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Abstract appro

The aroma of milk has been often defined as bland and pleasant, yet characteristic.

Conventional thermal processing of milk can certainly extend shelf life, but

inevitably changes its flavor. High pressure processing has been suggested as an

alternative for milk pasteurization with improved fresh flavor retention. The

objective of this project was to study off-flavor volatile formation in milk subjected

to high hydrostatic pressure combined with moderate heating. Two sensitive and

accurate new techniques were developed for the analysis of off-flavor compounds.

Solid-phase microextractionlgas chromatography with flame ionization detection

was used for the analysis of aldehydes, ketones, and dimethyl sulfide. Solid-phase

microextractionlgas chromatography with pulsed flame photometric detection was

used for the selective analysis of trace sulfur compounds. Milk subjected to

different treatment combinations of pressure, temperature and time showed that

aldehydes formation is promoted during high pressure processing, while that of
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methyl ketones and sulfur compounds is inhibited. It was also observed that at the

same temperature, off-flavor formation under high hydrostatic pressure differed

from that observed under atmospheric pressure. The formation of aldehydes under

high pressure followed first order reactions with rate constants increasing with

temperature and pressure. Methyl ketones and most sulfur compounds

concentrations showed no increase for all treatment combinations. Added food

antioxidants significantly inhibited the formation of aldehydes in high pressure

treated milk. This suggested that the aldehyde formation pathway under high

pressure is not different from that observed under atmospheric conditions. The

results obtained in this research work gave new insights on the flavor formation

under high hydrostatic pressure, while offering the possibility of designing high

pressure processes for milk with extended shelf life and improved flavor.
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Effect of High Hydrostatic Pressure and Temperature on Volatile Off-Flavors
Formation in Milk

1. INTRODUCTION

As consumers become more knowledgeable about the food that reaches

their table, there is a growing demand for products with the nutritional quality,

texture, flavor and color of fresh foods. Traditional preservation methods, such as

heat processing, alter these freshness features while new minimal processing

strategies can meet this consumer goal but it cannot ensure the safety of many

foods including milk. Furthermore, dairy distribution chains are becoming longer

reflecting the consolidation trend in the industry as processors seek to improve their

competitive position in the market. More and more U.S. companies are seeking

ways to extend shelf life while attempting to meet consumer expectations for

freshness and safety. Considering this consolidation trend and consumer demand

characteristics, a longer shelf life with acceptable flavor for fresh milk is critical to

the future success of U.S. dairy producers. The challenge is to find ways to retain

food safety and improve shelf stability without losing the desired freshness.

Hydrostatic pressure processing (HPP) has been proposed as an alternative

to the heat treatments used for many processed foods to ensure their safety while

keeping product freshness and obtaining an acceptable shelf life for ease of

commercialization. When applied at low temperature, HPP keeps most of the
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original milk characteristics and achieves a shelf-life similar to that possible by

conventional pasteurization but the long processing times required makes it a costly

manufacturing procedure. To reduce the time needed to produce milk with an

extended refrigerated shelf-life greater than 30 d, heating to moderate temperatures

can be used in combination with HPP, but the effect of such combination on its

final attributes has not been determined.

Milk flavor is by far the most important factor determining its consumer

acceptability. Since milk is defined by the consumer as having a bland taste,

processing-derived flavor compounds can easily have an impact on the final flavor

perception. Many volatile compounds generated during the thermal processing of

milk have been associated with cooked, stale and sulfurous notes considered as off-

flavors by most consumers. However, the high volatility, instability, and low

sensory threshold of these compounds make its analysis a challenging task. Flavor

formation under high hydrostatic pressure and moderate heating has not been

investigated. Information on the off-flavor formation mechanisms is needed for the

selection of milk HPP conditions, i.e., pressure, time and temperature, maximizing

fresh flavor while meeting safety and shelf life goals. Therefore, the objectives of

this study were:

(1) To improve the accuracy and completeness of volatile milk off-flavor

quantification by developing new analytical techniques;

(2) To evaluate the effectiveness of new analytical techniques by quantifying

volatile milk off-flavors in commercial raw and heat-processed milk;



(3) To evaluate the effectiveness of new analytical techniques by quantifying

volatile milk off-flavors in experimental HPP milk;

(4) To determine the effect of hydrostatic pressure and temperature on the reaction

kinetics of off-flavor formation in milk; and,

(5) To assess the effect of additives on the off-flavor formation in milk during high

pressure processing.



2. LITERATURE REVIEW

2.1. High Pressure Processing (HPP)

2.1.1 HPP Technology

Although high pressure processing (HPP) is considered a novel technology

to food industry, HPP research on milk was conducted as early as the late 19th

century (Hite, 1899). As technology evolved, improved HPP units became available

opening new markets to food processors. HPP units consist of a high pressure

vessel, a vessel closure system, a pressure generator, a process control panel and in

some cases a temperature control device (Mertens and Deplace, 1993). The key

components are the pressure vessel (Figure 2.1) and the high hydrostatic pressure

generating pump or pressure intensifier (Figure 2.2). The casting limitation of

pressure vessel construction from a single block limits them to 25 1 for operating

pressures in excess of 400 MPa. Prestressed wire-wound vessels or other

reinforcement technologies are needed for safe, durable and reliable vessel

operation for larger volumes at pressures of current commercial interest (400-650

MPa). Typically, the same technology is used for the yoke holding the top and

bottom seals. The vessel reinforcement technology increases equipment costs

leading to the present definition of low cost operations such as oyster shucking

requiring 200-400 MPa separated by a technology barrier at -400 MPa from higher

cost operations such as guacamole salsa production at 600 MPa (Figure 2.3). A

second technology barrier exists at 650 MPa and above this pressure level there



are no vessels available for commercial applications. However, the next generation

of equipment is expected to reach 700 MPa and operate at temperatures 100C to

inactivate bacterial spores (Ting et al., 2002). HPP research at Oregon State

University (OSU) began in the 1990's with constant and pulsed pressure processing

of fruits and juices (Aleman et al., 1994; Aleman et al., 1996; Aleman et al., 1998)

and has continued with work on seafood (Velazquez et al., 2006; Uresti et al., 2006;

Uresti et al., 2004a; Uresti et al., 2004b; Uresti et al., 2004c) and dairy applications

(Torres-Mora et al. 1996; Senano et al., 2005; Serrano et al., 2004). Comprehensive

reviews on this technology have been published also (Tones and Rios, 2006; Tones,

2005; Velazquez et al., 2005a; Velazquez et al., 2005b; Tones and Velazquez, 2005;

Velazquez et al., 2004a; Velazquez et al., 2004b; Ve!azquez et al., 2002). A

computer search using Food Science & Technology Abstracts (FSTA) and

AGRICOLA revealed 100 research publications in the 1980's, close to 2000 in the

1990's and >2,000 since year 2000. These findings at OSU and elsewhere will

support existing and lead to new high pressure processing businesses.

