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ABSTRACT 

DEGREE OF DONENESS OF COOKED BEEF LONGISSIMUS MUSCLE ALTERS 
LIPID BIOACCESSIBILITY 

 

Elizabeth West  

University of Guelph, 2020 

Advisor: 

Dr. Michael A. Rogers 

This study investigated if changes in physical state due to sous-vide cooking 

significantly alter the lipemic response to food. Canadian AAA boneless beef strip loins 

containing the longissimus lumborum muscle (n=3) were randomly assigned to different 

degrees of doneness (DOD: raw/20, 50, 60, 70 and 80°C). Lipid bioaccessibility was 

assessed utilizing the TIM-1 simulated gastrointestinal tract and changes in network 

structure were analyzed. The total cumulative free fatty acid (FFA) bioaccessibility (%) 

shows significant differences (P<0.05) depending on the DOD, with the maximum lipid 

bioaccessibility occurring in samples cooked to 60°C. Furthermore, the denaturation of 

actin significantly correlates with the total cumulative FFA bioaccessibility whereby the 

striploin cooked to 60°C presented the maximum bioaccessibility and digestion rate. This 

research shows the importance of changes to the structural networks of foods and their 

ability to alter lipid digestion and can aid in the development of foods that tailor FFA 

release.
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1 Introduction 

Continuous overconsumption of lipid-rich foods is a significant risk factor for 

obesity and is linked to the increased incidence of chronic diseases (e.g., type II diabetes, 

cardiovascular diseases, and some cancers).1 Reducing excessive lipid intake is a non-

invasive, commonly advised preventative strategy to mitigate metabolic diseases of 

dietary origin and cardiovascular risk factors.2,3 As such, it is vital to understand the 

postprandial lipid responses to different foods by establishing a lipemic index, similar to 

the glycemic index, which measures the blood glucose-raising potential of 

carbohydrates.4–6 The lipemic index represents postprandial serum triglyceride levels 

following a meal's consumption relative to a reference food containing known amounts of 

saturated, monounsaturated, and polyunsaturated fats.5 Different food structures, 

independent of nutrient content, alter postprandial lipemic, and glycemic responses.6  

Foods are complex structures made up of several macro-components (water, 

proteins, lipids, carbohydrates) and micro-components (minerals, vitamins, enzymes, 

nutraceuticals).7 Whole foods are made up of various kinds of structures such as 

encapsulated plant embryos (e.g., grains, pulses), complex fluids (e.g., milk), fleshy 

materials from plants (e.g., fruits and vegetables), and fibrous structures (e.g., 

muscles).7,8 The organization and interactions of these components at the molecular, 

nano, micro, and macro levels define the food structure and significantly influence the 

bioaccessibility and bioavailability of nutrients.7 Bioaccessibility is defined as the amount 

of material available for absorption, whereas bioavailability is the amount of material 

absorbed and available for physiological functions.9,10 Understanding and manipulating 
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food structure enable control over texture, sensory properties, shelf life, and stability of 

the food.2 Beyond this, manipulating food structure will lead to the development of foods 

that reduce lipid bioaccessibility by minimizing the free fatty acid (FFA) cleavage rate 

along the gastric tract, representing a potential solution for weight management.2 

However, to reach this goal, the industry requires greater knowledge and understanding 

of how the human digestive system interacts with, transports, and utilizes food lipids. 

Meat, consisting mainly of protein and fat, is a staple in many diets and an excellent 

dietary source of essential amino acids and micronutrients (e.g., iron, zinc, vitamin B3, 

and B12).11,12 The recommended weekly meat intake is 98 g of red meat, 203 g of poultry, 

and 196 g of fish.13,14 However, in Western societies, meat products are overconsumed, 

exceeding nutritional requirements.15,16 For instance, red meat intake is 300-600% higher 

than the daily recommended levels in Europe, North America, and South America.13,14 

Meat is rarely consumed raw and often undergoes processing before consumption.4 

Typically, the processing technique used is a form of heat treatment, which modifies the 

meat’s structure through protein denaturation and aggregation, causing a change to the 

food matrix.17–19 Lipid molecules in meat are embedded in muscle fibers; therefore, to 

study the lipid digestibility of meat, the meat structure's influence must be considered.2,20 

Studying lipolysis of meat is essential due to the popularity of meat and the link between 

dietary fat intake on the development of diet-based diseases.1,20 Furthermore, by 

understanding the effect of processing on the meat structure connected with lipid 

bioaccessibility, the nutritional quality of meat products can be improved through 

modulation of technological processes. 
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1.1 Rationale 

The postprandial response of nutrients is not predicated solely by their 

composition; as well, the food matrix or structure plays a critical role.7 However, at 

present, there is limited understanding of the changes to the food matrix that occur 

throughout the gastrointestinal tract (GIT) during digestion.21 The development of foods 

that minimize FFA cleavage could help curtail the obesity pandemic and its associated 

health complications. To develop strategies to structure foods, so they have desirable 

biological outcomes, we must first understand how processing foods impacts its network 

structure and, ultimately, how this alters the rate of lipid hydrolysis and fat bioaccessibility. 

Despite the many proteolysis studies on meat, there is a lack of studies investigating how 

cooking meat affects lipid digestion, and if the overall food network structure causes an 

impact.20  Therefore, this research serves to close this knowledge gap by investigating 

the lipid digestion of meat.  

1.1.1 Objectives 

This research aims to investigate the structural change cooking induces and how 

they alter the metabolic response of lipids in food. This research will specifically examine 

how sous-vide cooking beef longissimus lumborum muscle to different degrees of 

doneness modulates fatty acid release and bioaccessibility during in vitro TNO Simulated 

Gastrointestinal Tract Model-1 (TIM-1) digestion. Furthermore, this research will evaluate 

the structural changes during cooking through differential scanning calorimetry (DSC), 

Fourier-transform infrared spectroscopy (FTIR), microscopy, and rheology.  
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1.1.2 Hypothesis 

We hypothesize that the cooking of meat to higher temperatures will reduce the lipid 

bioaccessibility. This hypothesis is rooted in the observation that shrinking myofibrillar 

proteins compacts the protein network, ultimately hindering surface area for enzymatic 

activity, reducing the rate of FFA cleavage from triglycerides. 

2 Literature Review  

2.1 Meat Structure 

Muscles are classified into two general groups, striated and smooth, based on their 

microscopic appearance.22 Striated muscle is further divided into cardiac and skeletal 

muscle. All three muscle types are consumed; however, skeletal muscle is the most 

critical subtype in the food and agricultural industry because it is the most widely 

consumed – cardiac and smooth muscle are mostly found in comminuted products.22 At 

the cellular level, there is a close resemblance among skeletal muscle from various 

organisms.23 The skeletal muscle's physical structure is approximately 65-75% water, 

20% protein, and 3-12% fat.22,24,25 Fat, known as adipose tissue, functions to protect 

organs, insulate parts of the body, and store energy. Adipocytes are the primary storage 

site for triglycerides (TAGs) and can be subcutaneous, visceral, intermuscular, or 

intramuscular – subcutaneous fat is beneath the skin, visceral fat is around internal 

organs, and intermuscular is between muscles.24 In the scope of this research, the 

intramuscular lipid is the fat source of concern. Intramuscular fat, composed of 

interfascicular adipocytes, is deposited between muscle fiber bundles in the perimysial 

connective tissue; and found within muscle fiber bundles.26,27  
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 Intramuscular fat is also known as marbling and is an important quality factor of 

animal production.22 Depending on the cut of meat, there are varying percentages of lipids 

present. Meat with no visible marbling contains ~ 1% lipids; however, marbling lipid 

content varies from 2.6 to 15.7%.28 The fatty acid profile of beef intramuscular lipid varies 

based on numerous factors (i.e., age, sex, diet, genetics, muscle location, etc.) and the 

chain lengths typically range from 12 to 22 carbon atoms.22,29 However, oleic (18:1 c-9), 

palmitic (16:0), and stearic (18:0) acid generally account for over 66% of the fatty acids 

present in beef skeletal muscle (Figure 2.1).24 The long-chain polyunsaturated fatty acid 

content of meat is bound into glycerophospholipids; the significant components of the cell 

and intracellular membranes.22 Another form of lipid present in beef meat is cholesterol. 

Longissimus dorsi muscle contains 2.2% lipid (% wet basis), and the lipid class 

composition (% of total lipid) was approximately 70% triacylglycerols, 20% phospholipids, 

and 10% cholesterol.30 Overall, intramuscular fat is embedded in muscle – therefore, to 

fully understand the lipolysis of meat, the whole meat structure must be considered.20 

 

Figure 2.1 Structures of oleic (A), palmitic (B), and stearic (C) acid – the primary fatty acids 
present in intermuscular beef fat 
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Skeletal muscle is highly structured at several levels, comprised of an outer 

collagenous connective tissue network layer called the epimysium that surrounds many 

fascicles (Figure 2.2). Fascicles are a group of muscle fibers that are ensheathed by the 

perimysium connective tissue network. Muscle fibers (encased by the endomysium) are 

long multinuclear cylindrical cells made up of myofibrils.22 Myofibrils are a string-like 

structure made up of repeating units called sarcomeres (Figure 2.2), and the regular 

parallel bundles of sarcomeres give the skeletal muscle the striated appearance.22 

Myofibrillar proteins make up approximately 55-60% of skeletal muscle by weight, and 

the two main myofibril proteins that make up the sarcomeres are myosin and actin.12,31,32 

Myosin makes up the sarcomere's thick filament, which extends over the A-band, and is 

responsible for muscle force and contraction.25,33 The dark bands of a muscle fiber result 

from the thin and thick filaments overlapping and are called the anisotropic or A-bands 

(Figure 2.2). The lighter bands are the isotropic or I-bands and are the area with only thin 

filaments present.33 Actin is a structural element in the sarcomere; it makes up the I-band 

and extends into the A-band. There are two forms of actin, the monomeric globular form 

(G-actin) and fibrous actin (F-actin) formed from the polymerization of G-actin, F-actin 

primarily makes up the thin filament.22,25 The area within the A-band that does not contain 

thin filaments is known as the H-band, and transecting this is the M-line where there is a 

cross-connection of myosin filaments. The cross connection of the actin filaments forms 

a central dense transverse Z-line.22 Together actin and myosin form a complex known as 

actomyosin.  
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Figure 2.2. Skeletal muscle organization. A: General muscle organization. B: longitudinal section 
of a muscle fiber showing the myofibrils structure and organization. Myofibrils are composed of a 
succession of sarcomeres (Sr) located between the Z lines. C: Ultrastructure of a sarcomere 
composed of myosin and actin myofilaments. Reprinted from Food Structures, Digestion and 
Health, Astruc, T., Chapter 7 – Muscle Structure and Digestive Enzyme Bioaccessibility to 
Intracellular Compartments, Page 197, Copyright (2014), with permission from Elsevier. 

