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Reduced and low-fat Cheddar cheeses tend to have poor quality of flavor, body 

and texture. The texture is highly variable ranging from hard to crumbly to soft and 

even mushy within the same cheese block. Industry and university researchers have 

shown that major factors responsible for the variability of low-fat Cheddar cheese are 

(1) non-uniform temperature within cheese blocks caused by slow cooling from 

manufacturing to ripening temperature and (2) moisture movement within cheese 

blocks. Moisture movement within cheese blocks occurs during the first few days of 

cheese storage (2 to 5 days). Within aged 640 lb full fat Cheddar cheese blocks, 

moisture variability is 5-10 times the difference between production lots. The higher 

moisture content of reduced and low-fat Cheddar cheese magnifies these composition 

differences. Electron microscopy shows that the microstructure of freshly pressed 

Cheddar cheese up to cheese with less than five days old, resembles a sponge with 

highly interconnected channels. In contrast, the microstructure of cheese older than 



five days, is a continuous protein matrix with embedded fat particles. Moisture 

movement in freshly pressed cheese can therefore be described as fluid flow in a porous 

solid, similar to water moving through a sponge. The food process engineering group 

of Oregon State University discovered that hydrostatic pressure processing (HPP) of 

fiesh cheese blocks can reduce cheese porosity and permeability dramatically by 

knitting cheese almost instantaneously. HPP could eliminate the moisture movement 

that typically occurs during the early aging stage. The objective of this study was to 

determine minimum HPP times and pressures achieving the microstructure change 

needed to block whey flow and to develop quantitative tools to evaluate microstmcture 

changes. The tools proposed as alternatives to electron microscopy included thermal 

conductivity probes, moisture participation in phase changes, and penetration of the 

cheese matrix by exogenous proteolytic enzymes. 

Cheddar cheese curd for HPP treatment was obtained from Tillamook County 

Creamery Association (Tillamook, OR) and transported at 4°C for approximately 4-5 

hours for hydrostatic pressure processing at Flow International Corporation (Kent 

WA). After HPP processing, samples were stored at 40C and 10oC for 5, 20, 40, and 

60 days prior to thermal conductivity, differential scanning calorimetry analysis, 

penetration and reaction with a proteolytic enzyme, and moisture content 

determinations. 

Preliminary experiments conducted to develop the experimental procedures for 

these objective measurements allowed the early identification of hydrostatic pressure 

conditions capable of modifying Cheddar cheese microstructure. These conditions, 345 



or 415 MPa, applied as a single 50 or 100 s pulse, or as 200 0.5 s pulses, yielded the 

desired microstructure change with only minor differences between treatments as 

shown by electron microscopy observations not reported in this study. All these 

conditions are commercially feasible as they involve relatively low hydrostatic pressure 

and short times. 

The effect of storage time on thermal conductivity of one-third reduced fat 

cheese samples was found significant (P = 0.0000) but increasing with storage time 

with a small correlation coefficient, 0.0042. The interaction between treatment and 

temperature is significant (P = 0.0022) and was evaluated individually. At 4 and 10oC, 

there was significant difference on the thermal conductivity mean among samples with 

different HPP treatments (P-0.0000). Storage time affected the thermal conductivity 

of full fat Cheddar cheese (P=0.0000) increasing with time but again the correlation 

coefficient to storage time is small, 0.0038. There is also significant difference on the 

thermal conductivity means among sample treatments (P-0.0000). An analysis of 

samples after day 5 showed that treatment, storage temperature and time did not affect 

moisture significantly. Effects on thermal conductivity were therefore interpreted as 

related to microstructure differences. Both one-third reduced and full fat Cheddar 

cheese, showed an increase in thermal conductivity with time suggesting an increase in 

microstructure tightness. For one-third reduced fat cheese stored at 40C, it appears 

that 415 MPa for 100 s applied as 0.5 s pressure pulses generated the tightest 

microstructure. At 10oC, the same treatment generated also the tightest microstructure 

but more similar to the ones obtained by other pressure treatments. At 4 and 10oC, 



control samples had the lowest thermal conductivity values suggesting a more open 

microstructure at both storage temperatures. 

Measurement of freezable water by differential scanning calorimetry (DSC) to 

quantify the effect of HPP treatments on fresh cheese was also tested if it could be used 

to follow microstructure changes occurring during aging. Since HPP treatments did 

not affect moisture content, effects on the endothermic peaks for the heat of fusion for 

freezable water should reflect microstructure differences. Significant reduction with 

storage time was observed for both one-third reduced and full fat Cheddar cheese 

samples. Storage temperature did not affect the heat of fusion for freezable water for 

one-third reduced fat samples and affected only full fat Cheddar cheese treated for 100 

s using 0.5 s pressure pulses reaching 415 MPa. DSC was able to reveal differences 

between HPP treatments but higher endothermic peaks for the heat of fusion for 

freezable water were observed for HPP-treated samples as compared to control 

Cheddar cheese. This result will require further investigation but it could reflect that 

it takes more energy for phase transitions in HPP-treated Cheddar cheese. 

Measurements of penetration of the cheese matrix by exogenous proteolytic 

enzymes was also evaluated as a tool to quantify the effect of HPP on fresh cheese and 

to follow microstructure changes occurring during aging. Again, since treatment, 

storage temperature and time did not affect moisture content significantly, effects on 

the proteolytic enzyme penetration should reflect microstructure differences. 

Preliminary proteolysis experiments were conducted using commercial Cheddar cheese 

to  select the protease,  enzyme concentration,  reaction time,  pH buffer,  and 



temperature. The selection was based on the ability to distinguish the electrophoretic 

patterns for small cubes of commercial cheese incubated with and without enzymes 

using sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). 

Although SDS-PAGE differentiated HPP-treated samples and controls, it was not able 

to differentiate between the different hydrostatic pressure applications conditions 

tested. Finally, it seems likely that simple measurement of total protein or total 

dissolved nitrogen might have provided more quantitative results at a lower 

experimental cost as compared to SDS-PAGE. 

The development of new measurements to evaluate microstructure changes was 

successful. However, electron microscopy, particularly transmission electron 

microscopy, may still be needed tool to help interpret results from measurements of 

thermal conductivity, moisture participation in phase changes, and penetration of the 

cheese matrix by an exogenous proteolytic enzyme. Also, although these 

measurements could distinguish HPP-treated from control cheese samples, the 

differentiation between HPP-treatments was not always possible. 
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Evaluation of Hydrostatic Pressure and Storage Effects on 

Cheddar Cheese Microstructure by Thermal Conductivity, 

Differential Scanning Calorimetry and Enzymatic Proteolysis 

1. Introduction 

Reduced and low-fat Cheddar cheeses tend to have poor quality of flavor, body 

and texture. The texture is highly variable ranging from hard to crumbly to soft and 

even mushy within the same cheese block. Industry and university researchers have 

shown that major factors responsible for the variability of low-fat Cheddar cheese are 

(I) non-uniform temperature within cheese blocks caused by slow cooling from 

manufacturing to ripening temperature and (2) moisture movement within the cheese 

block. The cooling of a 640 lb cheese block requires as much as 15 days with the block- 

center temperature remaining unchanged for one to two days. Large temperature 

gradients from the interior to the exterior of the block develop within 24 hours (Torres 

etal., 1999a,b). 

Moisture movement within a cheese block occurs during the first few days of 

cheese storage (2 to 5 days). Within aged 640 lb full fat Cheddar cheese blocks, 

moisture variability is 5-10 times the difference between production lots. Within 24 

hours, the moisture in the interior region was 3% lower than in the outer regions (mean 

moisture content of 35% compared to mean moisture content of 38%). After these 

first days of ripening very little moisture migration occurs. The higher moisture content 
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of reduced and low-fat Cheddar cheese magnifies composition differences (Torres et 

al., 1999a,b). Consequently, the properties of Cheddar cheese depend upon its location 

within the block. To improve the quality of the cheese it is necessary to eliminate, or 

at least significantly reduce, temperature and moisture variability within cheese blocks. 

Scanning electron microscopy (SEM) shows that the microstructure of freshly 

pressed Cheddar cheese up to cheese with less than five days old, resembles a sponge 

with highly interconnected channels (Fig. 1.1). In contrast, the microstructure of cheese 

older than five days, is a continuous protein matrix with embedded fat particles (Torres 

et al., 1999a,b). Transmission electron microscopy (TEM) shows more closely the 

porous nature of a fresh cheese matrix (Fig. 1.2). We can therefore describe moisture 

movement in freshly pressed cheese as fluid flow in a porous solid, similar to water 

moving through a sponge. 

Flow in a porous solid is governed by mass balance equations and Darcy's Law 

(Torres et al., 1999a,b). The mass balance equations and Darcy's law predict that 

reducing the porosity and the permeability of the fresh cheese matrix will prevent 

moisture migration in fresh Cheddar cheese. The food process engineering group of 

Oregon State University discovered that hydrostatic pressure processing (HPP) of fresh 

cheese blocks can reduce cheese porosity and permeability dramatically by knitting 

cheese almost instantaneously. HPP could eliminate the moisture movement that 

typically occurs during the early aging stage. HPP apparently performs this function 

by creating at time 0 a microstructure matrix that is analogous to older cheese, i.e., 

cheese older than five days. 



The objective of the present study is (1) to apply HPP to fresh Cheddar cheese 

curd to create a continuous protein matrix at time 0, (2) to determine minimum HPP 

times and pressures achieving the microstructure change needed to block whey flow, 

(3) to develop quantitative tools to evaluate microstructure changes to be used as 

alternatives to electron microscopy including: 

»• thermal conductivity probes 

► moisture participation in phase changes 

*■ penetration of the cheese matrix by proteolytic enzymes 



At day 0 

At day 5 

Fig.  1.1 Scanning electron microscopy of full fat Cheddar cheese during early 
aging 



Fig.  1.2 Transmission electron microscopy of full fat Cheddar cheese during 
early aging 



2.  Literature review 

2.1.      Production of Cheddar cheese 

Cheese is the generic name of a group of fermented milk-based foods, produced 

in a great range of flavors and forms throughout the world. It is commonly believed 

that cheese evolved in the Fertile Crescent, between the Tigris and Euphrates rivers, in 

present day Iraq, approximately 8,000 years ago. Sandine and Elliker (1970) suggested 

that there are more than 1,000 cheese varieties. 