In batch operations, the pressure vessel is filled with unpackaged (e.g.,

oysters) or packaged products (e.g., guacamole salsa or sliced cold cuts) and a

pressure-transmitting medium which is most often potable water with food grade

additives protecting the HPP equipment. In semi-continuous operations, liquid

foods or suspensions containing particulates under 2 cm in size, are fed sequentially

into vessels ananged in such a way that while one is loaded, another is under

pressure and a third discharges pressure-treated product into an aseptic or clean-fill



station. In the food industry, batch-operating vessels with large volumes are in use

at operating pressures of 650 MPa, although smaller laboratory-scale units are able

to reach higher pressures (Myllymaki, 1996).

The successful introduction of new technologies demands competitive

advantages over existing ones. In the case of HPP, an additional constraint is the

large capital investment which is overcome by operating HPP plants at full capacity.

Processing of seasonal commodities requires identifying a product mix achieving

maximum utilization of the equipment. This is not the case of milk processing

which would allow full utilization of the HPP plant throughout the year.

2.1.2. Advantages of HPP

Unlike thermal processing and other preservation technologies, HPP effects on

foods are uniform and nearly instantaneous. Since there are no pressure gradients in

the vessel and within foods (Cheftel, 1995), processes are independent of food

geometry and equipment size. This has facilitated the scale-up of laboratory

findings to full-scale production and explains the presence of the many HPP

products currently on the market. Thermal processing has been the prevailing

method to achieve microbial stability and safety. Although this technology is

effective, economical and readily available, in many cases it has undesirable effects

on food quality that a food processor must understand to minimize. HPP at

refrigerated, ambient or moderate temperature (<5 0°C) has been shown to

inactivate important microorganisms and enzymes. By using pressures from 340 to
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650 MPa and short times (30 s to 2-5 mm) at these low temperature conditions,

foods can be pasteurized while preserving food quality (Cheftel, 1995). Research

has confirmed the excellent sensory characteristics of HPP products making them

often indistinguishable from untreated controls (Shelihammer et al., 2003).

2.1.3. HPP as an Alternative for Milk Pasteurization

Processing of food with high hydrostatic pressure rather than by traditional

heating technologies offers unique advantages to consumers and the food industry

(Tones and Velazquez, 2004). The high retention of sensory and nutritional quality

possible by HPP makes it an excellent alternative to ensure milk safety while

preserving its freshness. This technology can destroy microorganisms without

causing significant changes to the sensory and nutritional attributes of the

processed foods (Cheftel, 1995; Berlin et al., 1999; Velazquez et al., 2002). It can

have also unique effects on foods which are not possible by other technologies such

as the cheese microstructure changes first reported by Torres-Mora et al. (1996) and

then used (Serrano et al., 2004; Serrano et al., 2005) to reduce the storage time

needed to produce shredded products.

HPP inactivates microorganisms by interrupting cellular functions

responsible for reproduction and survival (Tones and Velazquez, 2004). HPP

damages bacterial membranes and thus interrupts transport phenomena involved in

nutrient uptake and disposal of cell waste. To achieve the microbiological quality of

thermally pasteurized milk with a minimum shelf-life of 10 d at 10°C, a pressure



treatment of at least 400 MPa for 15 mm or 500 MPa for 3 mm at room temperature

is required (Rademacher and Kessler, 1996). At higher pressure and temperature,

e.g., 586 MPa at 55°C for 5 mm, the shelf life of milk can be extended up to 45 d

(Tovar-Hernandez et al., 2005), which is beyond that of conventionally-pasteurized

milk.

Garcia-Risco et al. (1998) followed the microbiological and biochemical

changes during the storage of HPP-treated (400 MPa at 25C, 30 mm) whole (3.5%

fat) and skim (0.3% fat) milk at 7°C. HPP milk showed an increased

microbiological shelf life, and after 45 d of storage, psychrotrophic and

pseudomonae counts were lower than those for control milk at 15 d. Capillary

electrophoresis of the casein fraction showed that proteolysis by bacterial

proteinases was not observed in HPP milk, as evidenced by a negligible

degradation of kappa-casein. However, since the pressure conditions tested did not

inactivate plasmin, considerable I-, Us2 and a1-casein hydrolysis took place and

this could lead to flavor defects.

2.1.4. Effects of high pressure processing on milk components

2.1.4.1 Water

Water is an incompressible liquid at the pressure levels encountered in most

processing technologies, but at the levels used in HPP technology it is compressed

by about 15% at 600 MPa (Hinrichs et al., 1996). The increased dissociation of

water at HPP conditions also changes water pH reducing it by about 1 unit at 1000



MPa (Figure 2.4). A similar pH change occurs when water is heated from 25 to

100°C (Marshall and Frank, 1981). The effect on food pH is composition-

dependent but is not measured experimentally as there no pH probes available that

can perform at the pressure levels found in commercial and experimental HPP

vessels. Compression increases also water temperature (Figure 2.5) by about 3°C

per 100 MPa of applied pressure (Balci and Wilbey, 1999) and is an effect that must

be carefully considered in addition to pH shifts when planning HPP experiments

and interpreting experimental findings. Finally, the freezing point of water is

reduced to -22°C at 210 MPa because the volume increase needed during ice

formation is inhibited by pressurization (Hinrichs et al., 1996).

2.1.4.2. Proteins

Macromolecules such as proteins and complex carbohydrates when under pressure

obey the Le Chatelier-Braun principle, which states that when a constraint is placed

in a system, the system will follow chemical reactions and physical changes while

minimizing the effects of the constraint. Pressure places a constraint on volume,

and hence reactions with a negative activation volume change (A V* <0) will be

accelerated, whereas those involving a positive change (AV* >0) will be inhibited.