Besides myofibril proteins, there are two other significant groups of muscle protein: 

sarcoplasmic and connective. Sarcoplasmic proteins are the soluble proteins of the 

sarcoplasm, consisting mainly of metabolic enzymes and myoglobin. They make up 

approximately 30-35% of total skeletal muscle protein by weight, whereas connective 

proteins make up about 10-15%.12,31,32 Connective tissue is mostly composed of collagen 

and, to a lesser extent, elastin.22 Collagen is a glycoprotein that maintains the structural 

integrity of skeletal muscle, is the largest component of the extracellular matrix (ECM), 

and has a triple helix structure.22,25 There are many different types of collagen. However, 

the predominant types in beef muscle are Types I and III.24 Type I collagen is a 
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heterotrimer with two α-chains alike and one different, and Type III is a homotrimer with 

three identical α-chains.22 Elastin is highly elastic, insoluble, and heat stable, making up 

a small percentage of connective tissue overall. For instance, in longissimus dorsi, 

elastin's percent dry weight is only 0.07%.22 The amount of connective tissue, in addition 

to sarcomere length and amount of marbling, impacts the structure, tenderness, and 

quality of raw meat.34 However, meat is not frequently consumed raw but cooked to 

different degrees, which further impacts the structure in various ways.  

2.2 Meat and Cooking 

Meat, consisting mainly of protein and fat, is a staple in many diets and is most 

often consumed cooked.4 Some of the reasons for cooking meat are to increase 

palatability, preservation, and to reduce microbial load.4,12 Beef steak is not typically 

cooked to one temperature; instead, there is a wide range of accepted temperatures 

depending on the consumers’ preferences and meat cut. According to the National 

Cattlemen’s Beef Association (NCBA) Beef Steak Color Guide, the corresponding 

temperatures for steak degree of doneness are: very-rare (54°C), rare (60°C), medium-

rare (63°C), medium (71°C), well-done (77°C) and very well-done (82°C).35 Over 40% of 

consumers prefer medium/medium-rare steaks, 4-19% rare, and 5-27% well-done.36,37 

Interestingly, studies on consumer preferences of degrees of doneness (DOD) indicate 

that elevated DOD reduced palatability and overall consumer acceptance.36,38 Besides 

the various DOD, steak can be cooked in various ways, such as grilling, roasting, 

microwaving, or sous-vide cooking. In a study comparing oven roasting, high-pressure 

processing (HPP), and sous-vide cooking of bovine M. semitendinosus, oven roasting 
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resulted in the most significant cooking loss (difference in weight before and after cooking 

expressed as percent of the initial sample weight) and toughness followed by sous-vide 

cooking and then HPP.34 All these methods of cooking have the potential to affect the 

structural and functional properties of meat proteins.  

Proteins in meat denature upon cooking, losing their native conformation, and 

change the food matrix.19 Protein modifications such as aggregation, cross-linking, 

oxidation, conformational changes, and decreased solubility can all occur due to 

cooking.12 The denaturation of proteins occurs as the kinetic energy from heating enables 

enough thermal motion to rupture the weak intermolecular forces (nonpolar interactions, 

electrostatic interactions) that are involved in proteins’ secondary and tertiary structure.39 

The proteins unfold with increasing temperature and time, losing their tertiary and 

secondary structures. Unfolding of proteins exposes hydrophobic amino acids and 

decreases protein solubility and cross-links can form between amino acids of protein 

polypeptide chains.12,19,39  Aggregation occurs due to the exposed hydrophobic groups of 

different proteins interacting through van Der Waals interactions and the hydrophobic 

effect.39 Meat protein aggregation during cooking has been shown to be linked to the 

increase in protein surface hydrophobicity.17 The surface hydrophobicity of porcine 

longissimus dorsi myofibrillar proteins showed a significant increase with heating (raw 

compared to muscle tissue heated to 70, 100, and 140°C), indicating aggregation of the 

proteins at increased temperature.17 In addition, smaller myofibrillar protein particle 

diameters were present at higher temperatures (~40% decrease at 140°C compared to 

raw).17 Surface hydrophobicity of myofibrillar proteins from rabbit skeletal muscle 
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increased up to 65°C and decreased at higher temperatures.40 Furthermore, 

sarcoplasmic proteins aggregate between 40-60°C, and it is hypothesized that the 

aggregated sarcoplasmic proteins can form a gel within the meat matrix, contributing a 

tenderizing effect.25,41 

Different proteins in meat denature at different temperatures. As previously 

outlined, meat primarily consists of myofibrillar (actin and myosin) and connective 

(collagen) proteins. Denaturation of the fibrous actin and myosin results in meat 

toughening due to shrinkage and water expulsion.4,42 On the other hand, collagen 

denatures and forms a gel under the right conditions, increasing the tenderness of the 

cooked meat.42 Heating collagen to 60-70°C causes the fibers to shrink to one-quarter of 

their resting length. Further heating will lead to the dissolution of collagen and the 

formation of gelatin unless collagen is stabilized by heat-resistant intermolecular bonds.25 

Using scanning electron microscopy, Wu, Dutson, and Smith43 found that collagen from 

the perimysium and endomysium became granular at 60°C and gelatinized at 80°C upon 

heating for 1 hour at these temperatures.  

In a systematic study of the changes that occur during the heating of single 

myofibers, fiber bundles (40-50 fibers), and muscle strips, researchers found that: from 

40-52.5°C, denaturation of sarcoplasmic and myofibrillar proteins occurs without 

shortening, and there is a loss of fluid from the muscle fibers into the extracellular space; 

between 52.5-60°C, there is an increasingly rapid loss of fluid from the muscle fibers, 

without overall shortening of the meat; from 64-94°C, there is an increase in cooking loss 

and overall shortening in muscle fibers and a decrease in the cross-sectional area due to 
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shrinkage of the endomysial, perimysial and epimysial collagen.18 Overall, there is 

transverse shrinkage of muscle fibers between 40 to 60°C, widening the gap between 

fibers and increasing the extracellular space. From 60°C onwards, the connective tissue 

and muscle fibers shrink longitudinally (Figure 2.3).12,24,25,44  Myofibrils’ shrinkage and 

swelling are significant factors influencing the water-holding capacity in whole meat 

(~80% of the water in muscle is within the myofibrils between the thick and thin 

filaments).45 Unsurprisingly, there is a significant increase in cooking losses after 60°C 

when longitudinal shrinkage of fibers occurs.25,44,46 Increasing DOD also influences the 

nutrient composition of beef steaks – percent fat and protein increase with an increase in 

temperature, while moisture content decreases. Thus, a higher degree of doneness 

results in a higher caloric value per 100 g.47  
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Figure 2.3. Heating effect on fiber structure of bovine semitendinosus muscle samples heated at 
60 and 90°C for 45 minutes. Image analysis quantification showed that heating caused a 
reduction of the fibers’ cross-sectional area and increased extracellular spaces. Reprinted from 
Food Structures, Digestion and Health, Astruc, T., Chapter 7 – Muscle Structure and Digestive 
Enzyme Bioaccessibility to Intracellular Compartments, Page 205, Copyright (2014), with 
permission from Elsevier. 

Differential scanning calorimeter (DSC) is an excellent tool to study protein 

denaturation through apparent heat capacities. In a study looking at individual protein 

components of beef, a denaturing peak for myofibrillar proteins displayed between 55-

60°C, connective proteins at 60°C, and sarcoplasmic peaks were indistinct.48 In a study 

looking at whole beef muscle, there were three denaturation peaks – peak I at 57.5°C 

corresponding to myosin, peak II at 62.8°C corresponding to myosin, sarcoplasmic 

proteins, and connective tissue, and peak III at 73.9°C attributed to actin.49 These 

denaturation temperatures are supported by other authors.50–52 

Fourier transform infrared spectroscopy (FTIR) examines changes to protein 

secondary structure by examining changes to characteristic vibrational absorption bands. 

The α-helix and β-sheet structure content is observed in the amide I band in the region 

1700-1600 cm-1, which corresponds to C=O and C-N stretching vibrations and an N-H 

bending mode of the protein in meat.53–55 This band is favoured for studying protein 

secondary structure because it is the most sensitive to protein folding, unfolding, and 

aggregation. The amide II band (1600-1500 cm-1) results from N-H bending and C-N 

stretching modes; however, it is less sensitive than the amide I band.53–55 A study looking 

at microwave oven cooking of beef meat showed heating at 800 W for 95 seconds 

increased the intensity in the region 1665-1690 cm-1, and heating at 650W for 160 

seconds resulted in even more of an increase in this band’s intensity.56 This region is 
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associated with β-sheet structures and indicates more aggregation and alteration in the 

protein secondary structure with increasing cooking time.56  

Water loss and protein denaturation occur upon heating and influence the 

structural and sensory properties of meat, and various methods can probe the changes 

that occur during cooking. Warner-Bratzler shear force (WBSF) is a method for testing 

the textural property of meat tenderness by measuring the force required to cut through 

a piece of meat. The WBSF of beef longissimus thoracis cooked five ways (forced air 

convection oven, char-grill, clam-shell grill, electric griddle, or air-impingement oven) to 

three different endpoint temperatures 65.5, 71.1, and 76.6°C saw no interaction effect 

between endpoint temperature and cooking method. However, there was an increase in 

shear force with an increase in the DOD (P<0.05).57 Others further supported these 

results, typically finding that after 60°C the shear force increases with temperature.58–61 A 

double compression test known as texture profile analysis (TPA) assesses the quality of 

meat, providing measured parameters: springiness, cohesiveness, chewiness, modulus 

of elasticity, initial stress, and hardness. In beef semitendinosus muscle heated in a 95°C 

water bath to temperatures ranging from 40 to 90°C, TPA results showed the internal core 

temperature of 60°C was the critical temperature affecting meat texture.46 Springiness 

decreased up to 60°C before increasing – these results indicate springiness is influenced 

by myosin and α-actin denaturation, which occurs in the 50-60°C range in addition to the 

shrinking of intramuscular collagen that occurs after 60°C.46 Palka and Daun42 observed 

similar results with all TPA parameters in bovine semitendinosus muscle increasing with 

temperature up to different maxima, except springiness, which decreased to 60°C before 
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increasing up to 90°C. Another method for examining meat's structural properties is 

rheology, which characterizes meat’s viscous and elastic behavior. Small deformation 

dynamic shear rheology of bovine M. biceps femoris saw a steep increase in storage 

modulus (Gʹ, representing elastic properties) from 50 to 65°C before leveling off, and the 

phase angle decreased before plateauing after 65°C.25 The results indicate an increased 

elasticity and toughness of the meat with an increase in temperature up to 65°C.25 

2.3 Lipid Digestion 

Dietary lipids are derived from both plant and animal sources and can be either in 

the form of membrane lipids or storage lipids. Membranes in organisms (plasma and 

cytoplasmic membranes) contain lipids such as phospholipids, glycolipids, and sterols.62 

Due to the phospholipids' amphipathic nature, they form a lipid bilayer around cells 

separating the intracellular environment from the extracellular. Storage lipids are 

predominant in the human diet. They are primarily comprised of TAGs found in adipose 

tissue in animals and oils in plants. TAGs consist of three fatty acids esterified to a glycerol 

backbone.2,62 Physical properties of TAGs are determined based upon the specific fatty 

acids and their relative position (sn-1, sn-2 or sn-3) on glycerol.2,62 Fatty acids of plant 

and animal origin are generally unbranched, monocarboxylic acids containing an even 

number of carbon atoms, and can be either saturated or unsaturated.63,64 Fatty acids are 

classified by their degree of saturation into the categories: saturated fatty acids (SFA), 

containing no double bonds, monounsaturated fatty acids (MUFA) containing one double 

bond, and polyunsaturated fatty acids (PUFA), containing more than one double bond in 

their hydrocarbon chain. Due to the hydrophobic nature of lipids, dictated by its nonpolar 
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hydrocarbon chain, lipids' digestion is a more complicated process than the digestion of 

hydrophilic substances such as proteins and carbohydrates.63 A brief overview of the 

processes that occur during lipid digestion follows below (Figure 2.4).  

