
ABSTRACT 

 

DOUCET, DANY.  Enzyme-induced gelation of whey proteins. (Under the direction of Dr E. Allen 

Foegeding.) 

 

There is currently an array of whey protein hydrolysates on the market.  The applications for 

these products include but are not limited to: improved heat stability; reduced allergenicity; 

production of bioactive peptides; tailoring amounts and size of peptides for special diets; and 

altering the functional properties of gelation, foaming and emulsification.  With functional 

properties applications, hydrolyzed proteins offer advantages over unmodified proteins in 

increased solubility, heat-process stability, foaming and emulsification.   

 

Customers who are buying whey protein hydrolysates for nutritional applications (sports nutrition, 

enteral formulas, hypoallergenic infant formulae, etc.) are looking for products with a high 

degree of hydrolysis (generally >10%) and a high content in short peptides.  Extensive 

enzymatic hydrolysis is required, preferentially with an endoprotease, in order to avoid the 

presence of free amino acids in the final product.  However, some endoproteases (e.g. Alcalase 

2.4L) produce peptides that aggregate and form a gel during the course of hydrolysis.  This 

creates a hurdle when a high degree of hydrolysis is desired.  Because the array of 

endoproteases commercially available is not very exhaustive, and some enzymes and hydrolysis 

conditions cause gelation problems, it is important to understand the gelation mechanism in 

order to solve it and ultimately produce hydrolysates with a high degree of hydrolysis. 

 

The first objective of this study was to compare enzyme-induced gelation of extensively 

hydrolyzed whey proteins by Alcalase with the plastein reaction by determining the types of 

interactions.  The average chain length of the peptides did not increase during hydrolysis and 

reached a plateau after 30 min to be about 4 residues, suggesting that the gel was formed by 



small molecular weight peptides held together by non-covalent interactions.  The enzyme-

induced gel network was stable over a wide range of pH and ionic strength, and therefore 

showed some similarities with the plastein reaction. Disulfide bonds were not involved in the gel 

network.  The gelation seems to be caused by physical aggregation, mainly via hydrophobic 

interactions with hydrogen bonding and electrostatic interactions playing a minor role. 

 

Peptides released were characterized in order to better understand this gelation phenomenon. 

The apparent molecular mass distribution indicated that aggregates were formed by small 

molecular mass peptides (< 2,000 Da).  One hundred and thirty peptides with varying lengths 

were identified by reversed-phase high performance liquid chromatography coupled with 

electrospray ionization mass spectrometry.  Alcalase was observed to have a high specificity for 

aromatic (Phe, Trp, Tyr), acidic (Glu), sulfur-containing (Met), aliphatic (Leu, Ala), hydroxyl (Ser), 

and basic (Lys) residues.  Most peptides had an average hydrophobicity of 1-1.5 kcal/residue and 

a net charge of 0 at the pH where gelation occurs (6.0).  Therefore, intermolecular attractive 

force such as hydrophobic interaction suggests the formation of aggregates that further leads to 

the formation of a gel. 

 

The very complex peptide system identified previously for whey proteins was simplified by using 

β-lactoglobulin.  Dynamic rheology, aggregation measurements, isoelectrofocusing as well as 

chromatography and mass spectrometry were used to understand the gel formation. A 

transparent gel suggesting a fine-stranded network is formed above a critical concentration of 

peptides while non-covalently linked aggregates appear with increasing time of hydrolysis. 

Extensive hydrolysis is needed for gelation to occur as indicated by the small size of the peptides. 

Isoelectrofocusing was successful at separating the complex mixture and nineteen main peptides 

were identified with molecular weight ranging from 265 to 1485 Da. Only one fragment came 

from a β-sheet rich region of the β-lactoglobulin molecule and a high proportion of peptides had 

proline residues in their sequence.  
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1.1 WHEY PROTEINS 

 

Whey, a by-product from cheese or casein manufacture, contains less than 1% proteins 

comprised mainly of β-lactoglobulin (β-LG), α-lactalbumin (α-LA), bovine serum albumin (BSA), 

immunoglobulins and proteose peptone, as well as several minor proteins including lactoferrin, 

lactollin, glycoproteins, lactoperoxidase and transferrin.1  Whey proteins are the proteins 

remaining soluble at pH 4.6 and 20°C after the removal of caseins from milk.  Two primary types 

of whey are available as whey protein sources.  Acid whey is produced by the generation or 

direct addition of acid and results in the precipitation of caseins.  Sweet whey comes from 

rennet-coagulated cheese when caseins are removed.2   

 

Advances in processing technologies have enabled the purification and separation of whey 

proteins which are sold as concentrate (WPC) or isolate (WPI) containing 35-80% and > 90% 

proteins, respectively.3  The production of WPC begins with a clarification step where 

centrifugation removes small cheese and casein particles.  Then, ultrafiltration, a physico-

chemical separation technique in which a pressurized solution flows over a porous membrane, 

allows the selective separation of whey proteins from lactose, salts and water under mild 

conditions of temperature and pH.  Dialfiltration can be applied to further increase protein purity 

by continuously adding water to the ultrafiltrate retentate stream.  Finally, spray-drying is used to 

yield a product with greater than 95% total solids.  On the other hand, ion exchange 

fractionation processes are used for the manufacture of WPI.  Whey proteins have a net positive 

charge at pH values lower than their isoelectric point (pH 5.2) and behave as cations that can be 

absorbed on cation exchangers.  At pH values above their isoelectric point, whey proteins have a 

net negative charge and behave as anions that can be absorbed on anion exchangers.  Once 

proteins are absorbed onto the resins, a change in the pH of the mobile phase is used to detach 

them followed by ultrafiltration, diafiltration and drying.  WPI are characterized by high protein 

and low lactose and lipid concentration.4  
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1.2 β-LACTOGLOBULIN 

 

β-LG is a major milk protein, accounting for 50% of the whey proteins and almost 12% of total 

milk proteins.  β-LG has a monomeric molecular weight of  18,362 Da for genetic variant A and 

18,276 for variant B, the two most common variants.5  The primary structure is composed of 162 

amino acids with 5 cysteine residues, four of which occurs as disulfide bonds (Cys66-Cys160 and 

Cys106-Cys119) with the fifth as a free thiol (Cys121).  The difference between variants A and B is 

the substitution of Gly and Ala in β-LG B at the Asp64 and Val118 variant A positions, respectively.  

 

β-LG is a globular protein with a secondary structure composed mainly of β-sheets as illustrated 

in Figure 1.1.  The secondary structure of β-LG has been elucidated as 43% β-sheet, 10% α-

helix, and 47% unordered structure, including β-turns.6  The structure is highlighted by an eight-

stranded (A to H), antiparallel β-barrel to form the shape of a flattened cone where the interior is 

rich in hydrophobic amino acids and the opening is lined with hydrophilic amino acids.  An 

additional β-strand (I) and the α-helix are attached to this flattened cone.  β-strands A, F, G and 

H are largely buried in the interior of the molecule whereas β-strands B, C and D as well as the 

α-helix, and the loops are relatively exposed to solvent.7  The presence of a disulfide bond 

(Cys106-Cys119) connecting β-strands G and H and its high content of hydrophobic amino acids 

give an important contribution to the stability of this domain.8  β-strand I, which forms the dimer 

interface, is conserved even in the monomeric state. 

 

β-LG has an isoelectric point of 5.2 and the protein conformation in solution varies with pH. 

Between pH 3.5 and 5.2, β-LG exists predominantly in the octamer species.  At pH > pI, β-LG 

dissociates into dimers and at 3.5 < pH < 6.5, the dimers begin to dissociate into monomers due 

to electrostatic repulsion.6  In the dimer conformation, the α-helix moiety from each monomer 

runs antiparallel to the helix of the other.9  There is a single, reversible transition in conformation 
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at pH 7.5 that involves the release of a buried carboxyl group from Glu89.10  At very alkaline pH 

(> 9.0), the extreme electrostatic repulsion causes β-LG to undergo irreversible denaturation.5 

 

Temperature affects the three dimensional structure of β-LG.  Even though β-LG is found mainly 

in the dimer conformation in milk, monomers appear when temperature is increased up to 65°C.  

Circular dichroism was used to demonstrate that a critical conformation change occurs around 

63°C where there is 19% net reduction in the β-sheet content.11  This reduction in β-sheet 

content seems to be critical for initiating sulfhydryl disulfide-induced aggregation.  Above this 

temperature, unfolding of the β-LG structure leads to irreversible denaturation in the following 

order: D-E strand (55-60°C); C-D strand and α-helix (60-65°C); A-B, A-I and E-F strands (65-

70°C); and A-H, B-C and F-G strands (75-80°C).  At 80°C, thermal unfolding of β-LG is almost 

complete except for the G-H pair of disulfide-linked strands which formed the most heat-resistant 

feature of the structure.12  

 

Disulfide bonds (S-S) and sulfhydryl (SH) groups play an important role in the structural changes 

of β-LG.  Covalent cross-linking of β-LG molecules can be brought by Cys121 oxidation into S-S 

bonds and/or by SH-induced S-S interchange reactions.13  At pH 9 and 11, polymerization via 

intermolecular S-S bonding occurs at room temperature following extensive irreversible unfolding 

of β-LG.  At pH 3, 5 and 7, polymerization is only evident after heating to 85, 75 and 70°C, 

respectively, indicating that polymerization reactions involving SH/S-S interchange rather than 

SH/SH oxidation predominates.14     

 

Even though β-LG is one of the most studied proteins, its physiological role has been the subject 

of much speculation.  β-LG can bind retinol strongly and protects it against enzymatic oxidation.6  

Altough retinol in milk is mainly in the fat phase, it is suggested that after de-esterification it 

binds to β-LG which protects it through the stomach and into the small intestine.  β-LG is not 

denatured by low pH and is not digested in the stomach.1  
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1.3 α-LACTALBUMIN 

 

α-LA is a globular protein involved in lactose biosynthesis with a molecular weight of 14,175 for 

variant B, the only variant found in the milk of western breeds.15  The primary structure is known 

and presents many similarities with lyzozyme.16  The protein has an ellipsoid shape that has two 

distinct lobes divided by a cleft where one lobe is comprised of four helices and the other loop is 

comprised of two β-strands with a loop-like chain, as shown in Figure 1.2.17  α-LA is a calcium-

binding metalloprotein, which is also capable of binding zinc and other metals.  The calcium ion is 

bound in a pocket rich in Asp residues.  The heat stability of α-LA is reduced by the removal of 

calcium and apo-α-LA does not renature following heat denaturation.  α-LA has no free thiol 

groups and four disulfide bonds, which limit the conformational flexibility in certain solvent 

conditions.17  

 

1.4 ENZYMATIC HYDROLYSIS OF PROTEINS 

 

Hydrolysis is a chemical reaction in which a substance reacts with water to be changed into one 

or more reaction products.  Hydrolysis of intact proteins involves the cleavage of peptide bonds 

into polypeptides, oligopeptides, smaller peptides or amino acids.  Hydrolysis of proteins can be 

achieved with enzymes, acids or alkali.  Enzymatic hydrolysis is preferred because it minimizes 

side reactions associated with extremes in pH and temperature associated with chemical 

hydrolysis.18  

 

The hydrolysis process is proposed to occur as three consecutive reactions.  First, a Michaelis 

complex of substrate (protein) and enzyme is formed, then the peptide bond is cleaved resulting 

in the liberation of one peptide, and finally, the remaining peptide is cleaved off the enzyme after 

a nucleophlic attack by a water molecule.19  Enzyme-substrate binding is critical for protein 

hydrolysis.  For globular proteins such as β-LG and α-LA, most peptide bonds are located in the 
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interior of the protein and are not accessible for the enzyme.  It was postulated by Linderstrom-

Lang that for globular proteins, reversible denaturation is needed for protein breakdown because 

after denaturation more peptide bonds are available.  The folded and unfolded states of proteins 

in solution are in equilibrium.  However, only the unfolded molecules are susceptible to 

degradation by proteolytic enzymes.20  The result of proteolysis is dependent on three main 

factors: protein substrate, type of proteases and hydrolysis conditions.  Theses factors will be 

discussed in the following sections. 

 

1.4.1 Protein substrate  

Primary sequence and three-dimensional structure of proteins dictates their susceptibility to 

enzymatic hydrolysis and the distribution of peptides obtained.  Caseins can be regarded as 

flexible proteins and their hydrolysis is therefore facilitated.21  On the other hand, whey proteins 

have globular shapes which limit proteases accessibility.  Whey protein digestibility can be 

improved by a pre-treatment involving heat denaturation.22  Another important factor for 

enzymatic hydrolysis is the primary amino acid sequence of proteins. In whey proteins, 

hydrophobic and hydrophilic amino acids are randomly distributed over the peptide chain, 

whereas caseins present distinct regions of hydrophilic and hydrophobic domains.1  Hydrolysates 

of β-LG contain peptides with similar distributions of charged and hydrophobic groups, lacking 

distinct hydrophilic or hydrophobic areas.23 

 

1.4.2 Proteases 

A variety of food-grade proteases are available for protein hydrolysis.19  Proteases can be 

classified into different groups depending on their type of action, catalytic site, optimal pH 

activity and organisms they are derived from.  Proteases which hydrolyze peptide bonds from the 

N- or C-terminus are defined as exopeptidases or exoproteases whereas proteases which 

hydrolyze peptide bonds inside the polypeptide chain are referred as endoproteases.  The nature 

of the catalytic site of proteases differs according to the active group that will form the 
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enzyme/substrate intermediate.  Based on the catalytic site, proteases can be categorized into 

serine proteases, cysteine proteases, aspartic proteases, and metallo-proteases.19  The serine 

proteases are all endoproteases while metallo-proteases are mostly exoproteases.  The pH 

specificity of proteases is related to the group in the catalytic site.  Cysteine and metallo-

proteases are active at neutral pH whereas serine and aspartic proteases are active at alkaline 

and acidic pH, respectively.  The amino acids surrounding the catalytic site are also important for 

substrate binding and determine which amino bonds will be cleaved, therefore determining the 

enzyme specificity.19  Commercial enzymes preparations are often mixtures of different types of 

proteases with various specificities. 