Conventional treatment of food, on the other hand, will produce different responses

depending on the activation free energy change, AG*, of the various reactions and

represents a key difference between HPP and conventional thermal processing
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(Galzka and Ledward, 1996). Reactions that are commonly observed during heat

treatment may not be observed in HPP products if a large negative activation

volume change (AV*) reduces a reaction rate to a negligible value. For example,

disulfide bonds can be broken by the oxidation induced by high pressure and

oxygen. Hydrogen bonds formation in proteins can be promoted by HPP as can be

easily demonstrated by treating an egg at 800 MPa for 10 mm. This treatment

yields a product similar to a hard-boiled egg but the yolk retains the color and

flavor of the raw egg, the gelled egg white has a glossier appearance than hard-

boiled eggs and it has a softer texture. Furthermore, the ferrous sulfide ring located

between the yolk and egg white in boiled eggs, is absent in the pressure-treated

eggs, because hydrogen sulfide is not liberated from cysteine in the pressure treated

product (Galzka and Ledward, 1996).

Pressure treatment of proteins (up to 800 MPa) will cause them to unfold.

This pressure-induced denaturation appears to be dependent upon the native protein

structure, magnitude of the applied pressure, solvent composition, pH, ionic

strength and temperature. Generally, reversible effects are observed at relatively

low pressures (100-200 MPa). At these low pressures, oligomeric proteins

dissociate into subunits, possibly by the weakening of hydrophobic interactions,

and monomeric structures partially unfold (denature) due mainly to the disruption

of both hydrophobic bonds and intramolecular salt bridges. At pressures above 200

MPa, many proteins tend to unfold, and reassociation of subunits from dissociated

oligomers can occur. Under certain conditions, pressure-induced dissociation
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andlor denaturation can be reversible; however, the renaturation process can be

slow and both hysteresis behavior and conformational drift can be seen.

Upon pressure release, most proteins in dilute solution will reform into a

modified macromolecular conformation which is similar but not necessarily the

same as the native form. At higher concentrations and under appropriate conditions,

many globular proteins may denature irreversibly to form precipitates or gels.

Beyond 300 MPa and in the presence of oxygen, oxidation of sulfhydryl groups can

lead to the formation of disulfide-linked aggregates. Aggregates can be formed also

by formation of intermolecular disulfide bonds through SH/S-S interchange

reactions, via the nucleophilic attack of a disulfide bond by the ionized S form of

an SH group. Pressure induced changes may therefore change the functional

properties of the renatured protein, which could be advantageous. There must be a

pressure range where irreversibly denatured proteins can be obtained without

inducing their aggregation. These reactions may result also in the inactivation of

microorganisms and enzymes present in foods (Balci and Wilbey, 1999).

Another important effect is that during pressure treatment all carboxyl

groups on proteins and polysaccharides ionize irrespective of the initial pH. This

causes the pH to decrease in an unbuffered system, although on pressure release the

degree of ionization will return to its initial value. Due to this pH change in

addition to the one induced in water by pressure, the protein conformation may be

altered (Galazka and Ledward, 1996).

Pressure effects on -lactoglobulin, a-lactalbumin and other milk proteins
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have been reported. Treating raw milk to 100 MPa does not denature 3-

lactoglobulin, but higher pressures result in considerable denaturation, reaching 70-

80% after 400 MPa (Lopez-Fandino et al., 1996). A synergistic effect of

temperature and pressure has been reported, with almost 100% denaturation after

treatment at 300 MPa at 50-60°C or 400 MPa at 40-60°C (Lopez-Fandino and

Olano, 1998). HPP-induced denaturation of 3-lactoglobulin decreases when the pH

before HPP treatment is lowered to 5.5-6.0 and increases at pH 7 probably due to

the enhanced reactivity of its free suithydryl group (Arias et al., 2000). Compared

to 3-lactoglobulin, a-lactalbumin is more resistant to pressure denaturation,

keeping most of its native structure under pressures reaching 500 MPa (Lopez-

Fandino et al., 1996; Lopez-Fandino and Olano, 1998; Garcia-Risco et al., 2000).

This may reflect the presence of more disulfide bonds and the lack of a free

suithydryl group. Other milk proteins such as bovine serum albumin and

immunoglobulins are resistant to pressures up to 400 and 300 MPa, respectively

(Lopez-Fandino et al., 1996; Felipe et al., 1997).

Casein micelles suffer irreversible changes at pressures above 230 MPa and

are reduced in size, causing a decrease in the turbidity and whiteness, and an

increase in milk viscosity (Hinrichs and Kessler, 1997). HPP treatment at 100-400

MPa increases the transfer of individual caseins from the colloidal to the soluble

phase of bovine milk, being the dissociation in the order 1 > K> asi > c52-caseins

(Lopez-Fandino and Olano, 1998). Dissociation of caseins is also affected by pH



13

under 400 MPa, increasing in milk adjusted to pH 5.5 or 7 (Arias et al., 2000).

2.1.4.3. Fat

The crystallization of fat can be accelerated, enforced or initiated by HPP

(Buchheim and El-Nour, 1996). The induction of crystallization of milk fat by HPP

may be due to a shift of the solidlliquid transition temperature to higher values. At

200 MPa, the temperature for milk fat crystallization and melting increased by

16.3°C and 15.5°C per 100 MPa, respectively (Frede and Buchheim, 2000). The

lower extent of milk fat crystallization at pressures above 350 MPa may be due to

reduced crystal growth because of reduced molecular mobility at higher pressures

(Buchheim et al., 1996).

2.1.4.4 Enzymes

The inactivation of indigenous milk enzymes as markers of the severity of the

treatment, analogous to the use of alkaline phosphatase as an index of thermal

pasteurization of milk, has been studied. Alkaline phosphatase is quite baroresistant

and treatments of 800 MPa at 20°C for 8 mm is needed to achieve 100%

inactivation (Rademacher et al., 1998). However, a higher temperature increases its

inactivation. The photolytic enzyme plasmin is inactivated at pressures above 400

MPa, and its activity is more significantly reduced when temperatures of 60°C or

above are used (Garcia-Risco et al., 2000).
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2.1.5 More research on HPP milk is needed

The effects of HPP on lactose in milk have not been studied, although it has been

demonstrated that HPP affects the Maillard reaction (Hofmann et al., 2005). Most

HPP milk research has focused on skim milk, thus the influence of milk fat on the

effects of HPP on the properties of milk is another aspect of interest for further

research. Effects in milk of specific HPP conditions such as treatment at moderately

high (>50°C) or sub-zero temperatures also remain to be studied (Huppertz et al.,

2002).