Milk has great nutritive value and is also a rich source of nutrients for bacteria. 

Bacteria growth and acid production have undoubtedly occurred during historic- 

attempts to store or dry milk. When sufficient acid is produced, the caseins, main 

proteins in milk, coagulate at their isoelectric points to form a gel entrapping the fat. 

The structure is essentially what we term commonly as cheese and thus the first 

production of cheese by humans occurred most likely by accident (Fox, 1993). 

Production of most cheese varieties may be subdivided into manufacturing and 

ripening. During manufacture, milk is processed as discussed below to produce fresh 

cheese curd. During ripening the fresh cheese curd is converted into mature cheese. 

The basic steps for the conversion of milk to cheese are as follows, acidification -> 

coagulation -» dehydration by cutting the coagulum, cooking, stirring, pressing, salting 

and other processes promoting gel syneresis -* shaping (molding and pressing) -> 

salting -# packing -* ripening or aging (Fox, 1993). 



The first Cheddar cheeses were made in England in the village of Cheddar in 

Somersetshire, hence giving the cheese its name. Cheddar cheese is a hard cheese, 

ranging in color from nearly white to yellow. It is made from sweet, whole cow's milk, 

either raw or pasteurized. The term Cheddar is also used to name a step in the process 

of manufacturing this cheese (Lawrence and Gilles, 1987). Originally, Cheddar cheese 

was apparently made by a stirred curd process (with reduced matting) but poor sanitary 

conditions led to inconsistent lactic acid bacterial colonies and cheeses having undesired 

gas pockets, quality inconsistencies and unclean flavors (Kosikowski, 1977). 

Cheddaring was found to improve the quality of cheese, apparently as a result of 

greater acid production. As pH fell below 5.4, the growth of undesirable, gas-fo; ming 

organisms such as coliforms, was significantly inhibited. 

The traditional Cheddar cheese processing steps are acidification -* coagulation 

-* cutting the resulting rennet coagulum into small cubes -* heating or scalding -» 

stirring the cubes with the concomitant production of a required amount of acid -4 

whey removal -4 forming the cubes of curd into slabs by cheddaring -4 cutting or 

milling the Cheddar curd -4 salting -4 packing -4 aging (Lawrence and Gilles, 1987). 

The cheddaring process describes the piling and repiling blocks of warm curd in the 

cheese fat for about two hours to squeeze out undesirable gas pockets. While many 

cheese makers believe that the characteristic texture of Cheddar cheese is a direct result 

of the cheddaring process, it is now clear that cheddaring and the developments of 

Cheddar cheese texture are concurrent rather than independent processes (Lawrence 

and Gilles, 1987). The development of the fibrous structure in the curd of traditionally 
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made Cheddar cheese does not commence until the curd has reached a pH of 5.8 or 

lower. The changes are a consequence of the increased production of acid in the curd 

and the loss of calcium and phosphate from the cheese protein matrix (Lawrence et al., 

1983,1984). 

Most cheeses are not ready for consumption at the end of manufacture, but 

require an additional period of ripening or aging which varies from about three weeks 

to more than two years depending on the moisture content of the cheese and the 

intensity of the flavor desired. During ripening an extremely complex set of 

biochemical and physical changes will occur which include proteolysis, glycolysis, 

lipolysis, water activity and cheese texture (Fox, 1993). The fresh cheese evolves 

from a rubbery elastic mass with an open coarse structure to a plasticized product with 

a homogeneous texture and a closed, smooth structure(Lawrence et al., 1987). 

Two basic attributes of Cheddar cheese, flavor profile and physical structure, 

are determined mainly by chemical composition and the temperature at which the 

cheese is aged (Lawrence and Gilles, 1980). The rate of aging is controlled by 

temperature and the cheese composition, particularly by pH, moisture and salt level. 

These factors all influence the biochemical and physical changes developing in the 

cheese (Jensen et al., 1975; Chapman and Sharpe, 1981; Lawrence and Gilles, 1987; 

Reinbold and Ernstrom, 1988). 
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2.1.1 Proteolysis during Cheddar cheese aging. 

Proteolysis is one of the primary events during cheese ripening and is possibly 

the most important for development of flavor and texture. Proteolysis contributes to 

cheese ripening in at least four ways: (1) a direct contribution to flavor via amino acids 

and peptides; (2) greater release of sapid compounds during mastication; (3) changes 

in pH via the formation of NH3; and, (4) changes in texture arising from the breakdown 

of the protein network, increase in pH and greater water binding by the newly-formed 

amino and carboxyl groups (Fox, 1993). The proteolytic enzymes present are rennet 

chymosin,milkplasmin, and bacterial proteases (Visser, 1981; Fox, 1989). Chymosin, 

an enzyme extracted from calf stomach, and added to milk, coagulates milk by initially 

attacking K-casein, which destabilizes the casein micelles. Chymosin split the K-casein 

at the junction of para-K-casein and glycomacropeptide moieties. When this occurs, 

the macropeptide diffuses into the serum, its stabilizing influence is lost, and the 

micelles begin to coagulate (Dalgleish, 1987). During aging, residual chymosin 

continues to attack asl-casein and to a much lesser extent P-casein. The peptides 

produced are further degraded by endopeptidases produced by starter microorganisms. 

After cell death and lysis, starter peptidases continue to act on the partially degraded 

cheese protein (Cliffe and Law, 1991). These enzymes have optimum activity under 

neutral to alkaline pH conditions, but retain some activity under the acidic condition 

found in aging cheese (Cliffe and Law, 1979). 

Plasmin, the principal indigenous proteinase in milk, is thought to contribute 

to the aging of certain cheese varieties (Lawrence et al., 1983, 1987; Farkye and Fox, 
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1991). Plasmin activity in cheese can be distinguished from that of calf rennet because 

plasmin specifically breaks down P-casein to y-casein and protease peptones. Plasmin 

is present in Cheddar cheese (Lawrence et al., 1983; Farkye and Fox, 1990) where it 

was thought to contribute little to ripening because Cheddar cheese pH is unfavorable 

for its activity (Grappin et al., 1985). However, Noomen (1978) reported plasmin 

activity in Meshanger-type cheese (pH 5.1) after six weeks of aging at 130C. 

Proteolysis of P-casein, the casein most susceptible to plasmin activity, has been 

observed in Emmental (Lawrence et al., 1983), Gouda (Visser and de Groot-Mostert, 

1977) and Cheddar cheese (Creamer, 1975) indicating that plasmin activity in Cheddar 

cheese may have been underestimated as recently suggested by Farkye and Fox (1991). 

In Cheddar cheese, 25 to 35% of the protein is made soluble with most of the 

breakdown products as peptides and aniino acid (Chapman and Sharpe, 1981) Reiter 

et al. (1969) first demonstrated that the amino acid content of Cheddar cheese increase 

significantly due to proteolysis activity of lactic acid bacteria. O'Keefe et al. (1976) 

suggested that non-starter bacteria contribute to a greater diversity of small peptides 

and free amino acids. Lee et al. (1990) demonstrated that homofermentative 

lactobacilli strains, when combined with starter cultures, contributed significantly to the 

rate of proteolysis. The liberated amino acid and peptides build up in the cheese to 

produce background flavors, while some amino acid, e.g., methionine, undergo 

reactions to form flavor molecules such as methanethiol (Law, 1984; Fox, 1989; Cliffe 

and Law, 1991). Amino acid may be reduced by microorganism to ammonia and 

organic acid or oxidized to C02 and amines (Dulley and Grieve, 1974). 
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Small chain peptides derived from the cleavage of asl- casein tend to be 

strongly hydrophobic. The formation of these peptides accounts for the bitter taste that 

develops during aging (Lindsay, 1985; Lowrie, 1977). Lowrie and Lawrence (1972) 

suggested that rennet in Cheddar cheese would not contribute directly to the formation 

of bitter peptides but provide predominantly non-bitter peptides of high molecular 

weight. Lemieux et al. (1989) suggested that the formation of bitter-taste components 

in cheese and cultured dairy products be influenced considerably by the strain of the 

starter culture. Manning (1979) found that bitterness reached a maximum intensity at 

2 to 4 months when aged at 13 to 140C, then declined rapidly to a minimum intensity 

at 10 months. 

2.1.2 Early microstructure changes during aging 

Early microstructure changes during aging were studied by Torres et al. 

(1999a,b) using electron microscopy (SEM and TEM) to examine cheese samples at 

different stages of aging. Microstructure changes occur very early in the aging process. 

Fresh cheese curd starts as a very open porous matrix but within a few days changes 

markedly to a continuous microstructure. Five-day-old cheese showed a very 

continuous protein matrix with embedded fat particles and this change seems to 

coincide with the end of major moisture movement in cheese. This process of 

microstructure change seems to be little affected by temperature changes during the 

cooling of a large cheese block. Temperature of 40C or lower, however, did appear 

to slow the knitting process during aging. 
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2.1.3 Moisture movement during aging of Cheddar cheese. 

The flavor, moisture content and texture of the cheese developed from the 

aging process depends to a significant extent on moisture content during aging. 

Moisture migration within cheese block causes moisture variability. Moisture content 

variability within large blocks is 5-10 folds larger than variability among productions 

lots (Torres et al., 1999a,b). This variability affects not only consumer attributes, but 

also machineability, particularly shredding. Meeting specifications to support 

nutritional claims is also difficult. A reduced fat cheese chunk with lower moisture 

content may have 15% to 20% more fat than one with higher moisture content even if 

both pieces come from the same cheese block. 