 

 

Figure 2.4. Schematic overview of fat digestion and absorption. Used with permission of Taylor 
& Francis Group LLC - Books, from Food Lipids: Chemistry, Nutrition, and Biotechnology, Akoh, 
C., 4th ed. 2017; permission conveyed through Copyright Clearance Center, Inc. 
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2.3.1 Ingestion/Oral Processing 

Lipid digestion begins with the complex physiochemical, physical, and biochemical 

processes that occur within the mouth.21 The mechanical process of mastication breaks 

down the macrostructure of solid and semi-solid food, increasing surface area, but has 

little impact on the microstructure.2 In the oral cavity, the food is mixed with saliva and 

begins to approach body temperature (37±1°C).21 Saliva induces pH changes with the pH 

of secreted saliva, typically ranging from 7-8.21 Saliva contains many enzymes, including 

lingual lipase, which initiates lipid hydrolysis. The extent of hydrolysis from lingual lipase 

is minimal in human adults; however, lingual lipase plays a significant role in lipolysis for 

human infants or patients with severe pancreatic insufficiency.2,64 The enzyme α-amylase 

is also present in saliva, primarily serving to hydrolyze starch to oligosaccharides and 

maltose, potentially breaking down network structures to access more substrate.21 

Furthermore, minerals contained in saliva alter the ionic strength and facilitate droplet 

aggregation. The aforementioned mechanical and biochemical modifications of food 

cause a bolus to form. In the form of oil droplets of varying sizes, lipids, depending on the 

initial food, are contained within the bolus. Despite the food only spending a relatively 

short amount of time (5-20s) in the mouth, mastication is an essential and dynamic 

process before swallowing.21  

2.3.2 Gastric Digestion 

After swallowing, the bolus passes through the esophagus into the stomach, where 

the bolus is subjected to mechanical agitation from stomach peristalsis. The peristaltic 

waves originating from the mid-stomach force the bolus against a closed pylorus 

generating forces and fluid motions that break down and mix the gastric contents, creating 
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a mixture referred to as chyme.2,7,21 Repeated propulsion and mixing of the bolus in the 

gastric antrum reduces the particle size, including the size of lipid droplets, increasing 

their surface area, and alters the droplet surface composition (Figure 2.5).65,66 Food intake 

buffers the gastric pH level, which triggers gastric acid release required to activate 

zymogens – returning the pH to ~ pH 2.21 The acidic gastric environment triggers proteins 

to denature, causing aggregation while also facilitating enzyme activity and efficiency (i.e., 

pepsin has an optimum pH of 2 and gastric lipase has a pH optimum of 3-6).21,67 The 

acidic environment can also cause lipid droplets to destabilize through flocculation, 

causing coalescence. This increase in the lipid droplet size, in turn, decreases surface 

area, altering enzyme accessibility to the substrate. 

 The digestive juices secreted in the gastric compartment contain pepsinogen, 

acid-stable lipase, and minerals (sodium, potassium, calcium, and chloride ions) with an 

ionic strength ~ 100 mM.21 Pepsinogen is secreted by chief cells in the fundic mucosa 

and is converted into the proteolytic enzyme pepsin upon contact with stomach acid.68 

Pepsin is responsible for breaking down proteins into peptides and amino acids.67 Gastric 

lipase, on the other hand, preferentially cleaves the sn-3 ester bond of TAGs due to 

stereoselectivity and generates a FFA and diacylglycerol (DAG). The amount of lipolysis 

in the stomach is relatively low as hydrolysis usually stops once 10-30% of the fatty acids 

have been released from the TAGs.7,21 This is due to gastric lipase inhibition due to the 

build-up of DAGs, monoacylglycerols (MAGs), FFAs, and phospholipids at the lipid 

droplet interface, causing a lack of access to the droplet core.21,63 To counteract this issue, 

phospholipids and fatty acids produced by gastric lipase actions facilitate emulsification 



 

 

18 

in the stomach with the aid of mechanical agitation due to stomach peristalsis.66,69,70 The 

pyloric sphincter controls food release from the stomach into the small intestine, and 

typically 30-90 minutes after ingestion, half the meal remains in the stomach.23 Generally, 

the liquid components empty faster than solids, but the gastric emptying rate depends on 

the viscosity and structure of the remaining food material.21  

 

Figure 2.5. Sequence of events in fat digestion. A small amount of fat is hydrolyzed by gastric 
lipase in the stomach, but pancreatic lipase is the primary enzyme of fat digestion. Bile salts 
containing micelles are required to efficiently absorb fatty acids, monoglycerides, and other 
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dietary lipids. Reproduced from Meisenberg, G., and Simmons, W.H. “Digestive Enzymes.” 
Principles of Medical Biochemistry, Fourth Edition, 2017, pp. 342–50.  

2.3.3 Intestinal Digestion 

Chyme is transferred from the stomach into the duodenum and mixed with 

secretions of sodium bicarbonate, bile salts, and enzymes. Sodium bicarbonate 

neutralizes the chyme to a pH between 5.8-6.5, which is the optimal environment for the 

enzymes released in the small intestine.21 The presence of FFAs in the duodenum 

triggers the release of cholecystokinin, a hormone that stimulates the release of digestive 

enzymes and bile salts into the small intestine.23 Bile salts and phospholipids act as 

emulsifying agents in the small intestine through their surface-active properties. Bile salts, 

produced in the liver and stored in the gallbladder, are synthesized from cholesterol and 

are unique surfactants in their structure and behavior.67,71 They are composed of 4 rings 

with a side chain terminating in carboxylic acid, to which the taurine or glycine becomes 

conjugated. The bile salts structure is a relatively flat disk consisting of a hydrophobic and 

hydrophilic side (Figure 2.6).71 Bile salts adsorb to the lipid droplets' oil-water interfaces 

and facilitate the solubilization and removal of lipid digestion products (MAGs, DAGs, 

FFAs) from the interface through the formation of mixed micelles. The accumulation of 

lipid digestion products at the interface can inhibit the access of lipase to the lipid droplets; 

thus, bile salts play a role in improving lipolysis efficiency.21,23,64,67 However, if bile salts' 

concentration is too high, they out-compete lipase for access to the oil-water interface, 

impeding lipolysis.  
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Figure 2.6. Chemical structure of bile salts. A – Cholic acid, and B – Taurocholic acid, showing 
their amphiphilic nature. Reprinted from Advances in Colloid and Interface Science, Vol 165, P.J. 
Wilde, B.S. Chu, Interfacial & colloidal aspects of lipid digestion, Pages 14-22, Copyright (2011), 
with permission from Elsevier 

Pancreatic lipase, synthesized, and secreted by pancreatic acinar cells, is the 

primary enzyme that hydrolyzes TAGs in the GIT.67 This lipase hydrolyzes both the sn-1 

and sn-3 ester bonds on the glycerol backbone, breaking down TAGs and DAGs into 

FFAs and 2-MAGs.2,21,72 Pancreatic lipase adsorbs to the oil-water interface as a complex 

with co-lipase (Figure 2.5). Co-lipase is a non-enzymatic protein secreted from the 

pancreas as a pro-co-lipase, cleaved by trypsin into co-lipase and enterostatin (a 

hormone believed to regulate satiety, limit fat intake and inhibit pancreatic secretions).21 

As mentioned previously, higher concentrations of bile salts inhibit the adsorption of lipase 

to the oil-water interface. However, by complexing with co-lipase, the interfacial tension 

of the lipid droplets is reduced, thus enabling the adsorption of lipase in the presence of 

bile salts.21,64  

For absorption to occur, the FFAs and MAGs must overcome the diffusion barrier 

of the unstirred water layer – a region of slow laminar flow parallel to the intestinal 

membrane in which the only mechanism of transport is by diffusion.73,74 This is achieved 

by incorporating lipid digestion products into mixed micelles, which enable the 
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solubilization and transport of lipids to the intestinal membrane, overcoming the diffusion 

barrier.21,72 The majority of lipid absorption occurs in the duodenum and jejunum at the 

intestinal enterocytes, which have microvilli protrusions to maximize the absorptive 

surface area (Figure 2.5). The transport of lipid digestion products into enterocytes can 

be either active (utilizing transport proteins) or passive (through diffusion).75 Transport 

proteins are embedded within the brush border, a collection of microvilli and enzymes 

