produced peptides with the largest size, up to 35857 ± 2870 Da, which was expected as it is the most specific protease and hydrolyzes proteins at the carboxylic end of both arginine and lysine residues. Additionally, HM had the lowest molecular weights for all three enzymes, especially HM obtained at pH 12 alkali protein solubilization. This may be due to the lower crude protein content of HM12 which was 16.57 ± 0.65 % (Chen et al, 2025) in comparison to HM10 (71.74 ± 0.45%), HPI10 (74.79 ± 0.14%) and HPI12 (94.28 ± 0.27%), therefore, there is a higher enzyme to substrate ratio. For antioxidant screening assays, HM12 was not included due to its low 
crude protein content. When comparing HPI10 and HPI12, it seems that protein solubilized at a higher pH was less easily hydrolyzed due to decreased solubility and had larger molecular weights for all three enzymes. It is also possible that HPI12’s protein content is higher, thus enzyme to substrate ratio is slightly lower than that of HPI10. The difference in molecular weights for each hempseed hydrolysate product may affect their antioxidant efficacy when examined using the antioxidant screening methods.
[bookmark: _Toc196147315]Free Radical Scavenging Ability Exhibited by Hempseed Hydrolysates
The DPPH method exhibits the quenching of free radicals by antioxidants through the single electron transfer mechanism (Schaich et al, 2014; Shahidi et al, 2014) and the results are shown in Figure 1. There are large variations of the treatments, particularly for the samples created by Alcalase. Descriptive analysis revealed that HPI10 hydrolyzed by trypsin had the greatest free radical scavenging ability at 26% inhibition and exhibited an expected dose dependent trend. Significant enzyme, product, concentration, and 
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Figure 1. Free Radical Quenching by DPPH Assay of Hempseed Meal (HM) and Hempseed Protein Isolate (HPI) Hydrolysates by Three Enzymes at Three Concentrations; Trypsin (T), Alcalase (A) and Bromelain (B). 












enzyme-by-product differences (P-value <.001, for all) were found in DPPH inhibition. Post hoc tests reveal that HM10 and HPI10 had significantly lower inhibition than HPI12 for both Alcalase and bromelain hydrolyzed hempseed products (P-value < 0.05, for all). AHM10 and BHM10 had significantly lower inhibition than THM10 (P-value < 0.05, for all). Additionally, THPI10 had greater inhibition than AHPI10 and BHPI10 products (P-value < 0.0001). For HPI12, Alcalase hydrolyzed HPI12 had significantly lower inhibition than BHPI12 and THPI12 (P-value < 0.0001). Overall, Trypsin generated products that had significantly greater free radical inhibition ability than Alcalase and bromelain hydrolyzed products (P-value < 0.0001) with bromelain being significantly higher than Alcalase hydrolyzed hempseed (P-value < 0.05). HPI12 products were also 
found to have significantly higher inhibition ability than HM10 and HPI10 products (P-value < 0.0001), possibly due to greater protein content. Even though statistical analyses show significant differences, these values may not be practically different enough for food applications. 
Previously, hempseed hydrolysates were measured at 1 mg/mL after hydrolysis by pepsin (Girgih et al, 2010) and its result of 5% DPPH Inhibition is much lower than that found in our hempseed hydrolysates, which may be due to the different enzyme used for hydrolysis. In addition to hempseed hydrolysates, other types of protein hydrolysates have been examined for free radical scavenging ability including Alcalase prepared walnut protein isolate which was observed to have a free radical scavenging ability exceeding 60% with 30 min hydrolysis (Chen et al, 2012). This is over two times higher
activity as observed in our hempseed hydrolysates (Figure 1), though walnut protein isolate hydrolysates were prepared at a concentration of 30 mg/mL, much higher than what was used in this study. Ultimately, trypsin hydrolyzed hempseed protein hydrolysate products were observed to have the greatest free radical scavenging ability by the electron transfer mechanism, especially in THPI10, which also exhibited a dose dependent trend.
Free radical scavenging activity may be attributed to phytochemicals present in the system. A previous study determined that THPI10 has a relatively high tannin content when compared to other enzyme treatments (Chen et al, 2025). These differences in phytochemicals can be observed in Table 2. Tannic acid has been previously reported to exhibit antioxidant activity in assays such as DPPH (Gulcin et al, 2010; Benzidia et al, 2019). Tannin is a type of polyphenol that was measured in hempseed hydrolysates and found to be highest in THPI10 at 34.8 mg/g (Chen et al, 2025). The antioxidant activity 
Table 2. Minor Components of Hempseed Hydrolysates Prepared with Trypsin, Alcalase and Bromelain Enzymes
	
	Total Carbohydrate Content 
(mg/g) 
	Total Polyphenolic Content (mg/g)
	Total Flavonoids Content (mg/g)
	Total Tannins Content (mg/g)
	Phytic Acid (g/100g)

	THM-10
	4.7
	1.8
	1.7
	19.8
	5.4

	AHM-10
	5.1
	6.3
	1.5
	16.8
	5.5

	BHM-10
	4.9
	4.2
	2.0
	25.6
	5.2

	THPI-10
	4.0
	2.1
	0.8
	34.8
	0.9

	AHPI-10
	4.8
	6.9
	1.3
	16.2
	0.8

	BHPI-10
	5.5
	5.8
	1.5
	27.1
	0.9

	THPI-12
	4.4
	1.7
	0.2
	12.5
	0.5

	AHPI-12
	4.0
	7.1
	0.4
	30.6
	0.5

	BHPI-12
	3.7
	3.4
	0.5
	10.4
	0.4


*Minor components of hempseed hydrolysates were determined by previous study (Chen et al, 2025).

of tannins is thought to be due to its “hydrophobic “core” and hydrophilic “shell” 
structure (Gulcin et al, 2010). The ability for HM10 to scavenge free radicals may also be related to other bioactive components in HM as observed in Table 2. Total polyphenol content of Alcalase prepared hempseed protein hydrolysates was higher than in products prepared by bromelain and trypsin. More specifically, total polyphenol content of AHM10 (6.3 mg/g), AHPI10 (6.9 mg/g) and AHPI12 (7.1 mg/g) were higher than bromelain and trypsin prepared hydrolysates. Polyphenols are known to inhibit the production of free radicals and directly prevent oxidation through mechanisms such as electron transfer and metal chelation (Tsao, 2010). It has been previously reported that polyphenolic compounds such as ferulic acid in black highland barley possess antioxidant activity by scavenging free radicals (Shen et al, 2016). The content of total flavonoids, a polyphenol subgroup (Hassanpour et al, 2023), was found to be highest reaching 2.0 mg/g in HM10 and HPI10 samples than in HPI12. Flavonoids are also able to act through mechanisms such as donation of hydrogen atoms, free radical scavenging and metal chelation with efficacy dependent on the flavonoid structure (Hassanpour et al, 2023).
[bookmark: _Toc196147316]Hempseed Hydrolysates’ Antioxidant Abilities Measured by ORAC Method
ORAC method measures the inhibition of peroxyl radicals by antioxidants through the hydrogen atom transfer mechanism (Schaich et al, 2014; Shahidi et al, 2014). Figure 2 shows the ORAC trends. All measurements at 2 mg/mL level had unexpected outcomes (the exact reason unknown), so these data were not considered. Since this value is based on per gram of material tested, the obtained values for each treatment at different concentrations should theoretically be the same. Significant enzyme (P-value < 0.001) 
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Figure 2. Antioxidant Activity by ORAC Assay of Hempseed Meal (HM) and Hempseed Protein Isolate (HPI) Hydrolysates by Three Enzymes at Three Concentrations; Trypsin (T), Alcalase (A) and Bromelain (B).













[bookmark: _Toc196147317]and enzyme-by-product (P-value < 0.001) differences were found for the ORAC values. Alcalase hydrolyzed hempseed products were significantly higher when compared to bromelain and trypsin hydrolyzed products (P-value < 0.05). Post hoc tests reveal BHPI10 was significantly higher than BHM10 and BHPI12 (P-value < 0.05). Additionally, THPI12 was significantly greater than THPI10 (P-value < 0.05). All three enzymes were found to be statistically different from each other (P < 0.05).
Alcalase hydrolyzed hempseed protein hydrolysates showed the greatest ability to inhibit oxidation via hydrogen atom transfer, especially for AHPI10 at 1 mg/mL concentration (363 μmol Trolox eq./g sample). It was previously determined that smaller peptides, such as those produced by Alcalase, are better able to react with the fluorescein target used in the ORAC assay and display enhanced antioxidant activity when compared to larger molecular weight peptides (Chen et al, 2023). This may explain why trypsin was much less effective than Alcalase in acting as an antioxidant by the ORAC assay. Previous literature reports that soy protein isolate (SPI) hydrolysates made by various microbial proteases had ORAC values ranging from 173-1027 μmol Trolox eq./g sample (Castro et al, 2013). More specifically, SPI hydrolyzed by Alcalase had ORAC values of 1023 and 905 μmol Trolox eq/g sample with increasing protease concentration from 0.15 to 0.6 mg/mL (Castro et al, 2013). These values tend to be higher than Alcalase hydrolyzed hempseed protein products (that had lower protein content) but align with the trend seen in Figure 2. Additionally, rice protein hydrolysates were reported to exhibit ORAC values of 774, 576 and 603 μmol Trolox eq./g sample at a molecular weight below 1 kDa, between 1-10 kDa and above 10 kDa, respectively (Chen et al, 2023) when 
measured at 0.1 mg/mL. These values are higher than what is shown in Figure 2 for hempseed hydrolysates but may be due to the fact that the rice protein hydrolysates were purified by fractionation and had increased antioxidant efficacy.
Hempseed Hydrolysates’ Transition Metal Chelation Ability
Chelation of metal ions is a secondary mechanism in which antioxidants act to inhibit lipid oxidation in food systems, so protein hydrolysates’ ability to chelate transition metal ions is studied and results are shown in Figure 3. Significant enzyme (P- value < 0.05), product (P-value < 0.001), concentration (P-value <0.001), and enzyme-by-product (P-value <0.01) differences were found in iron chelating activity. Post hoc tests reveal HM10 to be significantly greater than HPI10 and HPI12 for both Alcalase and bromelain hydrolyzed products (P-value < 0.0001). For trypsin hydrolyzed products, only THPI10 was found to be significantly greater than THPI12 (P-value < 0.05). As for enzymes, bromelain hydrolyzed HM10 is significantly greater than both Alcalase and trypsin HM10 (P-value < 0.05). THPI10 was also significantly greater than HPI10 when hydrolyzed by Alcalase and bromelain (P-value < 0.05). When comparing enzymes, bromelain derived products were significantly greater than Alcalase (P-value < 0.05). As for hempseed hydrolysate products, HM10 is greater than both HPI-10 and HPI-12 with HPI10 being greater than HPI12 (P-value < 0.05). A dose dependent trend was observed as iron chelating activity increased with concentration in HPI products but not in HM treatments. Alcalase and bromelain hydrolyzed HM10 showed greater iron chelating ability when compared to HPI10 and HPI12. The non-dose response trend of the HM 
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Figure 3. Iron (top graph) and Copper (bottom graph) Chelating Ability of Hempseed Meal (HM) and Hempseed Protein Isolate (HPI) Hydrolysates by Three Enzymes at Four Concentrations; Trypsin (T), Alcalase (A) and Bromelain (B). 