Research on mechanisms for moisture migration within a cheese block (Torres 

et al., 1999a,b) has shown that the moisture movement occurs early (less than 5 days) 

during cheese block cooling when the cheese matrix is undergoing major changes in 

microstructure. Scanning electron microscopy (SEM) shows (Torres et al., 1999a,b) 

that the microstructure of freshly pressed cheese resembles a sponge with highly 

interconnected channels while that of cheese older than five days is a continuous 

protein matrix with embedded fat particles (Fig. 1.1). Transmission electron 

microscopy shows even more clearly the porous nature of the fresh cheese matrix (Fig. 

1.2). Moisture movement in freshly pressed cheese can therefore be described as fluid 

flow in a porous solid, similar to water moving through a sponge, and governed by 

mass balance equations and Darcy's law (Walstra et al., 1985,1987; Walstra and van 

Vliet, 1986): 
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d(ep)      d^spx)      d(ep>)      d{epz) 

dt dx dx dx 

B dP 
E I V whey  ~   V matrix]  —    — 

?]  dx 

The key parameters in these equations are matrix porosity (e) and permeability 

(B).   The driving force for the moisture movement is the syneresis reaction, which 

depends on the temperature and cheese making conditions (Fox, 1993). In cheese with 

more than five days and thus a continuous protein matrix microstructure, moisture 

movement appears to occur by diffusion which is a much slower process than porous 

flow (Torres et al., 1999a,b) suggesting that the moisture gradients and thus product 

moisture variability is established during the early stages of cheese aging. 

2.2       Hydrostatic pressure processing 

Hydrostatic pressure processing (HPP) of foods was first reported a century 

ago by Hite (1899). Hite treated milk with a pressure of 670 MPa for ten minutes and 

detected a 5-6 log-cycle reduction in naturally occurring microflora. Meat treated at 

530 MPa for one hour was reported to have insignificant microorganism growth after 

three weeks of storage. Bridgeman (1914) reported egg albumen to be coagulated by 

hydrostatic pressure after one hour of exposure to 590 MPa. After these first studies, 

few reports on the effects of hydrostatic pressure on microorganisms and proteins have 

been published until recently. 
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2.2.1 HPP advantages over conventional thermal processing 

It has been recognized that while thermal treatments can inactivate 

microorganisms that spoil food, such treatments may also affect the taste and nutrient 

value of food. In an attempt to inactivate pathogenic and food spoilage 

microorganisms without degrading the taste and nutrient value of food, HPP has been 

considered as an alternative or supplemental processing technique. Research has shown 

that pressure treatment at 400-900 MPa inactivates enzymes in bacteria but preserves 

food taste and nutrient content (Zimmerman and Bergman, 1993). Pressure-treated 

citrus juices, for example, not only retain their fresh-squeezed taste but also show no 

loss of vitamin C through extended shelf life up to seventeen months (Farr, 1990). 

2.2.2 HP? applications in food processing 

Hydrostatic pressure processing has been considered for many food applications 

including (Jean-Claude, 1992) protein modifications, including restructuring and 

textui ization, pasteurization and sterilization; changes in phase transitions; reaction 

enhancement; gas removal or solubilization; extraction of food or microbial 

constituents, powered agglomeration; and surface coating. While HPP may not affect 

taste and nutrient, value like thermal treatments, the efficacy of high-pressure against 

spoilage microorganisms and on biological activity needs to be further investigated. 

HPP changes various physicochemical properties of water and it is also likely that the 

destruction of microorganisms under pressure is partly due to crystalline changes in the 

phospholipid bilayer in the cell membrane. 
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Several basic studies have dealt with the changes in the structure and function 

of proteins under high pressure (Henemans, 1982; Weber and Drickamer, 1983; Balny 

et al., 1989). These studies suggest that the structure and function change may be 

associated with the rearrangement of hydrogen bonds, the rupture of hydrophobic 

interactions, and the separation of ion pairs. Pressure also favors the disassociation of 

amino acid side chains. Biochemical studies indicate that pressure above 100-200 MPa 

often causes (Jean-Claude, 1992) the disassociation of polymeric structures into 

subunits probably because of the weakening of hydrophobic interactions; and the partial 

unfolding and denaturation of monomeric structures probably due both to the 

weakening of hydrophobic interactions and to the splitting of intermolecular salt 

bridges. 

Enzymes may be affected in any of the following manners: (1) pressurization at 

room temperature may bring reversible or nonreversible, partial or complete enzyme 

inactivation, depending on the enzyme and on the pressure, temperature and length of 

processing (Hara et al., 1990); (2) an enzymatic reaction may be enhanced or inhibited 

by pressure, depending on the positive or negative value of the reaction or activation 

volume (Asaka et al., 1991); (3) a macromolecular substrate, e.g., protein and starch 

granules, may become more sensitive to enzymatic depolymerization or modification 

once it has been unfolded or gelatinized through pressurization; and (4) intracellular 

enzymes may be released into the extracellular fluids or the cell cytoplasm if the cell 

membrane or membranes of intracellular organelles are altered by pressure probably 

facilitating other enzyme-substrate interactions (Ohmori et al., 1991). 
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Aleman et al. (1996) compared the use of static and pulsed pressure for the 

inactivation of Saccharomyces cerevisiae in pineapple juice. Their research showed 

that pulsed pressure was more effective than static pressure. Particularly effective were 

processes with longer on-pressure than off-pressure time. For example, a step pressure 

process with 0.66 s on-pressure and 0.22 s off-pressure could inactivate 

Saccharomyces cerevisiae in pineapple juice showing nearly a 4 decimal reduction in 

only 100 s total process time. 

Drake et al. (1997) investigated the high pressure inactivation of select 

microorganisms in cheese slurries made from Swiss cheese curd. Slurries were treated 

at 345 or 550 MPa for ten or thirty minutes in an isostatic press at 250C. Slurries 

treated at a higher pressure and with a longer exposure time showed a greater reduction 

in rnicrobial numbers and reduced outgrowth during ripening. Coliforms, yeast and 

molds were completely inactivated while starter bacteria appeared to be more resistant 

to high pressure inactivation than lactobacilli and staphylococci. 

Ohmiya et al. (1987, 1989a,b) reported negligible effects on the primary and 

secondary milk coagulation phases, i.e., casein hydrolysis by chymosin and casein 

aggregation, but noted a significant enhancement in the third phase, i.e., casein 

coagulation. These studies have been continued in Europe by Desobry et al. (1994). 

The Japanese R&D Association for high pressure technology in the food 

industry has reported work conducted at Ya Kult Honsha Co., Ltd. and Nippon Steel 

Corporation on the use of high pressure to inactivate microorganisms in milk 

(Yamamoto et al., 1990). Pressures above 100-200 MPa were recommended for the 
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cold pasteurization of milk prior to incubation with a coagulating enzyme. The process 

advantages claimed for cheese making were faster coagulation, improved curd 

formation and superior whey expulsion. In addition, no calcium chloride was needed 

to firm up the milk gel. Curds prepared from milk treated at 410 MPa exhibited after 

15 min the same firmness as curd prepared from untreated milk after 150 minutes. 

These results are consistent with the work by Johnston et al. (1993) which indicated 

that HPP damaged the casein micelles and the fragments can act as bridges decreasing 

the distance between individual micelles. 

HPP has also been used to accelerate cheese ripening (Yokoyama et al., 1992). 

Between 10 and 240 MPa was used for 3-5 days to reduce ripening time in cheese 

manufactured in a process that otherwise utilized standard procedures. The cheese 

treated at 48 MPa for 3 days was considered to have a taste comparable to commercial 

Cheddar cheese ripened for 6 months. 

Torres et al. (1999a,b) applied HPP to fresh Cheddar cheese curd and observed 

by electron microscopy (SEM and TEM) that treated cheese curd had microstructure 

similar to cheese aged more than five days, i.e., a continuous matrix with embedded fat 

particles. The untreated fresh curd had a sponge-like matrix with interconnected 

channels. Since the appearance of a continuous cheese matrix coincided with the end 

of moisture movement in cheese, they predicted that a block cheese treated by HPP will 

have reduced moisture movement and thus less moisture variability. 



2.3       Alternative methods to the evaluation of Cheddar cheese microstructure 
by electron microscopy 

Electron   microscopy   techniques   used   to   examine   Cheddar   cheese 

microstructure, scanning (SEM) and transmission electron microscopy (TEM), are time 

consuming and expensive.   The photomicrographs obtained are valuable tools to 

examine qualitative changes in microstructure but are not convenient to obtain 

quantitative descriptors of microstructure. More desirable would be measurements not 

requiring extensive sample preparation and leading to quantitative indicators of 

microstructure "tightness." 

2.3.1    Thermal conductivity determinations 

The thermal conductivity of a material is a measure of its ability to conduct heat 

and depends on the material composition and microstructure. Thermal conductivity can 

be measured with a line source thermal conductivity probe (Fig. 2.1) and require a 

sample with uniform initial temperature (TJ. The probes consist of a heating element 

providing a constant amount of heat (q) and a thermocouple to monitor sample 

temperature (T). Under these conditions, the temperature is a function of time, thermal 

conductivity and probe characteristics. After the probe is inserted into a sample, the 

plot of the natural logarithm of time versus temperature of the probe becomes a linear 

relationship after a brief transient period (Hooper and Lepper, 1950; Nix et al., 1967): 

T = q 
Axk, 

\n(t + t) + C 
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where q is the power per probe length generated by probe heating element (w/m), k is 

the thermal conductivity of the sample (w/(m 0C)), t is time, t0 is a small time offset and 

C is a constant. The parameter t0 is approximately 0 for small diameter probes 

(D'Enstachio and Schreiner, 1952). A linear regression of T vs In t gives a slope S and 

an intercept C. Thermal conductivity is calculated from the slope: 

*= q 

Line heat-source thermal conductivity probes are recommended for most food 

applications. They are simple, fast and uses relatively small sample sizes but require a 

fairly sophisticated data acquisition system. Mohsenin (1980), Reidy and Rippen 

(1971) and Sweat (1972, 1976) have described them in detail. Thermal conductivity 

probes have been used to test the thermal conductivity of many different materials. 