(such as peptidases, lipases, and amylases that facilitate the degradation and absorption 

of nutrients) and require a source of energy to function.75 Passive transport through the 

enterocyte membrane, which is made up of phospholipid bilayers with a hydrophobic 

center, restricts hydrophilic compounds' diffusion. The lipid digestion products must pass 

through the selectively permeable cellular membranes to be absorbed and circulated 

within the body.76 Lipid digestion products that are unabsorbed and present in the ileum 

activates the ileal brake – the primary inhibitory feedback mechanism which slows gastric 

emptying and intestinal motility, reducing transit time, enabling for optimal nutrient 

digestion and absorption.77–79 

2.3.4 Post Absorption 

Once absorbed, long-chain FFAs and MAGs are transported to the endoplasmic 

reticulum inside the enterocytes and are resynthesized into TAGs.21,75 The TAGs, 

cholesterol, and phospholipids are then packaged into chylomicrons.21 Chylomicrons are 

a form of lipoproteins – stable colloidal particles capable of transporting hydrophobic lipid 

molecules via the lymphatic system and then onto systemic circulation.21 Short and 

medium-chain FFAs, on the other hand, can pass directly into systemic circulation via the 

hepatic portal vein.80 The bloodstream distributes lipoproteins throughout the body, and 
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they are broken down at their site of utilization (i.e., muscle or adipose tissue) for energy 

or storage.21 

2.4 Lipid Digestion in Whole Foods 

To date, the majority of research on food structures has often focused on texture, 

sensory properties, shelf life, and stability.2,67,81 However, there is limited understanding 

of how the food structure breaks down during ingestion and mastication, and how 

networks may impact the release of nutrients. Furthermore, despite extensive studies on 

the digestion of emulsions, there is a lack of understanding on how whole food structures 

impact the physicochemical processes that occur during lipid digestion and 

absorption.21,67,72 

Whole food systems have complex compositions containing multiple components 

that could interact with the lipid droplet surface and digestive enzymes, thus influencing 

lipid digestion.81 High protein or starch food containing less than 12% fat showed a 

decrease in the extent of lipolysis as protein or starch content increased. A significant 

interaction effect (P<0.001) between lipid and protein or starch was also evident.82 

However, foods containing more than 12% fat did not show significant lipolysis changes 

regardless of the protein/starch content. For example, cheese (34% fat and 25% protein) 

had a lipolysis extent of 80% compared with 60% for tuna, which has a similar amount of 

protein but only 4% fat.82 Linear mixed regression models were used to assess the effect 

of food composition on lipolysis extent – lipid organization in the food matrix was included 

as a covariate, and the food types a random effect to correct for no independence of the 

data.82 Starch and dietary fiber impact lipid digestion by increasing luminal viscosity, 



 

 

23 

altering droplet coalescence kinetics, and binding to bile, all of which contribute to lipase 

impedance.2,21,82 An increase in the viscosity surrounding lipid droplets alters droplet 

disruption and coalescence kinetics and slows the diffusion of enzymes and bile salts to 

the lipid droplet surface.2,21,82 The binding of starches/dietary fibers to bile salts inhibits 

bile salts' ability to emulsify lipids and transport lipid digestion products from the 

droplets.83 Starch and dietary fiber may also adsorb to the lipid droplet surface, forming a 

protective coating that prevents lipase from reaching the lipid droplet core.84 Dietary 

minerals in foods also impact lipid digestion. For example, calcium and magnesium (as 

divalent cations) can form insoluble soaps with fatty acids in the intestine, preventing their 

absorption.85,86 Whole food systems’ macronutrient profile affects lipolysis, though it is not 

the sole factor.  

In addition to composition, the physical structure of food influences the rate of 

lipolysis.2,20 The networks formed in food influence how macronutrients interact with the 

gastrointestinal tract, modulating both fatty acid release and bioavailability during 

digestion.2,21,87 When fat molecules are embedded in a solid food matrix, the surrounding 

matrix structure is the dominant factor controlling digestion.20 In a study of almonds milled 

to different particle sizes (1000-2000, 500-1000, 250-500, <250 µm), FFA released after 

one hour of in vitro digestion was significantly higher for the smaller particle sizes 

(44.2±5.3% for 1000-2000 µm versus 63.9±1.6% for <250 µm).88 The inverse relationship 

between FFA release and almond particle size indicates that the rate and extent of 

lipolysis depend on the matrix breakdown surrounding the oil droplets.88 Asensio-Grau et 

al.20 further confirmed this by studying fat digestion in whole muscle (beef steak, chicken 
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drumsticks, pork loin, cured and cooked ham) and processed (hamburger, luncheon 

meat, pate, and sausage) meat. The authors found a significant (P<0.001) relationship 

between matrix degradation index and lipolysis, with comminuted meat having a higher 

amount of FFA release compared to whole foods.20 Similarly, a study on different types 

of cheeses found that cheese matrix degradation in the gastrointestinal tract was related 

to the physical characteristics of cheese – where cheeses with higher cohesiveness and 

elasticity showed less degradation during digestion.81 Furthermore, Dias et al.6 used test 

foods prepared as liquid, semi-solid, and solid states (possessing identical nutrient 

profiles) and found significantly smaller oil droplets in the liquid and semi-solid food 

compared to the solid (Figure 2.7) throughout digestion.6 The subsequent in vitro 

digestion of the meals showed significantly less fatty acid released from the solid food 

compared to the liquid and semi-solid over the 240 minutes of digestion.6 All these studies 

support the notion that matrix characteristics influence digestibility. 
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Figure 2.7. Form (1), microstructure, and particle size distribution (2) of the liquid (A), semi-solid 
(B), and solid (C) foods. Red represents the oil fraction and green the protein fraction in the 
confocal images (2). Used with permission of Royal Society of Chemistry, from Effect of the food 
form and structure on lipid digestion and postprandial lipemic response, Dias, C. Zhu, X., 
Thompson, A.K., Singh, H., and Garg, M., 10(1), 2019; permission conveyed through Copyright 
Clearance Center, Inc. 

2.5 Meat Digestion 

Meat has a highly structured protein matrix that undergoes substantial changes 

upon heating. As lipids are embedded within the meat protein matrix, to fully understand 

meat lipolysis, it is vital to also understand proteolysis. Both lipolysis and proteolysis of 

meat have been investigated through in vivo and in vitro digestion studies (though the 

majority of the studies have focused on proteolysis).20 In vivo methods, whether in 

humans or animals, are considered the gold standard due to the complex nature of the 

digestive tract.89 However, in vivo studies are invasive, expensive, difficult to standardize 

due to subject variation, and can encounter ethical concerns.2 As a result, static in vitro 

methods are employed due to their economic advantage and ease of use despite their 

simplification and inability to simulate the dynamic aspects of the GIT.2,90  
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2.5.1 In Vitro Digestion 

Static in vitro methods show that the meat cooking temperature affects protein 

digestibility. Sayd et al.10 used liquid chromatography coupled with high-resolution mass 

spectrometry to determine protein digestion using static in vitro beaker digestion of bovine 

semimembranosus muscle cooked in a water bath (55°C for 5 min, 70°C for 30 min and 

90°C for 30 min). Higher cleavage of sarcoplasmic proteins in the gastric compartment 

occurred in meat cooked to 55°C compared to 70°C or 90°C.10 This is likely due to protein 

denaturation and aggregation at higher temperatures hindering enzyme action by 

modifying residues recognized by enzymes as hydrolysis sites.10,12,17,19,39 Santé-

Lhoutellier et al.91 conducted a similar study investigating the in vitro digestibility of bovine 

M. Rectus abdominis cooked in a 100°C water bath for 0, 5, 15, 30, and 45 minutes. They 

found that the proteolysis rate (ΔOD/h) in the gastric phase significantly (p<0.01) reduced 

after cooking at 100°C compared to raw meat. In contrast, the intestinal phase saw a 

biphasic response – an initial increase after cooking for 5 minutes, followed by a rapid 

decrease at longer cooking times compared with the raw meat.91 Investigating the protein 

digestibility and bioaccessibility for bovine semi-membranous muscle cooked in a water 

bath at 55°C for 5 minutes using the dynamic in vitro TIM-1 model gave a protein 

digestibility of ~96% and a bioaccessibility of ~60%.9 The authors define protein 

digestibility as the percent difference between the nitrogen in the effluent compared to the 

initial meal, and bioaccessibility of meat proteins as the amount of nitrogen dialyzed from 

the jejunal and ileal compartments of the TIM-1, with a dialysis membrane cut-off around 

10 KDa.9  
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Coupling in vitro digestion with imaging analysis provides an understanding 

between the structural changes and digestibility of meat. Beef cooked for 10 and 30 min 

at 100°C underwent static in vitro digestion before transmission electron microscopy 

(TEM) microstructure analysis.92 Microstructure results (Figure 2.8) indicated that 

digestive enzymes on the raw meat myofibrils acted randomly, in contrast to the cooked 

meat, which saw myofibril degradation start at the edges and move towards the center as 

digestion progressed.92 These results indicate limited enzyme diffusion into the cooked 

meat structure, resulting in reduced protein digestibility under these conditions.92 Santé-

Lhoutellier et al.91 used microscopy to determine the effect of cooking (bovine M. Rectus 

abdominis cooked in a 100°C water bath for 0, 5, 15, 30, and 45 minutes) on protein 

surface hydrophobicity and aggregation, and protein digestibility. The authors saw a 

significant negative correlation between pepsin activity and aggregation; however, there 

was no correlation between pepsin activity and protein surface hydrophobicity.91 
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Figure 2.8. Light Micrographs of (left) raw and (right) cooked (100°C for 30 min) beef, showing 
myofibrils after 0 (a-b) and 180 (c-d) min (60 min under gastric conditions followed by 120 min 
under small-intestinal conditions) of simulated digestion. Reprinted from LWT – Food Science 
and Technology, Vol 55, Kaur, L., Maudens, E., Haisman, D.R., Boland, M.J., Singh, H., 
Microstructure and protein digestibility of beef: The effect of cooking conditions as used in stews 
and curries, Pages 612-620, Copyright (2014), with permission from Elsevier. 