treatments prepared by Alcalase and bromelain may be due to their already very high (~70%) ion chelating abilities, or other factors unknown to us at this time. 
The iron chelating efficacy (the slope ratio, in %, of the dose-response linearized lines) relative to EDTA of each hempseed hydrolysate product is shown in Table 3. The efficacy relative to EDTA suggests the ability for the hempseed hydrolysates to act when compared to a known metal chelator. A higher percentage relative to EDTA indicates a greater ability to act similarly to EDTA, a secondary antioxidant. Out of all three enzymes and hempseed hydrolysate products, THPI12 had the greatest iron chelating ability relative to EDTA at 3.18%. When comparing the hempseed products, HPI12 had the highest efficacy relative to EDTA for each enzyme and BHM10 had the greatest efficacy in comparison to the other two enzymes for the HM10 hydrolysate products. A negative efficacy value seen in THM10 (-2.19%) and AHM10 (-0.56) along with the high degree of variation suggest a non-responsiveness to dosage used. 
The greater iron chelating ability of HM10 may be due to the levels of minor components in this sample such as phytic acid (Table 2). Phytic acid content of hempseed hydrolysates were found to be higher in HM10 (above 5%) in comparison to
Table 3. Iron Chelating and Copper Chelating Efficacy (%) of Three Hempseed Products Hydrolyzed by Three Different Enzymes Relative to EDTA. 
	Transition metal
	Hempseed Product
	Trypsin
	Alcalase
	Bromelain

	Iron chelating
	HM-10
	-2.19
	-0.56
	0.26

	
	HPI-10
	2.57
	1.54
	1.99

	
	HPI-12
	3.18
	1.99
	3.01

	Copper chelating
	HM-10
	1.12
	3.58
	3.25

	
	HPI-10
	0.56
	4.09
	3.41

	
	HPI-12
	0.76
	3.81
	1.59


HPI10 and HPI12 (below 1%) (Chen et al, 2025). Due to the known presence of phytic acid in oilseeds and its strong binding affinity (Graf et al, 1990), it is possible that the enhanced iron chelating ability of HM10 is due to its phytic acid content. Phytic acid increases the antioxidant capabilities through chelation of metal ions and can occupy the six coordination sites of iron to generate an iron-phytate complex (Graf et al, 1990). The higher levels of phytate may explain the greater chelating ability of HM-10 in comparison to HPI products. Even though all hemp hydrolysates are shown to have iron chelating activity, its efficacy is much lower than that of EDTA, i.e., < 5% of EDTA. 
	Walnut protein hydrolysate at a concentration of 30 mg/mL was observed to have a 40% iron chelating ability (Chen et al, 2012) which is lower than that of HM10 for all enzymes at 1 and 3 mg/mL. Wheat germ protein hydrolysate also exhibited up to an 88% iron chelating ability when measured as a 10% (w/v) protein isolate dispersion (Zhu et al, 2006) due to the high protein concentration used. Iron chelating ability of chickpea protein fractions hydrolyzed by pepsin and pancreatin were up to 65% and were dependent on peptide size, amino acid composition, and peptide sequence (Torres-Fuentes et al, 2012). Lower molecular weight of chickpea protein, below 500Da, were found to be more effective in chelating iron than those above 500Da (Torres-Fuentes et al, 2012). Compared to these studies, HM10 when prepared by Alcalase and bromelain showed high iron chelating ability attributed to lower hydrolysate’ molecular weight as well as the additional bioactive components of HM.
In addition to iron chelating ability, copper chelating ability was measured to observe the ability of hempseed protein hydrolysates to complex with different transition metals. The decomposition of lipid hydroperoxides is better catalyzed by copper than iron (Elias et al, 2008) indicating the strong prooxidant ability of copper to generate secondary products. All three enzymes were found to have statistically different values when compared (P-value < 0.0001). HM10 and HPI12 products were statistically lower than HPI10 products across all enzymes (P-value < 0.05). Significant enzyme, product, concentration, enzyme-by-product, concentration-by-enzyme, and concentration-by-enzyme-by-product (P-value < 0.05, for all) differences were found in copper chelating activity. Post hoc tests reveal all three enzymes to have significantly different values (P-value < 0.001). HM-10 and HPI12 products were significantly lower than HPI10 products (P-value < 0.05). For Alcalase and trypsin, no significant differences were found between products at each concentration. However, for bromelain, HPI12 product was significantly lower than products HM10 (P-value < 0.01) and HPI10 (P-value < 0.05) at a concentration level of 10 mg/mL.
Trypsin hydrolyzed hempseed hydrolysates showed the lowest copper chelating ability across all concentrations seen in Figure 3 which greatly differs from the iron chelating ability of trypsin products. All hempseed protein hydrolysates showed a dose dependent trend except for BHPI10. It indicates that a higher concentrations of hempseed hydrolysate products were more effective in chelating copper for all three enzymes. Alcalase hydrolyzed hempseed products were the only hempseed protein hydrolysate products to show copper chelating ability at 1 mg/mL (1-10%) and had the greatest copper chelating ability across all concentrations in comparison to trypsin and bromelain prepared hydrolysates. The high copper chelating ability of Alcalase prepared hempseed protein hydrolysates is potentially due to the low molecular weight peptides that Alcalase generated in comparison to trypsin and bromelain. Additionally, AHPI10 exhibited the greatest copper chelating ability at 10 mg/mL (75%) which differs from AHPI10’s iron chelating ability. This suggests that small peptides of Alcalase prepared hydrolysates may have a greater effect on their copper chelating ability than in iron chelating. The increase in efficacy at high concentrations is attributed to a greater amount of binding to the transition metal ion. 
The copper chelating efficacy relative to EDTA is shown in Table 3. These values are higher than that of the iron chelating efficacy previously mentioned, except for the trypsin hydrolyzed products. The hempseed protein hydrolysate product with the greatest copper chelating efficacy relative to EDTA was AHPI10 at 4.1%. 
The high copper chelating ability of Alcalase prepared hempseed protein hydrolysates is also potentially due to the high content of total polyphenols above 6.3 mg/g (Table 2), in all three hempseed protein hydrolysate products when compared to other two enzymes. Polyphenols can exhibit both antioxidant and prooxidant behavior (Perron et al, 2009) with specific polyphenols such as curcumin found to exhibit protective effects against oxidation in human cells (Arnal et al, 2012).
Copper chelating ability of other protein hydrolysates has been observed. Whey protein isolate hydrolyzed by Alcalase was observed to have a copper chelating ability of 58% (Peng et al, 2010) and showed a dose dependent trend when increasing in protein concentration from 1-8%. The chelating ability is thought to be due to the increase in carboxyl group exposure with increased concentration (Peng et al, 2010). Chia protein hydrolysate when treated with pepsin-pancreatin enzyme was observed to have about 75% copper chelating ability (B.V. et al, 2021). The low concentration of chia protein hydrolysate that was able to produce high copper chelating ability may be due to the specific amino acid residues produced by pepsin-pancreatin hydrolysis when compared to trypsin, Alcalase, and bromelain as pepsin-pancreatin is a mixture of digestive enzymes and may hydrolyze proteins to a greater extent to produce bioactive peptides. 
[bookmark: _Toc196147318]Selection of Samples Used in Nanoemulsion Preparation
[bookmark: _Toc196147319]Based on the results obtained for the antioxidant screening by the four antioxidant methods performed, AHM10 and AHPI10 hydrolysates were selected to be incorporated into nanoemulsion formulation to study their antioxidant efficacy at various concentrations under accelerated oxidation conditions over time. AHM10 and AHPI10 have the lowest molecular weight and show the greatest antioxidant efficacy at high concentrations. Both hempseed hydrolysates display single electron transfer abilities and hydrogen atom donation abilities by the DPPH and ORAC method, respectively. They are also able to chelate both iron and copper ions to act against prooxidants. AHM10 and AHPI10’s antioxidant efficacy is expected to enable their applications to protect lipids from extensive oxidation.
Inhibition of Lipid Oxidation by Hempseed Hydrolysates in O/W Nanoemulsions Containing Ferrous Chloride
The ability of Alcalase hydrolyzed hempseed hydrolysates to act as antioxidants in nanoemulsion systems was tested using two different concentrations of ferrous chloride as a prooxidant, 394 and 100 µM, and the formation of primary and secondary oxidation products are shown Figure 4 and Figure 5. The experiment shown as Figure 4 only had one replicate of analysis while that for Figure 5 had two replicate assays performed for both PV and TBARS. The PV and TBARS were measured every day for 7 days of 40°C storage. 
For PV, almost all nanoemulsions exhibited a trend of increasing peroxide value over time, particularly in the early phase of oxidation. The control nanoemulsion and ferrous chloride nanoemulsion control exhibited a very fast increase in PV with > 250 meq hydroperoxides/kg oil by day 3 seen in Figure 4. Additionally, the nanoemulsions containing EDTA and 0.1% AHM10 as well as 0.3% and 0.5% AHPI10 had a strong linear increase in primary oxidation product formation. PV for other nanoemulsions varied slightly across the 7-day period, but they all had plateaued PV. As for nanoemulsions containing hempseed protein hydrolysates, the nanoemulsion containing 0.1% AHPI10 had the greatest peroxide value on day 5 at 292 meq hydroperoxides/kg oil seen in Figure 4 suggesting a weaker ability to inhibit the production of hydroperoxides compared to the 0.1% AHM10. Peroxide values were seen to decrease with increasing concentration of peptide for both AHM10 and AHPI10 suggesting increased antioxidant efficacy with increasing concentration. A dependency on concentration could be clearly observed as the nanoemulsions with 0.5% AHM10 maintained the lowest peroxide values across all 7 days, with 9-18 meq hydroperoxides/kg oil. Additionally, the EDTA nanoemulsion had peroxide values comparable to that of the 0.1% AHM10 nanoemulsion which indicates AHM10’s strong ability to act as an antioxidant. Overall, AHM10 showed the greatest ability to inhibit oxidation and the production of hydroperoxides,                            
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Figure 4. PV (top graph) and TBARS (bottom graph) of Nine O/W Nanoemulsion Treatments containing 394 μM Ferrous Chloride at 40C for 7 days. D=day
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Figure 5. PV (top graph) and TBARS (bottom graph) of Eleven O/W Nanoemulsion Treatments containing 100 μM Ferrous Chloride at 40C for 7 days. D=day