Thermal conductivity depends on composition, temperature and any factor that may 

affect heat flow through the material and include sample homogeneity, percent void 

spaces, shape, size and arrangement of void spaces. In foods thermal conductivity is 

strongly dependent on cellular structure, density, and moisture content. 

Sweat and Haugh (1974) reported thermal conductivity of selected fruits and 

vegetables, exploring a range of moisture contents between 60 and 100% on a wet 

basis. Lozano et al. (1979) reported the thermal conductivity of apples over the entire 

range of moisture contents, from bone-dry to full turgor. Several works relate the 

moisture content of cheese with its thermal properties. The thermal characteristics of 



20 

Khebros dried cheese were studied as a function of temperature by determining the 

coefficient of thermal conductivity and specific thermal capacity. 

2.3.2    Differential scanning calorimetry 

Heat is either absorbed or liberated when a material undergoes changes in 

physical state, such as melting or transition from one crystalline form to another, or 

participates in chemical reactions. Differential scanning calorimetry (DSC) is a 

technique to determine the enthalpies of these processes by measuring the differential 

heat flow required to maintain a sample of the material at the same temperature as an 

inert reference. DSC analyses are usually conducted over a programmed temperature 

range in which the temperature increases linearly at a predetermined rate (Wright, 

19S4). This technique is designed to determine the enthalpies of changes occurring in 

the sample during heating or cooling. 

a. Operation principles. 

Two modes of measurement are common in DSC: a power-compensation and 

a heat-flux method. In the compensatory power flow, the instrument measures the 

energy required to compensate for heat exchange to maintain a temperature (T) in null- 

balance between the sample and the reference. DSC employs two separate heat 

sources, one for the sample and one for the reference, and two platinum sensors to 

measure temperature (Fig. 2.2). The instrument output or thermogram, is a plot of 

differential flow (dQ/dt) versus temperature (T). A change in the dependent variable 
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dQ/dt represents an absorption or evolution of heat by the sample, that is, an enthalpy 

(H) that can be described as: 

dQ      dH 
dt        dt 

where t is time. At constant pressure one can determine that heat capacity Cp as: 

_dH_ _ dQ    (dT\ -' 
Cp ~ dT  ~  dt  X \dt) 

where ( dT/dt) is the programmed rate of temperature change. 

Temperature and heat of transition are the most important information yielded 

by DSC analyses. The observed DSC transitions of a material relate mainly to phase 

or structural changes. In foods, the observed DSC transitions relate mainly to 

processes such as protein denaturation, starch gelatinazation, fat crystal melting and 

melting or freezing of water. An idealized thermal transition is depicted in Fig. 2.3 

together with a key to the various parameters normally measured from it: (1) Tsl is the 

temperature when transition or melting starts; (2) TE is the temperature when the 

transition ends; (3) ACp
d is the difference in heat capacity between pre- and post- 

transition status; (4) T,^ is the temperature at maximum heat flow into the sample; and 

(5) AT1/2 is the peak width at half-peak height and is also the transition temperature. 

Tmax is the temperature used to identify the transition involved and is the most 

often quoted value. However, Tmax does depend on the rate of temperature scanning. 

Relatively sharp DSC peaks, reflected as small AT]/2 values are observed for 

cooperative processes such as those involved in protein denaturation. After appropriate 

A// =  \T\cP-dT 
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corrections, the integrated peak area, AH, represents the enthalpy change if the ordinate 

is calibrated in units of heat capacity. 

b. Applications 

DSC can be used to measure heat capacity, sample purity, phase diagram 

information and kinetic data for chemical reactions. DSC analysis is extensively used 

to study proteins, starch, lipids and water, the most important food ingredient. It can 

be used to study the behavior of proteins by monitoring changes in the denaturation 

profile (Wright, 1984). A DSC study of thermal denaturation of beta-ketoglobulin by 

De Wit and Swinkels (1980) included an analysis of denaturation kinetics. They 

obtained straight line Arrhenius plots up to the temperate of peak maximum, indicating 

first order kinetics. DSC has also been a useful tool in differentiating between thermal 

stability and reversibility (renaturation). A prime application example are the studies 

of Ruegg et al. (1977) on milk whey proteins. 

DSC can monitor the gelatinization of starch because gelatinization represents 

an order-disorder transition accompanied by an uptake of heat. Eliasson (1980) 

determined the minimum water content necessary for gelatinization of wheat starch. 

Stevens and Elton (1971) used DSC to study damage inflicted on starch granules by 

mechanical action, such as milling. As damage increased, the gelatinization enthalpy 

decreased. Other DSC studies have investigated the effect of derivitization, salt 

concentration and sugar addition (Wootoon and Bamunarachi 1979; 1980; 1981) on 

the gelatinization of various starches. 
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Both DSC and DTA have been used widely in the investigation of thermotropic 

behavior of oils and fats. The application of DSC/DTA in this field ranges from 

analysis of purified triglycerides to adulteration studies on commercial fats. Hale and 

Schroeder (1981) investigated the phase behavior of triolein and tripalmitin mixtures. 

Although the temperature of each triglyceride was affected by the presence of the other, 

two melting peaks were always observed in the thermograms, indicating that phase 

separation had occurred. Dyszel (1982) used DSC in the cooling mode to characterize 

a whole range of pure vegetable oils. To aid in the identification of transition peaks, 

the data was analyzed after conversion to its first derivative. Using this approach, 

mixtures of oils could be identified and the nature of oil in a complex food mix verified. 

DSC has been widely used to identify and quantify the different types of water 

exist in food. By measuring calorimetrically the heal, and temperature of the fusion of 

water associated with foods, it has been possible to identify at least three types of 

water. The first type, called primary hydration water, consists of non-freezable water 

which is sometimes equated with bound water. This water does not freeze even at low 

temperatures. The second type, called secondary hydration water, consists of freezable 

water with physical properties (temperature or heat of fusion) that are different from 

ordinary or free water. Secondary hydration water is sometimes called loosely bound 

water. The third type of water is often called free water and this water can move freely 

in cheese and other food substances. Water plays a dominant role associated with 

exothermic and endothermic peaks during food freezing and thawing. Most reports 

conclude that bound water is independent of total water above a critical level (Wright, 
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1984). McBrierty (1996) confirmed these different forms of water in peat by DSC, 

TGA (thermogravimetric analysis) and NMR (proton nuclear magnetic resonance). 

Mutfett and Snyder (1980) performed studies on soy proteins and found that even 

above a moisture content of0.5g per gram, approximately 10% of added water became 

non-freezable. 

2.3.3    Protein characterization by electrophoresis 

Any charged ion or group will migrate when placed in an electric field. Proteins 

carry a net charge at any pH other than their isoelectric point and will migrate at a rate 

depended upon charge density, i.e., their ratio of charge to mass. The higher the ratio 

of the charge to mass the faster the molecule will migrate. The application of an 

electric field to a protein mixture in solution will therefore result in different protein 

migrating at different rates toward one of the electrodes. However, since all proteins 

were originally present throughout the solution, the separation achieved is minimal. 

Zone electrophoresis is a modification of this procedure whereby the mixture of 

molecules to be separated is placed as a narrow zone or band at a suitable distance from 

the electrodes such that, during electrophoresis, proteins of different mobilities travel 

as discrete zone which gradually separating from each other as electrophoresis 

proceeds. 

Many supporting media are in current use for electrophoresis. The most 

popular are: 1) Sheets of paper or cellulose acetate, materials such as silica gel, 

alumina, or cellulose which are spread as a thin layer on glass or plastic plates. These 
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are relatively inert and serve mainly for support and to reduce convection. Hence 

separation of the protein using these materials is based largely upon the change density 

of the proteins at pH selected, as with electrophoresis in free solution. 2) Gels of 

agarose, starch, or polyacrylamide. These various gels, in contrast, not only prevent 

convection and reduce diffusion but in some case they also actively participate in the 

separation process by interacting with the migrating particles. These gels can be 

considered as porous media in which the pore size is the same order as the size of the 

protein molecules such that a molecular sieving effect occurs and the separation is 

dependent on both charge density and size. Thus two proteins of different sizes but 

identical charge densities would probably not be well separated by paper 

electrophoresis, whereas, provided the size difference is large enough, they could be 

separated by polyacrylamide gel electrophoresis since the molecular sieving effect 

would slow the migration rate of the larger protein compared with that of the smaller 

protein. 

The extent of molecular sieving depends on how close the gel pore size 

approximates the size of the migrating particle. The pore size of agarose gels is 

sufficiently large that molecular sieving of most protein molecules is minimal and 

separation is based mainly on charge density. In contrast, starch and polyacrylamide 

gels have pores of the same order of size as protein molecules and so these do 

contribute a molecular sieving effect. However, starch gel is not reproducibly good and 

may contain contaminants which can adversely affect the quality of the results obtained. 

On the other hand, polyacrylamide gel, has the advantage of being chemically inert. 
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stable over a wide range of pH, temperature, and ionic strength, and is transparent. 