Li et al.93 examined the relationship between processing and digestibility using 

different processed pork products (cooked, emulsion-type sausage, dry-cured, and 

stewed pork). After static in vitro digestion, there were significant (P<0.05) differences in 

protein digestibility – with the sausage having the highest digestibility and smallest particle 

size, and the more solid stewed pork was the opposite.93 The authors attributed the 
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reduced digestibility of the stewed and cured pork to the protein oxidation and aggregation 

due to both extended times cooking at high temperatures and the extended time salting 

and drying.93 Looking at cooking method (oven cooking, pan-frying, boiling and 

microwaving – all to internal temperature 85-90°C) and total lipid digestibility of in vitro 

digested pork loin patties, total lipid digestibility was significantly higher for microwave-

cooked samples whereas pan-fried was significantly lower than the other methods.94 

2.5.2 In Vivo Digestion 

Meat digestibility is also often examined by in vivo studies. Overcooked beef 

(100°C) has lower in vivo protein digestibility in rats compared to raw and cooked (~60°C) 

beef.95 Another study found lower protein digestibility with increasing temperatures using 

16 human subjects to examine the digestibility of 15N labeled beef cooked at 90°C for 30 

minutes compared to 55°C for 5 minutes.96 Examination of ileal effluent collected by a 

double-lumen intestinal tube saw a lower digestibility of meat cooked to 90°C compared 

to 55°C (90.1±2.1% vs. 94.1±0.7% of ingested nitrogen).96 The limitation of enzyme action 

at higher temperatures because of protein denaturation and aggregation is postulated to 

be the reason for these results.10,96  

Other factors to consider in the digestion of meat are the rate of digestion, cooking 

technique, and energy gain. A study using minipigs fed beef cooked to 60, 75, and 95°C 

for 30 minutes reported digestion speed to be most significant for beef cooked to 75°C 

over the first 3 hours of digestion. However, the DOD did not influence true ileal 

digestibility.97 Hodgkinson et al.98 investigated different cooking techniques (raw, boiled, 

grilled, pan-fried, roasted) and the influence on true ileal amino acid digestibility. The 
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authors used growing pigs (n=6 per diet), and all methods resulted in protein digestibility 

in the range of 90-100%. Thus, the cooking technique caused minimal differences in the 

true ileal amino acid digestibility of beef.98 Carmody et al.99 used mice as a model to 

investigate energy gain (measured by a change in body mass, accounting for intake and 

activity) for raw, cooked, raw-pounded, and cooked-pounded beef. Results showed that 

cooking increased the energy gained, leading to increased body mass, not attributable to 

increased food intake or decreased activity.99  
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3 Degree of Doneness of Cooked Beef Longissimus Muscle 
Alters Lipid Bioaccessibility* 

3.1 Abstract 

This study investigated if changes in physical state  due to sous-vide cooking 

significantly alter the lipemic response to food. Canadian AAA boneless beef strip loins 

containing the longissimus lumborum muscle (n=3) were randomly sampled and heat 

treated to different degrees of doneness (DOD: raw/20, 50, 60, 70, and 80°C). Lipid 

bioaccessibility was assessed, utilizing the advanced TNO Simulated Gastrointestinal 

Tract Model-1 (TIM-1), and the changes in steak network structure were analyzed. The 

total cumulative free fatty acid (FFA) bioaccessibility (%) shows significant differences 

(P<0.05) depending on the DOD, with the maximum lipid bioaccessibility occurring in 

samples cooked to 60°C. Furthermore, the denaturation of actin significantly correlates 

with the total cumulative FFA bioaccessibility whereby the striploin cooked to 60°C 

presented the maximum bioaccessibility and digestion rate. Treatments at temperatures 

above 60°C significantly decrease both the digestion kinetics and total bioaccessibility. 

This research shows the importance of changes to the structural networks of foods and 

their ability to alter lipid digestion.  

KEYWORDS: lipid digestibility, sous-vide, in vitro digestion, thermal processing 

3.2 Introduction 

The digestibility and subsequent availability of nutrients in foods are influenced by 

more than just ingredient composition, as the physical structure also significantly impacts 

*Manuscript to be submitted to Journal of Agricultural and Food Chemistry, American Chemical Society Publications 
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metabolic response. The food matrix impacts nutrient availability and postprandial 

outcomes; however, this aspect is often overlooked when assessing digestibility and in 

the design of processed foods.1 According to the United States Department of Agriculture 

(USDA) processed foods are any raw agricultural commodity that has undergone 

procedures that alter the food from its natural state (i.e.. heating, pasteurizing, milling, 

chopping, etc.).2 Even these minor processing techniques can significantly alter food 

structure and how these changes impact digestion is often overlooked. It is essential to 

understand the structural behavior of foods to design more nutritious processed foods. 

There is a known link between food consumption and the degree of processing and health 

issues such as obesity, cancer, and cardiovascular diseases. For instance, excessive 

dietary fat intake is a significant risk factor for diet-related chronic diseases.3 Different 

food structures, independent of composition, alter postprandial lipemic and glycemic 

responses; thus, foundational knowledge correlating changes in food structure with 

lipemic responses is essential. Lipolysis studies on various solid food matrices (whole 

and processed meat, almonds, formulated 'test' foods, and cheeses)4–7 have all shown 

that when lipids are embedded into food matrices, the surrounding matrix structure is a 

dominant factor controlling digestion and ultimately their absorption rate.  

One such food that is often overconsumed in Western societies and often 

undergoes processing before consumption is meat. Beef skeletal muscle is highly 

structured at several levels and comprises ~ 65 to 75% water, 20% protein, and 3 to 12% 

fat.8–10 Intramuscular fat, composed of interfascicular adipocytes, is deposited between 

muscle fiber bundles in the perimysial connective tissue and within muscle fiber bundles; 



 

 

41 

therefore, to fully understand the lipolysis of meat, the whole meat structure must be 

considered.11,12 Meat is not frequently consumed raw but rather cooked to different 

degrees of doneness (DOD) depending on consumer preference and cut. Proteins in 

meat denature upon cooking, losing their native conformation, and ultimately change the 

network structure.13 Protein modifications such as aggregation, cross-linking, oxidation, 

conformational changes, and decreased solubility can all occur in response to cooking.14 

In general, transverse shrinkage of muscle fibers occurs between 40 to 60°C, widening 

the gap between fibers and increasing the extracellular space. From 60°C onwards, the 

connective tissue and muscle fibers shrink longitudinally.8,10,14,15 Static in vitro methods 

show that the end-point cooking temperature of meat affects protein digestibility, with 

higher cooking times and temperatures reducing overall digestibility.16,17 These results 

indicate limited enzyme diffusion into the cooked meat structure, resulting in reduced 

protein digestibility under these conditions, possibly due to the reduced surface area and 

increase in protein cross-linking making it more difficult to increase protein solubility after 

digestion.18 Despite the many proteolysis studies on meat16,17,19–21, there is a lack of 

studies investigating how end-point cooking temperature of meat affects lipid digestion 

and if the overall food network structure causes a meaningful impact.4  

This research aims to investigate the structural changes cooking induces and how 

they alter the metabolic response of lipids in food by explicitly examining how sous-vide 

cooking beef longissimus lumborum muscle to different DOD modulates fatty acid release 

and bioaccessibility during in vitro TIM-1 simulated digestion. Furthermore, this research 

will evaluate the structural changes during cooking through differential scanning 
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calorimetry (DSC), Fourier-transform infrared (FTIR) spectroscopy, microscopy, and 

rheology. By understanding the effect of processing on the meat structure connected with 

lipid bioaccessibility, meat products' nutritional quality can be improved through 

modulation of technological processes. 

3.3 Materials and Methods 

3.3.1 Materials  

Locally sourced longissimus lumborum muscle from Ryding Regency Meat 

Packers LTD. (Toronto, ON, Canada) obtained from Canadian AAA (marbling equivalent 

to USDA Choice) boneless beef strip loins (Institutional Meat Purchase Specifications 

#180) were used for analysis. Fresh porcine bile collected at a local slaughterhouse, 

Conestoga Meat Packers (Breslau, ON, Canada), was filtered, aliquoted for individual 

TIM-1 experiments, and stored at -30°C. Lipase from porcine pancreas (type II, 100-500 

U/mg protein), porcine bile extract, bovine pancreas trypsin powder (≥7,500 N-α-benzoyl-

L-arginine ethyl ester U/mg), pepsin from porcine gastric mucosa (≥2,500 U/mg protein), 

and α-amylase from Bacillus sp. (type II-A, ≥1,500 U/mg protein) were obtained from 

Sigma Aldrich (St. Louis, MO, USA). Pancreatin from porcine pancreas ( >200 USP U/mg 

protein) was obtained from ThermoFisher Scientific (Waltham, MA, USA). HR Series 

NEFA-HR(2) color reagent A, solvent A, color reagent B, solvent B, and NEFA standard 

solution were obtained from Fujifilm Wako Diagnostics (Mountain View, CA, USA). 

Anhydrous ethanol, HCl (37%), anhydrous NaOH, hydroxypropylmethylcellulose 

(HPMC), NaHCO3 (≥99%), NaCl (≥99%), KCl (≥99%), and CaCl2 (≥96%) are obtained 

from Sigma Aldrich (St. Louis, MO, USA). 
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3.3.2 Sample preparation.  

Canadian AAA boneless beef strip loins (n=3) procured from a commercial 

processing facility were aged 6 d post-mortem and cut into 2.5 cm thick longissimus 

lumborum steaks with the subcutaneous fat and other associated muscles removed. With 

each striploin, steaks were randomly assigned to different DOD (raw/20°C, 50°C, 60°C, 

70°C and 80°C) to help control for the confounding effect of steak location within the 

striploin. Each steak was individually vacuumed-sealed and frozen at -30°C until use. 

Steaks were thawed at 4°C for 12 to 24 h before sous-vide cooking individually in a pre-

heated water bath (Fisher Scientific, Hampton, NH, USA) set to the assigned DOD 

temperature. Cooking was considered complete when the internal core temperature, 

monitored by a type K thermocouple (SPER Scientific, Scottsdale, AZ, USA) inserted into 

the geometric center of the steak, reached the desired DOD. The steak was then 

transferred to an ice bath to prevent further cooking and subsequently stored at 4°C. 

Cooking loss was calculated from differences in the weight of the raw and cooked 

samples, expressed in percent of the initial value. Moisture, lipid, and protein content of 

the steaks were determined with previously-described methods in triplicate.22,23 Moisture 

and protein content were also determined for each individually cooked steak before TIM-

1 digestion analysis to provide an approximate lipid content for meal preparation. 

3.3.3 Small Deformation Rheology  

Rheological measurements were performed on a Physica MCR 301 rheometer 

(Anton Paar GmbH, Graz, Austria) with a Peltier temperature-controlled parallel plate (15 

mm; smooth) geometry set to 20°C, using a gap setting of 4 mm. Three 15 mm diameter 

samples were collected from each steak (n=9), and after sample loading, they were 
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allowed to equilibrate for 5 minutes. The linear viscoelastic (LVE) range of the samples 

was determined using an amplitude sweep from an initial shear strain of 0.01% to 10% at 

a frequency of 1 Hz. The preliminary amplitude sweep determined that a strain of 0.1% 

was adequate to perform a frequency sweep from 0.1 to 100 Hz. The storage modulus 

(Gʹ), loss modulus (Gʺ), and tan δ were reported.  

3.3.4 Differential Scanning Calorimetry  

Protein denaturation of the meat cooked to different DOD was measured using a 

Mettler Toledo DSC 1 STAR instrument (Mettler Toledo, Columbus, OH, USA). Samples 

of 12-15 mg were weighed in 40 µl aluminum DSC pans (Mettler Toledo, Switzerland) 

and hermetically sealed. Samples were loaded into the precooled DSC (20°C) and 

allowed to equilibrate for 1 minute at 20°C prior to heating at 2°C min-1 to 90°C. Peak 

integration was conducted using OriginPro 2019 (OriginLab Corporation, MA, USA). The 

enthalpy was assumed as zero when there were no detectable peaks. All samples were 

analyzed in triplicate. 