especially with increasing concentration, in comparison to all other nanoemulsions containing 394 µM ferrous chloride. The high content of phytic acid present in AHM10 compared to that in AHPI10 may have contributed to the inhibition of lipid oxidation. A previous study has also found that antioxidant ability of dry bean cultivars was related to phytate content (Oomah et al, 2008). 
The bottom graph of Figure 4 also shows the level of TBARS in nanoemulsion containing 394 µM ferrous chloride. Secondary oxidation products generated from the decomposition of hydroperoxides (Wang et al 2005) are pertinent to prevent as they contribute off-flavors and aromas in food systems (Elias et al, 2008). A general trend of increasing secondary oxidation products is observed in the nanoemulsions, especially in the control and the nanoemulsion containing 394 μM ferrous chloride. The nanoemulsion containing ferrous chloride had the greatest quantity of secondary oxidation products reaching 67.6 mg MDA/kg oil on day 7 which was expected as it did not contain any antioxidant. The AHM10 containing nanoemulsions maintained relatively low quantities of secondary oxidation products as well as in higher concentrations of AHPI10, all below 10 mg MDA/kg oil. The nanoemulsion containing EDTA also maintained low secondary oxidation products, similar to that of the nanoemulsions containing 0.1-0.5% of AHM10 as well as 0.5% of AHPI10. Again, AHM10 acted the most effectively to inhibit the generation of secondary oxidation products in comparison to all other nanoemulsions tested.
Figure 5 shows the development of PV and TBARS in emulsions containing 100 µM ferrous chloride. A lower amount of ferrous chloride allowed for better evaluation of antioxidant ability by both AHM10 and AHPI10, especially for AHPI10 products under less stressful conditions when compared to trends shown in Figure 4. Significant time, treatment and treatment-by-time differences (P-value < 0.001, for all) were found in PV. Post hoc tests reveal that across the 7 days, all concentrations except 0.5% AHM10 had significant linear relationships (P-value < 0.0001). Again, the control containing no antioxidant as well as the ferrous chloride control both had the greatest PV of 267 and 268 meq hydroperoxides/kg oil, respectively, when compared to antioxidant containing nanoemulsions. This indicates the strength of hempseed protein hydrolysates to inhibit lipid oxidation in the nanoemulsion system. An additional concentration of 0.05% AHM10 was added to observe an enhanced dose dependent trend but unexpectedly performed better than both 0.1% and 0.3% AHM10 treatments. AHM10 acted more effectively in inhibiting oxidation than AHPI10 especially at a 0.5% concentration seen in the top graph of Figure 5. EDTA performed better than BHA to inhibit oxidation as well which suggests that metal chelation may be a more pertinent mechanism in which oxidation is being prevented in these nanoemulsion systems. This may also further explain why AHM10 acted more effectively as an antioxidant than AHPI10 as phytic acid contributes an important role in metal chelation (Graf et al, 1990) and inhibiting oxidation. 
Peroxide values of a liposome-oxidizing system containing whey protein isolate hydrolysates at concentrations from 1%-8% hydrolyzed by Alcalase were previously determined to show a PV < 3 meq hydroperoxide/kg oil and the treatments were more effective in inhibiting oxidation with increased time of hydrolysis (Peng et al, 2010). This PV value is much lower than those observed in Figure 4 and Figure 5 but is likely due to their prooxidant level using 0.1mL of 50mM FeCl3 and 0.1mL of 10mM ascorbate under milder accelerated oxidation conditions of incubation in a 37C water bath for one hour. Similar PV trends were also observed over a 10-day period in soybean oil O/W emulsion systems that exhibited a dose dependent trend with the addition of potato protein hydrolysates ranging from 0-20 mg/mL (Cheng et al, 2010), as well as a similar PV increase trend as shown in this study. More specifically, 0.5% AHM10 treatment exhibited the highest PV of 18.4 meq hydroperoxides/kg oil on day 4 while O/W emulsions containing 2.5 mg/mL and 5 mg/mL potato protein hydrolysates exhibited PV values above 20 meq hydroperoxides/kg oil by day 10. 
The TBARS values for nanoemulsions containing lower amount of ferrous chloride of 100 µM are also shown in the bottom graph of Figure 5. Significant time (P-value < 0.001), treatment (P-value < 0.001) and treatment-by-time (P-value < 0.01) differences were found in TBARS. Post hoc tests reveal that the 0.3% and 0.5% of both AHM10 and AHPI10 as well as 0.1% AHPI10 had significant linear relationships across the 7-day period in addition to the control and ferrous chloride containing nanoemulsions (P-value < 0.05). The ferrous chloride containing nanoemulsion exhibited the greatest increase in TBARS across the 7-day period reaching 21.45 mg MDA/kg oil by day 7, which is much lower compared to the value under amount of ferrous chloride at 394 μM. This indicates the catalytic effect of ferrous chloride to degrade lipid hydroperoxide into secondary products. When not considering the potential outliers, the nanoemulsions containing AHM10 and AHPI10 both maintained low TBARS as seen in Figure 5 with < 2 mg MDA/kg oil and 2-5 mg MDA/kg oil, respectively. The nanoemulsions containing 0.05-0.3% AHM10 had TBARS values lower or comparable to that of both EDTA (0.71-5.04 mg MDA/kg oil) and BHA (1.02-2.19 mg MDA/kg oil) nanoemulsions for all 7 days. AHPI10 acted more effectively in a lower concentration of ferrous chloride system when comparing Figure 5 to Figure 4, especially at concentrations of 0.1% (2.45 mg MDA/kg oil) and 0.3% (2.48 mg MDA/kg oil) on day 7. Soybean O/W emulsions containing much higher concentrations of hydrolyzed potato protein (2.5-20 mg/mL) relative to what was used in this study had below 1.0 mg MDA/kg oil through 10-day oxidation (Cheng et al, 2010). Overall, AHM10 at 0.05% maintained the lowest value of secondary oxidation products when compared to all nanoemulsions tested suggesting its ability to prevent lipid oxidation in food systems at a low concentration. 
In summary, even though hempseed protein hydrolysates have been demonstrated to have antioxidant activity in previous studies, the hempseed meal, a protein extraction residue or co-product that is rich in protein and other phytochemicals, has not yet been examined especially in systems such as O/W nanoemulsions. This knowledge gap is filled by presenting the findings of this study, where both the protein extract (HPI) and the residue (HM) derived hempseed hydrolysates were examined by four methods to determine their antioxidant efficacy. Ultimately two hempseed hydrolysates, AHM10 and AHPI10, exhibiting the greatest ability to act as antioxidants, were selected and incorporated into O/W nanoemulsion systems to determine their antioxidant effects. AHM10 exhibited dose dependency with a concentration of 0.5% being most effective in nanoemulsions systems at accelerated oxidation conditions. Though it was hypothesized that the amount of protein and molecular weight of peptides produced by hydrolysis would be responsible for the antioxidant capabilities of hempseed hydrolysates, it was further determined that minor components, such as phytic acid, played an important role in the antioxidant efficacy of AHM10 when compared with the composition of AHPI10. Overall, AHM10 has potential applicability in food products as it provides a more natural and sustainable antioxidant alternative for the food industry. These findings may lead to more work in using protein extraction residues to produce natural antioxidants that contain both antioxidant peptides and phytochemicals that may synergistically provide oxidation protection of food systems.
Further research must be conducted to determine hempseed hydrolysate’s antioxidant effects in food products such as processed meat systems as well as the sensory attributes it contributes. Additional research could also be conducted to study the synergy between peptides and other phytochemicals in plant materials for antioxidation. It will also be very insightful to conduct parallel comparisons among a few food proteins and their hydrolysates with different water solubility or amphiphilic properties, and using the antioxidant polar paradox theory to explain antioxidant efficacy observed. 
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HEMPSEED HYDROLYSATES EXHIBIT ANTIOXIDANT ACTIVITY IN MEAT SYSTEMS
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[bookmark: _Toc196147322]ABSTRACT
Hempseed hydrolysates prepared by enzymatic hydrolysis have been previously examined for antioxidant activity which was suggestive to their potential use in food systems. The objective of this study is to examine lipid oxidation in beef and turkey meatballs with the inclusion of selected hempseed hydrolysate products. More specifically, AHM10 and AHPI10 were incorporated into meat products to determine their effects on oxidation over time. Changes in lipid oxidation levels over a 14-day period were determined using peroxide value (PV) and thiobarbituric acid reactive substances (TBARS) methods. Additionally, sensory analysis of the beef and turkey meatballs was performed on day 1 and day 14 of storage to determine the effect of hempseed hydrolysates on the sensory attributes of both meat systems. Overall, AHM10 acted most effectively in beef meatballs and showed enhanced antioxidant activity when compared to EDTA at 100 ppm. AHM10 maintained primary oxidation products below 4.99 ± 0.03 meq hydroperoxides/kg oil and secondary oxidation products below 1.76 ± 2.31 mg MDA/kg oil across the 14-day period, both lower than that of EDTA containing beef meatballs. In sensory analysis, no significant differences were found amongst the four treatments for various attributes and panelists did not detect bitterness or off flavors. Thus, AHM10 is applicable in food systems as an alternative antioxidant to replace synthetic ingredients. 
Key Words: Antioxidant efficacy, hempseed meal (HM), hempseed protein isolate (HPI), meat oxidation, sensory attributes
[bookmark: _Toc196147323]INTRODUCTION
Meat products are of high concern for lipid oxidation and off flavor generation due to their high lipid content, specifically unsaturated fatty acids in phospholipids and triacylglycerols (Botsoglou et al, 2003; Faustman et al 2010; Hadidi et al, 2022). Previous studies have suggested that oxidation in lipids is not only proportional to the degree of unsaturation in fatty acids but is also related to the physical arrangement of the lipids present (Wu et al, 2021; Wu et al, 2022). Lipid oxidation rates escalate due to the presence of various catalysts such as light, oxygen exposure and metal ions (Hadidi et al, 2022) to generate primary hydroperoxides. The decomposition of hydroperoxides into secondary oxidation products generates rancid off flavors and odors (Gong et al, 2010; Samouris et al, 2006; Wu et al, 2022). Oxidation and quality deterioration of meat products decreases consumer acceptability as sensory attributes become altered (Hadidi et al, 2022; Veberg et al, 2006; Zahid et. al, 2020) additionally causing changes in nutritional composition (McKibben et al, 2001; Samouris et al, 2006; Wu et al, 2021) and reduction of shelf life (Botsoglou et al, 2003; Hadidi et al, 2022; Zahid et. al, 2020). 