 

1.4.3 Hydrolysis conditions 

After a protein/protease combination has been chosen, with the possibility of a pre-treatment of 

the protein, the reaction conditions should be determined.  The main factors that can influence 

hydrolysis are temperature, pH, enzyme concentration and reaction time.  The first three factors 

determine the reaction rate whereas the reaction time dictates the extent of hydrolysis.20  

Enzyme-catalyzed hydrolysis of a peptide bond generates one free amino group and one free 

carboxyl group, which depending on the pH of the reaction, can either release (high pH) or take 

up a proton (low pH).  If the pH of the reaction is not controlled, an increase or decrease in pH 

will occur at low pH and high pH, respectively.  In order to prevent a pH change during 

hydrolysis, the reaction can be performed in a buffered system.  The pH-stat system can also be 

used where pH is maintained constant by addition of acid or base.20   

 

1.4.4 Characterization of hydrolysates 

Molecular properties of proteins change after hydrolysis such as decreased molecular weight, 

increased charge, exposure of hydrophobic groups and disclosure of reactive amino acid side-

chains.24  Protein hydrolysates can be characterized based on their hydrolysis level.  

Trichloroacetic acid (TCA) solubility index can be used to measure hydrolysis level based on the 
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higher solubility of peptides and amino acids compared to the intact protein.20  Hydrolysis level 

can be measured quantitatively by calculating the degree of hydrolysis (DH), which can be 

defined as the percentage of peptide bonds that have been hydrolyzed.  Hydrolysis of peptide 

bonds generates one amino group (and one carboxyl group).  Therefore, by determining the 

amount of amino groups, the DH can be calculated.  Several methods are available to measure 

DH based on amino groups such as trinitro-benzene sulfonic acid (TNBS) and o-phthalaldehyde 

(OPA).25,26  Once the amount of amino groups in a hydrolysate is determined, the ratio of amino 

nitrogen to total nitrogen (AN/TN) can be calculated and gives an indication of the hydrolysis 

level.  A linear relationship between AN/TN and DH can be established for a particular protein.  

The molecular weight distribution or peptide profile of hydrolysates can also be determined using 

size-exclusion chromatography (SEC).  With this method molecules are separated mainly on the 

basis of their hydrodynamic volume, which depends on size and conformation.27 

 

1.5 FUNCTIONALITY OF WHEY PROTEIN HYDROLYSATES 

 

Whey proteins have a high nutritional value compared to other proteins because of their relative 

high content of essential amino acids and their good digestibility.28  Whey proteins are 

increasingly being used in the food industry for their functionality.  Functionality of whey proteins 

refers to the physico-chemical properties such as hydrophilicity and hydrophobicity (influencing 

water-protein interactions), interfacial (air-water and oil-water interfaces), intermolecular 

interactions (viscosity, fiber formation, film formation, gelation, cohesion, adhesion, etc.) and 

sensory (taste and smell).4  These physico-chemical properties are influenced by the intrinsic 

nature of whey protein (amino acids, conformation and bonds) and the processing factors (time, 

temperature, pH, ionic strength, impurities, etc.) as well as the conditions of storage and other 

ingredients present in a food formulation.29  Functionality of whey proteins present some 

limitations and different physical, chemical and biological methods have been used to enhance 

their utilization and performance.  Enzymatic hydrolysis provides change in functionality of whey 



 9

proteins due to the reduction in molecular weight, the loss or alteration of native structure and 

enhanced interaction of peptides with themselves and with the environment.  

 

1.5.1 Solubility 

Solubility is considered an essential parameter for the manifestation of many functional 

properties.  Enzymatic hydrolysis of whey proteins allows for improvement in solubility due to a 

decrease in molecular weight and an increase in the number of ionizable groups.  As a 

consequence, the solubility of whey proteins over the entire pH range, including the isoelectric 

point, usually increases.30,31  Whey proteins solubility after denaturation tends to decrease 

especially at low pH due to aggregation.  Hydrolysis of heat-denatured whey protein isolate with 

trypsin, chymotrypsin, Alcalase and Neutrase partially restored the loss of solubility.32  The 

increased solubility of whey protein hydrolysates is beneficial in the manufacture of enriched 

nutritional products that would be vulnerable to coagulation and fouling during thermal 

processing of native proteins.33 

 

1.5.2 Interfacial Properties   

Whey proteins are not considered as surface-active as caseins because of their globular 

structure.  Hydrolysis of whey proteins is often reported to produce ingredients that deliver 

superior interfacial functional properties as compared to their unmodified counterparts.  The 

initial formation and subsequent stability of most aerated foods and emulsions depends on the 

ability of proteins to rapidly adsorb at the interface and subsequently form a cohesive network.34  

A prerequisite for foam or emulsion formation is the adsorption of a surfactant, such as protein, 

at the interface.  Adsorption is a spontaneous event that occurs due to the amphiphilic nature of 

proteins.35  This process is primarily a diffusion-controlled event, which means the protein must 

be soluble in the continuous phase before adsorption can occur at the interface.  If the protein or 

peptide fragment is soluble, factors governing diffusion such as the size of the molecule 

determine how efficiently it will adsorb.  The fact that hydrolysates are smaller in size generally 
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allows for a more rapid adsorption as compared to whole proteins, which in turn allows for better 

foam or emulsion formation.36  Additionally, hydrolysates are generally more soluble over a wider 

range of environmental conditions, such as pH and ionic strength, which also explains some of 

the improved surface-activity of hydrolysates.37  Studies have shown that the relative distribution 

of hydrophobic and hydrophilic amino acids found in a protein or peptide is important for its 

adsorption.38   

 

After the initial adsorption, the proteins begin to unfold and interact with one another to form a 

network at the interface.  The properties of the interfacial network influence the stability of foams 

and emulsions.39  There are some contradictory findings on how the degree of hydrolysis affects 

foam or emulsion properties.  It has been speculated that smaller peptides do not form the same 

inter-molecular interactions as larger proteins, making the interfacial network less stable.38,39  

However, recent work from our lab has shown that foam yield stress and overrun is improved by 

hydrolysates ranging in degree of hydrolysis from 5.4 to 15.9%.40  A probable explanation is that 

since degree of hydrolysis varies strongly with enzyme and substrate that the link with functional 

properties will vary.38,41  Just as important is the specific amino acid sequence of the peptides 

generated by hydrolysis.  Peptides are enzyme specific and vary considerably with the degree of 

hydrolysis.24  Distinct regions of hydrophobic and hydrophilic amino acids with a minimum in size 

seem to be the most desirable for interfacial properties.41  Therefore, while the degree of 

hydrolysis and molecular weight distribution are good general indicators of hydrolysate 

properties, the functional properties are determined by the specific peptides produced.  

 

1.5.3 Gelation   

Heat-induced gelation is due to denatured, or partially denatured, molecules aggregating to form 

a gel network.  Hydrolysis can be used to change conditions required for gelation (e.g., 

temperature) along with the physical properties of gels.  When β-LG is treated by limited 

proteolysis with immobilized trypsin, it has a lower gel point and gels more rapidly than native β-
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LG at 80°C.42  Incubation of a heat-polymerized whey protein solution with a variety of 

proteinases (trypsin, papain, pronase and protease) causes gelation.43  Gelation properties of 

whey protein are significantly improved at neutral pH by limited hydrolysis with a protease from 

Bacillus licheniformis (BLP).44  Gels formed from BLP-hydrolyzed whey proteins consist of small 

aggregates, and the authors speculated that the aggregates are formed during hydrolysis, prior 

to heat-induced gelation.45  It was indeed found that the limited hydrolysis of whey protein 

isolate by BLP leads to formation of a soft gel, with a microstructure similar to the heat-induced 

gel.46  The formation of aggregates and a soft gel prior to heating is thus one way that heat-

induced gelation properties are altered by hydrolysis. 

 

Soft gels are also formed by hydrolysis of β-LG with BLP, indicating that β-LG alone can show the 

effect seen with whey proteins.47  The aggregates derived from β-LG hydrolysis consisted of a 

range of peptides of intermediate size (2-6 kDa) held together by non-covalent interactions.  The 

aggregates consisted of six to seven major peptides of which the fragment f135-158 seemed to 

be the initiator of aggregation.  The fragment f135-158 contained several basic and acid amino 

acids alternating with hydrophobic amino acids, which is in accordance with formation of non-

covalently linked aggregates.48 

 

1.6 NUTRITIONAL ASPECTS OF WHEY PROTEIN HYDROLYSATES 

 

Since whey protein hydrolysates are of high nutritional quality, they are used extensively in 

special formulations designed to provide nutritional support to patients with different needs, in 

infant formulas and in protein supplementation and clinical use.18  An important nutritional reason 

to use whey protein hydrolysates is the increased digestibility of small peptides compared to the 

native proteins, which has been found to be extremely beneficial for patients suffering from 

digestion disorders, such as cystic fibrosis, short bowel syndrome or pancreatitis.49  The presence 

of native whey proteins and immuno-reactive peptides needs to be minimized in certain medical 
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and nutritional applications due to the possibility of allergic reactions, especially in infant 

formulas.  Hydrolysis can be applied to destroy protein epitopes responsible for allergic reactions 

in sensitive individuals.  For hypoallergenic products, proteins are generally extensively 

hydrolyzed, thus resulting in products containing very low molecular weight peptides.50  Highly 

sensitive in vitro techniques such as Enzyme-Linked Immunosorbent Assay (ELISA) and Radio 

Allegro Sorbent Test (RAST) can be used to detect the amount of immuno-reactive materials.51,52 

 

1.7 BIOACTIVE PEPTIDES 

 

Intact whey proteins have a range of biological activities, e.g., immunoglobulins have an 

immunoprotective effect while lactoferrin displays antibacterial activity.53  In addition, whey 

proteins contain a large range of bioactive peptide sequences which are encrypted within their 

primary structures.54  These include opioid agonist and antagonist peptides, potential hypotensive 

peptides which inhibit angiotensin-I-converting enzyme (ACE), mineral binding, 

immunomodulatory, antibacterial and antithrombotic peptides.  The hydrolysis of whey proteins 

such as β-LG generates ACE-inhibitor peptides such as β-LG 15-20, 102-105, and 142-148.55,56  

ACE (peptidyldipeptide hydrolase, EC 3.4.25.1) has been classically associated with the rennin-

angiotensin system which regulates peripheral blood pressure.  The enzyme can increase blood 

pressure by converting angiotensin I to the potent vasoconstrictor, angiotensin II.  ACE can also 

catalyze the degradation of bradykinin, a vasodilatory peptide, and enkephalins.  ACE inhibitory 

peptides are measured in an enzyme assay using synthetic substrates such as 

hippurylhistidylleucine (HHL) or furyllacryloylphenylalanylglycylglycine (FAPGG).57,58  ACE 

catalyzes the hydrolysis of HHL or FAPGG and the activity is measured by the reduction of 

substrate absorbance or the amount of products formed under standard conditions.  The 

reduction of ACE activity in the presence of total whey protein hydrolysates or specific peptides is 

measured.  The amount of hydrolysate which will show 50% of ACE inhibition under standard 

conditions (IC50) is used to define the potential of the inhibitory activity. 
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1.8 RESEARCH MOTIVATION 

 

There is currently an array of whey protein hydrolysates on the market.  The applications for 

these products include but are not limited to: improved heat stability; reduced allergenicity; 

production of bioactive peptides; tailoring amounts and size of peptides for special diets; and 

altering the functional properties of gelation, foaming and emulsification.  With functional 

properties applications, hydrolyzed proteins offer advantages over unmodified proteins in 

increased solubility, heat-process stability, foaming and emulsification.   

 

Customers who are buying whey protein hydrolysates for nutritional applications (sports nutrition, 

enteral formulas, hypoallergenic infant formulae, etc.) are looking for products with a high 

degree of hydrolysis (generally >10%) and therefore a high content in short peptides.  Short 

chain peptides offer a variety of advantages.  They are less antigenic due to elimination of 

sequential epitopes.59  The diminished or lack of secondary structure in peptides also explains 

heat stability in that there are minimal changes in structure upon heating.  Furthermore, a 

product with a low content in free amino acids is adsorbed more efficiently because of intestinal 

absorption differences between peptides (primarily di- and tripeptides) and free amino acids.18  

To obtain that kind of profile, an extensive enzymatic hydrolysis is required, preferentially with an 

endoprotease, in order to avoid the presence of free amino acids in the final product.  However, 

some endoproteases (e.g. Alcalase 2.4L) produce peptides that aggregate and form a gel during 

the course of hydrolysis.  This creates a hurdle when a high degree of hydrolysis is desired.  