2.2 Milk flavor

2.2.1 Raw milk flavor

Fresh milk flavor is delicate and subtle. The key attributes of milk flavor are

influenced by its emulsion of fat globules in a colloidal protein solution,

accompanied by a slight sweet and salty taste from lactose and minerals, primary

calcium. Fresh milk flavor is the result of a well-blended composition of free fatty

acids, methyl ketones, 6-lactones, and dimethyl disulfide which are present in

concentrations at or below their flavor thresholds (Badings and Neeter, 1980).

Consequently, the flavor balance of raw fresh milk can be easily disrupted due to

defects produced by heat, light, oxygen, enzymatic and microbial activity, or feed

sources.
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2.2.2 Thermal processing and its effect on milk flavor

Thermal processing of raw fluid milk generates a variety of off-flavors that affect

its taste perception (Scanlan, 1968; Calvo and Hoz, 1992). Different cooked off-

flavor defects are generated depending on how milk is processed (Table 2.1).

Regular-pasteurized milk (75°C for 15 s) exhibits a very bland flavor and not

objectionable to most consumers who accept the slight cooked flavor of pasteurized

milk as its normal flavor (Scanlan, 1968). However, the sulfurous, cooked off-

flavor generated in more severe heat treatments used to extend refrigerated shelf-

life is considered very detrimental (Steely, 1994). Therefore, most pasteurized milk

processors carefully control heating conditions so that the appearance of the

"cooked" note rarely occurs while ultra-pasteurized milk has a distinct cooked

flavor accompanied by a slight ketone-like flavor which is noted by consumers

(Shipe, 1980). In sterilized condensed milk, a sweet taste is readily perceived due

to the formation of maltol from milk sugars (Badings, 1991). Ultra-high

temperature processing (U}IT, 135-150°C for 3-5 s) yields a slightly sweet taste

accompanied by a strong cooked, "cabbagey" aroma noted immediately after the

heat treatment (Shipe, 1980).

Cooked flavor notes are given by the breakdown products of milk

components at high temperature, where volatile sulfur compounds are the major

chemicals responsible (Jeon et al., 1978; Christensen and Reinecius, 1992). The

development of off-flavors during the thermal treatment of milk is due to a change

in concentration of particular compounds including aldehydes, methyl ketones and
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sulfur compounds (Scanlan, 1968; Jeon et al., 1978; Moio et al., 1994; Contarini et

al., 1997).

In UHT milk, the "cooked" notes dissipate somewhat after a few weeks of

storage (Rerkrai et al., 1987) due to the oxidation of volatile sulfur compounds. The

development of off-flavors, especially stale or oxidized flavor, can be the most

important factor limiting the acceptance of the UHT process. This off-flavor

development is associated with several chemical reactions and changes that occur

during processing and storage. Many factors, such as dissolved oxygen, light,

copper ion concentration, packaging and storage temperature (Jeon et al,, 1978),

can affect off-flavor development in UHT milk. In general, the stale, oxidized off-

flavor is attributed to lipid oxidation, especially phospholipids and sphingolipids

because the increase in volatile aldehyde concentration is positively associated with

the stale off-flavor formation. Other chemical reactions of importance to UHT

processing include sugar caramelization and the Maillard browning reaction, both

contributing to the cooked off-flavor notes.

2.2.2.1 Autoxidation of lipids as a mechanism of off-flavor formation

Autoxidation products are formed from unsaturated fatty acids by an autocatalytic

oxidation reaction resulting in the formation of hydroperoxides (Azzara and

Campbell, 1992). These hydroperoxides often result in secondary oxidation

products such as aldehydes and ketones (Figure 2.7). Flavors and odors developed

from lipid autoxidation often render foods unpalatable and are described as rancid
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or oxidized. The mechanisms of lipid oxidation involve free-radical chain reactions.

The reaction of unsaturated fatty acids with oxygen to form hydroperoxides occurs

by a free-radical process involving an initiation, propagation and termination stage.

The formation of free radicals (RO, ROO) in the initiation stage takes place by

thermal or photodecomposition of hydroperoxides, catalyzed by metals or

ultraviolet irradiation. The initiation process can also start by the loss of hydrogen

radicals on a carbon atom in the nposition with respect to the double bond

(Reische et al., 2002). The fatty acids or alkyl radicals formed during the initiation

stage react with oxygen to form peroxy radicals in the propagation reaction. The

peroxy radical (ROO.) then abstracts a hydrogen from the 3CH2 group of another

unsaturated lipid molecule to form the hydroperoxide. The termination stage

involves the formation of non-radical, stable products by interaction of R and

ROQ through three reactions (Reische et al., 2002).

Hydroperoxides are very unstable and break down into many volatile and

nonvolatile products including aldehydes, ketones, alcohols, acids, hydrocarbons,

lactones, furans and esters. However, most volatiles that impart undesirable flavors

are carbonyl compounds (Grosch, 1982). Hydroperoxides form an alkoxy and a

hydroxy radical by the homolytic cleavage of its OOH group. The alkoxy radical

then undergoes f3scission of the C-C bond to form an aldehyde and alkyl or vinyl

radical (Azzara and Campbell, 1992). The alkyl or vinyl radical can react with

aldehydes, ketones, or alcohols to produce volatile off-flavor compounds. Aliphatic



aldehydes are the most important breakdown products of hydroperoxides because

they are major contributors of unpleasant off-flavors. The polyunsaturated acids

oleic, linoleic, linolenic and arachidonic are the most important precursors for the

formation of aldehyde compounds due to their prevalence in milk products (Forss,

1981). Aldehydes resulting from autoxidation may undergo further reaction and

contribute to the flavor of dairy products. For instance, saturated aldehydes such as

nonanal oxidize to the acid, but further autoxidation may occur with unsaturated

aldehydes. Other aldehydes may arise through a secondary reaction such as

isomerization or from other isomeric polyunsaturated fatty acids present in trace

amounts. Aldehydes derived from amino acids or lipids may react with themselves

or with other carbonyl compounds by aldol condensation to a wide range of

compounds (Forss, 1981).