Red meat such as ground beef is concentrated in myoglobin which can be oxidized to produce reactive oxygen species (ROS) during ferrous oxymyoglobin oxidation and is positively related to the generation of thiobarbituric acid reactive substances (TBARS) (Faustman et. al 2010). Heme iron is disrupted at high temperatures causing the release of free iron from the porphyrin ring which is known as heme iron shedding (Zhang et al, 2022).  It has been previously determined that free iron ions are the prominent prooxidant substance and can oxidize lipids through Fenton-like reactions (Zhang et al, 2022) with lipid hydroperoxides which degrade into secondary oxidation products such as aldehydes and ketones causing undesirable odor and flavor (Jin et al, 2021; Johnson et al, 2015; Samouris et al, 2006). Additionally, iron is released from heme as heme dissociates from myoglobin due to the interference of non-covalent interactions at high temperature conditions which is thought to enhance lipid oxidation (Faustman et. al 2010; Wu et al, 2022). This process is highly dependent on the affinity of myoglobin to heme as a lower affinity such as that of metmyoglobin is related to a greater ability to promote lipid oxidation (Faustman et. al 2010; Wu et al, 2022). Higher concentrations of iron in both free and bound forms (Bou et al, 2010) are found in red fibers of meat due to a higher amount of myoglobin which increases their susceptibility of lipid oxidation (Faustman et. al 2010). Beef has been found to contain the strongest peroxide forming potential due to its high iron and myoglobin content (Jiao et. al, 2020). 
Poultry meat is high in unsaturated fat which oxidizes more readily than saturated fats (Botsoglou et al, 2003; Johnson et al, 2015) as hydrogen atoms are more easily removed from polyunsaturated fats (Gong et al, 2010; Johnson et al, 2015). Oxidation in turkey meat has been found to be highest when compared to other types of poultry potentially due to its low naturally occurring α-tocopherol content, a fat-soluble antioxidant, within turkey muscle (Botsoglou et al, 2003; Gong et al, 2010) as well as its low pH (Gong et al, 2010). 
Ground meats have high susceptibility to lipid oxidation due to the disruption of the cell membrane (Samouris et al, 2006), incorporation of oxygen during grinding and an increase in surface area due to the reduction of particle size (Faustman et. al, 2010). The direct addition of antioxidants such as α-tocopherol in meat is one common strategy in which lipid oxidation can be controlled (Wu et al, 2022) and has been performed in previous studies examining antioxidant capacity of natural sources in meat systems (Wu et al, 2020). Antioxidants act by interfering with the production of free radicals to generate more stable products and decrease the rate of oxidation (Hadidi et al, 2022) or by chelating prooxidant ions. Due to the high demand for the use of natural additives in food products by consumers and the potential carcinogenic and toxicological effects of synthetic additives (Hadidi et. al, 2022), the replacement of synthetic antioxidants such as butylated hydroxyanisole (BHA) and tert-butyl hydroxyquinone (TBHQ) with natural alternatives has become an increased trend in the food industry (Jin et al, 2021; Wu et al, 2022). Naturally sourced antioxidants are of greater desirability as an alternative to synthetic antioxidants due to the safety concerns of synthetic antioxidants and their comparable efficacy (McKibben et al, 2001). 
It has been found that natural antioxidants golden thread extract, clove extract (Zahid et al, 2018) and young kiwifruit polyphenols (Jiao et al, 2020) are beneficial when incorporated into meat systems as they have good solubility and comparable antioxidant activity to synthetic antioxidants (Turan et. al 2021). The incorporation of such antioxidants in meat systems have been proven effective in limiting lipid oxidation (Hogan et al, 2009) through mechanisms such as free radical scavenging, chelating metal ions (Johnson et al, 2015) and donating electrons (Jin et al, 2021) Plant extracts contain various compounds such as polyphenolics which are bioactive and have been found to contain antioxidant properties (Hadidi et al, 2022; Johnson et al, 2015). One limitation to using natural antioxidants from plant sources is that they may induce negative sensory attributes in flavor or odor (Wu et al, 2022) which makes it pertinent that sensory analysis is performed during oxidation studies. 
An important group of naturally sourced antioxidant alternatives includes protein hydrolysates obtained from plant and animal proteins (Arshad et al, 2022; Sakanaka et al, 2006). Enzymatic hydrolysis enables these plant proteins to be broken into smaller peptides that display bioactivity such as inhibiting lipid oxidation. Various protein hydrolysates that have exhibited antioxidant activity in meat systems include rice protein hydrolysates (Zhou et al, 2013), hydrolyzed potato protein (Wang et al, 2005), milk protein peptides (Hogan et al, 2009) and whey and soy protein hydrolysates (Peña-Ramos et al, 2003). There are numerous mechanisms in which these antioxidant peptides act to inhibit oxidation such as having reducing power and free radical scavenging ability (Wang et al, 2005). Hempseed protein hydrolysates, specifically hempseed meal (HM) and hempseed protein isolate (HPI) extracted at a pH 10 and hydrolyzed by Alcalase to generate AHM10 and AHPI10 were previously studied in an antioxidant screening and in nanoemulsion systems under accelerated oxidation conditions (Angeletti et al, under review). This study has shown that AHM10 and AHPI10 were effective in inhibiting oxidation in both an antioxidant screening and in nanoemulsion systems. These two hempseed hydrolysates were selected to be further incorporated into meat model systems to determine their effect on oxidation over time and on flavor perception. 
The hypothesis of this study is that hempseed hydrolysates will act as antioxidants when incorporated into meat systems without imposing any negative sensory attributes to the meat systems. Beef and turkey meatballs incorporated with AHM10 and AHPI0 hempseed hydrolysates were analyzed over a 14-day period to examine the changes in lipid oxidation by peroxide value (PV) and thiobarbituric acid reactive substances assays (TBARS) to measure primary and secondary oxidation products, respectively. AHM10 and AHPI10 at a 0.4% concentration were directly mixed into the beef and turkey meatballs during preparation and oxidation levels were compared to synthetic antioxidants such as EDTA. 
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Hydrolyzed hempseed meal (HM), a residual after protein extraction at pH 10, and hempseed protein isolate (HPI) extracted at pH 10 were prepared according to Chen et al, (2024) by Alcalase (A) hydrolysis. Hydrolysis of HM and HPI generated AHM10 and AHPI10. A concentration of 0.4% of AHM10 and AHPI10 was incorporated into ground beef and ground turkey. Ground beef (80% lean: 20% fat) and ground turkey (85% lean: 15% fat) was purchased from Publix grocery store (Knoxville, TN, USA). Alcalase was purchased from EMD Millipore Corp. (Billerica, MA, USA). The Gas Chromatography (GC) standard FAME mixture used was Nu-Chek-Prep standards 15A containing methyl palmitate (16:0), methyl stearate (18:0), methyl oleate (18:1), methyl lineolate (18:2), methyl linolenate (18:3) and methyl arachidate (20:0) (Elysian, MN, USA). All reagents and chemicals were purchased from Thermo Fisher Scientific (Ward Hill, MA, USA) and Sigma-Aldrich (St. Louis, MO, USA).
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Hydrolysis of Hempseed Meal and Hempseed Protein Isolate by Alcalase to Generate AHM10 and AHPI10 Samples
The Alcalase enzyme was used to hydrolyze HM10 and HPI10 based on previous antioxidant screening and nanoemulsion results (Angeletti et al, under review). Preparation of hydrolyzed HM and HPI was performed according to Chen et al, (2024). To hydrolyze the prepared HM10 and HPI10 samples, a 50 mL centrifuge tube was used to suspend 2.5 g of HM10 and HPI10 in 25 mL of DI water at Alcalase’ optimum pH (8.0) and was stirred in a cold room overnight. HM10 and HPI10 suspensions were then placed in a water bath at Alcalase’ optimum temperature (55C) to equilibrate before adding the enzyme to the suspension at a concentration of 0.1% w/v. The HM10 and HPI10 suspensions were hydrolyzed with Alcalase for 30 min, boiled for 10 min to inactivate the Alcalase enzyme and then placed in the freezer at -40C. After freezing, AHM10 and AHPI10 samples were lyophilized for 7 days. Both AHM10 and AHPI10 were used as-is in the meat systems.
Beef and Turkey Meatball Formulation and Preparation
Approximately 1 lb of ground beef and ground turkey were each mixed with 1.5% salt (w/w). The negative control meatball only contained beef or turkey and salt while the positive control additionally contained 100 ppm ethylenediaminetetraacetic acid (EDTA) disodium salt dihydrate as a metal chelating agent. Meatballs were made with the addition of 0.4% (as-is) AHM10 or AHPI10. Each meatball was weighed out in 28 g portions and rolled into a ball shape. The raw beef and turkey meatballs were cooked at 400F for 23-30 min in a convection oven until reaching an internal temperature of 160-165F. Meatball samples were then cooled, placed in oxygen-permeable polyethylene bags that were then stored in the refrigerator at 4C for 14 days. Samples were taken for lipid extraction for oxidation measurements every other day and the extracts were stored in the freezer for oxidation analysis. Sensory analysis was completed on day 1 and day 14 of meatball storage. For each treatment, 3 meatballs were made at 3 replicates. 
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Moisture Content Analysis
About 1 g of cooked control meatball was placed in an aluminum dish and the moisture content of beef and turkey was analyzed using infrared moisture analyzer OHAUS Mb45 (Parsippany, NJ) at 100C for 15min. The beef and turkey were analyzed in triplicate on day 0 and day 14 of oxidation testing. 
Quantification of Total Lipids
Lipid quantification was completed according to the Folch extraction method. About 25 g of beef and turkey meatball were broken up and placed in separate 200 mL glass beakers. Exactly 100 mL of 2:1 chloroform: methanol was added to each beaker and stirred for 1 hour using a stir bar. After 1 hour, the meat suspension was filtered using vacuum filtration with 2 mm filter paper relative to the total volume. The exact volumes of each filtrate were determined and 20% of water was added to the filtrate in a separatory funnel. The filtrate and water were mixed and allowed to separate overnight. The lower organic phase of the filtrates was rotary evaporated (Buchi) using a 60F water bath, 100 rpm spin and at 300 mbar pressure. The lipid weight of the beef and turkey were determined gravimetrically. The percent of lipid from ground beef and turkey were then calculated by dividing the initial weight of the beef or turkey meatball from the lipid weight determined and multiplying the value by 100. Lipid quantification was performed in triplicate for each meat type.
Fatty Acid Composition using Gas Chromatography (GC)