Because the array of endoproteases commercially available is not very exhaustive, and some 

enzymes and hydrolysis conditions cause gelation problems, it is important to understand the 

gelation mechanism in order to solve it and ultimately produce hydrolysates with a high degree of 

hydrolysis. 
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Whey protein hydrolysates designed for foaming, emulsification and gelation applications are 

generally hydrolyzed to a lower extent.  Secondary and tertiary structure plays a role in these 

applications and, as discussed below, too extensive of hydrolysis can reduce functionality.  

However, aggregating peptides from extensive hydrolysis could provide some unique functional 

properties in these applications.  The overall goal of this project was to determine the 

relationships among degree of hydrolysis, production of aggregating peptides, hydrolysis-induced 

gelation and functional properties for a variety of enzymes. 
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Figure 1.1.  Topology of β-LG at pH 2.6 (a) and hydrogen bonding pattern (b).12 
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Figure 1.2.  Structure of α-LA and the functional regions of the molecule showing the location of 

metal ions identified.17 
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4.1 ABSTRACT 

 

The purpose of the present study was to identify which peptides were responsible for enzyme-

induced gelation of extensively hydrolyzed β-lactoglobulin in order to gain insight into the 

mechanism of gelation.  Dynamic rheology, aggregation measurements, isoelectrofocusing as 

well as chromatography and mass spectrometry were used to understand the gel formation.  A 

transparent gel suggesting a fine-stranded network is formed above a critical concentration of 

peptides while non-covalently linked aggregates appear with increasing time of hydrolysis. 

Extensive hydrolysis is needed for gelation to occur as indicated by the small size of the peptides. 

Isoelectrofocusing was successful at separating the complex mixture and nineteen main peptides 

were identified with molecular weight ranging from 265 to 1485 Da.  Only one fragment came 

from a β-sheet rich region of the β-lactoglobulin molecule and a high proportion of peptides had 

proline residues in their sequence.  

 

4.2 INTRODUCTION 

 

Biopolymer gelation has received much interest lately due to its application in many fields 

including tissue engineering and drug delivery.1,2  Biopolymer gels can be formed from a variety 

of high molecular weight natural polymers such as gelatin3, fibrin4 and polysaccharide-derived 

polymers.5  An alternative approach is the use of globular proteins or peptides to create 

biopolymer gels.6  Besides the development of gel-based systems, interest in peptide self-

assembly and gelation has increased in recent years due to similarities with amyloid fibrils 

associated with Alzheimer’s disease, variant Creutzfeldt-Jakob disease, type II diabetes, and 

many others.7  Peptide gelation seems to result from the assembly of peptides into large 

polymeric networks rather than non-specific entanglements.  β-sheet forming peptides tend to 

display this behavior.  Assembly and gelation occurs by hydrogen bonding between peptides to 
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form intermolecular β-sheets that further associate into a wide variety of non-protein-like 

structures, such as tapes, ribbons, fibrils and fibres.8 

 

Whey proteins are the proteins remaining soluble at pH 4.6 and 20°C after the removal of 

caseins from milk.9  Based on this classification, whey proteins make up about 20% of the 

proteins in milk and are comprised mainly of β-lactoglobulin (β-LG), α-lactalbumin (α-LA), bovine 

serum albumin (BSA), immunoglobulins and proteose peptones.  β-LG, the most abundant whey 

protein in bovine milk, has a monomeric molecular weight of  18,362 Da for genetic variant A and 

18,276 for variant B, the two most common variants.10  The primary structure is composed of 

162 amino acids with 5 cysteine residues, four of which occurs as disulfide bonds with the fifth as 

a free thiol.  The secondary structure of β-LG has been elucidated as 43% β-sheet, 10% α-helix, 

and 47% unordered structure, including β-turns.11  The structure is highlighted by an eight-

stranded, antiparallel β-barrel to form the shape of a flattened cone where the interior is rich in 

hydrophobic amino acids and the opening is lined with hydrophilic amino acids.  An additional β-

strand and the α-helix are attached to this flattened cone.12  β-LG has a critical role in heat-

induced gelation of whey proteins.  Heat-induced gelation of β-LG is thought to involve three 

main steps.  First, there is activation of the molecule to a reactive structural form followed by the 

formation of linear strings of beads polymers via sulfhydryl-disulfide interchange reaction.  

Finally, setting of the string of beads occurs into a gel network via noncovalent interactions 

namely hydrophobic, hydrogen bonding, and van der Waals interactions.13  

 

In previous work, we have shown that extensive hydrolysis of a whey protein isolate (WPI) by 

Alcalase led to gelation.14-16  The composition of this WPI in β-LG, α-LA and BSA was 66, 22 and 

4% respectively.  The first step towards a better understanding of the self-assembly of whey 

protein peptides is to determine which of the two major proteins, β-LG or α-LA, is responsible for 

gelation.  Peptides responsible for aggregation and gelation of β-LG during limited enzymatic 

hydrolysis with a protease from Bacillus licheniformis (BLP) have been identified.17  Seven major 
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peptides were identified and the fragment f135-158 was suspected as the initiator of 

aggregation.  This peptide contains several basic and acid amino acids alternating with 

hydrophobic amino acids.  Therefore, aggregation was proposed to occur through electrostatic 

and hydrophobic interactions.  Gelation of α-LA has also been reported when incubated with the 

protease BLP.18  The microstructure of the gels consisted of non-branching, apparently hollow 

strands, similar in overall structure to microtubules.  The mechanism behind the self-assembly of 

the partially hydrolysed α-LA into long tubes was proposed to be a spatially restricted creation of 

ionic bonds between Ca2+ and carboxyl acid groups on peptide fragments generated by 

hydrolysis.  

 

This investigation follows our previous research on enzyme-induced gelation of whey proteins.14-

16  A very complex system composed of 130 peptides was identified previously and this work is 

aimed at simplifying to provide a better understanding of the mechanism of gelation.  In the 

present study, we identified which of the two major whey proteins, β-LG or α-LA, was 

responsible for enzyme-induced gelation of extensively hydrolyzed whey proteins with Alcalase. 

Dynamic rheology and aggregation measurements, as well as chromatography were used to gain 

insight into the mechanism of gelation, while varying gelation conditions with respect to ionic 

strength, pH, concentration and temperature.  We also used isoelectrofocusing and mass 

spectrometry to assess which peptides were responsible for gelation.  

 

4.3 EXPERIMENTAL PROCEDURES 

 

4.3.1 Materials  

Bovine β-lactoglobulin (β-LG) and α-lactalbumin (α-LA) isolates were obtained from Davisco 

Foods International (Le Sueur, MN).  The protein content were 97% and 95% respectively (dry 

matter basis), as determined by combustion method with a conversion factor of 6.38 x N = % 

protein.19  In the β-LG isolate, β-LG and α-LA account for 95% and 2.1% of total proteins, 
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respectively whereas in the α-LA isolate, they account for 3.3 and 93% of total proteins, 

respectively.  Alcalase 2.4L (a liquid preparation from Subtilisin Carlsberg) was obtained from 

Novozymes (Franklinton, NC).  All other chemicals were of reagent grade quality.  

 

4.3.2 Hydrolysis of β-LG   

β-LG was dissolved in deionized water, then solutions were adjusted to a concentration (50 to 

200 mg/mL) and degassed in a vacuum chamber connected to an aspirator for 1 h to remove all 

visible air bubbles.  β-LG solutions were heated to the appropriate temperature and pH was 

adjusted to 8.0 before addition of Alcalase.  The pH was not maintained constant throughout the 

course of hydrolysis.  Enzyme activity was determined by digestion of denatured hemoglobin 

according to Anson20, applied in a slightly modified form.21  The standard conditions for hydrolysis 

were 20% (w/v) protein concentration, pH 8.0, 45°C and 0.24 Anson Units (AU)/g of β-LG. 

 

4.3.3 Turbidity measurements 

The turbidity of the hydrolysate was followed and measured on a Shimadzu UV-160U 

spectrophotometer equipped with a temperature-controlled cell holder TCC-240A (Shimadzu 

Corporation, Tokyo, Japan).  The turbidity was measured as the optical density at 500 nm.  All 

measurements were performed with water as reference. 

 

4.3.4 Dynamic rheological measurement  

Rheological transitions during gelation of the hydrolysate were measured using a controlled 

stress rheometer (StressTech, Reologica Instruments AB, Lund, Sweden) equipped with a cup 

(dia = 27.5 mm) and bob (dia = 25 mm) testing fixture.  The hydrolysate was prepared as stated 

above and transferred into the cup, which had previously been brought to the desired 

temperature.  A thin layer of mineral oil was added to prevent evaporation.  The time required 

for sample preparation before the first measurement was added to the data collected.  To 

minimize damage on gel network and to establish the linear viscoelastic region, testing frequency 
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and stress during gelation process were selected based on preliminary experiments.  Changes in 

phase angle (δ), storage modulus (G') and loss modulus (G") were measured every thirty seconds 

under a stress of 1 Pa and a frequency of 0.1 Hz.  The apparent gel point was determined as the 

point when G' equals G" (δ equals 45°) and defined as the time of gelation.  All rheological 

measurements were conducted at least in duplicate.  

 

4.3.5 High-performance size exclusion chromatography (HPSEC)  

The extent of hydrolysis was determined by HPSEC using a Waters HPLC system (Millipore, 

Milford, MA) and a TSK-Gel G2000 SWXL column (0.78 i.d. x 30 cm) from TosoHaas 

(Montgomeryville, PA) connected to a guard column (0.6 i.d. x 4 cm) filled with the same matrix. 

Samples were pulled at the time of gelation previously determined by dynamic rheological 

measurements and proteolytic activity was terminated by diluting the hydrolysate to 1.0% 

protein in 0.1% TFA.  Samples were centrifuged (12 000 g, 5 min), then the supernatant was 

filtered on a 0.2-µm membrane (PVDF) and 20 µL was injected onto the column.  Elution was 

performed isocratically with a buffer consisting of 0.1 M Na2HPO4, 0.15 M NaCl adjusted to pH 

7.0 at 28°C with a flow rate of 0.6 mL/min over 30 min.  Detection was at 214 nm.  The 

concentration of peptides released at the time of gelation was determined according to the 

method used by Ipsen et al. (2000)22, where: 

  
area peaks peptide  total areapeak LG -

area peaks peptide  x total100 (%) released Peptides
+

=
β

 

 

4.3.6 IsoElectroFocusing (IEF)  

The hydrolysate was collected at the time of gelation, diluted to 5 mg/mL and fractionated by 

liquid-phase IEF in a preparative Rotofor cell (Bio-Rad Laboratories, Hercules, CA) at constant 

power (12W) for approximately 2 h until the voltage stabilized.  The amphoteric nature of the 

peptides generated during β-LG hydrolysis was used to generate the pH gradient; therefore no 

ampholyte mixture was added to the focusing chamber.  Electrolytes in the anode and cathode 
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compartments were 0.1 M H3PO4 and 0.1 M NaOH, respectively.  After the run, the sample was 

recovered into 20 fractions and pH was measured.  Protein concentration was also measured for 

each fraction using the BCA method (Pierce Chemical Co., Rockford, IL).  The peptide content of 

each fraction was then analyzed by LC-MS.  

 

4.3.7 Liquid Chromatography-Electrospray Mass Spectrometry (LC-ESI/MS)  

LC-MS was performed on a ThermoFinnigan Surveyor LC System and LCQDuo MS (ThermoQuest, 

San Jose, CA) using a Vydac C18 column (0.21 i.d. x 15 cm) (Hesperia, CA) connected to a guard 

column (0.21 i.d. x 5 cm) filled with the same matrix and directly interfaced with the mass 

spectrometer.  Analysis was performed at a flow rate of 0.2 mL/min (40ºC) using solvent A 

(0.1% TFA in water) and solvent B (0.09% TFA in 90% aqueous acetonitrile).  Elution was 

obtained as follows: linear gradient of solvent B from 0 to 40% over 50 min, and 90% B, 2 min. 

The column was then re-equilibrated in solvent A for 8 min.  Detection was at 214 nm and the 

total run time was 60 min.  Formic acid (5%) was added to samples in order to improve 

ionization. Samples were then centrifuged in a microfuge at 16 000 g for 5 min.  The samples 

were also analyzed after reduction with dithiothreitol (DTT).  Samples were treated overnight at 

ambient temperature with 10 mM DTT in 5 mM Tris/HCl buffer, pH 8.  

 

The mass spectrometer was operated in positive ion mode and was scanned over a m/z range of 

50-2000.  The electrospray interface was operated using the following settings: capillary voltage, 

30 V; capillary temperature, 250°C; spray voltage, 4.5 kV; tube lens voltage, 10 V.  Nitrogen was 

used as nebulizing and drying gas.  Calibration was performed using leucine enkephalin. 

Molecular masses were determined from the multiple charge ions using Xcalibur Software 

(ThermoQuest).  The amino acid sequence of each peptide was determined using MS/MS.  