2.2.3 Compounds responsible for the off-flavor of thermally processed milk

2.2.3.1 Sulfur compounds

Researchers have previously identified hydrogen sulfide (H2S), methanethiol

(MeSH), carbon disulfide (CS2), dimethyl sulfide (DMS), dimethyl disulfide

(DMDS) and dimethyl trisulfide (DMTS) as the compounds responsible for the

cooked flavor defect in milk, although they do not agree on which one is the major

contributor (Shipe, 1980; Christensen and Reineccius, 1992; Simon and Hansen,

2001; Datta et al., 2002). Several other sulfur compounds have also been found in

heated milk and include benzothiazole, dimethyl solfoxide (DMSO), dimethyl
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sulfone (Me2SO2), carbonyl sulfide (COS), sulfur dioxide (SO2), butanethiol,

thiophene (Scanlan, 1968; Shibamoto et al., 1980; Shipe, 1980; Moio et al., 1994).

Volatile sulfur compounds are generated from the thermal denaturation of whey

proteins, mostly 3lactoglobulin (Hutton and Patton, 1952). These proteins are rich

in cysteine and thermal denaturation allows volatile sulfur containing compounds

to be liberated from the cysteine residues (Damodaran, 1996).

Hydrogen sulfide is formed indirectly by the liberation of free sulthydryl

groups arising from the denaturation of f3-lactoglobulin. The free suithydryl groups

are then oxidized forming hydrogen sulfide (Hutton and Patton, 1952). The

concentration of hydrogen sulfide in milk increases linearly with the intensity of

heating (Badings et al., 1981). It should be noted that some researchers believe that

sulfhydryl groups activated by heating may contribute to the oxidative stability of

milk (Shipe, 1980). Dimethyl sulfide is a constituent of raw milk and is also found

at lower concentrations in heated milk. However, a higher concentration of

dimethylsulfone is found in heated milk. Dimethyl sulfide could be oxidized to

dimethylsulfone via dimethyl sulfoxide as the intermediate (Shibamoto et al., 1980).

2.2.3.2 Aldehydes

Rerkrai et al. (1987) stated that the main cause of the stale flavor in UHT milk is

the increase in the concentration of C27,9 saturated aldehydes due to their low

flavor threshold concentrations. Hexanal, heptanal, octanal, nonanal and decanal

are the result of the autoxidation of unsaturated fatty acids (C 18:1 and Cl 8:2) and
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spontaneous decomposition of the hydroperoxide promoted by heat (Grosch, 1982).

Hexanal can also be transferred to milk from cows feed (Scanlan, 1968) and also

originate from light-induced lipid oxidation (Marsili, 1999a).

Furfural (2-furaldehyde) is the precursor of melanoidins in the heat-

promoted Maillard reaction between the glucose in the lactose molecule and the

free amino group of milk proteins or amino acids (BeMiller and Whistler, 1996).

The presence of 2-methyipropanal, 2-methylbutanal and 3-methylbutanal in heated

milk is due to Strecker degradation of amino acids during Maillard reactions

(Damodaran, 1996). Aldehydes may cause flavors described as green, cucumbery,

oily, rancid and fishy (Grosch, 1982). Hexanal has a tallowy, leaf-like, green odor

with a threshold of 10.5 ppb (Rychlik et al., 1998). Heptanal and octanal are

associated to a fatty, oily, putty-like aroma with reported nasal thresholds of 3 and

0.7 ppb, respectively. Nonana! has a tallowy odor with a 1 ppb threshold while

decana! has a characteristic orange peel-like aroma with a very low threshold of 0.1

ppb (Grosch, 1982). 2-methylpropanal, 3-methylbutanal and 2-methylbutanal have

a green-pungent, malty and green-almond aroma, respectively, with thresholds of

0.7, 0.04, and 0.9 ppb, respectively. Furfural is characterized by a sweet odor and a

very high threshold of 3000 ppb (Rychlik et al., 1998).

2.2.3.3 Ketones

Diketones, cyclic ketones, and methyl ketones are formed in heat processed milk

and have been proposed as important contributors to cooked and stale flavors
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(Scanlan et al., 1968; Shibamoto et al., 1980; Badings et al., 1981; Rerkrai et al.,

1987b, Azzara and Campbell, 1992). 2,3-butanedione (diacetyl), a very important

flavor note, contributes to the rich "heated" note in IJIHT milk, giving it a buttery,

pastry like aroma. Its formation has been found previously to be heat-induced

Maillard reactions (Scanlan, 1968). It has been suggested that 2,3-butanedione is

present in the forage eaten by the cow and then transmitted to the milk at different

concentrations depending on the diet feed to the cow (Scanlan, 1968; Bendall, 2001;

Toso et al., 2002). The reported nasal threshold of diacetyl is 5 ppb (Rychlik et al.,

1998).

The cyclic ketones cyclopentanone and 2-methyl-tetrahydrofuran-3 -one,

also contribute to the heated, burnt and fermented notes in heated milk (Shibamoto

et al., 1980). However, the mechanism by which these compounds are formed in

heated milk is not well documented. Cyclopentanone and 2-methyl-

tetrahydrofuran-3-one was found in a casein-lactose browning system (Ferretti and

Flanagan, 1971) but there are no other reports of these compounds in dairy

products.