Prior to analysis of fatty acid composition by gas chromatography (GC), fatty acids were interesterified to form fatty acid methyl esters. Exactly one drop of beef or turkey lipid produced from quantification was placed into a capped glass test tube. About 1-2 mL of sodium methoxide (1M) was added to each lipid sample. The test tubes were sealed with Teflon tape, capped and then placed in the oven at 60C for 2 hours to allow for the interesterification reaction to occur. Following interesterification, a few drops of water and 2 mL of hexane was added to each test tube to allow for phase separation to occur. If more separation was needed, sodium chloride (NaCl) was added to accelerate the process. The fatty acid methyl esters separated into the hexane layer and approximately 1.5 mL was extracted from the top layer. The FAME extracts for beef and turkey were subjected to GC analysis.
	Fatty acid composition was determined using capillary gas chromatography on GC Shimadzu (Kyoto, Japan) with a flame ionization detector and capillary HP-88 column (100 m x 0.25 mm x 0.20 μm). Separation and detection of fatty acid methyl esters were performed based on preliminary trials with the following temperature program: initial temperature of 100C and hold for 2 min, rate increase of 10C/min to final temperature of 230C and hold 5 min with total analysis time of 20 min. The injector and detector temperatures were 180C and 250C, respectively, and the split ratio was 10. A volume of 1 μL was injected and the carrier gas was helium at a total flow of 15.6 mL/min and purge flow of 3.0 mL/min. The fatty acid composition was determined by comparing the chromatogram peaks of the beef and turkey lipids to that of a standard FAME mixture and canola oil as a standard. Fatty acid composition percentages were determined by dividing the peak area by the total area of the peaks and multiplying by 100. GC was performed in triplicate for both beef and turkey meatballs.
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Lipid Extraction of Beef and Turkey Meatballs for Oxidation Studies
Lipid extraction of the turkey and beef meatball samples was performed immediately after sampling according to the Folch method with some modifications. About 1.5-2 g of each meatball sample was taken and accurately weighed and placed in a 15 mL glass test tube. Following sampling of the meatball, 10 mL of chloroform: methanol solvent was added to each meat sample and allowed to soak for 4 hours. Samples were then centrifuged for 5 min at 1,000 rpm and 3 mL of lipid extract was then taken from the solvent layer of the meat dispersion. Lipid extract samples were placed in the freezer at -18C for oxidation product analysis. Meatball treatments in triplicate were analyzed twice during oxidation analyses.
Peroxide Value (PV) by the Ferrous Thiocyanate Method Determination
Peroxide value by the ferric thiocyanate method quantifies the concentration of primary oxidation products, specifically hydroperoxides, through a colorimetric method. This method quantifies the oxidation of ferrous iron to ferric iron by hydroperoxides and allows for a red color to generate. Potassium thiocyanate solution (3.94 M) was prepared in HPLC water, and a ferrous sulfate solution (35.9 mM) was made by dissolving ferrous sulfate pentahydrate in HPLC water followed by the addition of 1 mL of 10 N hydrochloric acid (HCl). All reagents were deoxygenated by purging with nitrogen gas. The cumene hydroperoxide (CuOOH) standard curve was prepared using a 100 μM stock solution and standard solutions were made by adding varying volumes of cumene hydroperoxide stock solution to different volumes of 2:1 chloroform: methanol achieving a concentration range of 0-10 μM. Additionally, an aliquot (100 μL) of each lipid extract was taken and diluted by 2 mL of CHCl3: MeOH to achieve a final lipid concentration below 5 mg/mL. A reagent blank was prepared using 2 mL CHCl3: MeOH. Following standard curve and sample preparation, potassium thiocyanate (12 μL) and ferrous sulfate solution (12 μL) were added, respectively, to each sample or standard with vortexing in between their addition. Samples were then incubated in the dark for 20 min at room temperature and the absorbance was read at 510 nm using a UV-spectrophotometer against the reagent blank. Using the CuOOH standard curve, PV values were calculated and reported in milliequivalents (meq) of hydroperoxides per kilogram (kg) of oil. Three replicates of each beef and turkey lipid extract treatments were each assayed twice.
Thiobarbituric Acid Reactive Substances (TBARS) Determination
The TBARS assay measures the secondary oxidation products, mainly but not specific to malondialdehyde (MDA), which is a compound responsible for off flavors and odors in food products (Ghani et. al, 2017). A pink colored complex is generated through a heated reaction under acidic conditions between thiobarbituric acid (TBA) and MDA present in a sample. Reagent preparation included butylated hydroxy anisole (BHA) (7.2% in ethanol) and a TBA/trichloroacetic acid (TCA) solution (20mM TBA/15% TCA). Standard solutions were prepared using malondialdehyde bis (dimethyl acetal) in a range of 0-0.4 μM using varying volumes of MDA and DI water. Samples were prepared by adding 250 μL of meat lipid extract to 225 μL of DI water. A blank was also prepared using 250 μL DI water. BHA (12.5 µL) and TBA/TCA solution (500 μL) were added to standard and sample solutions with vortexing in between their addition. The mixtures were vortexed again and incubated in a water bath for 15 min at 90 ºC allowing for the color reaction to occur. Samples were cooled for 10 min in cold water and then centrifuged at 3000 g for 15 min at 4 ºC. The absorbance of samples was then read at 531 nm against the blank solution. Using the MDA standard curve, TBARS values were calculated and reported in milligram (mg) MDA per kg of oil. Three replicates of each beef and turkey lipid extract treatment were each assayed twice.
Statistical Analysis
Descriptive statistics were calculated by treatment and time for PV turkey, PV beef, TBARS turkey and TBARS beef. Repeated measures mixed-model analysis of variance (ANOVA) was used to evaluate each outcome for time, treatment, and treatment-by-time difference. A linear trend effect was tested across time using a custom contrast post hoc comparison and tested per treatment for models with a significant interaction. Normality of residuals and equality of variance were evaluated for all models using the Shapiro-Wilk test, Q-Q plots, Levene’s test for equality of variances, boxplots and studentized residual diagnostics. An outlier was detected due to measurement error in the PV turkey control group on day 2 and was removed for statistical analysis. All models required a rank transformation to meet the normality assumption. Heterogeneous between-group variance structures were incorporated into all models to adjust for unequal group variances. Bonferroni p-value adjustments were applied to linear trend post hoc tests across time per treatment. Dunnett’s p-value adjustments were applied to post hoc tests comparing treatments to the control group. After transformations and heterogenous variances were applied, all statistical assumptions were met for all models. A p-value less than 0.05 was considered significant. Statistical analysis was performed using commercial software (SAS software, Version 9.4, Cary, North Carolina, Release TS1M8).
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Paired Comparison Discrimination Sensory Evaluation
A 2-Alternate Forced Choice (2-AFC) paired comparison sensory evaluation of about 80 untrained panelists was performed on day 1 of refrigerated storage of beef and turkey meatballs. Fresh meatball samples were placed in plastic cups and randomly labeled with a three-digit number. The 2-AFC test on day 1 included the control sample, EDTA sample and both hempseed hydrolysate containing meatball samples. In the test, each participant compared the meatiness of all possible pairs of the beef and turkey meatballs. Following comparison of meatiness, a Choose-All-That-Apply (CATA) was prompted for panelists to choose which attributes were different between treatments. Samples were provided with a cup to dispose in, water to wash with between samples and crackers to cleanse the palette. 
Consumer Acceptance Sensory Evaluation
On day 14 of meatball oxidation, 100 untrained panelists completed sensory evaluation of a consumer acceptance test using a 9-point hedonic scale (1-dislike extremely and 9-like extremely) as well as a line scale for intensity (0-not intense at all and 15-extremely intense) on various parameters describing the same beef and turkey meatball treatments used for the 2-AFC test. Various attributes being rated for acceptability included aroma, appearance, texture or mouthfeel and overall liking. The intensity line scale ranked flavor intensity and off flavor. Additional questions following the hedonic scale test were related to whether the panelist would eat the meatball products again. The samples were provided in plastic cups and were randomly labeled with a three-digit number. Samples were provided with a cup to dispose in, water to wash with between samples and crackers to cleanse the palette. 
Statistical Analysis of Sensory Tests
A principal component analysis (PCA) was used to determine relationships between multiple sensory attributes of the 9-point hedonic scale to develop mean scores for appearance, aroma, meat flavor, texture and overall opinion. Analysis of the attributes and the intensity line scale were evaluated for treatment differences using ANOVA and reports the means and standard deviation of responses. Tukey-Kramer p-value adjustments were applied to post hoc tests to identify the specific differences between treatment groups. A p-value less than 0.05 was considered significant. Statistical analysis of sensory tests was performed using RedJade Sensory Software (RedJade Sensory Solutions LLC, CA, USA).
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Moisture content and total lipid quantification for both beef and turkey meatballs can be seen in Table 4. The loss of moisture was accounted for in calculations for PV and TBARS assays making it pertinent to analyze. For beef meatballs, the total lipid was about 19.0 ± 0.47%, which was expected as the ground beef being used was labeled as 80% solid and 20% fat. It was also determined that the total lipid of turkey meatballs was 14.9 ± 3.31% (as-is basis) which again was expected as the ground turkey purchased for analysis was 85% solid and 15% fat. For beef meatballs, the moisture content decreased from 18.3 ± 4.28% to 12.7 ± 0.60% while the turkey meatballs decreased in half in moisture content from day 0 (33.6 ± 6.01%) to day 14 (15.1 ± 3.32%). 
Additionally, the fatty acid composition of both beef and turkey meatballs was analyzed to understand the fatty acid profile of both meat systems and potentially explain their susceptibility to oxidation. The fatty acid composition of both beef and turkey meat can be observed in Table 5. It can generally be observed the beef had higher percentages of saturated and monounsaturated fatty acids but have lower percentages of polyunsaturated fats compared to turkey. Beefs total saturated fat content is 44.4%
Table 4. Total Lipid (%) and Moisture Content (%) of Beef and Turkey Meatballs after Cooking
	Sample
	Total Lipid (as-is)
	Moisture Content (Day 0)
	Moisture Content (Day 14)