Finally, polyacrylamide is better suited to a size fractionation of proteins since gels with 

a wide range of pore size can be readily made whereas the range of pore sizes 

obtainable with starch gels is strictly limited. For these reasons, polyacrylamide gels 

have become the medium of choice for zone electrophoresis of most proteins. 
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Fig. 2.1 Schematic diagram of a thermal conductivity probe 



28 

DSC 

pt 
SENSORS 

S r=Tl 

V 

R     ^ 
£511 

2 INDIVIDUAL 
HEATERS 

Fig. 2.2 Operating principle for differential scanning calorimetry (DSC) 



29 

//,  \ 
/ /1    \ 

/ / '     \ 

/''   AT"' 
I    1     '        '\ 
/    1      '          \ 

A ^ 
1 

Jjjp^- D 

• 
AC/ 

7"ST Tm     T;        B 

Temperoture  (A') 

Fig. 2.3 DSC transition thermogram with associated parameters 



3. Modification of Cheddar cheese microstructure by hydrostatic pressure: 
Evaluation by thermal conductivity measurements 

3.1       Abstract 

The objective of this study was to evaluate if thermal conductivity can quantify 

the effect of HPP treatments on fresh cheese and if it can follow microstructure changes 

occurring during aging. Cheddar cheese curd for HPP treatment was obtained from 

Tillamook County Creamery Association (Tillamook, OR). Curd was taken directly 

from the processing line just before the tower block formers. It was transported at 40C 

for approximately 4-5 hours for hydrostatic pressure processing at Flow Internationa! 

Corporation (Kent WA). Each sample for HPP treatment weighed approximately 60 g 

and was packed in vacuum heat-sealed polyethylene tubes. After HPP processing, 

samples were stored at 40C and 10oC for 5, 20, 40, and 60 days prior to therma! 

conductivity and moisture content determinations. Control samples were obtained from 

the same cheese processing plant as 40 lb Cheddar cheese blocks that completed the 

regular commercial process. The effect of storage time on thermal conductivity of one- 

third reduced fat cheese samples was found significant (P = 0.0000) but increasing with 

storage time with a small correlation coefficient, 0.0042. The interaction between 

treatment and temperature is significant (P = 0.0022) and was evaluated individually. 

At 4 and 10oC, there was significant difference on the thermal conductivity mean 

among samples with different HPP treatments (P=0.0000). Storage time had also a 

significant effect on the thermal conductivity of full fat Cheddar cheese (P=0.0000) 

increasing with time but again the correlation coefficient to storage time is small, 
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0.0038. There is also significant difference on the thermal conductivity means among 

sample treatments (P=0.0000). An analysis of samples after day 5 showed that 

moisture content was not affected significantly by treatment, storage temperature and 

time. Effects on thermal conductivity were therefore interpreted as related to 

microstructure differences. Both one-third reduced and full fat Cheddar cheese, 

showed an increase in thermal conductivity with time suggesting an increase in 

microstructure tightness. For one-third reduced fat cheese stored at 40C, it appears 

that 415 MPa for 100 s applied as 0.5 s pressure pulses generated the tightest 

microstructure. At 10oC, the same treatment also generated also the tightest 

microstructure but similar to the ones obtained by other pressure treatments. At 10 and 

40C, control samples had the lowest thermal conductivity values suggesting a more 

open microstructure at both storage temperature. 

3.2       Introduction 

Thermal conductivity depends on the material composition and temperature and 

on the factors affecting the heat flow path through the material, including sample 

homogeneity, percent void space, shape, size and arrangement of void spaces. In food 

materials, thermal conductivity is strongly dependent on cellular structure, density and 

moisture content (Sweat, 1974; Lozano et al., 1979). The thermal conductivity of 

Cheddar cheese depends on its composition and microstructure. The major 

components in Cheddar cheese are: protein, water and lipids. Any change in 

composition results in a corresponding change in thermal conductivity. Cheddar cheese 



composition changes only slightly during aging but the microstructure of freshly 

pressed cheese resembles a sponge with highly interconnected channels while cheese 

older than five days resembles a continuous matrix with embedded fat particles. 

Changes in cheese microstructure should be reflected in thermal conductivity changes. 

Hydrostatic pressure processing (HPP) of fresh cheese curd reduces cheese 

porosity dramatically by knitting the cheese almost instantaneously. HPP changes the 

sponge-like microstructure of fresh cheese characterized by highly interconnected 

channels into the continuous microstructure found in aged cheese. Consequently, HPP 

treated and untreated cheese samples may differ in thermal conductivity even if they 

have the same composition. Therefore, thermal conductivity could quantify the effect 

of HPP and aging on cheese microstructure. Thermal conductivity might provide an 

alternative to the use of electron microscopy for the examination of microstructuie, a 

time-consuming and expensive experimental technique. The objective of this study is 

to evaluate if thermal conductivity can quantify the effect of HPP treatments on fresh 

cheese and if it can follow microstructure changes occurring during aging. 

3.3       Materials and methods 

3.3.1    Cheese samples and UHP treatment 

Approximately 15 lb of full and one-third reduced fat Cheddar cheese curd for 

HPP treatment were obtained from Tillamook County Creamery Association 

(Tillamook, OR). Curd was taken directly from the processing line just before the 

tower block formers. They were stored at 40C for approximately 4-5 hours as they 



were transported for hydrostatic pressure processing at Flow International Corporation 

(Kent WA). Each sample for HPP treatment weighed approximately 60 g and was 

packed in vacuum heat-sealed polyethylene tubes. The sample dimensions, diameter 

of about 3.2 cm and 11 cm length, were chosen to fit the HPP reservoir, 0 = 3.3 cm 

and height =13.2 cm. The reservoir was connected to an intensifier pump operating 

with water as the pressurizing fluid (Aleman et al., 1996). The process conditions 

selected were based on preliminary experiments and included samples subjected to 

different pressure level, application mode and process time (Table 3.1). A unique 

feature of the experimental HPP unit was its ability to generate step pressure pulses 

characterized by a maximum pressure and four time parameters (Fig.3.1). 

Table 3.1 Experimental design for HPP treatment 

Treatment     Pressure Application Time 

1 415 MPa Constant 100 s 

2 415 MPa Constant 50 s 

3 345 MPa Constant 100 s 

4 345 MPa Constant 50 s 

5 345 MPa 0.5 s step pulses 100 s 

6 415 MPa 0.5 s step pulses 100 s 

After HPP processing, samples were stored at 40C and 10oC for 5, 20, 40, and 

60 days prior to thermal conductivity and moisture content determinations. Control 

samples were obtained from the same cheese processing plant as 40 lb Cheddar cheese 
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blocks that completed the regular commercial process. All sample treatments were 

done in duplicates. 

3.3.2    Thermal conductivity measurement 

Thermal conductivity probes (0 = 0.66 mm, length = 39 mm, model TC-22) 

purchased from Soiltronics (Burlington, WA) were connected to a datalogger (Model 

CR21X, Campbell, Logan, UT) and a personal computer. After the probe is inserted 

into a cheese sample and a brief transient period, the plot of the natural logarithm of 

time versus temperature of the probe becomes a linear relationship (Hooper and 

Lepper, 1950; Nix et al., 1967): 

T = q   ' ln(f + t) + C 
Ajukj 

where q is the power per probe length (w/m) generated by the probe heating element, 

k is the thermal conductivity of the sample (w/(m 0C)), t is time, t0 is a small time offset 

and C is a constant. The parameter t0 is approximately 0 for small diameter probes 

(D'Enstachio and Schreiner, 1952) and thus a linear regression of T vs In t gives a slope 

S and an intercept C allowing to calculate thermal conductivity as follows: 

q k = 
4KS 
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3.4       Results and discussion 

The thermal conductivity of full and one-third reduced fat Cheddar as affected 

by HPP treatment, storage time and temperature (Table 3.2) was analyzed through 

multifactor analysis of variance (Statgraphics, Vers. 5.0 ORGST). 

3.4.1. One-third reduced fat Cheddar cheese samples 

The effect of storage time on thermal conductivity of one-third reduced fat 

cheese samples was found significant (P = 0.0000) but increasing with storage time 

with a small correlation coefficient, 0.0042 (Fig. 3.2). The interaction between 

treatment and temperature is significant (P = 0.0022) and was evaluated individually. 

At 4 and 10oC, there is significant difference on the mean of thermal conductivity (at 

day 26) among samples with different HPP treatments (P=0.0000, Table 3.3). 

The temperature comparison for one-third reduced fat Cheddar cheese samples 

is shown in Fig. 3.3. Temperature affected the thermal conductivity means (at day 26) 

at the 0.05 level for treatments #1, #2, #4, and #7 but showed no effect for treatment 

#6. Also there is no strong evidence that temperature affected the thermal conductivity 

mean for treatments #3 and #5 (Table 3.4). 

3.4.2. Full fat Cheddar cheese samples 

Storage time has a significant effect on the thermal conductivity of full fat 

cheese (P=0.0000). Thermal conductivity increases with time but again the correlation 

coefficient to storage time is small, 0.0038 (Fig. 3.4). There is also significant 

difference on the thermal conductivity means (at day 26) among sample treatments 

(P=0.0000) with differences described in Table 3.5. Finally, temperature did not show 



36 

significant effect on the thermal conductivity of the samples at 0.05 level (P = 0.0526). 

No evidence suggests an interaction between treatment and temperature (P = 0.6347). 