3.3.5 Fourier Transform Infrared Spectroscopy 

FTIR absorption spectra were recorded in triplicate at room temperature (20°C) on 

an FTIR spectrophotometer (Vertex 70, Bruker, MA, USA). A mid-infrared attenuated total 

reflectance (MIR-ATR) attachment was used, and a background scan was taken before 

loading each sample. Meat samples, directly mounted onto the ATR crystal, were used 

to obtain spectra between 600-4000 cm-1 at room temperature with 4 cm-1 resolution and 

128 scans with a zero-filling factor of two. Furthermore, atmospheric vapor compensation 

and vector normalization of the resultant spectra were conducted using OPUS software 
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(Bruker Optics, MA, USA). The amide I band (1600-1700 cm-1) reflects the stretching 

vibrations of the C=O bonds giving insight into protein secondary structure. Due to the 

overlapping of peaks (Table 3.1) in this region, a Fourier self-deconvolution technique, as 

described by Sadat and Joye24, was used to fit the amide I region (OriginPro 9, OriginLab 

Corporation, MA, USA).  

3.3.6 TIM-1 Simulated in vitro digestion 

In vitro digestion was performed using a state-of-the-art, dynamic, multi-

compartmental gastrointestinal model (TIM-1) developed by TNO (Zeist, The 

Netherlands).  TIM-1 contains four successive compartments simulating the human 

gastrointestinal tract, GIT, (i.e., the stomach, duodenum, jejunum, and ileum). The four 

compartments each have two glass units with a flexible inner silicone membrane, and 37 

± 1°C water is pumped into the space between the glass jacket and membrane, 

alternating the pressure, squeezing the sample, stimulating peristalsis. The system also 

controls gastric acidification and emptying, nutrient and water absorption, pH, and 

continual secretion of digestive solutions. As the TIM-1 digestion model has no hormonal 

feedback mechanisms (i.e., ileal brake) to regulate gastric emptying, digestion follows a 

pre-programmed emptying curve (half-time = 80 min).25 In the present study, the TIM 

system uses the fed-state protocol to simulate the physicochemical conditions observed 

during the digestion of a solid meal in a healthy human adult. The TIM-1 and meal 

preparation method was adapted from previous literature.4,26,27  

Prior to feeding the TIM-1, the compartments were preconditioned with starting 

residues. Gastric starting residue consisted of 5.0 g gastric enzyme solution and 5.0 g 
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gastric solution (0.40% HPMC and 0.04% bile powder). Duodenal starting residue 

consisted of 15 g small intestinal electrolyte solution (SIES), 15 g 14.0 % (w/v) pancreatin 

solution, 30 g fresh porcine bile, and 2 mg trypsin solution. Jejunal starting residue 

contained 35 g SIES, 35 g 14.0% pancreatin solution, and 70 g fresh porcine bile. Ileal 

starting residue consisted of 140 g SIES. The amount of steak digested was standardized 

to 2% fat in a 300 g meal. The meal was prepared by blending the steak (to simulate 

mastication) with 130 g gastric electrolyte solution, 11 mg of α-amylase, and water 

bringing the entire meal to 240 g. The meal was then fed into the gastric compartment 

containing 10 g of gastric starting residue and rinsed with 50 g of water for a starting 

weight of 300 g.  

Digestive solutions were secreted into the intestinal compartments throughout 

digestion at controlled rates, as listed in Table 3.2. The secreted solutions consisted of: 

gastric enzyme solution (GES: NaCl 4.80 g/L, KCl 2.20 g/L, CaCl2 0.22 g/L, lipase 20 

U/mL, pepsin 4800 U/mL and amylase 47 U/mL), gastric solution (0.40% HPMC and 

0.04% bile powder), small intestinal electrolyte solution (SIES: NaCl 5.00 g/L, KCl 0.60 

g/L, and CaCl2 0.25 g/L), 14.0% (w/v) pancreatin solution and fresh porcine bile. Gastric 

enzyme solution and 14.0% (w/v) pancreatin solution were stored in cooling units (4°C) 

throughout the 6 hour simulated digestion experiments. Through the secretion of sodium 

bicarbonate solution (1.00 M) and HCl (1.00 M), the pH of the duodenal, jejunal and ileal 

compartments were maintained at 6.5, 6.8, and 7.2, respectively. The gastric 

compartment pH followed a pre-programmed curve decreasing from pH 6.5 to 1.7, as 

shown in Table 3.3.  
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The total duration of each digestion was 6 hours, and three independent replicates 

were performed for each degree of doneness. Filtrates pass through semi-permeable, 

0.05 µm pore size, capillary membrane filters (PlasmaFlux P2 Dry, Fresenius, Bad 

Homburg, Germany), and represent the bioaccessible fraction available to be absorbed. 

The jejunal, ileal, and ileal effluent was sampled at 30, 60, 90, 120, 180, 240, 300, and 

360 min.  

3.3.7 FFA Extraction and Analysis 

FFA from the samples (500 µL), collected during the TIM-1 simulated digestion, 

were extracted according to the method described by Malaki Nik et al.28 by adding 500 

µL hexane and 100 µL of 0.1 M HCl. The mixture was vortexed for 10 s before centrifuging 

at 4°C and 12,000 rpm for 30 minutes. The FFA was then quantified using a non-esterified 

free fatty acid (NEFA) enzymatic kit (Wako Life Sciences, Inc., Mountain View, CA, USA) 

according to manufacturer’s instructions, and absorbance was obtained at a wavelength 

of 550 nm (Spectramax Plus, Molecular Devices Corporation, CA, USA). A reference 

standard curve (0-3 mM) was prepared using oleic acid. The NEFAs are expressed as 

mg/g of fat present in the sample, assuming an average molecular weight of 282.5 g/mol 

for the fatty acids present in steak (Table 3.4). Bioaccessibility is expressed as the 

percentage of fatty acids released from the theoretical maximum of 66% (i.e., pancreatic 

lipase cleaves only sn-1 and sn-3 FAs from the TAG molecule).7,28,29 

3.3.8 Microscopy 

Digesta was collected from the stomach, jejunum, and ileum compartments at 0, 

30, 60, 90, 120, 180, 240, 300, and 360 minutes from a raw (20°C) and 80°C TIM run. 
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Three slides from each time point were prepared, and ten brightfield images per slide 

were taken using a Nikon Plan Apo 10X/0.45 magnification objective on a Nikon Eclipse 

Ti (Nikon Instruments, Tokyo, Japan). Particle size was determined after thresholding by 

using the built-in 'analyze particles' feature in ImageJ (Version1.52s, National Institutes 

of Health, USA). The particle  size was calculated after calibration with a scale of 1.48 

pixels/µm.  

3.3.9 Statistical Analysis 

The experimental design was a randomized complete block design with repeated 

measures. The experiment was blocked by longissimus lumborum muscle (n=3), and the 

temperature treatment at five levels, raw/20, 50, 60, 70, and 80°C, was the factor applied 

randomly to the block. Three true independent replicates of each treatment were 

completed, corresponding to three blocks, with the experimental unit being steak. A 

repeated-measures two-way ANOVA with the Geisser-Greenhouse correction and 

Tukey's Multiple Comparison Test was used to compare the effects of digestion time and 

DOD on % free fatty acid bioaccessibility and statistical significance was defined as P < 

0.05. The cumulative digestion curves were fit using a log-logistic model: 

𝑌(𝑡) = 𝑙𝑜𝑔[1 + 𝑒𝑥𝑝(𝑘 ∗ (𝑡 − 𝑡𝑐)] 

where k is the rate of the observed change and tc is the induction time, or the time at 

which the lipolysis starts to accelerate.  
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3.4 Results and Discussion 

3.4.1 Characterization of Striploin 

Proximate analysis of each striploin (Table 3.5) showed no significant difference in 

protein content; however, the moisture content of the third striploin was significantly 

higher (P < 0.05), while the fat content was lower than the others (P<0.05). Puente et al.30 

determined the proximate composition of uncooked longissimus thoracis muscle from 

Canadian AAA quality grade carcasses as 4.62% fat, 69.28% moisture, and 23.56% 

protein, while uncooked longissimus thoracis muscle from Canadian Prime quality grade 

carcasses was composed of 11.57% fat, 64.64% moisture, and 22.14% protein. This 

indicates that the longissimus lumborum samples used in this study had high levels of 

marbling for Canadian AAA samples, approaching yet not exceeding fat percentage 

levels expected for Canadian Prime. Cooking loss, for each sous-vide temperature or 

DOD (Table 3.6), is affected by cooking temperature (P<0.0001), with a monotonic 

increase of cooking loss as a function of DOD. A significant (P<0.001) increase in the 

cooking losses occurs at each temperature above 60°C and concurs with previous 

reports.31,32 Muscle fibers shrink transversely, widening the gap between fibers up to 

60°C, and continued heating above 60°C causes longitudinal shrinkage of the fibers.10 

Most water in muscle cells is present between the thin and thick filaments of the myofibril 

spaces, and the longitudinal shrinkage of the fibers reduces the spaces causing the 

expulsion of water above 60°C.10  

The storage modulus (Gʹ), or elastic component, represents the energy stored 

within the material upon deformation, while the loss modulus (Gʺ) represents the viscous 

component or energy dissipated in the material due to permanent deformation.10,33 Gʹ and 
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Gʺ were determined from the frequency sweeps within the LVR where Gʹ was greater 

than Gʺ for all temperatures, indicating a predominantly elastic behaviour (Figure 3.1A). 