	Beef
	19.0 ± 0.47
	18.3 ± 4.28
	12.7 ± 0.60

	Turkey
	14.9 ± 3.31
	33.6 ± 6.01
	15.1 ± 3.32


Table 5. Fatty Acid Composition (%) of Beef and Turkey Meatballs 
	Sample
	14:0
	16:0
	16:1
	18:0
	18:1t
	18:1
	18:2
	20:0

	Beef
	3.34 ± 0.24
	26.35 ± 0.15
	4.00 ± 0.18
	14.72 ± 0.27
	5.81 ± 0.10
	42.90 ± 0.30
	2.89 ± 0.11
	-

	Turkey
	1.03 ± 0.16
	19.74 ± 0.22
	3.22 ± 0.31
	6.43 ± 0.58
	-
	34.28 ± 1.09
	32.48 ± 0.94
	2.81 ± 0.30


compared to turkey meat at 27.2% which was expected as turkey meat is known to have higher amounts of polyunsaturated fatty acids. It was unexpected that for both beef and turkey meatballs, α-linolenic acid (18:3) was not able to be quantified when compared to the standard mixture. 
When comparing the fatty acid composition of beef to previous literature it was found that the levels of 14:0 (mystric acid), 16:0 (palmitic acid), and 16:1 (palmitoleic acid) are similar to what was previously found. More specifically, beef meatballs had 3.34 ± 0.24% mystric acid while previous literature found 3% and 2.8% mystric acid in perirenal and subcutaneous cuts of beef, respectively (Mapiye et al, 2014). Additionally, it was determined that there was 26.35 ± 0.15% palmitic acid in the beef meatballs while perirenal meat had 24.7% and subcutaneous meat had 24.1% (Mapiye et al, 2014). Previous literature had also reported 25% palmitic acid in grain fed Crossbred steers (Daley et al, 2010) which is similar to this study. The palmitoleic acid (4 ± 0.18%) and linoleic acid (2.89 ± 0.11%) quantities were closer to the subcutaneous cut of meat at 4.33% and 2.05%, respectively, in comparison to perirenal cuts (Mapiye et al, 2014).
Additionally, grass fed Simmental bulls were determined to have 2.22% linoleic acid present in their meat (Daley et al, 2010), again similar to what was determined in this study. The major difference found in previous literature is that our 18:1, oleic acid, percentage (42.90 ± 0.30%) is much higher than what has been previously found in both perirenal (23.5%) and subcutaneous (35.3%) cuts of meat (Mapiye et al, 2014). This difference in oleic acid may be due to environmental and feed factors. For trans fatty acids present in beef, it was determined that the ground beef had about 5.81 ± 0.10% of 18:1t (vaccenic acid) while previous literature reported 3.22% and 2.25% for grass and grain fed Angus steers, respectively (Daley et al, 2010).
	The fatty acid composition of turkey can also be seen in Table 5. One major difference when compared to ground beef is that turkey meat had a much higher 18:2, linoleic acid, value which was expected. When comparing to previous literature, the 14:0, mystric acid, composition (1.03 ± 0.16%) is similar to what was found in raw (1.10%) and uncured (1.22%) turkey breast meat (Skiepko et al, 2016). The 16:0, palmitic acid, level found (19.74 ± 0.22%) was higher than one publication that found 12.6% (Juskiewicz et al, 2017) but was also lower than a previous publication in raw (24.9%) and uncured (29.1%) turkey breast meat (Skiepko et al, 2016). The 16:1 value determined (3.22 ± 0.31%) falls between the two previous publications of turkey meat (0.14%) (Juskiewicz et al, 2017) as well as raw (5.4%) and uncured (6.1%) turkey breast meat (Skiepko et al, 2016). The 18:0, stearic acid, found (6.43 ± 0.58%) is about 2% higher than what was previously found (4.05%) (Juskiewicz et al, 2017) but was also 2.5% lower than what was found in raw (9.2%) and uncured (9.7%) turkey breast meat (Skiepko et al, 2016). Oleic acid, 18:1, (34.28 ± 1.09%) was higher than what was previously found in raw (29.3%) turkey breast meat but was comparable to that found in uncured (33%) turkey breast meat (Skiepko et al, 2016). Additionally for linoleic acid, 18:2, there was a slight difference as the value found in this work (32.48% ± 0.94) which was about 7% lower than what was previously found (39.6%) (Juskiewicz et al, 2017). The arachidic acid, 20:0, value found (2.81% ± 0.30) was much higher than what was found in raw (0.3%) ad uncured (0.11%) turkey breast meat (Skiepko et al, 2016) as well as in another publication of turkey meat (0.3%) (Juskiewicz et al, 2017). These variations in the fatty acids of ground turkey meat in comparison to other publications may be due to feed and environmental factors as well as other studies found many other minor fatty acids such as 15:0 pentadecanoic acid, 17:0 margaric acid, 18:3 linolenic acid and 20:1 eicosanoic acid (Juskiewicz et al, 2017; Skiepko et al, 2016). 
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The P-values for treatment, time and interaction of treatment and time for PV assay are shown in Table 6. A significant linear trend was found across the 14-day period (P-value < 0.001) for beef meatballs. When comparing the treatments against the control, the EDTA (P-value < 0.05) and the AHM10 (P-value < 0.01) treatments were significantly lower. The increase in primary oxidation products in beef meatballs over a 14-day period can be observed in the top graph of Figure 6. Overall, it can be clearly observed that the control meatball had the highest peroxide value of 14.18 ± 0.200 meq hydroperoxides/kg oil by day 14 when compared to the other treatments. There was a
Table 6. P-Values of Treatment, Time and Interactions for Peroxide Value (PV) and Thiobarbituric Acid Reactive Substances (TBARS) Assays
	Sample and Assay
	P-Value for Treatment
	P-Value for Time
	P-Value for Interaction

	PV for Beef
	<0.001
	<0.001
	0.225

	PV for Turkey
	<0.001
	<0.001
	0.147

	TBARS for Beef
	0.002
	<0.001
	<0.001

	TBARS for Turkey
	0.001
	<0.001
	0.118



Figure 6. PV of Four Beef (top graph) and Turkey (bottom graph) Meatball Treatments Oxidized for 14 days at 4C. D=day

general increase in hydroperoxides over the 14 days for all beef meatball treatments but the addition of EDTA at 100 ppm, a synthetic antioxidant, and the two selected hempseed hydrolysates at 0.4% were effective in preventing oxidation when compared to the control. EDTA reached a high value of 8.81 ± 1.11 meq hydroperoxides/kg oil on day 8 and then decreased by day 14. When comparing the two hempseed hydrolysates to the EDTA containing beef meatball, it is clear that AHM10 performed much better than both AHPI10 and the EDTA treatments. AHM10 reached a high value of 4.99 ± 0.03 meq hydroperoxides/kg oil on day 12 and then decreased to 3.80 ± 0.06 meq hydroperoxides/kg oil on day 14. On the contrary, AHPI10 did not perform better than EDTA reaching a high value of 10.31 ± 0.10 meq hydroperoxides/kg oil on day 10 and also saw a decrease by day 14. By day 14 of oxidizing beef meatballs, all treatments had PV values over 3.80 ± 0.06 meq hydroperoxides/kg oil, with the lowest being the AHM10 containing meatball. For all the treatments besides the control, a general trend of increasing PV was shown and then decreased by day 14 which was expected as primary oxidation products begin to decompose into secondary products. Overall, it can be concluded that AHM10 when used at 0,4% worked more effectively than EDTA at 100 
ppm, a known metal chelator, to inhibit oxidation in beef meatballs across a 14-day period. 
In previous literature, cooked beef patties containing 4% Alcalase hydrolyzed potato protein exhibited PV values of 2.8 meq hydroperoxides/kg sample on day 7 of refrigerated storage (Wang et al, 2005). This value is comparable to those found in AHM10 on day 4 of oxidation at 2.9 ± 0.05 meq hydroperoxides/kg oil. Another study using casein protein hydrolysates from 2% to 8% exhibited PV values between 0.78 ± 0.03 and 0.70 ± 0.01 meq hydroperoxides/kg oil, respectively, (Arshad et al, 2022) which are considerably lower than those exhibited by all treatments in beef meatballs. This may be due to the higher concentrations (2-8%) of casein protein hydrolysates used in comparison to the concentration in which hempseed hydrolysates were used (0.4%). 
The peroxide value of turkey meatballs can be observed in the bottom graph of Figure 6. The P-values for treatment, time and interaction of treatment and time in the PV assay can be observed in Table 6. Again, a significant linear trend was found across the oxidation day (P-value < 0.001) although this may not be practically significant. When comparing the treatments against the control, the EDTA (P-value < 0.001) and the AHPI10 (P-value < 0.01) treatments were significantly lower. Two potential outliers were present in the control meatball on day 2 (43.89 ± 1.06 meq hydroperoxides/kg oil) and AHM10 on day 6 (14.74 ± 0.82 meq hydroperoxides/kg oil) which were removed during statistical analysis. When comparing turkey to beef, beef had lower initial PV values but increased more than turkey by the end of the 14-day period. This may be due to the fact that there is a pro-oxidant effect of heme iron that contributed to a greater increase in PV values in beef (Bou et al, 2010). Ground turkey meat was expected to oxidize more than beef due to the 18:2 polyunsaturated fatty acid content but this did not occur potentially due to unknown naturally occurring antioxidants present in the lipid that made turkey more oxidatively stable than the beef. In the turkey meatballs, the AHM10 meatball had the highest amount of primary oxidation products by day 14 reaching 14.74 ± 0.82 meq hydroperoxides/kg oil on day 6 but this may be a potential outlier. The EDTA, AHM10 and AHPI10 treatments seemed to maintain relatively similar peroxide values with EDTA reaching a high of 8.46 ± 0.77 meq hydroperoxides/kg oil on day 10. Again, the PV products seemed to decrease by day 14 in all treatments after reaching its highest value. Though it was expected that AHM10 performed more effectively than both EDTA and AHPI10, it seemed that AHM10 acted comparably to the two treatments which still shows that AHM10 is a valuable natural antioxidant alternative when compared to synthetic antioxidants in food systems. 
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[bookmark: OLE_LINK1]The secondary oxidation products in beef meatballs over a 14-day period can be observed in Figure 7. The P-values for TBARS can be observed in Table 6. Large standard deviations were found in the TBARS data potentially due to sampling of a heterogenous mixture as well as the known interferences that effect TBARS data such as amino acids (Barriuso et al, 2012; Papastergiadis et al, 2012). Treatments EDTA (P-value < 0.05), AHPI10 (P-value < 0.001) and the control (P-value < 0.001) were found to have a significant linear trend at the early stage of the 14-day period. When compared to the control, only the AHM10 treatment had significantly lower TBARS to the control (P-value < 0.01). Unexpectedly, AHPI10 and EDTA treatments exhibited TBARS values higher than that of the control. EDTA reached a high of 5.27 ± 0.30 mg MDA/kg oil on day 6 while AHPI10 reached 3.94 ± 2.64 mg MDA/kg oil on day 8. AHM10 seemed to work most effectively in inhibiting the decomposition of primary products into secondary products as the TBARS values maintained levels below 1.76 ± 2.31 mg MDA/kg oil. Low TBARS values indicate a low level of rancidity which can be further exemplified 