Table 3.2 Effect of pressure treatment, storage temperature and time on the 
thermal conductivity of Cheddar cheese 

a. Full fat Cheddar cheese 

Storage T= 40 C Storage T= 100 C 

Treatment #       Description* 0 5 20 40 60 5 20 40 60 

1 C-F-60-100 0.5142 0.3446 0.5007 0.4816 0.5249 0.5246 0.5248 0.5687 0.6149 

0.4876 0.3327 0.5263 0.4802 0.5042 0.5092 0.5436 0.5724 0.6267 

C-F-60-50 0.4112 0.5007 0.4811 0.4755 0.6569 0.4364 0.5246 0.4492 0.7245 

0.4020 0.5097 0.4972 0A697 0.6387 0.4150 0.5197 0.4263 0.7176 

C-F-50-100 0.3915 0.4056 0.5239 0.6516 0.7491 0.4425 0.5589 0.6069 0.7574 

0.3826 0.4208 0.5398 0.6400 0.7543 0.4051 0.5697 0.5>>61 0.7736 

C-F-50-50 0.5265 0.5165 0.5413 0.5762 0.6910 0.5431 0.5621 0.6131 0.74<53 

0.5516 0.5436 0.5625 0.5850 0.7200 0.5739 0.5897 0..5862 0.7633 

P-F-50-100 0.4762 0.5716 0.5816 0.6148 0.7065 0.5016 0.5154 0.6362 0.7538 

0.4838 0.5659 0.5764 0.6140 0.6833 0.4788 0.5368 0.5195 0.7381 

P-F-60-IOO 0.4469 0.5762 0.6215 0.7349 0.7316 0.5078 0.6649 0.7467 0.9573 

0.4209 0.5880 0.6023 0.7186 0.7219 0.4862 06203 0.7314 0.9779 

Control n/a 0 3816 0.4448 0.5248 0.5678 0.4378 0.5479 0.6048 0.6149 

0.3762 0.4594 0.5026 0.5750 0.4520 0.5277 0.5756 0.6343 

b. One-third fat Cheddar cheese 

Treatment*        Description 0 5 20 40 60 5 20 40 60 

C-L-60-100 0.3248 0.3687 0.4615 0.4110 0.4896 0.4315 0.5026 0.5512 0.7065 

0.3000 0.3764 0.4505 0.3998 0.5179 0.4226 0.5224 0.5768 0.7263 

C-L-60-50 0.3968 0.3412 0.4191 0.4871 0.5314 0.5023 0.5820 0.6589 0.7412 

0.4166 0.3444 0.3993 0.5057 0.5197 0.4777 0.5796 0.6805 0.7558 

C-L-50-100 0.4023 0.4198 0.5305 0.5706 0.6705 0.4982 0.5512 0.6075 0.7466 

0.4277 0.4408 0.5555 0.5921 0.6936 0.4804 0.5307 0.5883 0.7315 

C-L-50-50 0.4113 0.4579 0.4667 0.5497 0.6679 0.5007 0.5491 0.6505 0.7902 

0.3907 0.4823 0.4360 0.5738 0.6872 0.5197 0.5273 0.6765 0.7686 

P-I^50-100 0.4645 0.4509 0.5907 0.5526 0.6697 0.6385 0.5353 0.6784 0.8450 

0.4481 0.4737 0.5721 0.5334 0.6944 0.6173 0.5115 0.7167 0.8432 

P-L-60-100 0.5670 0.4702 0.6113 0.6625 0.8401 0.4863 0.7513 0.6302 0.7893 

0.5466 0.4956 0.6204 0.6409 0.8337 0.5057 0.7783 0.6524 0.8109 

Control n/a 0.3005 0.4205 0.3601 0.5373 0.3975 0.4595 0.6083 0.6476 

0.3243 0.3979 0.3851 0.5139 0.3822 0.4837 0.6167 0.6206 

* The codes used for description represent pressure application mode ( C or P to denote constant or step pulsing), fat content (F or L to denote 
full and one third reduced fat content), pressure level (50 or 60 kpsi, i.e., 345 and 415 MPa, respectively) and treatment time (50 or 100 s). 
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Table 3.3 Comparison of thermal conductivity means for one-third reduced 
fat Cheddar cheese 

a. 40C 

Treatment # 1 2 3 4 5 6 7 

Mean 0.410 0.436 0.530 0.516 0.545 0.629 0.405 

Comparison C C B B B A C 

b.  10oC 

Mean 0555       0.622      0.592      0.623      0.673 0.676      0.552 

Comparison B AB AB A A A B 

Treatments with the same letter are not significantly different. 

Table 3.4 Temperature comparison of thermal conductivity means for one- 
third reduced fat Cheddar cheese 

Treatment # 12 3 4 5 6 7 

Mean@40C 0.410      0.436 0.530 0.516 0.545 0.629 0.405 

Mean @ 10oC 0.555      0.622 0.592 0.623 0.673 0.676 0.622 

P-value@95% 0.0104    0.0005 0.0712 0.0066 0.0535 0.7437 0.0121 

Table 3.5 Comparison of thermal conducl tivity means for full fat Cheddar 
cheese 

Treatment # 1 2 3 4 5 6 7 

Mean 0.510 0.514 0.565 0.600 0.592 0.655 0.514 

Comparison* D CD BCD AB ABC A CD 

Treatments with the same letter are not significantly different. 
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3.4.3.   Early storage time samples 

The main objective of HPP treatment is to induce a change in microstructure 

during early ripening. HPP effects on thermal conductivity were evaluated at day 5 by 

examining the effect of pressure level (345 versus 415 MPa), pressure time (50 versus 

100 s) and pressure mode (constant or pulsed) (Table 3.6) These three factors 

significantly affect the thermal conductivity of these early storage samples (P = 0.0001). 

Comparing all seven individual treatments, there is also significant difference on the 

thermal conductivity among sample treatments (Table 3.7). 

Table 3.6        Effect of HPP treatment on thermal conductivity at 5 days storage 

Fat Level       T, 0C 

Pressure, MPa 

345 415 

Pressure Time, s     Application mode 

50 100       Constant     Pulse 

Va reduced 4 0.466 0.413 0.442 0.437 0.404 0.475 

Vb reduced 10 0.569 0.493 0.552 0.510 0.479 0.583 

full 4 0.549 0.544 0.617 0.476 0.447 0.646 

full 10 0.524 0.461 0.504 0.482 0.481 0.504 

3.5       Conclusion 

Thermal conductivity depends on sample composition and microstructure. An 

analysis of moisture content of samples after day 5 showed that it was not affected 

significantly by treatment, storage temperature and time. Effects on thermal 

conductivity were therefore interpreted as related to microstructure differences. Both 
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one-third reduced and full fat Cheddar cheese, showed an increase in thermal 

conductivity with time suggesting an increase in microstructure tightness. For one-third 

reduced fat cheese stored at 40C, it appears that treatment #6 (415 MPa, 100 s, 

pressure pulses) can generate the tightest microstructure, i.e., highest thermal 

conductivity. At 10oC, treatment #6 can also generate the tightest microstructure but 

the thermal conductivity for treatments #5,#4,#2,#3 is also similar to #6 (Table 3.5). 

At 10 and 40C, control samples had the lowest thermal conductivity values suggesting 

a more open microstructure at both storage temperatures. For full fat cheese, it 

appears that treatment #6,#4,#5 generates the tightest microstructure. 

Table 3.7        Comparison of thermal conductivity after 5 days storage 

Fat Level T, 0C Treatment # 1 2 3 4 5 6 / 

Va reduced 4 Mean 0.373 0.343 0.430 0.470 0.462 0.483 0.312 

Comparison* c CD B A AB A D 

'/a reduced 10 Mean 0.427 0.490 0.489 0.510 0.628 0.496 0.390 

Comparison c B B B A B D 

full 4 Mean 0.329 0.505 0.413 0.530 0.569 0.582 0.379 

Comparison F C D B A A E 

fiill 10 Mean 0.517 0.426 0.424 0.559 0.490 0.497 0.445 

Comparison B c c A B B c 
Treatments with the same letter are not significantly different. 
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Storage temperature showed significant effect on the thermal conductivity mean 

of one-third reduced fat cheese samples. However, drawing the conclusion that storage 

temperature is affecting microstructure is hard because thermal conductivity 

measurements are influenced by temperature. However, temperature did not show an 

effect on the thermal conductivity mean for full fat samples. 

Early storage data provide critical information to evaluate if HPP can change 

microstructure and thus control moisture migration during early aging of Cheddar 

cheese. At 5 days storage, all pressure factors, i.e., pressure level, pressure time and 

pressure application mode significantly affect the apparent microstructure tightness as 

reflected by thermal conductivity measurements. The statistical comparison of pressure 

level, process time and pressure application mode indicated that lower pressure (345 

MPa), shorter times (50 s) and pressure pulses closed more effectively the 

microstructure of Cheddar cheese samples. Among all seven pressure treatments 

tested, it appears that both pressure pulsing treatments (#6 and #5), and the lowest and 

shortest constant pressure treatment (#4) tested, generated the tightest microstructure 

as reflected by the lowest thermal conductivity values. 
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4. Modification of Cheddar cheese microstructure by hydrostatic pressure 
processing: Evaluation by differential scanning calorimetry 

4.1       Abstract 

Moisture migration within a cheese block occurs early during cheese block 

cooling when the cheese matrix is undergoing major changes in microstructure. The 

objective of this study was to evaluate if measurements of freezable water by 

differential scanning calorimetry (DSC) can quantify the effect of HPP treatments on 

fresh cheese and if it can follow microstructure changes occurring during aging. 

Cheddar cheese curd for HPP treatment was obtained from Tillamook County 

Creamery Association (Tillamook, OR). Curd was taken directly from the processing 

line just before the tower block formers. They were stored at 40C for approximately 

4-5 hours as they were transported for hydrostatic pressure processing at Flow 

International Corporation (Kent WA). Each sample for HPP treatment weighed 

approximately 60 g and was packed in vacuum heat-sealed polyethylene tubes. After 

HPP processing, samples were stored at 40C and 10oC for 5, 20,40, and 60 days prior 

to thermal conductivity and moisture content determinations. Control samples were 

obtained from the same cheese processing plant as 40 lb Cheddar cheese blocks that 

completed the regular commercial process. An analysis of moisture content of samples 

after day 5 showed that it was not affected significantly by treatment, storage 

temperature and time. Effects on the endothermic peaks for the heat of fusion for 

freezable water should reflect microstructure differences. Significant reductions with 

storage time were observed for both one-third reduced and full fat Cheddar cheese 
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samples. Storage temperature did not affect the heat of fusion for freezable water for 

one-third reduced fat samples and affected only full fat Cheddar cheese treated for 100 

s using 0.5 s pressure pulses reaching 415 MPa. DSC could reveal differences between 

HPP treatments but higher endothermic peaks for the heat of fusion for freezable water 

were observed for HPP-treated samples as compared to control Cheddar cheese. This 

unexpected result will require further investigation. 