ExPaSy Molecular Biology Server and Bioworks software (ThermoQuest) were used to analyze the 

product ions.  
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4.4 RESULTS AND DISCUSSION 

 

The effect of β-LG to α-LA ratio on the time of gelation and the concentration of peptides 

released during incubation with Alcalase was investigated (Figure 1).  β-LG alone only required 

43 min of hydrolysis to form a gel and around 60% of peptides were released at the time of 

gelation.  The gel formed initially was transparent, indicating a fine-stranded structure. On the 

other hand, with increasing time of hydrolysis, the gel became increasingly turbid, which is 

consistent with the formation of large aggregates.  When the ratio of β-LG to α-LA was 

decreased, the time of gelation increased almost linearly and more peptides were needed for 

gelation to occur.  Indeed, all of the native proteins were hydrolyzed at the time of gelation when 

the ratio of β-LG to α-LA was higher than 50%.  Interestingly, when the ratio of β-LG to α-LA 

was 25%, macroscopic phase separation occurred and gelation was not observed in the 

rheometer.  Gelation was observed for α-LA hydrolysate.  Other researchers have reported 

enzyme-induced gelation of α-LA with a protease from Bacillus licheniformis (BLP).18  However, 

the molecular self-assembly required partially hydrolyzed α-LA as compared to extensively 

hydrolyzed in this study, suggesting different mechanisms responsible for gelation.  The increase 

in turbidity was also followed for each solution containing different ratios of β-LG to α-LA (Figure 

2).  As expected, β-LG peptides alone were the fastest to aggregate with a rapid and steady 

increase in turbidity.  This increase coincided with the formation of the gel.  As the ratio of β-LG 

to α-LA was decreased, the aggregation happened at a later time as was expected with the later 

gel time observed (Figure 1).  These results suggest that β-LG is the main whey protein 

responsible for gelation, even though α-LA can also lead to a gel by itself or in the presence of β-

LG.  Other workers have also shown that β-LG was the main protein from WPI involved in the 

gelation with  BLP.17,23  Therefore, β-LG was used for the remainder of this work. 

 

The effect of protein concentration was examined to determine the limit to avoid gelation when 

β-LG is incubated with Alcalase.  Reducing concentrations from the standard conditions (20%) to 
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15%, only slightly increased the time of gelation which can be explained by less peptide-peptide 

collision needed for gelation (Figure 3).  Moreover, gelation was not observed below a protein 

concentration of 15%.  This suggests that a critical amount of peptides is needed to cause 

gelation and supports the general observation of critical gelation concentration (C0) for globular 

proteins.24  Figure 4 shows that the same aggregation phenomenon occurs for β-LG 

concentration lower than 15% (10 and 5%) but not enough cross-linking is formed for gelation to 

happen.  Based on these results, peptides released from β-LG associate into aggregates, and if 

the critical concentration is present, they form a gel network.  

 

Figure 5A displays the effect of enzyme concentration on the amount of peptides released at the 

time of gelation.  When the concentration of enzyme was decreased from the standard conditions 

(0.24AU/g of β-LG), the gel time increased non-linearly but the amount of peptides only slightly 

increased.  This also indicates that a critical concentration of peptides is needed for gelation. 

Previous research has shown similarities between enzyme-induced gelation of whey proteins and 

rennet-catalysed coagulation of casein micelles.22,25  According to this work, enzyme-induced 

gelation may be divided into a primary step, corresponding to the hydrolysis, and a secondary 

step, analogous to the aggregation.  Enzyme activity is increased for Alcalase when temperature 

is raised from 45°C to 55°C.  β-LG was incubated in standard conditions at these two 

temperatures with different enzyme concentrations.  Gel time versus the reciprocal of enzyme 

concentration was plotted and extrapolated to infinite enzyme concentration (Figure 5B).  The 

intercept being > 0 for both temperatures indicates that the aggregation step is necessary before 

gelation occurs.  However, the intercept being close to 0 suggests that gelation of the peptides 

produced occurs soon after the critical concentration is reached.  Work on enzyme-induced 

gelation of denatured whey proteins showed a different behavior.  It was shown that aggregation 

of the hydrolysis products occurred almost immediately and hydrolysis was the rate-limiting step 

in this gelation process.25  Our results reinforce the similarities between enzyme-induced gelation 

of native whey proteins and the rennet-catalysed coagulation of casein micelles.26   
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Figure 6 shows the effect of temperature on the concentration of peptides at the time of gelation. 

Enzyme activity was increased when temperature was raised from 35°C to 60°C (which 

corresponds to the optimum temperature for Alcalase) and, as expected, reduced gel times were 

observed.  However, the amount of peptides at the time of gelation increased with higher 

temperature.  This was unexpected because unfolding of the protein and increased number of 

collisions at higher temperatures were likely to require less peptides to be released before 

gelation.  In addition, hydrophobic interactions, which are favored at higher temperatures, were 

suggested to contribute to the formation of aggregates in enzyme-induced gelation of extensively 

hydrolyzed whey proteins by Alcalase.15,16  A smaller amount of peptides released at the time of 

gelation at lower temperature would suggest that hydrogen bonding could also be involved in the 

self-assembly of peptides.  The effects of pH and ionic strength in standard conditions were also 

investigated (results not shown).  Decreasing the pH or increasing the ionic strength of the 

solutions led to shorter time required for gelation.  In addition, the amount of peptides at the 

time of gelation decreased proportionaly.  Reduction in repulsion between the peptides involved 

in aggregation could explain this behavior. 

 

The mechanism of aggregate formation during hydrolysis of β-LG by BLP was identified by 

separating hydrolysates taken at different stages of reaction into a precipitate and a soluble 

phase.17  The fragment β-LG 135-158 was identified as the initiator since it was present in the 

aggregates at all stages, and the concentration of this peptide remained low in the supernatant. 

A similar approach was tentatively used in this work to identify peptides responsible for 

aggregate formation.  β-LG was incubated with Alcalase and samples were taken at various 

stages before, after, and at the time of gelation (Figure 7).  The amount of intact β-LG remaining 

at these different times was determined by HPSEC.  Less than 25% β-LG was present at the time 

of gelation (43 min), which also corresponded to the onset of aggregation as determined by 

turbidity.  Each sample was centrifuged (10 000 g for 5 min) to determine which peptides were 

more readily susceptible to aggregation and analysis of the precipitate and supernatant was 
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performed (Figure 8).  Unfortunately, no peptides were observed in the precipitate before and at 

the gelation time.  A critical concentration of aggregates is required for precipitation upon 

centrifugation as observed for later times.  In addition, peptide profiles for the supernatant and 

the precipitate were identical after the gelation, suggesting that an equilibrium exists between 

the precipitate and the supernatant.  As mentioned previously, the gel formed initially was 

brownish and transparent (Figure 7).  We suggest that only a small amount of peptides 

necessary for aggregation are present at the time of gelation.  These aggregates are soluble and 

do not precipitate with centrifugation.  In general, transparency of a gel network indicates a fine-

stranded structure.  On the other hand, with increasing time of hydrolysis, the gel became 

increasingly turbid, which is consistent with the formation of large aggregates (Figure 7).  In a 

recent study, self-assembly of α-LA after partial hydrolysis by BLP resulted in nanotubular 

structures similar to microtubules.27  Hydrolysis of α-LA by BLP resulted in a group of only 

partially hydrolyzed α-LA molecules with a molar mass around 11 kDa and just a few peptides. 

Fine-stranded networks of tubules were formed at specific ratios of calcium to α-LA and it 

seemed that the number of structures did not increase, which indicates that growth of the tube 

took place instead of formation of new tubes.  The authors suggested that the mechanism is 

nucleation and growth similar to many fibril formation mechanisms.  The microstructure of the 

gels formed by extensive enzymatic hydrolysis of β-LG would help in understanding the 

mechanism of gelation. 

 

Another approach had to be taken in order to identify which peptides self-assemble and further 

lead to gelation.  Our hypothesis was that peptides present in the highest amount at gel time 

would be responsible for gelation.  As seen from Figure 8, RP-HPLC profiles for this system are 

very complex.  Furthermore, many peptides eluted under same peaks, as identified by LC/MS. 

Therefore, separation of the hydroysate into 20 different fractions was accomplished by 

isoelectrofocusing (IEF) in order to identify and quantify peptides.  IEF has been used in the past 

to fractionate peptides from protein hydrolysates.28-30  The amphoteric nature of the peptides can 
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be used to establish a pH gradient in an electric field without the addition of ampholytes. 

Peptides migrate to a position corresponding to their isoelectric point in a process referred to as 

autofocusing.  Figure 9 illustrates the pH gradient obtained following autofocusing of the sample 

pulled after 43 min of hydrolysis (gel time).  Plateaus were observed in the acidic, neutral and 

basic regions.  Ampholytes added to the focusing chamber usually help to get a more regular 

curve without plateaus due to the isoelectric electrolytes distribution throughout the pH gradient 

created.  Similar pH gradients and plateaus were obtained by other researchers for autofocusing 

of protein hydrolysates.28,30  The protein content of IEF fractions was measured to define the 

distribution of peptides (Figure 9).  Approximately 51% of the total peptide content was found 

between pH 2 and 6, 32% between pH 6 and 8, and 17% between pH 8 and 12.  Based on these 

results, most of the peptides should have a negative net charge and thus focused in the acidic 

region.  This was expected because β-LG contains more acidic than basic residues.  The 

heterogeneity of the peptides generated by Alcalase could also explain the distribution.  Alcalase 

is a serine alkaline protease produced by a selected strain of Bacillus licheniformis.  Its main 

enzyme component, subtilisin Carlsberg, has broad specificity, hydrolyzing most peptide bonds, 

preferentially those containing aromatic amino acids residues.31  Alcalase was observed to have a 

high specificity for aromatic amino acid residues (Phe, Trp, and Tyr) of β-LG but also for acidic 

(Glu), sulfur-containing (Met), aliphatic (Leu and Ala), hydroxyl (Ser), and basic (Lys) residues.15 

  

Figure 10 shows RP-HPLC profiles of the fractions obtained by IEF. Fractions 1-6 (pH 2 to 4), 7-

10 (pH 4 to 7), 11-15 (pH 7-9) and 16-20 (pH 9-12) were pooled together due to their 

similarities.  Main peptides from these fractions were identified by LC/MS and sequences were 

subsequently determined by MS/MS analysis (Table 1).  Nineteen main peptides were identified 

and their charges at pH 6.0, the pH where gelation occurs, were determined.  Five negatively 

charged, five positively charged and 9 neutral peptides were identified.  Negatively charged 

peptides (β-LG 27-40, 31-36, 33-39, 44-55 and 96-100) focused around their respective pI 

values.  Positively charged peptides (β-LG 40-42, 75-80, 90-93, 141-144 and 141-145) were also 
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mainly found close to their pI values due to their electrophoretic mobility.  On the other hand, 

neutral peptides (β-LG 1-4, 1-5, 36-39, 81-82, 88-93, 142-145, 149-154, 150-154 and 151-154) 

focused away from their pI values which ranged between 5.24 and 6.00.  They were found 

mainly in fractions having pH greater than their pI values, i.e. fractions 11-15 and 16-20.  Only 

one neutral peptide (β-LG 88-93) has a net charge of 0 but bears a negative (Glu) and a positive 

(Lys) charge.  All other neutral peptides bear no charge other than the terminal charges.  This 

suggests that their poor focusing ability is related to their low electrophoretic mobility.  This poor 

focusing behavior has been reported before for neutral β-LG peptides.28  In IEF, the focusing 

effect of the electrical force is counteracted by diffusion which is directly proportional to the 

peptide concentration gradient in the zone.  Eventually, a steady state is established where 

electrokinetic transport of protein into the zone is exactly balanced by the diffusion out of the 

zone.  As the peptides approach their pI, they gradually become less and less charged.  Peptides 

will thus concentrate at the position where pH = pI.  Peptides cannot concentrate in a indefinitely 

concentrated zone therefore widening by diffusion is inevitable.32 

  

In previous work, we have shown that most peptides generated by extensive enzymatic 

hydrolysis of whey proteins by Alcalase had a net charge of 0 at the pH at which gelation 

occurred.15  We suggested that an intermolecular attractive force, such as hydrophobic 

interactions, was causing the formation of aggregates that further leads to gelation.  In the 

present study, nine out of the nineteen main peptides identified also have a net charge of 0 at 

the pH of gelation suggesting a similar mechanism.  However, we can not confirm at this stage 

the importance of these peptides relative to the gel or aggregates formation. 

 

Self-assembly of peptides is typically exhibited by β-sheet forming peptides, including de novo 

designed systems and β-amyloid peptides associated with Alzheimer’s disease.7,33  β-LG is a 

globular protein with a secondary structure composed mainly of β-sheets.  The secondary 

structure of β-LG has been elucidated as 43% β-sheet, 10% α-helix, and 47% unordered 
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structure, including β-turns.11  The nineteen main peptides identified were matched against the 

primary and secondary structure of β-LG to verify if they were coming from β-sheets rich regions. 

Surprisingly, only one peptide (β-LG 45-55) came from a β-sheet region. This peptide contains 

four negatively charged residues, one positively charged residue, as well as two proline and one 

glycine residues known to provide conformational flexibility to the polypeptide backbone.34  β-LG 

45-55 was present in high concentration in fractions 7-10 and could be the initiator of 

aggregation (Figure 10).  Most of the other peptides identified were much smaller (di-, tri-, 

tetrapeptides, etc.).  Interestingly, eleven of the 19 main peptides had one or more proline 

residues in their sequences.  Collagen, the most abundant protein in mammals, also has a high 

content in proline residues and a particular structural motif, the triple helix.35  The collagen triple 

helix is formed by three left-handed helices supercoiled right-handed around a common axis. 