Figure 7. TBARS of Four Beef (top graph) and Turkey (bottom graph) Meatball Treatments Oxidized for 14 days at 4C. D=day





through sensory analysis data when examining the absence of off flavors on day 14 in AHM10 beef meatballs. Overall, AHM10 has shown its ability to act as a natural antioxidant in beef systems when compared to a synthetic antioxidant by preventing oxidation from progressing. 
Previous literature examining the TBARS values of ground beef with the incorporation of protein hydrolysates have reported similar values of secondary oxidation products when compared to this study. For example, cooked beef patties containing 4% potato protein hydrolysates prepared by Alcalase inhibited secondary oxidation products below 1.25 mg MDA/kg sample across a 7-day period when stored at 4C (Wang et al, 2005). These values are comparable to that seen in beef meatballs across all treatments but especially in AHM10 meatballs as AHM10 had the highest TBARS value on day 6 at 1.76 ± 2.31 mg MDA/kg oil. Beef nuggets containing 8% casein protein hydrolysates had exhibited a TBARS value of 0.43 ± 0.02 mg MDA/kg sample on day 15 of storage (Arshad et al, 2022). This value is lower than what was found on day 14 of 
hempseed hydrolysates in ground beef but is likely due to the high concentration of casein protein hydrolysate used. 
The secondary oxidation products of turkey meatballs can be observed in the bottom graph of Figure 7 and P-values observed in Table 6. A significant linear trend was found across the 14-day period (P-value < 0.001), albeit large standard deviations. As for treatment comparisons, only the EDTA treatment was found to have significantly lower TBARS than the control (P-value < 0.001). As seen in the PV assay for primary oxidation products, the secondary oxidation products determined for turkey meatballs are lower than that for beef meatballs. This was unexpected due to the high susceptibility of polyunsaturated fatty acids to oxidize quickly but it may be attributed to the higher free iron and heme iron content in beef and/or higher amounts of antioxidants in turkey. Overall, the control meatball presented the highest TBARS values reaching 3.10 ± 4.89 mg MDA/kg oil on day 8. EDTA performed the most effectively out of all turkey treatments and had the lowest TBARS values ranging from 0.20-0.69 ± 0.08-0.24 mg MDA/kg oil across the 14-day period. AHM10 generally performed more effectively than AHPI10 in turkey meatballs except for on day 6 with a high of 2.27 ± 0.16 mg MDA/kg oil. AHPI10 reached a high of 1.43 ± 0.40 on day 8 and decreased until day 14. This decrease in TBARS values was attributed to the loss of oxidation products which form low molecular weight volatile compounds that are not stable for longer storage times (Nasri et al, 2013). Unfortunately, neither AHM10 nor AHPI10 when used at a 0.4% concentration performed more effectively than EDTA at 100 ppm to inhibit the decomposition of primary oxidation products into secondary products in the turkey meatballs across the 14-day period. It is possible that AHM10 is more effective in a beef than in turkey as AHM10 has previously exhibited an ability to act as an iron chelator (Angeletti et al, under review) which may have contributed to its ability to perform effectively in an iron containing food system such as beef. 
	The TBARS values of turkey meat sausages with the addition of 0.01%-0.2% (w/w) Goby (Zosterissessor ophiocephalus) fish protein hydrolysates prepared by various digestive proteases was determined across a 25-day period and was compared against a negative control as well as a 0.2% vitamin C positive control (Nasri et al, 2013). Overall, the 0.2% Goby fish protein hydrolysates exhibited the lowest TBARS values by the end of the 25-day period. Turkey meat sausages with the incorporation of Goby fish protein hydrolysates had TBARS values below 1.3 mg MDA/kg sample across the 25-day period (Nasri et al, 2013). Our values are comparable to the Goby fish protein hydrolysate. 
[bookmark: _Toc196147334]Sensory Evaluation of Beef and Turkey Meatballs on Day 1 and Day 14 of Refrigerated Storage
For day 1 sensory evaluation, a 2-AFC paired comparison test was implemented for both beef and turkey meatballs to determine if there was a difference found between treatments. The main finding of the sensory analysis for beef meatballs on day 1 was that there was a significant difference in meatiness found in the control meatball with EDTA (P-value < 0.05) and in the AHM10 (P-value < 0.05) meatballs when compared to the control. Additionally, there was no difference found when comparing the EDTA meatball with the hempseed hydrolysate containing meatballs which suggests that in addition to performing comparably to EDTA, the hempseed hydrolysates did not differ in meatiness. After completing the 2-AFC for each pair, panelists were asked to select attributes that they perceived as differing using a Check-All-That-Apply (CATA). Table 7 presents the P-values of each attribute that were determined to be significantly different amongst the treatments. The main attributes that were perceived as differing among samples were savory flavor (P-value < 0.0001), mouthfeel (P-value < 0.0001), firmness (P-value < 
Table 7. P-Values of Significantly Different Attributes in the 2-AFC Choose-All-That-Apply (CATA) Paired Comparison Sensory Analysis Day 1
	Sample P-value
	Savory
	Mouthfeel
	Rancidity
	Firmness
	Meaty Flavor

	Beef
	<0.0001
	<0.0001
	1.0000
	<0.0001
	<0.0001

	Turkey
	<0.005
	<0.0001
	<0.0001
	<0.0001
	<0.0001


0.0001) and meaty flavor (P-value < 0.0001). Overall, the data revealed that bitterness and off flavor were not detected in the meatballs when compared to the control. Additionally, for beef meatballs on day 1, color and aroma were not perceptually affected by the addition of hempseed hydrolysates indicating their applicability to meat systems as an alternative to synthetic antioxidants. 
	For turkey meatballs on day 1, there were significant differences found in the meatiness of the control meatball compared to meatballs containing EDTA (P-value < 0.05) as well as when compared to the AHM10 (P-value < 0.05) and AHPI10 containing meatballs (P-value < 0.001). This indicates a difference detected between the control and treatments for both the synthetic and natural antioxidants. This slightly differs from the beef meatball sensory data as all three treatments were found to be significantly different than the control. When comparing sensory CATA attributes seen in Table 7 of the turkey
meatballs, the savory flavor (P-value < 0.0001), mouthfeel (P-value < 0.0001), rancidity
 (P-value < 0.0001), firmness (P-value < 0.0001) and meat flavor (P-value < 0.0001) were all significantly different. 
For the day 14 acceptance test, Table 8 depicts the hedonic mean score out of 9 for the attributes tested in each treatment for beef meatballs. This indicates the overall acceptability of each attribute for each treatment. For all attributes, no differences were found in the data set. This indicates that none of the test samples significantly differed from the control with respect to any of the attributes of interest, meaning they are equally acceptable. For the appearance of the beef meatballs, the control meatball (6.26) seemingly had the highest mean score but the AHM10 (6.12) meatball had a numerically
Table 8. Mean Score and P-Value from Consumer Acceptability Test for Attributes in Beef and Turkey Meatballs Day 14
	
	Attribute
	Control
	EDTA
	AHM10
	AHPI10
	P-value

	Beef
	Appearance
	6.26
	6.05
	6.12
	6.04
	0.766

	
	Aroma
	5.78
	6.00
	5.81
	5.68
	0.506

	
	Meat Flavor
	5.64
	5.85
	6.01
	5.54
	0.227

	
	Texture
	5.96
	5.60
	5.94
	5.70
	0.376

	
	Overall Opinion
	5.72
	5.64
	5.85
	5.41
	0.335

	Turkey
	Appearance
	4.98
	4.96
	5.34
	5.10
	0.400

	
	Aroma
	5.61
	5.42
	5.43
	5.51
	0.835

	
	Meat Flavor
	5.73
	5.66
	5.84
	5.31
	0.162

	
	Texture
	5.11
	4.68
	5.38
	4.99
	0.099

	
	Overall Opinion
	5.46
	5.14
	5.63
	5.19
	0.177


*Values ranged from 1-9 with 1 being dislike extremely and 9 being like extremely

higher score than the EDTA (6.05) and AHPI10 (6.04) meatballs. It is notable that the AHPI10 meatball had a mean score comparable to that of EDTA for appearance. For aroma, the EDTA (6.00) meatball seemed to have the most liked score in addition to AHM10 (5.81) when compared to the control (5.78) and AHPI10 (5.68) meatball. The meat flavor was apparently highest in the AHM10 (6.01) meatball when compared to
all other treatments with AHPI10 (5.54) having the lowest mean score value. Again, for texture, the control (5.96) potentially had the highest mean score but the AHM10 (5.94) was very similar to that of the control. The AHM10 (5.85) meatball seemed to have the highest overall acceptability when compared to all other treatments with AHPI10 (5.41) potentially having the lowest score. Overall, this data suggests that in beef meatballs, AHM10 may perform better than the EDTA meatball in most attributes. Again, since no significant differences were found among treatments for each attribute, it can be concluded that the treatments were all comparable to each other and did not have noticeable differences for the consumer. This indicates that AHM10 and AHPI10 can be incorporated into beef without posing negative consequences to flavor, odor or appearance. 
For turkey meatballs on day 14, Table 8 depicts the mean scores and P-values of each attribute for all treatments. Again, no significant differences were found in the data set for day 14 acceptability scores, indicating the equality in acceptability for all treatments. For turkey meatballs, the AHM10 meatball seemed to have the highest numerical liking score for appearance (5.34), meat flavor (5.84), texture (5.38) and overall opinion (5.63) of the sample when compared to the control, EDTA and AHPI10. For aroma, the control (5.61) potentially had the highest numerical liking score followed by the AHPI10 meatball. Once again, no significant differences were found indicating the applicability of AHM10 and AHPI10 as a natural antioxidant in food systems without negative effects on aroma or flavor. 
Table 9 depicts the percentage of people that detected an off flavor in the different treatments for beef and turkey as well as the P-value associated with the data. Additionally, the off-flavor intensity of each treatment when scored on a 15-point line scale is also presented. For beef meatballs on day 14, significant differences were found considering the off-flavor presence among the treatments (P-value < 0.001). AHPI10 had the highest score with 49% of panelists saying there was an off flavor detected. AHM10 (24%) had a lower percentage when compared to the control (39%) and EDTA (30%) treatments indicating that there was less of an off flavor detected in the AHM10 treatment when compared to all other treatments. This also suggests the acceptability of AHM10 as consumers are less likely to accept a food product that contains an off flavor. As for the
Table 9. Off Flavor Presence (%), Off Flavor Intensity Score and Percentage (%) of Panelists that Would Eat the Beef or Turkey Product Again in the Consumer Acceptability Test on Day 14
	Test
	Sample
	Control
	EDTA
	AHM10
	AHPI10
	P-value

	Off-Flavor Presence (%)
	Beef
	39
	30
	24
	49
	0.000

	
	Turkey
	25
	24
	26
	30
	0.680

	Off Flavor Intensity
	Beef
	7.83 ± 3.77
	7.93 ± 4.22
	6.69 ± 4.53
	7.78 ± 4.11
	0.689