4.2       Introduction 

Moisture migration within a cheese block occurs early during cheese block 

cooling when the cheese matrix is undergoing major changes in microstructure (Bakshi 

et al., 1995). Scanning electron microscopy shows that the microstructure of freshly 

pressed cheese resembles a sponge with highly interconnected channels After a few 

days of storage, typically about 5 days, this structure becomes a continuous matrix with 

embedded fat particles. This change coincides with the end of moisture movement in 

cheese. The Oregon State University Food Process Engineering discovered that 

hydrostatic pressure processing (HPP) of fresh curd produces time 0 cheese with 

porosity and permeability dramatically reduced. The implication is that HPP creates at 

time 0, the microstructure necessary to prevent whey flow in Cheddar cheese blocks 

(Torres et al., 1999a,b). Cheese formed using HPP would have reduced moisture 

variability within a block. 

In foods, there is bound, loosely bound, and free water which can be quantified 

by differential scanning calorimetry (DSC, Wright, 1984). Only free water participate 
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in moisture migration within cheese blocks. The reduction by H.PP treatments in 

moisture availability for migration could be detected by quantifying freezable water 

measured as the endothermic heat for cheese moisture thawing. 

4.3 Materials and methods 

Preparation of cheese samples and HPP treatments followed the procedures 

described in Section 3.3 (see page 32). Cheese samples, about 10 mg, were sealed in 

aluminum pans for measurement in a Perkin-Elmer DSC 7 (Uberlingen, Germany) 

connected to a Perkin-Elmer DSC Robotic system, a sub-ambient temperature 

controller model TAC-7, and a Perkin-Elmer 7500 computer. An empty aluminum pan 

was used as a reference sample. Energy and temperature calibration relied on the 

fusion peak of pure water. Sample weight was measured to an accuracy of 0.001 mg. 

The DSC temperature program was cooling to -600C, holding this temperature for 5 

minutes, and then heating to 20oC. The scanning rate for cooling and heating was 10 

C/min. Results were expressed as heat of fusion (AH, J/g). 

4.4 Results and discussion 

The heat effusion for freezable water in full and one-third reduced fat Cheddar 

as affected by HPP treatment, storage time and temperature (Table 4.1) was analyzed 

through multifactor analysis of variance (Statgraphics, vers. 5.0 ORGST). 

The heat of fusion for freezable water for one-third reduced fat Cheese (Fig. 

4.1) was significantly affected by storage time (P = 0.0000) but not temperature at the 
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0.05 level (P=0.0950). Values decreased with time giving a negative correlation 

coefficient -0.2992. There is also a significant effect of HPP treatments (P=0.0000) as 

described in Table 4.2. 

The heat of fusion for freezable water for full fat Cheese samples (Fig. 4.2) was 

significantly affected by storage time (P = 0.0000) but gave a smaller negative 

correlation coefficient -0.0577. The interaction between treatment and temperature 

was significant (P = 0.0022) and was evaluated individually. At 4 and 10oC, there was 

a significant difference among HPP treatments (P=0.0001) as summarized in Table 4.3. 

Temperature did not affect the heat of fusion for freezable water in full fat 

Cheddar cheese samples (0.05 level) except those subjected to treatment #6 (Fig. 4.3, 

Table 4.4). 

Early storage measurements were evaluated to determine if HPP can change 

microstructure during early aging of Cheddar cheese and thus control moisture 

migration. The heat of fusion for freezable water in samples after 5 days storage was 

significantly affected by different pressure level (345 versus 415 MPa), pressure time 

(50 versus 100 s) and pressure mode (constant or pulsed) (P = 0.0001) (Table 4.5). 

Comparing all seven individual treatments, there is also significant difference on the 

thermal conductivity among sample treatments (Table 4.6). 
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Table 4.1 Effect of pressure treatment, storage temperature and time 
on DSC heat of fusion for Cheddar cheese 

a. Full fat Cheddar cheese 

Storage T= 4 0C Storage T= 10oC 

Treatment # Description* 0 5 20 40 60 5 20 40 60 

1 C-F-60-100 73.5 72.6 74.0 71.5 70.5 73.2 71.6 73.0 72.5 
74.6 74.2 72.7 70.2 68.5 72.1 70.0 71.0 71.0 

2 C-F-60-50 72.3 74.4 71.0 73.3 74.2 75.3 74.8 70.9 70.9 
70.1 73.8 72.0 72.0 72.9 73.5 73.5 73.8 73.1 

3 C-F-50-100 75.0 73.9 68.6 70.2 66.4 71.3 70.1 73.1 68.0 
73.4 76.1 70.8 69.5 65.0 73.8 72.3 71.9 66.7 

4 C-F-50-50 74.1 70.9 68.2 66.5 68.5 71.5 71.8 69.1 71.6 
72.5 73.9 69.5 67.9 67.1 70.9 70.4 67.6 69.0 

5 P-F-50-100 79.1 70.9 75.3 73.3 73.5 76.0 72.6 72.9 71.6 
77.9 71.5 73.7 75.4 72.1 74.1 73.1 74.6 74.0 

6 P-F-60-100 76.1 77.1 74.6 74.7 75.6 73.8 73.6 74.8 74.3 
74.9 75.1 76.4 76.2 73.9 75.3 74.4 73.6 73.9 

7 Control n/a 70.0 69.8 70.2 67.5 70.6 52.5 61.3 53.8 
68.4 67.9 68.2 65.7 71.1 51.8 59.3 54.0 

b. One-third fat Cheddar cheese 

Treatment #        Description 0 5 20 40 60 20 40 60 

1 C-L-60-100 111.6 105.4 108.9 104.6 110.3 106.7 108.4 95.5 
114.0 107.2 107.4 103.6 112.1 195.8 107.8 93.0 

2 C-L-60-50 113.4 104.7 102.9 100.3 110.0 99.8 99.7 98.2 
110.9 106.3 104.6 99.0 110.6 100.2 97.2 100.2 

3 C-L-50-100 110.4 103.1 97.6 99.9 107.5 99.3 95.9 79.6 
112.9 101.6 98.2 100.8 109.6 97.6 96.1 80.3 

4 C-L-50-50 110.4 102.5 92.0 77.0 108.3 104.4 95.6 92.8 
109.9 101.6 93.9 78.4 110.7 105.3 97.3 90.7 

5 P-L-50-100 119.6 114.4 112.3 104.6 113.8 107.1 104.3 105.2 
118.9 115.5 114.1 106.7 114.3 109.3 1.02.7 107.8 

6 P-L-60-100 124.2 113.8 114.5 110.7 122.2 109.9 117.5 108.2 
126.4 115.5 116.1 111.1 121.9 111.6 119.7 108.0 

7 Control 108.9 99 8 82.7 87.3 107.4 95.1 95.0 72.9 
110.8 98.1 80.6 85.8 109.6 96.8 95.7 73 1 

* The codes used for description represent pressure application mode ( C or P to denote constant or step pulsing), fat content 
(F or L to daiote full and one third reduced fat content), pressure level (50 or 60 kpsi, i.e., 345 and 415 MPa, respectively) 

and treatment time (50 or 100s). 
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Table 4.2 Comparison of the mean heat of fusion for freezable water for 
one-third reduced fat Cheddar cheese 

Treatment # 1 2 3 4 5 6              7 

Mean 106.5 103.6 99.3 98.2 110.7 115.7        93.7 

Comparison BC BCD CD DE AB A             E 

Treatments with the same letter are not significantly different. 

Table 4.3 Comparison of the mean heat of fusion for freezable water for full 
fat Cheddar cheese 

a. 40C 

Treatment # 12 3 4 5 6 7 

Mean 72.3 72.6 70.9 69.9 74.3 75.5 68.5 

Comparison ABC ABC BCD CD AB A D 

b.  10oC 

Mean 71.8 73.2 70.9 70.2 73.6 74.1 59.2 

Comparison A A A A A A B 

Treatments with the same letter are not significantly different. 

Table 4.4        Temperature comparison of the heat of fusion for freezable water 
in full fat Cheddar cheese samples 

Treatment # 12 3 4 5 6 7 

Mean@40C 72.3        72.6        70.9 69.9 74.3 75.5 68.5 

Mean@10oC 71.8        73.2        70.9 70.2 73.6 74.2 59.3 

P-value @950/o 0.7721     0.4713 0.5612 0.5110 0.7858 0.0007 0.0730 
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Table 4.5 Effect of HPP treatment on heat of fusion for freezable water in 
Cheddar cheese samples at 5 days storage 

Pressure. MPa Pressure Time, s Application mode 
Fat Level T, 0C 

345 415 50 100 Constant Pulse 

Va reduced 4 114.7 118.7 116.2 117.2 111.7 121.7 

Va reduced 4 111.8 116.2 114.0 115.3 109.9 118.1 

full 10 71.8 75.1 72.9 73.9 73.7 73.1 

full 10 73.1 74.4 73.9 73.7 72.7 74.9 

Table 4.6        Comparison of heat of fusion for freezable water in Cheddar 
cheese samples at 5 days storage 

Fat Level T, 0C Treatment # 1 2 3 4 5 6 7 

'/a reduced 4 Mean 112.8 112.1 111.6 110.1 119 2 125.3 109.9 

Comparison* C C C c B A C 

'/a reduced 10 Mean 111.2 110.3 108.6 109.5 114.0 122.1 108.5 

Comparison C C C C B A C 

full 4 Mean 73.4 74.1 75.0 72.4 71.2 76.1 69.2 

Comparison ABC ABC AB BCD CD A D 

full 10 Mean 72.6 74.4 72.6 71.2 75.1 74.5 70.9 

Comparison AB A AB B A A B 

* Treatments with the same letter are not si ignificantly different. 