Short peptides containing hydrophobic residues have been reported to form stable organized 

aggregates in aqueous solution.36-38  Aggregational studies on the β-turn forming peptide Tyr-

Pro-Gly-Asp-Val suggested the repulsive hydrophobic interaction between water and the peptide 

to be the driving force for aggregation in a mechanism similar to micelle formation.38  Even 

though aggregation was observed for this pentapeptide, gelation was not reported. 

 

4.5 CONCLUSION 

 

This study indicates that β-LG is the main whey protein responsible for gelation and that a critical 

concentration of peptides is required.  Transparent gels are formed initially suggesting a fine-

stranded network.  However, non-covalently linked aggregates are formed with increasing time 

of hydrolysis.  These aggregates are also formed below the critical peptide concentration 

necessary for gelation.  Extensive hydrolysis is needed for gelation to occur as indicated by the 

small size of the peptides.  IEF was successful at separating the complex mixture and nineteen 

main peptides were identified.  Only one fragment came from a β-sheet rich region and a high 

proportion of peptides had proline residues in their sequence.  Nine out of the nineteen peptides 
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had a net charge of 0 at the pH at which gelation occurred.  More work is needed to determine if 

peptides responsible for gelation are also involved in the formation of aggregates observed with 

increasing hydrolysis.  Individual peptides identified in this study should be evaluated next to 

determine their contribution to the gel formation and the formation of aggregates, respectively. 
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Table 4.1. Identification by LC-MS of the peptide peaks in the Alcalase β-LG hydrolysate (Figure 

10). a Isoelectric point was determined from ExPASY Molecular Biology Server. b Average 

hydrophobicity was calculated according to the method of Bigelow . 

peak measured position isoelectric charge at Hfav
b

number mass [M+H]+ in β-LG pointa pH 6.0 (kcal/res)

1 641.3 DTDYK 96-100 4.21 -2, +1 0.96
2 646.4 LLDAQS 31-36 3.80 -1 0.93
3 701.4 DAQSAPL 33-39 3.80 -1 0.93
4 1227.7 ELKPTPEGDLE 45-55 4.24 -4, +1 1.09
5 1485.7 SDISLLDAQSAPLR 27-40 4.21 -2, +1 1.07
6 445.3 LIVT 1-4 5.52 0 1.88
7 437.4 RVY 40-42 8.75 +1 1.77
8 428.3 KALP 141-144 8.75 +1 1.81
9 716.4 NENKVL 88-93 6.00 -1, +1 0.93
10 478.2 FNPT 151-154 5.52 0 1.43
11 565.2 SFNPT 150-154 5.24 0 1.14
12 559.3 KALPM 141-145 8.75 +1 1.71
13 573.3 LIVTQ 1-5 5.52 0 1.50
14 431.3 ALPM 142-145 5.57 0 1.76
15 678.4 LSFNPT 149-154 5.52 0 1.35
16 473.3 NKVL 90-93 8.75 +1 1.40
17 657.3 KTKIPA 75-80 10.00 +2 1.63
18 387.3 SAPL 36-39 5.24 0 1.44
19 265.3 VF 81-82 5.49 0 2.18

amino acid sequence
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Figure 4.1. Effect of β-lactoglobulin to α-lactalbumin ratio on the concentration of peptides 

released ( ) at the gel time ( ) during incubation with Alcalase. 
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Figure 4.2. Changes in turbidity for solutions incubated with Alcalase prepared with different 

ratios of β-lactoglobulin to α-lactalbumin. 

 

 

 

 

 



 61

 

 

 

Concentration (%)

15 16 17 18 19 20

G
el

 t
im

e 
(m

in
)

0

20

40

60

80

100

P
ep

ti
de

s 
re

le
as

ed
 (

%
)

0

20

40

60

80

100

 

 

Figure 4.3. Effect of protein concentration on the amount of peptides released ( ) at the gel 

time ( ) for β-lactoglobulin solutions incubated with Alcalase. 
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Figure 4.4. Changes in turbidity for solutions with different β-lactoglobulin concentrations 

incubated with Alcalase. 
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Figure 4.5. Effect of enzyme concentration on the amount of peptides released ( ) at the gel 

time ( ) for β-lactoglobulin solutions (20%) (A).  Gel time versus the reciprocal of the enzyme 

concentration for incubation at 45°C ( ) and 55°C (▲) (B). 
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Figure 4.6. Effect of temperature on the concentration of peptides released ( ) at the gel time 

( ) for β-lactoglobulin solutions (20%) incubated with Alcalase. 
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Figure 4.7. Hydrolysis of β-lactoglobulin (20%) during incubation with Alcalase.  Remaining β-

lactoglobulin as determined by HPSEC (─); changes in turbidity ( ).  Arrows indicate when 

samples where taken for analysis. 
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Figure 4.8. RP-HPLC profiles of β-lactoglobulin hydrolysate from supernatant and precipitate 

sampled at various times during incubation with Alcalase. 
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Figure 4.9. pH gradient ( ) and protein content ( ) of fractions generated by IEF from sample 

taken at gel time in standard conditions. 
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Figure 4.10. RP-HPLC profiles of β-lactoglobulin hydrolysate prepared with Alcalase and 

fractionated by IEF at gel time.  Fractions 1-6, 7-10, 11-15 and 16-20 were mixed together.  Peak 

numbers refer to peptides described in Table 1. 
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APPENDIX 1. 

 

SYNTHESIS AND CHARACTERIZATION OF β-LACTOGLOBULIN HYDROGELS FOR 

CONTROLLED RELEASE 
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A.1.1 ABSTRACT 

 

A β-lactoglobulin (β-LG) hydrogel cross-linked by addition of calcium was examined for use as a 

gastroretentive dosage form.  The influence of the microstructure on β-LG hydrogels prepared in 

the presence of 10 mM (fine-stranded gels) and 150 mM (particulate gels), as well as two protein 

concentrations (5 and 10%) was investigated.  Drying of β-LG hydrogels was possible and 

subsequent rehydration led to various degrees of swelling dependent on pH.  As expected for 

protein hydrogels, swelling was at minimum around the pI (5.2) and increased when the pH of 

the medium was above or below the pI.  Dynamic swelling experiments showed that lower 

protein and salt concentrations led to faster swelling due to the reduced amount of crosslinks. 

Drug loading was possible into the matrix and different release profiles were obtained depending 

on the microstructure of the hydrogels.  Other factors influenced drug release such as degree of 

swelling, drug solubility, matrix erosion and potential interactions between drug and matrix. 

Controlled release could be achieved for two drugs with high and low solubilities.  Modifications 

to the β-LG hydrogel network is needed to reach more extensive swelling in gastric conditions in 

order to use this drug delivery dosage form for gastroretention.  

 

A.1.2 INTRODUCTION 

 

Oral controlled release dosage forms present many therapeutic advantages over immediate 

release.  Side effects associated with fluctuation in blood concentration are minimized and patient 

compliance is increased because they provide a continuous mode of drug administration.1 

However, this approach is not appropriate for all drugs, especially those characterized by a 

narrow absorption window in the upper part of the gastrointestinal tract, i.e. stomach and small 

intestine.  The short transit time in these two segments does not provide enough time for 

absorption when controlled release is desired and therefore lesser bioavailability.  Typical 

medications presenting narrow absorption window include drugs that are principally absorbed at 
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the jejunum and ileum due to their enhanced absorption properties, e.g. large surface area or 

because of the enhanced solubility of the drug in the stomach in comparison to the colon.2  

 

Gastroretention of dosage form has been suggested as a concept to extend absorption window of 

drugs.  According to this concept, the dosage form is administered orally and then would remain 

in the stomach.  Controlled release to the optimal site of absorption in the upper gastrointestinal 

tract could be achieved and provide pharmacokinetic and pharmacodynamic desired results for 

these drugs.3  Gastroretentive dosage forms have been investigated extensively in both academia 

and industry with limited success.  Four main approaches have been developed to accomplish 

gastroretention: (1) bioadhesion to the stomach mucosa4; (2) low or high density of the dosage 

form that causes buoyancy above gastric fluid or retention at the bottom of the stomach 

respectively3,5; (3) gastric motility agents to slow down gastric emptying6; (4) large size after 

expansion by swelling or unfolding which prevent emptying of the dosage form through the 

pyloric sphincter.3  The large size approach has been the leading technology in recent years and 

offers the best chance for success. 

 

Hydrogels have been employed in a wide variety of biomedical and pharmaceutical applications 

including controlled release drug delivery systems.7  Hydrogels have emerged as a promising 

option for drug delivery because they resemble living tissues closely in their physical properties. 

Indeed, they have relatively high water content with soft, rubbery consistency.  Despite the 

success of many synthetic polymers as biodegradable hydrogels, natural polymers remain an 

option that is widely investigated.8  They present many advantages such as great availability, low 

cost, low toxicity, and are easily modified.9  Protein hydrogels represent an attractive option for a 

gastroretentive dosage form.  Such a system should undergo large swelling to ease swallowing 

and prevent duodenal entrance with adequate integrity to overcome gastric contractions. 

Furthermore, protein hydrogels present the advantage of being biodegradable by the enzymes 

present in the stomach. 
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Whey proteins, in particularly β-lactoglobulin (β-LG), the major whey protein, are known for their 

ability to form gel matrices and are capable of holding large amounts of water.10  Heating or 

addition of a destabilizing agent is required to cause gelation.  Another approach is the cold-

induced gelation by adding Ca2+ ions to a preheated protein suspension.  This method was first 

developed in our laboratory for whey proteins11, and requires a heating step during which 

proteins are denatured and polymerized into soluble aggregates, followed by a cooling step and 

addition of CaCl2 which results in the formation of a gel.  Depending on the protein and salt 

concentration, different types of networks can be formed such as fine-stranded protein matrix 

characterized by a filament structure and particulate composed of large and almost spherical 

aggregates.  Microstructures of cold-set induced whey proteins gels have been well 

characterized.11,12  However, to our knowledge, no work has been done on using β-LG hydrogels 

as a gastroretentive formulation or a controlled release dosage form.  The primary objective of 

this study was to establish if β-LG hydrogels could be dried to produce a stable dosage form and 

then characterize their swelling properties upon rehydration.  Another goal was to verify if drug 

could be loaded into β-LG hydrogels and determine release profile in conditions simulating 

gastrointestinal conditions.            

 

A.1.3 MATERIALS AND METHODS 

 

A.1.3.1 Materials  

Bovine β-lactoglobulin (β-LG) isolate was obtained from Davisco Foods International (Le Sueur, 

MN).  The protein content was 97% (dry matter basis), as determined by combustion method 

with a conversion factor of 6.38 x N = % protein.13  Pepsin with an activity of 3200 units/mg 

protein was obtained from Sigma Chemical CO (St.Louis, MO).  Drugs A and B were obtained 

from GlaxoSmithKline (Research Triangle Park, NC).  All other chemicals were of reagent grade 

quality.  
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A.1.3.2 Hydrogels preparation 

Hydrogels were prepared according to a method adapted from the one developed by Barbut and 

Foegeding.11  β-LG was dissolved in deionized water at 10% (w/v) total protein concentrations. 

The suspensions were degassed in a vacuum chamber connected to an aspirator for 1 h to 

remove all visible air bubbles.  The pH was adjusted to 7.0 with 0.1 M NaOH or HCl and 

suspensions were brought up to volume.  Polymers were prepared by heating 10% (w/v) protein 

suspensions in polycarbonate tubes (19 mm i.d.) pre-coated with Sigmacote (Sigma Chemical 

CO) at 80°C for 30 min, and then cooled to room temperature for 4 h.  The Ca2+-induced 

hydrogels were prepared by transferring the polymer suspensions (5% and 10%) into dialysis 

tubes (Spectra/Por #1 membrane, 6000-8000 molecular weight cut-off, Spectropor, Los Angeles, 

CA), and dialyzed against two CaCl2 concentrations (10 and 150 mM) for 14 h.  The following 

day, gels were cut into 10 mm long cylinders.  

 

A.1.3.3 Drug loading 

Drug A was dissolved in deionized water because of its high solubility (174 mg/mL) whereas drug 

B was dissolved in ethanol due to its poor solubility in aqueous solutions (0.1 mg/mL).  Hydrogels 

cylinders were immersed in drug solutions at a concentration of 20 mg/mL at 4°C for 48 h.  

Then, cylinders were dried to constant weight in a vacuum oven at 50°C.  The drug load in 

cylinders was determined by absorbance readings against a standard solution of the drug after 

complete extraction. 

 

A.1.3.4 pH-dependent swelling 

Dried gels cylinders were weighed and equilibrated in buffer solutions at 37°C.  Simulated gastric 

fluid (SGF) was prepared according to the specifications of USP24.14  SGF consists of a mixture of 

2.0 g of sodium chloride with or without pepsin (3200 units/mg protein) in 7.0 mL of hydrochloric 

acid (37%) in 1000 mL of water.  The final pH of the dissolution medium is 1.2.  McIlvain buffers 
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of pH 2.0, 3.0, 4.0, and 5.0 were prepared using 0.1 M citric acid and 0.2 M dibasic sodium 

phosphate.  Phosphate buffers of pH 6.0, 7.0, and 8.0 were prepared from 0.1 M monobasic 

sodium phosphate and 0.1 M dibasic sodium phosphate.  Carbonate buffer of pH 9.0 was 

prepared with 0.1 M sodium carbonate and 0.1 M sodium bicarbonate.  Gels cylinders were 

weighed after they reached their equilibrium-swollen state.  Gel swelling ratios were determined 

from the weight change before and after swelling, expressed in percentage: 

swelling ratio (%) = [(Ww – Wd)/Wd] x 100   

where Ww and Wd represent the weight of wet and dry gels, respectively. 