Gʹ and Gʺ increased with cooking temperature (P<0.0001), whereby the striploin became 

more solid-like at a higher DOD. This increase in elasticity is attributed to conformational 

changes in the meat protein that occur within this temperature range due to modification 

in hydrophobic interactions, covalent cross-links, and hydrogen bonds.13,14,34 Upon 

heating, tan δ for the cooked samples is significantly (P<0.001) lower than what is found 

for the raw striploin (Figure 3.1B), showing structural changes occur after heating. Tan δ 

is a measure of the energy lost due to viscous flow compared with the energy stored from 

elastic deformation in a single deformation cycle. The network is characterized by tan δ, 

where lower values correspond to more elastic networks (i.e., more solid-like behavior).35 

The results suggest a strengthening of the network structure with temperature. DSC heat 

flow curves obtained for raw beef longissimus muscle show typical characteristic 

transition temperatures corresponding to the denaturation temperatures for protein 

classes (Figure 3.1C). According to literature, myosin denatures at 53 ± 2.4 °C, 

sarcoplasmic proteins and collagen at 60.7 ± 0.40 °C, and actin at 75.6 ± 0.50 °C.13,33,36–

38 The normalized enthalpy (ΔH) for each peak and DOD is presented in Figure 3.1D. 

After 60°C, the ΔH is decreasing for all peaks and eventually results in a complete 

disappearance of endothermic transitions at an endpoint sous-vide cooking temperature 

of 80°C. Enthalpy is proportional to the amount of protein that is still in its native state; 

therefore, the proteins responsible for the peak are denatured when the peak is no longer 

detectable.13 In general, for higher DODs (above 60°C), denaturation is extensive, and 

the native protein content is significantly reduced.  
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The amide I band (1700 to 1600 cm-1) consists of overlapping peaks for FTIR, but 

it is the most informative region for analyzing protein secondary structure due to its 

sensitivity; thus, the Fourier self-deconvolution technique must be used to isolate peaks 

within this region.24 The secondary structures in meat proteins consist of α-helices, β-

sheets, and aggregated β-sheets and are determined as percentages of the total amide 

I region (Figure 3.1E,F). Although no significant change in α-helices across all DOD is 

evident, upon cooking, the percentage of β-sheets decreases with a corresponding 

increase in aggregated β-sheets (P<0.05). The spectral shift at ~1630 cm-1 (Figure 3.1E) 

to a lower frequency occurs with higher sous-vide cooking temperature. Similar shifts are 

reported for microwave versus conventional oven-cooked beef;39 and the shift 

corresponds to thermally aggregated proteins increasing transition dipole coupling due to 

a higher content of aggregated β-sheets structures and more hydrogen bonding.39–41 

Kirschner et al.42 also found that increasing the cooking temperature of beef longissimus 

dorsi caused increases in the bands at 1630 and 1696 cm-1 related to aggregation β-

sheet structures. The increasing intensity trend associates with aggregated β-sheet 

structures as DOD increases.43–46   

3.4.2 Simulated TIM-1 Digestion of Striploin 

Bioaccessibility, from the in vitro TIM-1 filtrates, is reported as the percentage of 

FFAs hydrolyzed from beef longissimus TAGs and representes the FFA available for 

absorption. The non-cumulative bioaccessibility in the jejunum, ileum and both 

compartments combined (Figure 3.2A-C) reached its peak rate of hydrolysis at ~180 min, 

then declines until the end of the simulated digestion. Two-way repeated-measures 

ANOVA of the ileum cumulative bioaccessibility show no interaction effect of the DOD 
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across the time of digestion (P=0.2791). Time of digestion was the main significant factor 

that affects bioaccessibility for the ileum (P=0.0043), and the DOD was insignificant 

(P=0.2582). The jejunal cumulative and combined jejunal and ileal cumulative 

bioaccessibility show a significant interaction effect between the DOD and digestion time 

(P=0.0140 and 0.0147 respectively). Simple main effects analysis at 360 min (Figure 3.3) 

shows an increase (P<0.001) in the amount of FFA bioaccessibility up to a DOD of 60°C, 

after which there is a significant decrease in bioaccessibility (P<0.001).  

The total cumulative bioaccessibility of FFAs as a function of simulated digestion 

time for all DOD was plotted for the jejunal (Figure 3.4), ileal (Figure 3.5), and the 

combined jejunal and ileal compartments (Figure 3.6). The log-logistic model was fit only 

to the region between 0 and 180 minutes due to the observed change in rate seen after 

180 minutes in the non-cumulative results (Figure 3.2A-C). The kinetics of lipolysis, or the 

rate of the observed change (k) and the induction time (tc) are reported in Table 3.7. The 

rate of lipolysis significantly reduces at DOD above 60°C, and this reduction is supported 

by the microscopic observations at 20°C (Figure 3.7) and 80°C (Figure 3.8) which show 

less disintegration of the muscle fiber structure at 80°C compared to the uncooked steak.  

Meat proteins progressively denature during thermal processing,8,10,14,15 starting at 

approximately 40 to 53°C, where sarcoplasmic and myofibrillar are first denatured, 

leading to an expulsion of water entrapped in the myofibers into the extracellular space. 

Heating up to 60°C causes transverse shrinkage of the muscle fibers causing the gap 

between fibers to widen.10,14 After 60°C, a longitudinal shrinkage of the fibers causes a 

decrease in the extracellular space and significant water loss.10,14 The endomysial and 
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perimysial shrinkage and fiber gap widening at ~60°C influence meat toughness; a 

decrease in meat toughness corresponds to the DOD of maximum bioaccessibility and 

digestion rate seen in our study.47,48 Changes occurring above 60°C lead to increased 

meat toughness and explain the drop in bioaccessibility seen after this DOD. Sayd et al.16 

and Oberli et al.17 examined beef protein digestibility over different DOD, and they found 

that at higher temperatures (+70°C), protein digestibility was reduced compared to 

temperatures below 55°C. Both authors postulated that protein denaturation and 

aggregation at temperatures higher than 70°C hinder enzyme action by modifying 

residues recognized by enzymes at hydrolysis sites.13,14,16,34 The significant reduction in 

lipid bioaccessibility and digestion rate at 70 and 80°C seen in this study indicates that 

the integrity of the protein matrix structure modulates the release and bioaccessibility of 

lipids as lipid droplets are embedded within the protein network.  

Brightfield microscopy images obtained during the TIM-1 digestion process from 

the stomach, jejunum, and ileum compartments were analyzed at 30, 90, 180, 240, and 

300 min for the uncooked steak (Figure 3.7) and the steak cooked to a DOD of 80°C 

(Figure 3.8). The meal containing the raw striploin has smaller particle sizes, and the fiber 

structure is degraded more rapidly than what is observed for samples with a DOD of 80°C. 

Gastric digestion of the raw sample shows that the fibrillar protein network is effectively 

lost before transitioning from the stomach to the jejunum, and after 90 min in the stomach, 

the large aggregates of muscle fibers are disintegrated.  Upon cooking to 80°C, the fibers 

contract, forming more dense aggregates that appear to resist digestion more than 

uncooked striploin. This is attributed to the increased rigidity as indicated by the 
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rheological analysis, and the denaturation of the proteins at 80°C, as confirmed by DSC 

and FTIR, compared to raw striploin. A potential mechanism for the observed decreased 

bioaccessibility can be inferred from the increased network elasticity, which makes it more 

difficult for the enzymes to diffuse into the protein network to hydrolyze TAGs—this 

potentially explains why more defined structures throughout digestion of the 80°C sample 

are observed. Kaur et al.18 examined the digestion of raw and cooked beef using 

transmission electron microscopy and concluded that digestive enzymes acted randomly 

on the raw meat myofibrils compared to the cooked meat, where degradation occurs at 

the edges. This supports the theory that there is limited enzyme penetration into the 

cooked meat structure, limiting the proteolysis extent and matrix degradation. 

3.4.3 Correlations between Physical Parameters and Bioaccessibility  

Correlations between the structural parameters and total cumulative lipid 

bioaccessibility (Table 3.7) found the only structural parameter to correlate with total 

cumulative lipid bioaccessibility is the enthalpy of the highest protein denaturation 

temperature 75.6 ± 0.48°C corresponding to actin (P = 0.0083, one-tailed Spearman's 

rank correlation coefficient ρ = -1.0). The relationship between enthalpy and DOD 

suggests that as actin denaturation increases, total cumulative lipid bioaccessibility 

decreases. Furthermore, with ρ being -1.0, this indicates a perfectly monotone decreasing 

relationship between actin peak enthalpy and total cumulative lipid bioaccessibility. Actin 

primarily makes up the sarcomere's thin filament and is a key structural element in the 

meat protein network.9,10 The denaturation of actin is known to be primarily responsible 

for moisture loss and the toughening of meat during cooking but also appears to alter 

digestion kinetics.  
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In summary, the structural changes of meat proteins induced by cooking alter the 

metabolic response to lipids in sous-vide cooked beef longissimus lumborum muscle. An 

increase in the network elasticity with increasing DOD corresponds to protein 

denaturation, decreasing β-sheets while increasing the aggregated β-sheets. 

Denaturation of myosin, collagen, and sarcoplasmic proteins are denatured between 

50°C to 60°C, after which actin denatures. The denaturation of actin significantly 

correlates with the total cumulative FFA bioaccessibility whereby the striploin cooked to 

60°C presented the maximum bioaccessibility and digestion rate. Conversely, 

temperatures above 60°C significantly affect the matrix characteristics and result in a 

decrease of both the digestion rate and total lipid bioaccessibility. This research shows 

the importance of changes to the structural networks on altering lipid digestion. A better 

understanding of the effect of food structure, especially during processing, on the 

metabolic response of the meal will aid in formulation strategies to design processed 

foods that mimic the metabolic response of whole foods, potentially making them more 

wholesome. 
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Table 3.1 FTIR band assignments of meat samples in the Amide I region (1700-1600cm-1)* 

 

*Band assignments based on relevant literature39,41–46,49 

 

Table 3.2. Digestive solutions and secretion rates for the respective TIM-1 compartment 

 

*GES – gastric enzyme solution 
**SIES – small intestine electrolyte solution 

Table 3.3. TIM-1 gastric compartment pH values throughout the 6 h fed state digestion protocol 

Digestion time (min) pH value 

0 6.5 
30 4.2 
60 2.9 
120 2.0 
210 1.7 
300 1.7 
360 1.7 

Wavenumbers (cm-

1) Functional group vibration 

1693, 1631, 1618 aggregated β-sheet structures 

1682 native (parallel/antiparallel) β-sheet structures 

1660 loop structures/α-helical structures 

1655 α-helical structures 

Compartment Secretion Rate (mL/min) 

Gastric 
GES* 0.48 

Gastric Solution 0.46 

Duodenal 

Bile 0.50 

Pancreatin 0.25 

SIES** 3.20 

Jejunal 
Bile 3.20 

SIES 3.20 

Ileal SIES 3.00 
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Table 3.4.  Major fatty acid composition of beef steak 

Fatty Acid Approximate Composition (%)* 

Myristic acid 1-2 
Palmitic acid 24-29 
Palmitoleic acid 3-6 
Stearic acid 16-25 
Oleic acid 34-42 
Linoleic acid 7-9 

*Data based on relevant literature 50–52 

 

Table 3.5. Proximate analysis for raw longissimus lumborum muscle from the three beef 
striploins  

Subject Moisture (%) Protein (%) Fat (%) 

1 67.4±0.54 a 22.0±0.96 a 10.3±0.74 a 

2 68.0±2.2 a 22.1±1.0 a 10.0±3.0 a 

3 70.9±0.25 b 23.0±0.53 a 6.0±0.32 b 

*All values listed as mean ± SD, values with different letters represent statistical significance within the 
column (P<0.05) 

 

Table 3.6. Cooking loss for each steak DOD 

Degree of Doneness (°C) Cooking Loss (%) 

50 11.5±4.6 a 
60 15.7±1.1 a 
70 25.7±2.4 b 
80 32.9±1.4 c 

*All values listed as mean ± SD, values with different letters represent statistical significance (P<0.05) 
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Table 3.7 Log-logistic regression results for the cumulative FFA bioaccessibility for the jejunum, 
ileum and combined jejunal and ileal compartments for all DOD.  