Methyl ketones are naturally present in raw milk and also are formed during

heat treatment either by noxidation of saturated fatty acids followed by

decarboxylation (Nawar, 1996), or by decarboxylation of 3keto acids (Figure 2.6)

which are naturally present in milk fat at -0.04% (Grosch, 1982; Jensen et al.,

1995). The 3keto acids are biosynthesized in the bovine mammary gland from
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acetate (Lawrence and Hawke, 1966). These keto acids are unfinished fatty acids,

i.e., they have not undergone the final reduction, dehydration, and reduction steps

that occur during fatty acid biosynthesis (Kinsella et al., 1967). Methyl ketones in

dairy products usually contain an odd number of carbon atoms because they are

products of keto acids with an even number of carbon atoms (Forss, 1981). It is

known that 2-pentanone, 2-hexanone, 2-heptanone, 2-nonanone and 2undecanone

concentrations experiment an increase directly correlated to the severity of the heat

treatment (Contarini et al., 1997). These compounds have been related to the

development of stale-heated flavor in UT-IT milk and are also described as oxidized,

tallowy and cardboard notes (Simon et al., 2001) contributing to a decreased flavor

acceptability. 2-Hexanone and 2-nonanone have been identified as the most intense

volatile flavor compounds in UHT milk (Moio et al., 1994). 2-Pentanone and 2-

hexanone have an ether-fruity odor (Acree and Am, 2004), while 2-heptanone, 2-

nonanone and 2-undecanone aroma is described as soapy-fruity. Although flavor

thresholds for individual methyl ketones are commonly higher than their

concentration in dairy products, it has been suggested that methyl ketones could act

in a synergistic manner to impart a perceptible flavor (Langler and Day, 1964).

2.2.3.4 Lactones

It is commonly assumed that raw milk contains no free lactones and that they

appear only after heating dairy products (Dimick et al., 1969). When milk fat is
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heated or stored, the lactones identified include decalactone, ydodecalactone, 5-

methyl-2-(5H)-furanone, 2-butenoic acid-y-lactone and amethyl-ybutyro-

lactones (Dimick et al., 1969; Maga, 1976; Shibamoto et al., 1980). Lactones are

generally formed in dairy products from the thermal breakdown of y and

6hydroxyacids. Lactones contribute milky, buttery, coconut-like flavor notes to

milk and are generally favorable. However, the presence of lactones may contribute

to the stale flavor of heated milk, but to a lesser extent than ketones (Ferretti and

Flanagan, 1972).

2.2.3.5 Furans

Furan derivatives, particularly furfural and hydroxymethylfurfural, are major

volatile constituents of heated milk (Burton, 1988). Furans are not found in raw

milk but appear in milk heated above 90°C (Shibamoto et al., 1980). Furan

derivatives are formed by the lactose-casein browning system and occur by the

casein catalyzed degradation of lactose at temperatures above 80°C (Ferretti and

Flanagan, 1971).

2.2.3.6 Fatty acids

When milk is exposed to temperatures above 100°C the concentration of acetic,

butyric, hexanoic, octanoic and decanoic acid increases (Shibamoto et al., 1980).
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Butyric and hexanoic acid are the major free fatty acids in non-fat milk and whole

and non-fat milk powders (Ferretti and Flanagan, 1972; Shibamoto et al., 1980).

These acids contribute to the chemical and rancid flavor of heated milk.

2.3 Techniques for the analysis of flavor compounds in milk

2.3.1 Typical extraction methods

Compared to other dairy products, such as butter or cheese, the concentration of

aroma compounds in fresh milk is very low. This makes the task of understanding

which compounds give fresh milk its flavor quite challenging. The typical

extraction technique for the extraction of dairy volatiles has been the Likens-

Nickerson or simultaneous steam distillation/solvent extraction (SDE). However,

this method can lead to artifacts such as the formation of methyl ketones (Dirinck

and De Winne, 1999). Several other extraction procedures have been used to

analyze the volatile profile of milk, such as purge and trap (PT), solvent assisted

flavor evaporation and static headspace analysis (Contarini et al., 1997; Bendall,

2001; Simon et al., 2001; Toso et al., 2002). The majority of these methods are time

consuming, require exhaustive concentration steps, have memory effects, and

require dedicated headspace sampling devices (Steffen and Pawliszyn, 1996).

2.3.2 Headspace solid phase microextraction (HS-SPME)

An alternate technique, headspace solid phase microextraction (HS-SPME), has

been used in recent years for the extraction of milk volatile compounds. This
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technique reduces analysis time, sample manipulation, and, consequently, the

formation of artifacts (Wercinski and Pawliszyn, 1999). SPME uses a fiber coated

with a specific adsorbent substance to extract and concentrate the volatile

compounds in the headspace of a recipient containing the sample to be analyzed

(Figure 2.7). The most important factors affecting the performance of the SPME

technique are the type of fiber, sample amount, and the extraction time and

temperature (Steffen and Pawliszyn, 1996). These factors can be optimized to

maximize the adsorption of compounds in the fiber coating (Penton, 1999).

However, an abuse in the extraction conditions can degrade volatiles and induce

cross reactions with milk matrix components (Moio et al., 1994). Therefore, the

range of values for these extraction conditions must be carefully chosen to ensure

sample integrity and avoid the formation of artifacts.

The SPME technique has been used widely in the analysis of dairy products

such as cheese, milk powder, milk chocolate, infant formulas and fluid milk

(Stevenson and Chen, 1996; Marsili, 1999b, Nakai et al., 1999; Marsili, 2000;

Aardt Ct al., 2001; Fenaille et al., 2003; Gonzalez Cordova and Vallejo Cordoba,

2003; Kim et al., 2003; Pinho et al., 2003; Das et al., 2004; Lachenmeier et al.,

2004). Contarini and Povolo (2002) analyzed the volatile fraction of milk by HS-

SPME/GC to study the effect of heat treatment in commercially processed milk

samples. They identified 11 compounds and five (2-pentanone, 2-heptanone, 2-

nonanone, benza!dehyde and 2-undecanone) exhibited a correlation with the

severity of the heat treatment. Five compounds quantified in UHT milk could not
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be detected in heat-pasteurized milk by their proposed methodology. Marsili (1999)

utilized calibration curves of pentanal and hexanal constructed using the addition

technique with an internal standard to measure the formation of light-induced

aldehydes in 0 and 2% fat milk samples and obtained significant (p < 0.001)

correlation coefficients (R2>0.98).

Gonzalez-Cordova and Vallejo-Cordoba (2001) used spiked milk samples to

calculate calibration curves for free fatty acids obtaining significant (p < 0.001)

correlation values (R2> 0.99) and good coefficients of variation (< 7.1) for the

quantification of fatty acids in rancid milk samples, including only one internal

standard (pentanoic acid) to account for matrix effects, and the extraction

temperature they used was very high (70°C), thus raising concerns of artifacts

formation.