 

A.1.3.5 Dynamic swelling studies 

Gels were cut and dried as previously described.  Five dried gels were weighed and placed in 

pepsin-free SGF.  At predetermined time points, the swelling gels were taken out; excess water 

was removed, weighed, and gels were returned to the solution.  This procedure was performed 

for 24 h. 

 

A.1.3.6 In vitro dissolution study 

Dissolution was performed using a USP Apparatus 2 (Hanson Research, Chatsworth, CA).  Studies 

were conducted in 1000 mL of SGF with and without pepsin at 37°C.  The paddle rotation speed 

was 75 rpm.  Samples consisting of 10 mL of dissolution medium were withdrawn at precise time 

intervals, filtered through a 10 µm pore size polypropylene filter and monitored with an automatic 

UV sampler.  Data were computed with a standard calibration curve of the drug and the values 

obtained were the mean of six determinations.  In order to avoid possible UV interferences from 

enzymes, blank medium (without drug) was analyzed in the same conditions and subtracted from 

the sample.  All conditions used allow maintaining the sink conditions.   
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A.1.4 RESULTS AND DISCUSSION  

 

Figure 1 shows the equilibrium swelling ratio for hydrogels with different protein and CaCl2 

concentrations as a function of pH.  The figure indicates that the medium pH has an important 

effect on swelling which is at a minimum around the isoelectric point of β-LG, i.e. 5.2.  This 

behavior is typical of protein matrices due to the presence of acidic and basic groups on the 

polypeptide chain that either accept or release protons in response to changes in environmental 

pH.15  Swelling increases as pH gets further away from the pI.  This indicates that swelling is 

mainly dependent on the net charge of the β-LG molecule.  At the pI, the net charge of β-LG is at 

a minimum, which results into low electrostatic repulsions between chains thus a low degree of 

swelling.  Protein-protein interactions are favored over protein-solvent interactions.  However, as 

the pH moves away from the pI, the net charge on the β-LG molecule increases (positive below 

pI, negative above pI), leading to high electrostatic repulsive forces and an increase in the 

swelling ratio.  Hydrogels made with 10 mM CaCl2 showed the highest swelling ratio at pH 9.0. 

This high swelling ratio can be attributed to the electrostatic repulsive force from the negative 

charge of the ionized carboxyl groups at this pH.  On the other hand, hydrogels containing 150 

mM CaCl2 did not display the same behavior at pH.  This suggests that this high concentration of 

salt screened most of the charges responsible for swelling.  Swelling increased in simulated 

gastric fluid but not enough to achieve the size desired for a gastroretentive formulation.  This 

suggests lower repulsion between positively charged amine groups.  Deamidation of asparagine 

and glutamine to aspartate and glutamate could improve the swelling properties of β-LG 

hydrogels at low pH but would also lower the pI of the protein.  Dynamic swelling experiments 

were carried out in SGF to determine the time needed to reach equilibrium (Figure 2).  Swelling 

of the 5% protein concentration hydrogels is faster than the higher concentration (10%), 

indicating that more pores are available for water to diffuse through.  Higher CaCl2 concentration 

(150 mM) slowed down dynamic swelling indicating that more spherical aggregates 
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representative of particulate gels don’t allow water to diffuse as freely as fine-stranded gels or 

their strands are not as flexible.         

 

Hydrogels showing pH-responsive properties have been extensively studied due to their 

application in controlled drug delivery.7  Therefore, the drug release from β-LG hydrogels with 

different microstructures was examined for drug A, i.e. a drug having high solubility in SGF 

(Figure 3).  Increasing the protein concentration from 5 to 10% slowed down the release of drug 

A for hydrogels prepared with 10 mM CaCl2 explained by the highest number of crosslinks.  The 

time for complete release of drug A increased from 4 to 12 h, which indicates the potential of β-

LG hydrogels as a controlled-release matrix.  Release of drug A was also slowed down when 

CaCl2 concentration was increased for hydrogels prepared with 10% protein.  Drug A seems to 

diffuse faster in a fine-stranded network than in a particulate.  Surprisingly, only half of drug A 

was released after 16 h from hydrogels prepared with 5% protein and 150 mM CaCl2.  We 

suggest a conversion of the drug salt to a calcium salt due to the presence of excess calcium not 

incorporated into the network.  This drug calcium salt could have a lower solubility in SGF or 

have precipitated and thus was retained in the hydrogel. 

  

Release profiles for drug B, i.e. a drug having low solubility in SGF, were very different than 

those obtained for drug A (Figure 4).  The profiles are nearly linear at early times and then curve 

to a plateau at later times.  Less than 60% of drug B was released for gels prepared with 10 mM 

CaCl2.  In addition, no significant difference was observed between 5 and 10% protein.  The low 

solubility of this drug restricts the diffusion through the protein network and is the main factor 

limiting the release.  Differences in release profiles were noticed for hydrogels prepared with 150 

mM CaCl2 and release was the slowest for the hydrogels containing 10% protein.  

 

Drug release from swellable hydrogels involves many factors such as drug solubility, matrix 

swelling, and potential interactions between drug and matrix.  Drug release from a matrix 
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involves drug dissolution and diffusion out of the matrix.  The dissolution rate is directly related 

to drug solubility and this explains the slower release observed for drug B.  Swelling is an 

important factor that can have significant influence on drug release.  In a swellable system such 

as a β-LG hydrogel, solute diffusion can happen through either the solvent-filled pathways or 

through the swollen membrane.7  Swelling was more extensive for hydrogels containing 5% and 

10 mM CaCl2 which coincided with faster release from the matrix. 

 

β-LG hydrogels are in the glassy state in their dehydrated state, and drug release usually involves 

simultaneous absorption of water and desorption of drug via a swelling-controlled mechanism.16  

When the dried gel cylinders are placed in aqueous solution, solvent penetrates into free spaces 

on the surface between the macromolecular chains.  When enough solvent has entered the 

matrix, the glass transition of the polymer drops to the experimental temperature, i.e. 37°C in 

this work.  The presence of solvent in a glassy polymer induces stresses that are accompanied by 

an increase in the radius of gyration and end-to-end distance of polymer molecules, which can be 

observed macroscopically as swelling.  Diffusion and swelling for hydrogels do not generally 

follow a Fickian diffusion mechanism.  The existence of slow macromolecular relaxational process 

in the swollen region is believed to be responsible for the observed non-Fickian behavior.17 

 

Protein hydrogels designed for gastroretention are susceptible to enzymatic hydrolysis in the 

stomach.  The release of drugs A and B was investigated in SGF containing pepsin to determine 

their impact.  Figure 5 shows that the presence of pepsin did not change the release profile for 

drug A but faster release was observed for drug B.  Erosion of the matrix can influence solute 

release from a polymer matrix.  As the β-LG molecules are digested, the cross-linking density is 

reduced and more swelling occurs leading to an increase in the release of the drug.  In addition, 

the diffusion of the enzyme is facilitated with a decrease in the cross-linking density.  The 

complete dissolution of the gel due to enzymatic degradation could be noticed after 24 to 48 h. 
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This indicates the safety of this enzyme digestible swelling hydrogels as a gastroretentive dosage 

form. 

 

A.1.5 CONCLUSION 

 

In this study we have examined a process to induce self-crosslinking of β-LG into a hydrogel 

without the need of heat or potentially hazardous chemicals such as formaldehyde and 

glutaraldehyde.  The degree of crosslinking could be modified by adjusting the calcium and 

protein concentration.  Drying of β-LG hydrogels was possible and subsequent rehydration led to 

various degrees of swelling dependent on pH.  As expected for protein hydrogels, swelling was at 

a minimum around the pI (5.2) and increased when the pH of the medium was above or below 

the pI.  Dynamic swelling experiments showed that lower protein and salt concentrations led to 

faster swelling due to the reduced amount of crosslinks.  Drug loading was possible into the 

matrix and different release profiles were obtained depending on the microstructure of the 

hydrogels, i.e. fine-stranded or particulate.  Other factors influenced drug release such as degree 

of swelling, drug solubility, matrix erosion and potential interactions between drug and matrix. 

Controlled release could be achieved for two drugs with high and low solubilities.  Modifications 

to the β-LG hydrogel network is needed to reach more extensive swelling in gastric conditions in 

order to use this drug delivery dosage form for gastroretention.  The dosage form would have to 

fit in an acceptable size gelatin capsule (00 to 000) and expand to a size and strength that would 

prevent its emptying through the pyloric sphincter.  A better characterization of β-LG hydrogels is 

also needed to understand their properties.  Parameters including network pore size, crosslinking 

and mechanical strength, drug distribution, drug diffusion should be evaluated using techniques 

such as electron microscopy, rubber elasticity measurements, Fourier transform infrared and 

nuclear magnetic resonance. 
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Figure A.1.1. Equilibrium swelling ratio of β-lactoglobulin hydrogels as a function of pH.  , 5% 

protein and 10 mM CaCl2; O, 5% protein and 150 mM CaCl2; ▲, 10% protein and 10 mM CaCl2; 

, 10% protein and 150 mM CaCl2. 

 
 
 
 
 
 
 
 



 82

 
 
 
 
 
 

Time (h)

0 5 10 15 20 25 30

Sw
el

lin
g 

(%
)

0

50

100

150

200

 
 
 
 
 
Figure A.1.2. Dynamic swelling ratio of β-lactoglobulin hydrogels as a function of time.  , 5% 

protein and 10 mM CaCl2; O, 5% protein and 150 mM CaCl2; ▲, 10% protein and 10 mM CaCl2; 

, 10% protein and 150 mM CaCl2.    
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Figure A.1.3. Drug A (high solubility) release from β-lactoglobulin hydrogels in the simulated 

gastric fluid without pepsin.  , 5% protein and 10 mM CaCl2; O, 5% protein and 150 mM CaCl2; 

▲, 10% protein and 10 mM CaCl2; , 10% protein and 150 mM CaCl2.    
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Figure A.1.4. Drug B (low solubility) release from β-lactoglobulin hydrogels in the simulated 

gastric fluid without pepsin.  , 5% protein and 10 mM CaCl2; O, 5% protein and 150 mM CaCl2; 

▲, 10% protein and 10 mM CaCl2; , 10% protein and 150 mM CaCl2.    
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Figure A.1.5. Drug A (circle) and B (triangle) release from β-lactoglobulin hydrogels containing 

5% protein and 10 mM CaCl2 in the simulated gastric fluid with (closed) and without (open) 

pepsin.   
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A.2.1 INTRODUCTION 

 

Proteins function as natural surfactants in many applications that involve foam production.  Egg 

white proteins have traditionally served this role in the food industry, although substitution with 

other proteins, including those derived from bovine milk, is becoming more prevalent.  Enzymatic 

hydrolysis is a common means of improving the functionality of protein ingredients, including 

foaming performance.1  However, the mechanisms responsible for these improvements aren’t 

completely clear. 

 

Foam formation efficiency (foamability) is markedly improved for a variety of hydrolysates as 

compared to their unhydrolyzed counterparts.2-4  This is partially attributable to the reduced size 

of the fragmented whole proteins, which promotes a more rapid adsorption at the air/water 

interface.5  However, the hydrophobicity of the generated peptides seems to be an equally 

important factor in determining adsorption rates, with more hydrophobic peptides adsorbing 

more rapidly.6  Accordingly, increased hydrophobicity of hydrolysates has also been correlated 

with improved foamability and foam stability.2  Work with model emulsions suggests that a 

peptide should not be too small, i.e. a molecular weight of at least 2000, to impart optimal 

emulsifying properties.1,7,8  Accordingly, a limited degree of hydrolysis is often recommended to 

produce peptides for optimal emulsifying/foaming functionality.  Ultrafiltration is also a viable 

means of optimizing peptide molecular weight for functionality purposes.9,10   

 

Direct characterization of hydrolyzed proteins at model air/water interfaces has received less 

attention than foaming tests of these materials, which in turn have received far less attention 

than emulsifying tests of hydrolysates.1  Increasing levels of hydrolysis (up to 86%) of β-lg 

variant A with a protease specific for glutamic and aspartic acid residues resulted in improved 

foam overrun and stability via a small scale foaming test; however, hydrolysis decreased the 
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interfacial shear elasticity and viscosity.11  Interfacial characterization of isolated, synthesized 

peptides, is an area of recent interest because of the capacity of these molecules to self 

assemble at interfaces.12-15  Dilatational rheological tests of an amphipathic peptide derived from 

a tryptic hydrolysis of β-casein revealed a highly elastic surface with essentially no viscous 

response.16  To our knowledge, no one has reported dilatational rheological profiles of 

unfractionated mixtures of protein hydrolysates.   