	
	Turkey
	7.26 ± 3.66
	6.97 ± 3.66
	8.01 ± 4.06
	6.66 ± 4.10
	0.647

	Panelist (%) That would Eat Again
	Beef
	53
	49
	62
	46
	0.100

	
	Turkey
	53
	45
	59
	47
	0.110


*Off flavor intensity values ranged from 0-15 on a line scale with 0 being not intense at all and 15 being extremely intense

off-flavor intensity score for beef meatballs seen in Table 9, there was no significant difference found among treatments. Despite the lack of significant differences, the AHM10 meatball seemingly had the lowest off-flavor intensity when compared to all 
other treatments with EDTA potentially having the highest intensity value. This further 
suggests AHM10’s applicability in place of synthetic antioxidants such as EDTA as AHM10 does not pose any negative sensory attributes such as off flavor in beef systems. For turkey meatballs in Table 9, 26% of panelists detected an off flavor in the sample for AHM10 meatballs which is comparable to the control (25%) and EDTA (24%) meatballs. These values may be comparable but since no significant differences were found amongst the treatments, it can be concluded that the treatments were equally accepted by consumers in terms of off-flavor presence. When comparing the off-flavor intensity of the treatments in Table 9, for turkey meatballs there were no significant differences. Despite the absence of significant differences, the AHM10 meatball may have had the highest off-flavor intensity while AHPI10 had the lowest intensity in the turkey meatballs which differed from the beef meatballs. 
Table 9 also depicts the percentage of consumers that would eat each product again. There were no significant differences found amongst treatments for both beef and turkey meatballs which indicates their equal acceptability. AHM10 seemed to have the highest score when rating whether the consumer would eat the meatball again. For example, 62% of consumers said they would eat the AHM10 meatball again while 53% said they would eat the control again and 49% said they would eat the EDTA meatball again. For turkey meatballs in Table 9, there were no significant different found among treatments. Overall, 59% of consumers may have said they would eat the AHM10 turkey meatball while 53% said they would eat the control again and 45% said they would eat 
the EDTA meatball again. This indicates that all treatments were acceptable to consumer preferences since no significant differences were found among treatments.
In summary, AHM10 is a valuable and effective natural alternative to synthetic antioxidants such as EDTA, in meat systems, particularly in ground beef. Ground beef and ground turkey had differing fatty acid profiles as well as iron content making them both suitable for an oxidation study. By storing beef and turkey meatballs for 14 days with the incorporation of hempseed hydrolysates, AHM10 performed more effectively than EDTA and AHPI10 to prevent lipid oxidation. Overall, the antioxidant treatments were more effective in a beef system compared to turkey which was attributed to their iron chelating ability and the presence of free and bound iron in ground beef. Additionally, the naturally occurring antioxidants already present in the ground meats were unknown and could potentially influence their rate of oxidation and ability for antioxidants to act effectively. Through sensory analysis, it was determined that there were no significant differences found between treatments suggesting that AHM10 is applicable as an antioxidant without posing any negative effects to flavor or odor. Ultimately, AHM10 is effective as an antioxidant in ground beef systems and has a future in replacing synthetically derived antioxidants as the trend towards natural ingredients continues to rise.
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[bookmark: _Toc196147336]OVERALL CONCLUSION
	In both antioxidant screening and food model systems, specifically nanoemulsions and in meat systems, it has been proven that hemp meal hydrolysates, such as AHM10, acts as an effective antioxidant alternative to replace synthetic antioxidants such as BHA and EDTA. At low concentrations of 0.05% to 0.4%, AHM10 has exhibited a high antioxidant efficacy either comparable or better than that of their synthetic derivatives in both the screening and in food systems. Numerous compositional characteristics have potential to contribute to AHM10’s high antioxidant activity such as its reduced molecular weight, high protein content and/or bioactive components such as phytic acid. Through the antioxidant activity determination, it has been shown that AHM10 can be applicable in a variety of food systems with potential to replace synthetic ingredients and enhance the movement towards “all natural” food products. Further research should be performed to examine the major and minor components of protein hydrolysates that the antioxidant activity is most attributed to and to determine the specific mechanism in which AHM10 acts to prevent oxidation. This will further allow AHM10’s application in food products and bridge the knowledge gap pertaining to its efficacy.
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D0	0.6475242449981522	0.67870567331258846	0.656406876805534	0.73452949287836478	0.6475242449981522	0.67870567331258846	0.656406876805534	0.73452949287836478	Control	EDTA	AHM10	AHPI10	6.4143436626694426	6.1505339145190909	7.1051070586506837	7.0017888344787211	D2	1.0582108051917116	0.75306798856751123	1.9217068257707961	0.77906189226863165	1.0582108051917116	0.75306798856751123	1.9217068257707961	0.77906189226863165	Control	EDTA	AHM10	AHPI10	43.892530168672387	6.4343514592579689	7.4624935112341868	6.993298510733279	D4	0.88630292486580142	0.3701979971105504	0.24821581416985877	0.92597291337243137	0.88630292486580142	0.3701979971105504	0.24821581416985877	0.92597291337243137	Control	EDTA	AHM10	AHPI10	7.9760189179096557	6.8009745331125373	7.3861350524453622	6.7044431815665133	D6	1.3361893145580457	0.58967695277731558	0.82384335321655477	0.42392820648743063	1.3361893145580457	0.58967695277731558	0.82384335321655477	0.42392820648743063	Control	EDTA	AHM10	AHPI10	8.753591931297878	6.7471012606669474	14.739033142714026	7.2531200551395294	D8	0.71736083158334829	0.71414496743774059	1.2942592582366419	1.1824949803566591	0.71736083158334829	0.71414496743774059	1.2942592582366419	1.1824949803566591	Control	EDTA	AHM10	AHPI10	8.5736587860086075	7.5998578177799452	7.7428176561823703	8.4125755957163495	D10	0.6834750446000043	0.77404627879365961	0.82941040360853346	0.28528974950835545	0.6834750446000043	0.77404627879365961	0.82941040360853346	0.28528974950835545	Control	EDTA	AHM10	AHPI10	8.9298308103943693	8.4641625678517851	8.3070766339148232	7.7348084436729332	D12	0.8958448255314676	0.46797888001881766	0.18621965760769432	5.1820677545041938E-2	0.8958448255314676	0.46797888001881766	0.18621965760769432	5.1820677545041938E-2	Control	EDTA	AHM10	AHPI10	9.2256567407853218	7.1976510195950878	8.1367991039826606	8.1530555015017256	D14	0.39487133619145687	0.35412326800060878	0.31535256512168897	0.23245432763961466	0.39487133619145687	0.35412326800060878	0.31535256512168897	0.23245432763961466	Control	EDTA	AHM10	AHPI10	7.9887368439901936	7.0343744205561807	7.5497457603718106	7.9747808047510143	
PV (Meq hydroperoxides/kg oil) for turkey




D0	3.6405642164606067E-2	5.0066381264735005E-2	6.3369654359410665E-2	0.11838892366576602	3.6405642164606067E-2	5.0066381264735005E-2	6.3369654359410665E-2	0.11838892366576602	Control	EDTA	AHM10	AHPI10	0.22019155545491031	0.26503947253113158	0.33216532600355309	0.43308990869760661	D2	7.8600042873060341E-2	0.16449993181802383	2.235530532264958E-2	0.34576220443454703	7.8600042873060341E-2	0.16449993181802383	2.235530532264958E-2	0.34576220443454703	Control	EDTA	AHM10	AHPI10	1.5482712636077087	1.2190779061279107	0.71991959719414933	1.3152571654013618	D4	9.8404124859232001E-2	2.2285807132635713	2.8142946756348309E-2	6.4884325837041096E-2	9.8404124859232001E-2	2.2285807132635713	2.8142946756348309E-2	6.4884325837041096E-2	Control	EDTA	AHM10	AHPI10	2.0403947416886403	2.6095250329109279	0.7578539185243115	0.97856816541453728	D6	0.24358379978273662	0.30447558476182629	2.3102849672599031	1.8036867657980571	0.24358379978273662	0.30447558476182629	2.3102849672599031	1.8036867657980571	Control	EDTA	AHM10	AHPI10	1.05106762619399	5.2666346083207314	1.759450036759814	3.386234440460409	D8	2.5257289492738318E-2	0.30407540543957806	0.52666571134868179	2.6401761772669357	2.5257289492738318E-2	0.30407540543957806	0.52666571134868179	2.6401761772669357	Control	EDTA	AHM10	AHPI10	1.6542883838350624	2.787157761681796	0.90015058278238824	3.9397769519220596	D10	4.0322360703984865E-2	2.6912162032682745E-2	6.5299546547870598E-3	0.1966449020216709	4.0322360703984865E-2	2.6912162032682745E-2	6.5299546547870598E-3	0.1966449020216709	Control	EDTA	AHM10	AHPI10	1.8827601799741565	1.7276905834465206	0.81807087560496461	2.6898319872477097	D12	1.2275767485595723	8.6694996383278308E-2	8.3244593308096318E-2	0.19606185829558334	1.2275767485595723	8.6694996383278308E-2	8.3244593308096318E-2	0.19606185829558334	Control	EDTA	AHM10	AHPI10	1.9972357619125691	1.1345677262265605	0.84913965855457574	1.9081493644033707	D14	9.1331698320320356E-2	0.15337456562173468	1.7447750428440992E-2	0.17530149252245081	9.1331698320320356E-2	0.15337456562173468	1.7447750428440992E-2	0.17530149252245081	Control	EDTA	AHM10	AHPI10	1.8913215370193968	1.3226872058148447	0.51352772140195169	2.3386437561913618	
TBARS (mg MDA/kg oil) for beef




D0	5.3925835794670834E-2	7.9898483910168142E-2	5.0877324919007344E-2	3.5282185733341249E-2	5.3925835794670834E-2	7.9898483910168142E-2	5.0877324919007344E-2	3.5282185733341249E-2	Control	EDTA	AHM10	AHPI10	0.23400937021361487	0.19693881977024028	0.2165534280635675	0.20388269973030523	D2	1.6869687480584163	4.4717356550661988E-2	4.3511043442896927E-2	6.220259849887614E-2	1.6869687480584163	4.4717356550661988E-2	4.3511043442896927E-2	6.220259849887614E-2	Control	EDTA	AHM10	AHPI10	1.7525843441091375	0.27597070084912984	0.28941001612810707	0.41107227570614696	D4	0.15031728629782229	0.24344533313104516	0.11974102636487816	0.10309787550752723	0.15031728629782229	0.24344533313104516	0.11974102636487816	0.10309787550752723	Control	EDTA	AHM10	AHPI10	1.2317226915766859	0.68559972780624856	0.55106634563569001	0.83632215062788828	D6	9.6281334235139071E-2	1.6813625804557537E-2	0.15564747984595637	0.48108232955214109	9.6281334235139071E-2	1.6813625804557537E-2	0.15564747984595637	0.48108232955214109	Control	EDTA	AHM10	AHPI10	1.197142801500956	0.40698827093505835	2.274874442813458	1.1924353846803675	D8	4.8970085079079197	0.11197453520418549	0.2871965403128211	0.39940968521269721	4.8970085079079197	0.11197453520418549	0.2871965403128211	0.39940968521269721	Control	EDTA	AHM10	AHPI10	3.1034270729253279	0.34145893398644461	0.9345235803267461	1.4341910227526435	D10	0.56014043099893174	0.13345089991100403	0.30946372599405086	0.17314259907038879	0.56014043099893174	0.13345089991100403	0.30946372599405086	0.17314259907038879	Control	EDTA	AHM10	AHPI10	0.83426902202156616	0.35611270896036279	0.92832892635786601	0.76203464706740676	D12	2.4334203162385846	0.208765665011235	5.0350730586472763E-2	0.2372751094029947	2.4334203162385846	0.208765665011235	5.0350730586472763E-2	0.2372751094029947	Control	EDTA	AHM10	AHPI10	2.44825697445164	0.6343389508902012	0.91018547700563124	1.0466594638750712	D14	1.2071914006448061	0.11291142434907728	0.2445547984917926	8.9463965934378414E-2	1.2071914006448061	0.11291142434907728	0.2445547984917926	8.9463965934378414E-2	Control	EDTA	AHM10	AHPI10	0.99938397026951498	0.23155524965971189	0.88813508697316157	0.67924374852421021	
TBARS (mg MDA/kg oil) for turkey
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