Stir Bar Sorptive Extraction (SBSE) is a new and improved extraction

methodology for the analysis of flavor compounds in foods. SPME fibers used

typically in headspace extractions have relatively low extraction efficiency due to

their small amount of sorption polymer. This makes it difficult to use SPME in

applications targeting analytes at very low concentrations (Soini et al., 2005). SBSE

appears to overcome this problem as the amount of sorption polymer has been

increased making it possible to obtain sensitivities up to 100 times higher than

those for HS-SPME. However, at present there are no reports that this technique

has been tested in milk products because SBSE is available only with

polydimethylsiloxane as the sorption polymer, thus limiting the range of
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compounds that can be extracted from dairy matrices (Soini et al., 2005).

2.3.3 Advantages of HS-SPME for the analysis of sulfur compounds in milk

Sulfur compounds extraction from the food matrixes presents a most challenging

task due to the reactivity of the sulfur heteroatom (Chin and Lindsay, 1994;

Haberhauer-Troyer et al., 2000; Murray, 2001; Nielsen and Jonsson, 2002). The

sulfur volatile profile of milk obtained by solvent assisted flavor evaporation, static

headspace analysis, purge and trap (PT) (Steely, 1994; Contarini et al., 1997;

Bendall, 2001; Simon et al., 2001; Toso et al., 2002) are time consuming to obtain

and require exhaustive concentration steps. In addition, the high temperature used

results in interactions of the more reactive species and the excessive sample

manipulation leads to a loss of the more volatile compounds. Furthermore, the

analysis by these procedures has memory effects and some require dedicated

headspace sampling devices (Steffen and Pawliszyn, 1996). To overcome these

sulfur volatiles analysis problems, HS-SPME has been proposed as an alternate and

successfully used for the extraction and quantification of volatile sulfur compounds

in several foods and beverages (Pe!usio et al., 1995; Hill and Smith, 2000; Fan et

al., 2002; Dreher et al., 2003; Burbank and Qian, 2005; Fang and Qian, 2005).

2.3.4 Specific detection of sulfur compounds

Selective detection of sulfur compounds is especially important in milk and dairy

products because of their extremely low threshold levels (Rychlik et al., 1998).



Flame ionization detectors (FID) and mass detectors (MS) are known to be

insensitive to the low concentrations of these chemicals (Scanlan, 1968; Rerkrai et

al., 1987a, Contarini et al., 1997). Flame photometric detector (FPD) is one of the

most utilized for sulfur bearing species. However, it has a non-linear response,

quenched signal due to co-eluting hydrocarbons, and inconsistent selectivity and

sensitivity (Burmeister et al., 1992; Aguerre et al., 2001; Simon and Hansen, 2001).

To overcome these problems, the pulsed flame photometric detector (PFPD) was

developed and has become the preferred choice for sulfur-specific detection of gas

chromatography (GC) effluents (Jing and Amirav, 1997; Aguerre et al., 2001;

Lestremau et al., 2003). While FPD uses a continuous flame, PFPD uses a pulsed

flame that is ignited 2 to 4 times per second to burn the compounds eluting from

the GC column. By setting a timed "gate delay" for the response (Figure 2.8), these

pulses allow to differentiate between the luminescence emission of hydrocarbons

taking only 3 to 4 ms to develop from the sulfur emission taking 12 to 20 ms,

making it possible to detect sulfur compounds with very low detection limits

(Amirav and Jing, 1995).
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Figure 2.1 Monoblock casting technology for moderate pressure/size vessels and
wire-winding technology for vessels and yoke used in larger size and higher

pressure applications (Torres and Velazquez, 2004)
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Figure 2.3 Teclmology barriers in high pressure processing defining low cost
applications as those below -420 MPa and higher cost situations as those between
this level and the current size for commercial size vessels of 680 MPa (Tones and
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Figure 2.4 Changes in media pH induced by high pressure (Torres and Velazquez,
2004)
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Figure 2.5 Temperature increase of selected substances high pressure processed at
initial temperature of 25°C (Rasayanagam et al., 2003).
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Figure 2.6 Hydroperoxide decomposition and volatile compounds formation
(adapted from Grosch, 1982).

(I) Decomposition of hydroperoxide
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(iv) Ketone formation

RCHR + R' -i RCR ' R'H

0 0



41

Figure 2.7 Proposed formation pathway of methyl ketones from -ketoacids
(adapted from Grosch, 1982).
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Figure 2.8 Solid-phase microextraction procedure
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Figure 2.9 Principle of the pulsed flame photometric detector: gate delay
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Table 2.1 Thermal flavors generated in heat-treated bovine milk'

Thermal treatment
Temperature Time

Flavor profile Key heat flavor
(°C) (sec) compounds

Low-pasteurized 72 15 Bland, typical H2S (trace)
Medium-pasteurized 75 20 Slightly cooked H2S

Distinct
C9-C,, alakanals,

High-pasteurized 85 20
cooked, ketone

butanone, 2,3-trace
caramelized pentanedione

Ultra-high
142 4 Cooked C7, C9 2-alkanones,

temperature dimethyl sulfide
C5, C7, C9, C1, 2-

Strong alkanones,
Sterilized 145 30 caramelized, pyrazines, furans,

ketone-like furanones, o-
aminoacetophenone

1 Adapted from (Badings, 1991)
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3.1 Abstract

Many volatile compounds generated during the thermal processing of milk have

been associated with cooked, stale and sulfurous notes in milk and are considered

as off-flavor by most consumers. A headspace solid-phase microextraction/gas

chromatographic (HS-SPME/GC) technique for the quantitative analysis of

thermally derived off-flavor compounds was developed in this study. The extraction

temperature, time and sample amount were optimized using a randomized 2

central composite rotatable design with two central replicates and two replicates in

each factorial point along with response surface methodology (RSM). Calibration

curves were constructed in milk using the standard addition technique, and then

used to quantify twenty off-flavor compounds in raw, pasteurized and UHT milk

samples with various fat contents. The concentrations of these volatiles in raw and

pasteurized milk samples were not significantly different. However, dimethyl

sulfide, 2-hexanone, 2-heptanone, 2-nonanone, 2-undecanone, 2-methylpropanal,

3-methylbutanal, heptanal and decanal were found at higher concentrations in UHT

milk as compared to raw and pasteurized milk samples. In addition, the

concentration of methyl ketones was greater in UHT milk with higher fat content.