 

Understanding foam yield stress has considerable practical significance to the food industry, but 

has received less attention than foamability or foam stability.  A primary objective of this study 

was to compare foam yield stress of the three different hydrolysates and their dilatational 

rheological profiles, as a potential correlation between these variables has been noted.17  

Extensive hydrolysis of whey protein isolate (20% w/v) with Alcalase 2.4L resulted in gel 

formation.18  Analysis of the generated peptides revealed most were small (< 2000 Da) and likely 

aggregated via hydrophobic interactions due to decreased electrostatic repulsion near pH 6.0, the 

natural pH of the hydrolysate.19,20  Due to the unique behavior of these peptides, a similarly 

highly hydrolyzed whey protein solution prepared with Alcalase was selected for study.  Two 

other common enzymes within the food industry, trypsin and pepsin, were also selected.  Finally, 

the effects of two heat treatments designed to terminate hydrolysis, were investigated to 

understand their impact on foaming/interfacial behavior, as heat treatment of hydrolysates is 

common within the food industry on a commercial scale. 

 

 

A.2.2 MATERIALS AND METHODS 

 

A.2.2.1 Materials 

Bovine β-LG (97% protein, dry basis) was obtained from Davisco Foods International Inc. (Le 

Sueur, MN).  β-LG and α-LA made up 93% and 5% of total proteins respectively as determined 
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by SE-HPLC.  Trypsin (porcine pancreas, Type II-S, EC 3.4.21.4, No. T-7409), pepsin (from 

porcine stomach mucosa, EC 3.4.23.1, No. P-7000), Hide Powder Azure (No. H-6268) and Fibrin-

Blue (No. F-5255) were all purchased from Sigma Chemicals CO (St. Louis, MO).  The trypsin 

contained 1800 BAEE units/mg of trypsin activity and 2 BTEE units/mg of chymotrypsin activity.  

Alcalase 2.4L® (a liquid preparation from subtilisin Carslberg) was obtained from Novozymes 

(Franklinton, NC).  All other chemicals were of reagent grade quality. Deionized water was 

obtained using a Dracor Water Systems (Durham, NC) purification system. The resistivity was a 

minimum of 18.2 MΩcm. 

 

A.2.2.2 Hydrolysis conditions and Degree of Hydrolysis (DH) 

β-LG was rehydrated to a protein concentration of 5% (w/v) for all three hydrolysates.  Trypsin 

(10% w/v) was rehydrated in 1mN HCl prior to addition with β-lg.  Hydrolysis conditions were as 

follows: 40°C, pH 8.0, enzyme to substrate ratio (E:S) 1:300 (w/w).  The pH of the enzymatic 

reaction was kept constant at 8.0 using the pH-Stat technique.21  The final degree of hydrolysis 

(DH) was 5.6%.  These conditions have been previously used to produce tryptic hydrolysates.22-24   

Alcalase hydrolysis conditions were as follow: 45°C, pH 8.0, E:S 1:20 (v/w).  The reaction was 

allowed to proceed for 3 hours and the pH was not controlled.  The final pH of the hydrolysate 

was 6.2.  Prior to pepsin hydrolysis, the β-LG solution was heated at pH 3.0 at 85°C for 15 min to 

improve digestibility.25  The solution was allowed to equilibrate to room temperature before 

enzyme addition.  Pepsin hydrolysis conditions were as follows: 40°C, pH 3.0, E:S 1:15 (w/w). 

The reaction was allowed to proceed for 3 hours and the pH was not controlled.  The final pH of 

the hydrolysate was 3.4.  The o-phthaldialdehyde (OPA) method was used to determine α-amino 

groups and to calculate the DH for all hydrolysates.26    

 

A.2.2.3 Termination conditions 

Enzymatic reactions were terminated by heating at two different time/temperature combinations: 

90°C/15 min4 and 75°C/30 min.  Preliminary experiments using Fibrin Blue and Hide Powder 
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Azure confirmed the efficacy of these treatments.27,28  Enzymatic reactions were also stopped by 

placing solutions on ice, although slight activity could not be ruled out. Samples were frozen 

before further analysis. 

 

A.2.2.4 Turbidity experiments      

Samples were diluted to a protein concentration of 1% (w/v) with different buffers.  McIlvain 

buffers of pH 3.0, 4.0, and 5.0 were prepared using 0.1 M citric acid and 0.2 M dibasic sodium 

phosphate.  Phosphate buffers of pH 6.0, 7.0, and 8.0 were prepared from 0.1 M monobasic 

sodium phosphate and 0.1 M dibasic sodium phosphate.  Carbonate buffer of pH 9.0 was 

prepared with 0.1 M sodium carbonate and 0.1 M sodium bicarbonate.  Samples were analyzed 

at room temperature and in the presence of SDS (5%) and urea (6M).  Solutions were 

equilibrated for one hour before turbidity measurements were made in triplicate at 500 nm on a 

Spectronic 20 Genesys spectrophotometer (Thermo Electron Corporation, Waltham, MA).  

 

A.2.2.5 Molecular Mass Distribution Profiles 

Molecular mass distribution profiles were determined by high performance size exclusion 

chromatography (HPSEC).  Analyses were performed on a Waters HPLC system (Millipore, 

Milford, MA) consisting of an injector (Rheodyne Model 7725i, Cotati, CA), two pumps (Model 

515), and a PDA detector (Model 2996) adjusted at 220 nm.  Data acquisition and analysis were 

done using the Empower chromatography software.  The analysis was performed with a TSK-Gel 

G2000 SWXL column (0.78 i.d. x 30 cm) from TosoHaas (Montgomeryville, PA) connected to a 

guard column (0.6 i.d. x 4 cm) filled with the same matrix.  Samples were diluted to a 

concentration of 1% protein (w/v) with the mobile phase composed of 0.1% TFA in 70% 

aqueous acetonitrile and then filtered on a 0.2-µm membrane (PVDF).  Elution was performed 

isocratically in the same mobile phase at 28°C with a flow rate of 0.6 mL min-1 over 30 min.  
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A.2.2.6 Foam generation 

A Kitchen Aid Ultra Power Mixer (Kitchen Aid, St. Joseph's, MI) with a 4.5 qt (4.3 L) stationary 

bowl and rotating beaters was used for foam formation.  5% solutions (225 mL) were whipped at 

speed setting 8 (planetary rpm of 225 and beater rpm of 737) for 20 min. 

 

A.2.2.7 Yield stress measurements 

Foam yield stress was determined by vane rheometry.29,30  A Brookfield 25xLVTDV-ICP 

(Brookfield Engineering Laboratories, Inc. Middleboro, MA) viscometer was used at a speed of 

0.3 rpm.  After foam formation, the beaters were carefully removed from the foam prior to yield 

stress measurement.  The vane (10 mm diameter and 40 mm length) was lowered into the foam 

until level with the foam surface.  The viscometer was set to zero and rotation was begun.  

Maximum torque response (M0) was documented for each of 3 measurements taken per foam 

and used to calculate yield stress according to published information31:  

 

where τ is the yield stress, and h and d are the height and diameter of the vane.  Three 

consecutive measurements (4 min max.) were taken per treatment, and each treatment was 

replicated a minimum of 3 times.   

 

A.2.2.8 Overrun 

Overrun measurements were begun immediately after the final yield stress measurement.  Foam 

was carefully scooped from the bowl in a circular pattern with a rubber spatula, filling a standard 

weigh boat (100 mL) 3 times.  The mean value was used to calculate overrun and air phase 

fraction according to32: 
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Overrun measurements were found to be stable over the entire measurement time (3 min max.).  

Each treatment was replicated a minimum of 3 times to determine the average overrun. 

 

A.2.2.9 Interfacial measurements  

The foaming solutions or their dilutions were used for interfacial measurements.  Methods that 

determine the dynamic interfacial tension of adsorbing/desorbing surfactants by means of the 

shape analysis of drops and bubbles are well established.33,34  The following method of interfacial 

data collection has been described recently30 and is briefly reviewed here.  An automated contact 

angle goniometer (Rame-Hart Inc., Mountain Lakes, NJ) was used for data collection and 

calculations in combination with the DROPimage computer program.33  The surface tension of a 

16-µL capillary drop was monitored for 5 min with a 1-s resolution.  After aging for 5 min, 

oscillation was begun with a volume amplitude of 0.5 µL.  The measured change in surface 

tension during a surface area change was used to determine the dilatational modulus.  From this 

modulus and from the phase angle between the surface area change and surface tension 

response, the DROPimage software calculates E′ and E″, which are equivalent to and proportional 

to the elastic and viscous components of the interface, respectively. The details for these 

calculations have been described elsewhere.33 
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A.2.3 RESULTS 

 

Figure 1 shows the molecular mass distribution profiles for Alcalase (A), trypsin (B), and pepsin 

(C) hydrolysates obtained by HPSEC prior to heat treatment.  The Alcalase hydrolysate displayed 

the broadest distribution with the highest proportion of small peptides.  Trypsin and pepsin 

hydrolysates both showed narrower molecular mass distribution profiles.  Heating at 90ºC/15 min 

or 75°C/30 min induced little to no detectable changes in the hydrolysate profiles for Alcalase 

and trypsin (data not shown).  However, heating at 75°C/30 min induced considerable changes 

in the pepsin hydrolysate profile (Figure 1D) as seen by the appearance of smaller MW peptides.  

The profile of the pepsin hydrolysate heated at 90ºC/15 min also changed as compared to the 

nonheated sample, although not as drastically.  The profile for native β-lg is presented in figure 

1E.  No residual β-lg was detected in any hydrolysate profile.  

 

The degree of hydrolysis for the different hydrolysates is presented in Table 1.  The Alcalase 

hydrolysate had the most extensive hydrolysis whereas trypsin and pepsin hydrolysates showed 

similar results.  Residual activity was observed for the nonheated hydrolysates as evidenced by 

the higher degree of hydrolysis.  Surprisingly, heating the pepsin hydrolysate at 75°C/30 min 

induced more hydrolysis.  

 

Figure 2 summarizes yield stress (τ) and overrun of foams prepared from the three hydrolysates 

and the unhydrolyzed substrate, β-lg.  Note these solutions were all at a protein concentration of 

5%.  Data for 5% and 10% whey protein isolate (WPI) solutions were included for comparison 

with previous work.17,30,35  Heating at 90°C/15 min significantly reduced τ for all hydrolysates, but 

this effect was minimal for trypsin.  The foaming profile of the trypsin hydrolysates was more 

similar to β-lg than either pepsin or Alcalase.  Foam τ of hydrolysate solutions heated at 75°C/30 

min behaved more like unheated hydrolysates.  Both heat treatments minimally affected foam 

overrun, with a slight negative effect detectable, especially for the pepsin hydrolysates.  The 
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decrease in overrun upon increasing the WPI concentration from 5% to 10% is likely an artifact 

of the measurement resulting from increased drainage in the less concentrated solution.17,36   

 

Heat treatments induced noticeable turbidity for both Alcalase and pepsin hydrolysates.  Turbidity 

was quantified by adsorption measurements at 500 nm as a function of pH, both in the presence 

and absence of the chaotropic agents, SDS and urea (Figure 3).  All heated and unheated trypsin 

hydrolysates displayed a sharp peak in turbidity at pH 4.0, in good agreement with similarly 

prepared hydrolysates as many of the generated peptides have pI’s near 4.0.37  Both SDS and 

urea fully solubilized these aggregates.  SDS fully solubilized all samples regardless of conditions, 

except for the Alcalase hydrolysates heated at 90ºC/15 min.  This reflects the charged 

surfactant’s capacity to interact with hydrophobic protein residues while simultaneously imparting 

a repulsive charge.20  Both Alcalase and pepsin hydrolysates were more soluble than β-lg in the 

absence of heat, in agreement with previous findings that have shown hydrolysis to improve 

solubility.1  6 M urea reduced turbidity for heated Alcalase and pepsin samples, suggesting H-

bond may be partially responsible for the observed aggregation.  However, this reagent can also 

weaken hydrophobic interactions indirectly as a result of H-bonding breakdown.38 

 

The adsorption rate of all hydrolysates at the foaming concentration of 5% was faster than 

unhydrolyzed β-lg as determined by dynamic surface tension measurements (Figure 4A).  

Alcalase hydrolysate adsorbed most rapidly, followed by trypsin hydrolysate and then pepsin 

hydrolysate.  Heating at 90°C/15 min produced no notable difference in the Alcalase and trypsin 

hydrolysate profiles at 5%, whereas pepsin hydrolysate adsorption was increased (Figures 4A 

and 4B).  Dynamic surface tension profiles were generally similar for hydrolysates heated at 

90°C/15 min and 75°C/30 min (data not shown).  Note the β-lg was at neutral pH and the 

reduced adsorption observed for the heat treated protein was a function of the molecule 

becoming polymerized.17  β-lg at acidic pH doesn’t undergo this reaction; hence the dynamic 

surface tension profile is quite similar for heated and unheated acidic β-lg (data not shown). 
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Figure 5 shows the dilatational elasticity (E') and phase angle of the various hydrolysates as a 

function of surface pressure.  Surface pressure is defined as the net change in surface tension for 

the solvent (water) upon surfactant adsorption at a given time.  Note that surface pressure 

variation was a function of the protein concentrations as listed in the figure legend.  Also note 

that data for β-lg at pH 7.0 is included with the pepsin hydrolysates data for comparison.  All 

samples were aged for 5 min and the frequency of oscillation was 0.04 Hz.  E' peaked at the 

highest protein concentration/surface pressure for all solutions except the trypsin hydrolysates, 

for which E' peaked at 0.1% protein for both the heated and unheated solutions.  At 5% protein, 

E' was greater for all three hydrolysates prior to heating.  The low surface pressure/E' values 

observed for all 0.01% solutions reflects the relatively low concentration of protein and short 

aging time (5min).   