 DOD (°C) k* (min-1) tc** (min) MSE*** R2 

Jejunum 

20 0.042 ± 0.002 a 56.8 ±4.4 a 0.193 0.991 

50 0.054 ± 0.004 b 56.9 ± 5.4 a  0.239 0.982 

60 0.064 ± 0.002 c 55.2 ± 3.0 a 0.149 0.997 

70 0.032 ± 0.001 d 57.2 ± 2.8 a 0.055 0.996 

80 0.033 ± 0.002 d 47.1 ± 6.1 a 0.232 0.982 

Ileum 

20 0.019 ± 0.001 a 109.3 ± 3.2 a,c 0.035 0.984 

50 0.026 ± 0.006 a,b 95.9 ± 12.4 a,b 0.668 0.870 

60 0.028 ± 0.001 b 90.7 ± 2.4 b 0.051 0.991 

70 0.022 ± 0.001 a,b 114.2 ± 2.5 a,b 0.017 0.992 

80 0.019 ± 0.003 a 120.3 ± 6.3 a 0.078 0.952 

Jejunum & Ileum 

20 0.056 ± 0.004 a 55.2 ± 7.2 a,b 0.301 0.991 

50 0.074 ± 0.007 b 59.7 ± 7.4 a 1.516 0.973 

60 0.087 ± 0.003 c 56.1 ± 3.1 a,b 0.314 0.996 

70 0.047 ± 0.002 a,d 57.7 ± 3.6 a 0.105 0.995 

80 0.042 ± 0.002 d 42.8 ± 4.2 b 0.098 0.996 
*k – rate of observed change 
**tc – induction time 
***MSE – mean squared error (measure of goodness of fit of the model) 
****All values listed as mean ± SD, values with different letters represent statistical significance within the 
sub column (P<0.05) 

 
Table 3.8. Linear regression and spearman's rank one-tailed correlation results for total 
cumulative percent bioaccessibility versus structure parameters  

Parameter Linear regression  Spearman's Rank Correlation 

 Slope R2 P  ρ P (one-tailed) 

Log Gʹ -0.948 0.0164 0.6491  -0.60 0.1750 

DSC Peak 1 -2.741 0.0124 0.6925  -0.22 0.4000 

DSC Peak 2 -2.01 0.0603 0.3778  -0.67 0.1333 

DSC Peak 3 -10.93 0.6677 0.0002  -1.00 0.0083 

Aggregated  
β-sheets 

-0.032 0.0264 0.5624  -0.70 0.1167 

β-sheets 0.013 0.0036 0.8318  0.50 0.2250 

α-helices 0.603 0.3596 0.0181  0.60 0.1750 
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Figure 3.1.  G′, G″ (A), and tan δ (B) for different steak DOD. DSC thermograms of all steak 
DOD (C), and normalized denaturation enthalpy (Peak 1 at 53 ± 2.4 °C, Peak 2 at 60.7 ± 
0.41°C, and Peak 3 at 75.6 ± 0.48 °C) (D). The second derivative of the FTIR amide I region 
(1600 – 1700 cm-1) (E) and distribution (%) of protein secondary structures of steaks cooked to 
different DOD (F). All values plotted as mean ± SD, columns lacking a common superscript 
letter are significantly different (P<0.05). 
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Figure 3.2. Non-cumulative bioaccessibility of steaks cooked at various DOD in the jejunal (A), 
ileal (B), and combined jejunal and ileal (C) compartments plotted as mean ± SD. 
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Figure 3.3. Total cumulative percent bioaccessibility of FFAs after 360 min of digestion for the 
combined jejunal and ileal compartments for each steak DOD plotted as mean ± SD. Columns 
lacking a common superscript letter are significantly different(P<0.05) 
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Figure 3.4 Total cumulative FFA bioaccessibility for the jejunal compartment with log-logistic regression curve-fitting results from 0-
180 minutes for all DOD 

 

Figure 3.5 Total cumulative FFA bioaccessibility for the ileal compartment with log-logistic regression curve-fitting results from 0-180 
minutes for all DOD 
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Figure 3.6 Total cumulative FFA bioaccessibility for the combined jejunal and ileal compartments with log-logistic regression curve-
fitting results from 0-180 minutes for all DOD 

 

Figure 3.7. 10x images of the digesta of the raw 20°C beef longissimus lumborum from the stomach (top), jejunum (middle) and 
ileum (bottom) at 30, 90, 180, 240 and 300 minutes. 200 µm scale bar located in the bottom left. 
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Figure 3.8. 10x images of the digesta of the 80°C beef longissimus lumborum from the stomach (top), jejunum (middle) and ileum 
(bottom) at 30, 90, 180, 240 and 300 minutes. 200 µm scale bar located in the bottom left 
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4 Conclusions and Future Works 

Meat is widely consumed across the globe and is composed largely of protein and 

fat; however, meat is considered by some to be overconsumed in Western societies and 

there are established correlations with excessive dietary fat intake and the development 

of dietary-related chronic diseases. Meat being such an important part of the Western 

Diet, it was deemed an interesting model food to test the hypothesis that processing alters 

digestibility and correlates to quantifiable physical properties.  In no way does our work 

look to suggest vital processing steps such as cooking should be eliminated; instead it is 

a means to examine cause-and-effect changes food processing has on the foods’ 

physical properties, all the while maintaining similar macronutrient profiles.  Therefore, 

studying the lipolysis of meat and the effect of processing and its influence on lipid 

bioaccessibility is essential in order to improve the nutritional quality of meat products and 

meat analogues that digest similarly to their whole food counterpart. Despite many 

proteolysis studies on meat, there is a lack of studies investigating how cooking meat 

alters lipid digestion kinetics, and if the changes to the protein network causes an impact. 

This study aims to narrow this gap by investigating the in vitro lipid digestion of beef 

longissimus muscle cooked to different DOD alongside the structural changes that 

cooking induces and how that potentially alters the metabolic response.  

Test meals containing beef longissimus muscle, sous-vide cooked to 50, 60, 70 and 

80°C, compared to a control raw (uncooked) sample, were fed into a state-of-the-art, 

dynamic, multi-compartmental gastrointestinal model (TIM-1) for 6 h simulated 
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digestions. Two-way repeated-measures ANOVA of the ileum cumulative bioaccessibility 

showed no interaction effect of the DOD across the time of digestion (P=0.2791). The 

jejunal cumulative and combined jejunal and ileal cumulative bioaccessibility showed a 

significant interaction effect between the DOD and digestion time (P=0.0140 and 0.0147 

respectively). Simple main effects analysis at 360 min showed an increase (P<0.001) in 

the amount of FFA bioaccessibility up to a DOD of 60°C, after which there was a 

significant decrease in bioaccessibility (P<0.001). The kinetics of lipolysis from the log-

logistic regression results indicated an overall trend of an increasing k value up to 60°C 

after which the k value decreases.  

Small deformation rheology shows an increase in the network elasticity with 

increasing DOD, while FTIR analysis of the amide I region shows a decreased presence 

of β-sheets and corresponding increase of aggregated β-sheets. Myosin, collagen and 

sarcoplasmic proteins denature between 50°C to 60°C; while action denatures at 75.6 ± 

0.48 °C. There is a significant correlation between actin denaturation enthalpy and total 

cumulative lipid bioaccessibility (p = 0.0083, one-tailed Spearman’s rank correlation 

coefficient ρ = -1.0) with a slope of m= -10.93. Actin is a key structural element of the 

meat protein network, and its denaturation is known to correlate with moisture loss and 

toughening of meat during cooking and results herein suggest altered digestion kinetics.  

This research highlights the importance of structural networks in altering lipid 

digestion. Further studies would be useful examining digestion kinetics of meat processed 

to various other degrees, such as: ground beef or meat emulsions. It would also be 

interesting to examine the digesta using confocal microscopy to better visualize how 
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protein networks are degraded ultimately controlling the rate of lipid release from the 

chyme throughout digestion. Another interesting aspect to consider would be if mode of 

heat transfer alters digestion kinetics. This could be done by examining the digestion of 

steaks cooked using a grill, microwave, and oven. Further extension of these studies to 

different food matrices and ingredient additions should also be applied in designing future 

processed foods. Finally, though the TIM-1 is an advanced in vitro digestion model, the 

gold standard for digestion studies is in vivo. Thus, in vivo clinical studies would be an 

important comparator to these results to provide insights on post-prandial serum TAG 

levels, satiety, and hormonal feedback mechanisms all of which are not accurately 

modeled in vitro.  

The implications of this study for the food industry are to better understand the effect 

food structure, especially changes induced during processing, has on the metabolic 

response of a meal. Results of our study indicate that it is not just food composition that 

dictates the postprandial response, but structure had a critical role; and suggests that the 

matrix of the food needs to be regarded as a nutrient delivery vehicle. Hence, there is 

importance to further understand how processing foods impacts its structure and how this 

alters digestion kinetics. This will aid in formulation strategies to design more wholesome 

formulated foods that tailor the rate of FFA release. Ultimately, this study is a step towards 

providing consumers with healthier processed food options and reducing the negative 

health impacts of ultra-processed foods.
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APPENDICES  

Appendix A: Two-way repeated measures ANOVA results on the effects of digestion 
time and DOD on % FFA bioaccessibility from the jejunum, ileum and both combined 

  SS DF MS F P value 

Jejunum 

Time 1079 8 134.9 521.4 0.0009 

DOD* 105.7 4 26.42 73.71 0.0027 

Time x DOD 88.73 32 2.773 29.11 0.014 

Subject x Time 4.139 16 0.2587   
Subject x DOD 2.868 8 0.3585   
Subject 4.45 2 2.225   
Residual 6.096 64 0.09525     

Ileum 

Time 148.7 8 18.59 165.2 0.0043 

DOD 10.22 4 2.556 2.276 0.2582 

Time x DOD 8.455 32 0.2642 2.066 0.2791 

Subject x Time 1.801 16 0.1126   
Subject x DOD 8.984 8 1.123   
Subject 2.025 2 1.013   
Residual 8.183 64 0.1279     

Jejunum & Ileum 

Time 2026 8 253.3 391.4 0.0024 

DOD 178.3 4 44.57 28.58 0.0245 

Time x DOD 147.8 32 4.618 19.27 0.0147 

Subject x Time 10.35 16 0.6472   
Subject x DOD 12.47 8 1.559   
Subject 9.963 2 4.981   
Residual 15.33 64 0.2396     
      
*DOD – degree of doneness 