4.5       Conclusion 

An analysis of moisture content of samples after day 5 showed that it was not 

affected significantly by treatment, storage temperature and time.   Effects on the 
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endothermic peaks for the heat of fusion for freezable water should therefore reflect 

microstructure differences. Significant effect of storage time was observed for both 

one-third reduced and full fat Cheddar cheese samples. Storage temperature did not 

affect one-third reduced fat samples and affected only full fat Cheddar cheese treated 

for 100 s using 0.5 s pressure pulses reaching 415 MPa. 

Measurements for samples stored only 5 days showed that pressure level, 

pressure time and pressure application mode significantly affect the endothermic peaks 

for the heat of fusion for freezable water. It appears that 415 MPa, 100 s and pressure 

pulsing resulted in higher endothermic peaks for the heat effusion for freezable water. 

Samples with pressure pulses reaching 415 MPa for 100 s (treatment #6) exhibited the 

largest peaks. 

Higher endothermic peaks for the heat of fusion for freezable water'were 

observed for HPP treated samples as compared to control Cheddar cheese. This is 

contradictory to what was expected and will require further investigation. A possible 

explanation is that the tighter microstructure affected the energy required for phase 

change more than moisture participating in the phase change. 
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Heat of fusion for freezable water 
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Fig. 4.2 Heat of fusion for freezable water in full fat Cheddar cheese 
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5. Modification of Cheddar cheese microstructure by hydrostatic pressure: 
Evaluation by proteolytic enzymes 

5.1       Abstract 

Moisture migration within a Cheddar cheese block occurs early during cheese 

block cooling when the cheese matrix is undergoing major changes in microstructure. 

The objective of this study was to evaluate if measurements of penetration of the cheese 

matrix by proteolytic enzymes can quantify the effect of hydrostatic pressure processing 

(HPP) on fresh cheese and follow microstructure changes occurring during aging. 

Cheddar cheese curd was obtained from Tillamook County Creamery Association 

(Tillamook, OR) and transported for HPP treatments at Flow International Corporation 

(Kent WA). Each sample for HPP treatment weighed approximately 60 g and was 

packed in vacuum heat-sealed polyethylene tubes. After HPP processing, samples were 

stored at 40C and 10oC for 5, 20, 40, and 60 days prior to enzyme treatment and 

moisture content determinations. Control samples were obtained from the same cheese 

processing plant as 40 lb Cheddar cheese blocks that completed the regular commercial 

process. An analysis of moisture content of samples after day 5 showed that it was not 

affected significantly by treatment, storage temperature and time Effects on the 

proteolytic enzyme penetration should reflect microstructure differences. Preliminary 

proteolysis experiments were conducted using commercial Cheddar cheese cubes to 

select the protease, enzyme concentration, reaction time, pH buffer, and temperature. 

Selection was based on the ability to distinguish the electrophoretic patterns for 

commercial cheese incubated with and without enzymes using sodium dodecyl 
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sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). Although SDS-PAGJE 

differentiated HPP-treated samples and controls, differentiating it between the different 

HPP processes was not possible. Finally, it seems likely that simple measurement of 

total protein or total dissolved nitrogen would have provided more quantitative results 

at a lower experimental cost. 

5.2       Introduction 

Proteolysis is possibly the most important biochemical reaction in the 

development of flavor and texture, especially in internally bacteria-ripened cheeses (Fox 

et al., 1993). Proteolysis depends primarily on the concentrations of the protease and 

substrate, reaction time and environmental factors such as temperature and pH. 

Proteolysis extent also depends on the specificity of the protease and enzyme 

accessibility to susceptible peptide boods. Compact protein domains are usually 

resistant to proteolysis, in contrast to more flexible surface loops and interdomain 

regions that can adapt themselves to the active site of the protease (Neurath, 1989). 

The microstructure of Cheddar cheese is significantly different for fresh curd as 

compared to aged cheese. Freshly pressed Cheddar cheese resembles a sponge with 

highly interconnected channels, but cheese older than 5 days appears like a continuous 

matrix with embedded fat particles. Hydrostatic pressure processing (HPP) of fresh 

Cheddar cheese curd reduces cheese porosity and permeability dramatically by knitting 

cheese into a continuous matrix almost instantaneously. Since HPP-treated and 

untreated cheese samples have different microstructure, protease accessibility to the 
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protein substrate may differ. As a result, the extent of proteolysis should differ even 

when reaction conditions are the same. Protease penetration should be more extensive 

in untreated samples because of their highly-interconnected, sponge-like microstructure. 

Therefore, the number of peptide bonds exposed to the protease should be greater than 

in treated samples. Also, in an open microstructure, the amount of buffer penetrating 

the cheese to reach the reaction site will be larger and better able to optimize 

proteolysis pH. Consequently, microstructure tightness could be evaluated by the 

extent of proteolysis in samples subjected to the same protease and under the same 

conditions. 

The objective of this study is to measure proteolysis as an alternative to using 

electron microscopy as means of monitoring changes in Cheddar cheese microstructure 

as affected by HPP treatments., storage time and temperature. 

5.3.      Materials and methods 

Preparation of cheese samples and HPP treatments followed the same 

procedures described in Section 3.3 (see page 32). Samples for reaction with protease 

(P691 \,fromSlreplomycesgriseus, Sigma Chemicals Co.,)were0.5"x0.5"xO.5" cubes 

prepared using a cheese cutter. READY GELS™ (Catalog #161-0903) for sodium 

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) using a Mini- 

protean® II Cell were purchased from Bio-Rad Laboratories (Hercules, CA). 

Bromophenol blue, Coomassie brilliant blue R250 and all other Mini-protean® II kits 

were also purchased from Bio-Rad Laboratories. 
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Preliminary proteolysis experiments were conducted using commercial Cheddar 

cheese cubes to select the protease, enzyme concentration, reaction time, buffer pH, 

and temperature. Selection was based on the ability to distinguish the electrophoretic 

patterns for commercial cheese incubated with and without enzymes. One sample cube 

was placed in 30 mL phosphate buffer (pH 7.5) and then 500 jiL enzyme solution (200 

activity units) was added. The mixture was incubated at 370C ± 10C for 6 hours before 

terminating the reaction by heating to 100oC for 5 min. The buffer containing the 

digested protein was centrifuged at 15,000 g and 40C for 10 min. The supernatant was 

filtered for electrophoretic analysis. One mL of the filtrate was mixed with 5 ^L of 1 % 

bromophenol blue, 0.05g urea and 20 ^L SSI and was boiled for 10 minutes. SSI is 

5 g urea, 0.05 g SDS and 0.05 g dithiothreitol in 25 mL methanol. 

SDS-PAGE was performed as described by Farkye et al. (1991). The gels were 

run for about 30 min at 200 V until the tracking dye approached the bottom of the slab. 

The gels were fixed and stained for 1 h in acetic acid:methanol:water (7:40:53) 

containing 1.4 mM Coomassie brilliant blue R250 (Bio-Rad Laboratories) and then 

destained for 4 h in acetic acid:methanol:water (7:40:53). 

5.4       Results and discussion 

Examples of electrophoretic patterns for full fat Cheddar cheese at days 5 and 

40 after proteolysis by protease P6911 are shown in Fig. 5.1. At day 5, bands for the 

untreated control, sample 7, appeared slightly darker than those for the HPP-treated 

samples (Fig.5. la). However, differentiating the electrophoretic patterns among HPP- 
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treated samples 1 to 6 is hard. This observation is consistent with the observation that 

the protein matrix of control samples is more open as compared to HPP-treated 

samples. It is much easier for buffer and enzymes to penetrate the untreated cheese 

sample and reach the active sites of the target proteins. Accordingly, more protein is 

digested into the buffer. The matrix is much tighter for HPP-treated samples making 

it more difficult for buffer and enzymes to reach the target proteins. For these reasons, 

the SDS-PAGE bands for all treated samples look similar and lighter than those of the 

control samples. At day 40, the difference between the control and the six HPP-treated 

samples is less significant and the larger number of bands observed reflect the extent 

of proteolysis by endogenous enzymes (Fig. 5.1 b). 

5.5       Conclusion 

Although SDS-PAGE could differentiate between HPP-treated samples and 

controls, it was not able to differentiate between the different hydrostatic pressure 

applications conditions. Finally, it seems likely that a simple measurement of total 

protein or total dissolved nitrogen in the buffer would have provided more quantitative 

results at a lower experimental cost. 
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Fig. 5.1 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS- 
PAGE) of full fat Cheddar cheese after treatment by a proteolytic 
enzyme and storage at 40C. (a) 5 days; (b) 40 days. 
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6. Conclusion 

The objectives of this study were to determine minimum HPP times and 

pressures achieving the microstructure change needed to block whey flow and to 

develop quantitative tools to evaluate microstructure changes to be used as alternatives 

to electron microscopy. These tools included thermal conductivity probes, moisture 

participation in phase changes, and penetration of the cheese matrix by proteolytic 

enzymes. Preliminary experiments were needed to develop the experimental 

procedures for these objective measurements. This allowed the early identification of 

hydrostatic pressure conditions capable of modifying Cheddar cheese microstructure, 

i.e., 345 or 415 MPa, applied as a single 50 or 100 s pulse, or as 200 0.5 s pulses. 

These selected conditions yielded the desired microstructure change with only minor 

differences between treatments as shown by electron microscopy observations (data not 

shown). All these conditions are commercially feasible as they involve relatively low 

hydrostatic pressure and short times. 

The development of quantitative tools to evaluate microstructure changes as 

affected by pressure treatment and storage time and temperature, was only partially 

successful. Electron microscopy, particularly transmission electron microscopy, 

remains the preferred analytical tool. Although thermal conductivity, moisture 

participation in phase changes, and penetration of the cheese matrix by proteolytic 

enzyme were able to distinguish HPP-treated from control cheese samples, the 

differentiation between treatments failed or gave inconsistent results. 
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