 

A.2.4 DISCUSSION 

 

Molecular mass distribution profiles were determined by HPSEC to gain insight on the peptides 

generated by Alcalase, trypsin and pepsin.  In HPSEC, components are separated by selective 

exclusion from a porous matrix based on differences in their hydrodynamic volumes, with smaller 

molecules eluting last.  Alcalase is a serine alkaline protease produced by a selected strain of 

Bacillus licheniformis.  Its main enzyme component, subtilisin Carlsberg, has broad specificity, 

hydrolyzing most peptide bonds, preferentially those containing aromatic amino acids residues.39  

Alcalase was observed to have a high specificity for not only aromatic amino acid residues (Phe, 

Trp, and Tyr) within whey proteins, but also for acidic (Glu), sulfur-containing (Met), aliphatic 

(Leu and Ala), hydroxyl (Ser), and basic (Lys) residues.19  The heterogeneity of peptides 

generated by Alcalase likely explains the broad HPSEC distribution and high proportion of small 

peptides (Figure 1A).  The high DH value observed supports this hypothesis (Table 1).  Pepsin 

has a fairly broad specificity with a preference for cleaving after hydrophobic residues.40  
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However, according to the HPSEC profile of the nonheated pepsin hydrolysate (Figure 1C) and its 

DH (Table 1) the hydrolysis was not as extensive as for Alcalase.  Inactivation of the pepsin 

hydrolysate at 75ºC/30 min increased the DH (Table 1), in agreement with the HPSEC profile, 

which was more broad than its unheated counterpart (Figures 1C and 1D).  This suggests that 

after the initial 3 hr hydrolysis, heating at 75ºC/30 min allows for more of the partially digested 

β-lg substrate to be further hydrolyzed prior to pepsin inactivation.  We suspect that at 90ºC/15 

min the conditions inactivate pepsin more rapidly as supported by the lower DH (Table 1).  

Trypsin specifically cleaves at lysine and arginine residues for which there are 18 total sites in the 

β-lg primary sequence.41  This leads to a relatively narrow peptide profile as evidenced by the 

HPSEC profile (Figure 1B).    

 

Previous work found that three commercially available whey protein hydrolysates formed 

whipped foams with higher τ than WPI at an equal concentration (15% w/v).42  The DH of these 

hydrolysates were 5.4, 10.3 and 15.9% as determined by OPA.  There was no significant 

difference between τ of the 10.3 and 15.9% DH hydrolysates, and both were significantly higher 

than τ of the 5.4% hydrolysate, suggesting a higher DH promotes higher foam τ.  Accordingly, τ 

of the current β-lg solutions was greatly enhanced upon extensive hydrolysis with Alcalase; 

however, the unheated pepsin hydrolysate, which had the lowest DH, produced foams with the 

highest τ.  The DH of the trypsin hydrolysate, which was comparable to the pepsin hydrolysate, 

improved foam τ only slightly.  Taking the two studies together, no conclusive relationship can be 

drawn between DH and foam τ.  A lower DH is often reported to be optimal for improved surface 

properties; however, the evidence for this hypothesis was primarily derived from the hydrolysate-

emulsion literature.1  Note that doubling the protein concentration from 5% to 10% only 

modestly increased τ for the WPI solutions (Figure 2) meaning the change in τ upon enzyme 

addition could not be solely attributed to the slight increase (≤ 7%) in total protein 

concentration.   
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Increased hydrolysate DH seemed to promote a more rapid adsorption at the air/water interface 

as indicated by dynamic surface tension measurements, as Alcalase hydrolysates adsorbed most 

rapidly, followed by pepsin and then trypsin (Figure 4A).  An increased DH promotes smaller 

peptides which generally adsorb more rapidly due to diffusion considerations.5  Furthermore, the 

potential for exposing greater numbers of previously buried hydrophobic residues increases with 

increasing DH, and an increase in hydrophobicity should also promote a more rapid adsorption.5 

Heating at both time/temperature combinations induced aggregation for all hydrolysates (Figure 

3).  Enhanced aggregation in the bulk phase should limit adsorption at the air/water interface as 

the two processes are essentially competing for the proteins’ hydrophobic contacts.43  Adsorption 

of Alcalase and trypsin hydrolysates was reduced upon heating although the adsorption rate of 

the pepsin hydrolysate increased (Figure 4B).  However, analysis of the pepsin HPSEC profile 

suggested a higher content of smaller peptides upon heating, seemingly overriding any negative 

aggregation effects.   

 

Striking were the very low phase angles and high magnitudes of E' (approaching 150 mN/m) 

observed at 5% for the unheated Alcalase hydrolysate, unheated pepsin hydrolysate and the 

pepsin hydrolysate heated at 75°C/30 min (Figure 5).  These interfaces essentially behaved as 

perfectly elastic 2-D solids.  The Alcalase hydrolysate was more hydrolyzed and contained a 

higher proportion of smaller peptides than the pepsin hydrolysates, were at drastically different 

pH’s (6.2 and 3.4 for Alcalase and pepsin respectively), yet their interfacial behavior at 5% was 

quite similar.  Comparison of various proteins with a range of inherent tertiary structures reveals 

more globular proteins, such as β-lg, form more elastic layers than less structure proteins such as 

β-casein.44  The likely explanation is that globular proteins more effectively transmit forces across 

the interface upon deformation as compared to flexible proteins.45  The small peptides produced 

during an extensive hydrolysis should have very little structure beyond the secondary level, 

partially explaining the high values of E' seen in this work.  It is unclear whether specific peptides 

generated are responsible for these interfacial states, or if it’s a combination of peptides.  E' of 
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unhydrolyzed β-lg plateaued at concentrations greater than 1%, while the phase angle steadily 

increased with increasing protein concentration/surface pressure as expected due to the 

increased incidence of exchange with the bulk protein.46  The dilatational elasticity of unheated 

Alcalase was greater than the heated hydrolysate at higher concentrations, but upon dilution to 

0.1%, the heated samples were at higher surface pressures and more elastic (Figure 5).  This 

seems to be a concentration dependent kinetic effect, that is some component of the unheated 

hydrolysate does not adsorb within the 5 min timeframe upon dilution.  However, at longer aging 

times (> 30 min), E' of the unheated hydrolysate exceeds E' of the hydrolysate heated at 

90°C/15 min (data not shown).  The peak in E' for trypsin hydrolysates at 0.1% (Figure 5) is 

similar to the theoretical E' profile of a small molecular weight surfactant (SMWS) upon increasing 

surfactant concentration.47  In this model, the decrease in elasticity at higher surfactant 

concentrations is explained by the surfactant in the bulk phase “short circuiting” E' at higher 

concentrations.  A key feature of this model is free exchange of surfactant between the interface 

and the bulk solution48, and it is unclear if this is actually the case with these trypsin 

hydrolysates.     

 

Previous work with 10% WPI foams revealed a positive, curvilinear relationship in the plot of E´ 

vs τ.17,30  WPI solutions were solubilized across a range of pH levels, salt concentrations and in 

the presence of varying amounts of polymerized WPI.  This trend was not as obvious for these 

hydrolysates (Figure 6A).  However, there was still a general positive correlation between the two 

measurements.  Combination with the previous work revealed the current measurements all fell 

on or above the previous points (Figure 6B).  Purified β-lg forms foams with higher τ as 

compared to WPI.42  Furthermore, E' of β-lg adsorbed at the air/water interface is higher than 

that of WPI.30  Therefore, the shift to higher regimes seen in figure 6B is partially explained by 

the substrate being β-lg.  The data for pepsin hydrolysates heated at 90ºC/15 min and Alcalase 

hydrolysates heated at 75°C/30 min clearly suggest that foam τ depends on other factor(s) 

besides E'.   
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The unheated and heated pepsin hydrolysates all had similar values of E' at 5%, but their values 

of τ were drastically different (Figures 2, 5 and 6).  Interestingly, both samples with relatively 

high τ had extremely low phase angles.  This highly elastic interfacial state may promote 

increased foam stabilization, which would indirectly promote higher foam τ, as all 3 treatments 

with low phase angles produced foams with high τ.  More work needs to be done to confirm this 

hypothesis. 

 

The question was asked, do these hydrolysates behave more like the globular protein from which 

they were derived, or is their interfacial behavior more typical of a SMWS?  These molecules are 

known to produce an adsorbed layer that is much more mobile and less elastic than proteins.49  

The rapid adsorption and low values of surface tension seen in Figure 4, especially for the highly 

hydrolyzed Alcalase hydrolysates, lent some credence to the idea that hydrolysates behave more 

like typical SMWS’s.  Frequency sweeps of the unheated Alcalase hydrolysates were conducted to 

better understand the interfacial behavior of these systems, while simultaneously comparing to β-

lg and Tween20® (Figure 7).  Measurements were made sequentially from lowest to highest 

frequency prior to an initial 5 min aging.  First note that at 0.01%, the low values in E' and E" 

observed for β-lg and Alcalase hydrolysates were a function of not enough protein/peptide having 

adsorbed prior to measurement.  The dependency of E' with frequency observed at higher 

concentrations of β-lg is typical of a globular protein and suggests relaxation mechanisms at the 

interface occurring within the timeframe of the measurement.46  In contrast, the much lower 

values of E' and the relative frequency independent nature of this measurement observed with 

the Tween20 solutions is typical of a SMWS.  The layer completely adjusts to the perturbation of 

the measurement within the timeframe of measurement.  As the concentration of Alcalase 

hydrolysate was increased from 1% to 5%, the frequency dependence of E' decreased 

drastically, with a concurrent drop in E" for the 5% solution to essentially zero.  It seems that at 
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the foaming concentration, the small, hydrophobic hydrolysate molecules can very rapidly form a 

very elastic and stiff interface.   

 

A.2.5 CONCLUSION 

 

Extensive hydrolysis of β-lg with Alcalase produced hydrolysate fractions that formed foams with 

significantly increased yield stresses, and overruns comparable to unhydrolyzed β-lg.  Hydrolysis 

of β-lg with trypsin produced a hydrolysate with slightly improved foam τ.  Interfacial 

characterization of the hydrolysates revealed that samples that induced high foam τ generally 

produced interfaces with high dilatational elasticity; however, this was not a prerequisite.  

Interfacial rheological frequency sweeps of the highly hydrolyzed Alcalase hydrolysate revealed 

an extremely elastic interface at the foaming concentration with essentially no viscous response.  

These small peptides can impart improved surface properties.  Heating the hydrolysates at 

75°C/30 min and 90°C/15 min both successfully terminated enzymatic activity for the three 

hydrolysates.  However, heating at 75°C/30 min better preserved foam τ and this generally 

reflected in increased dilatational elasticity.   
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Table A.2.1.  Degree of Hydrolysis (%) as determined by OPA method. 
 
 
Hydrolysate Heat treatment

no heat 75°C/30 min 90°C/15 min
Alcalase 15.6 14.2 13.7
Trypsin 6.7 4.6 4.8
Pepsin 5.2 8.4 4.7  
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Figure A.2.1. HPSEC profiles of various hydrolysates.  A: Alcalase-No Heat; B: Trypsin- No Heat; 

C: Pepsin-No Heat; D: Pepsin-75ºC/30 min; E: β-lactoglobulin. 
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Figure A.2.2. Yield stress and overrun of foams prepared from various hydrolysates. 



 109

Alcalase 25oC

O
pt

ic
al

 d
en

si
ty

 a
t 

5
0

0
 n

m

0.0

0.5

1.0

1.5

2.0

2.5

3.0
Alcalase 5% SDS Alcalase 6M urea

Trypsin 5% SDSTrypsin 25oC

0.0

0.5

1.0

1.5

2.0

2.5

3.0
Trypsin 6M urea

No heat 
75oC/30 min 
90oC/15 min 

Pepsin 5% SDS

pH

2 3 4 5 6 7 8 9 10

Pepsin 6 M urea

pH

2 3 4 5 6 7 8 9 10

Pepsin 25oC

pH

2 3 4 5 6 7 8 9 10
0.0

0.5

1.0

1.5

2.0

2.5

3.0

 
 
 
 
Figure A.2.3.  Turbidity of various hydrolysates as a function of pH and in the presence of 5% 

SDS and 6M Urea.   
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Figure A.2.4. Dynamic surface tension measurements of hydrolysates (5%).  A. No Heat B. 

90°C/15min. 
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Figure A.2.5. Dilatational elasticity (E') and phase angle of hydrolysates as a function of surface 

pressure. 
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Figure A.2.6. Dilatational elasticity vs. yield stress.  A: Current hydrolysates.  B: Current 

hydrolysates plus WPI data from previous work (see text).   
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Figure A.2.7.  Interfacial dilatational frequency sweeps of β-lg, unheated Alcalase hydrolysate 

and Tween 20®.   
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APPENDIX 3. 

 

ADVANCES IN MODIFYING AND UNDERSTANDING WHEY PROTEIN FUNCTIONALITY 

 

 

 

The content of this appendix has been published: 

 

Foegeding, E.A., Davis, J.P., Doucet, D. and McGuffey, M.K. 

Trends Food Sci. Technol., 2002, 13: 151-159 
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