The calculated odor activity values suggested that 2,3-butanedione, 2-heptanone, 2-

nonanone, 2-methylpropanal, 3-methylbutanal, nonanal, decanal and dimethyl

sulfide could be important contributors to the off-flavor of UHT milk. The HS-

SPME technique developed in this study is accurate and relatively simple, and can

be used for the quantification of thermally derived off-flavor compounds in milk.
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(Key words: milk, SPME, off-flavor, quantification)

Abbreviation key: GC = gas chromatography, HS-SPME = headspace solid-phase

microextraction, UHT = ultra-high temperature, FID = flame ionization detector,

OAV = odor activity value, QL = quantification limit.



3.2 Introduction

Volatile compounds in milk have been extensively studied with many

extraction tecimiques including static headspace, purge and trap, and solvent

assisted flavor evaporation(Contarini et al., 1997; Bendall, 2001; Simon et al., 2001;

Toso et al., 2002). These methods are time consuming or require exhaustive

concentration steps, and often cause artifact formation. More recently, headspace

solid-phase microextraction (HS-SPME) has been developed, which can

substantially reduce analysis time, sample manipulation steps and minimize artifact

formation (Wercinski and Pawliszyn, 1999). This technique has been used widely

to extract volatile components from dairy foods such as cheese, milk powder, milk

chocolate, infant formulas and fluid processed milk (Stevenson and Chen, 1996;

Marsili, 1999b; Nakai et al., 1999; Marsili, 2000; Aardt et al., 2001; Fenaille et al.,

2003; Gonzalez-Cordova and Vallejo-Cordoba, 2003; Kim et al., 2003; Pinho et al.,

2003; Das et al., 2004; Lachenmeier et al., 2004).

Fresh bovine milk has a distinctive yet subtle, delicate flavor which can be

overshadowed by off-flavor compounds. These off-flavors are directly responsible

for product rejection by the consumer; therefore their quantitative measurement has

attracted much interest (Rerkrai et al., 1987; Gaafar, 1991; Parliment and McGorrin,

2000; Karagur-Yuceer et al., 2001). Heat treatments, particularly ultra-high

temperature (UFIT) processing, can promote the development of thermally derived

off-flavor compounds such as aldehydes, methyl ketones and various sulfur

compounds (Scan!an et al., 1968; Jeon et al., 1978; Moio et al., 1994; Contarini et



al., 1997; Contanni and Povolo, 2002). Contanni and Povolo (2002) studied the

effect of heat treatments on volatile compounds in commercially processed milk

samples using HS-SPME and gas chromatography (GC). They identified 11

compounds and five of them (2-pentanone, 2-heptanone, 2-nonanone,

benzaldehyde and 2-undecanone) exhibited a correlation with the severity of the

heat treatment.

The aim for the present work was to develop a reliable, fast and effective

technique for the quantification of thermally derived volatile compounds in milk

using standard addition and multiple internal standard techniques. HS-SPME

extraction parameters were optimized to minimize artifact formation and increase

the sensitivity. The methodology developed was then used to study off-flavor

compounds in commercial milk samples subjected to different thermal treatments.

3.3 Materials and Methods

Chemical standards

3-Methylbutanal, 2-methyipropanal (isobutyraldehyde), ethyl acetate, 3-

methylbutanol, 2-furaldehyde (furfural), heptanal, octanal, nonanal, decanal, trans-

2-hexenal, 2-heptanone, 2-nonanone, 2-undecanone, 3 -heptanone, 3 -octanone and

4-decanone were purchased from Aldrich Chemical Co. Inc. (Milwaukee, WI); 2,3-

butanedione (diacetyl) and hexanal were purchased from Sigma (St. Louis, MO); 2-

octanone was from Fluka Chemical Corp. (Milwaukee, WI); 2-pentanone, 2-

hexanone, 2-decanone and trans-2-nonenal were from K&K Laboratories (Jamaica,
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NY); 2-methylbutanal was from Polyscience Inc. (Niles, IL); and, dimethyl sulfide

was from TCI America (Portland, OR).

Milk samples

Raw homogenized milk samples with 1% and 3% fat were obtained locally

(Lochmead Famis, Junction City, OR). Sodium azide (0.02%) was added and the

samples were stored at -17°C (no more than 3 d) until analyzed. Pasteurized milk

samples with 0%, 1%, 2% and 3% fat content of two different commercial brands

(A and B) were purchased from a local store, stored at 4°C and analyzed before

their expiration date (2 weeks from manufacturing date). UT-IT milk samples with

1% and 3% fat content were purchased in Mexico (Leche Araceli, Grupo Fomento

Queretano, Embotelladora La Victoria, Queretaro, Mexico), stored at room

temperature and analyzed before the expiration date (6 months from manufacturing

date).

Optimization of SPME parameters

A randomized 2 central composite rotatable design along with response

surface methodology (Kuehl, 2000), was used to study temperature (5 to 35°C),

time (10 to 180 mm) and sample size (5 to 30 g) effects on the amount of volatile

compounds adsorbed by the SPME fiber from pasteurized milk with 3% fat. The

response recorded was the total GC peak area of the compounds of interest (Table

3.1).
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A 2-cm 50/30 tm divinylbenzene/carboxenlpolydimethylsiloxane

(DVB/CARIPDMS) SPME fiber (Supelco Co., Bellefonte, PA) was used for the

extraction of volatile compounds. The fiber was conditioned in a GC injection port

at 270°C for 1 h before use. Milk samples were weighed in 40 mL amber glass

vials (1-Chem, New Castle, DE) with polytetrafluoroethylene septum caps. The

sample was equilibrated (5 mm) in a thermostatic water bath (same temperature as

extraction) with constant stirring. After equilibration, the SPME fiber was exposed

to the headspace for volatile extraction, and then desorbed in the GC injection port

at 250°C for 8 mm. All samples were analyzed in triplicate with the same fiber for

the entire experiment.

GC/FID

The analysis of volatile compounds was carried out using an HP 5890 series

II gas chromatograph (Hewlett Packard, Wilmington, DE) equipped with a flame

ionization detector (FID) and an HP-5 capillary column (50 m x 0.32 mm I.D.,

0.52 tm film thickness, Hewlett Packard). The oven temperature was maintained at

35°C for 8 mm, increased to 150°C at a rate of 4°C/mm, then to 230°C at a rate of

20°C/mm and finally held at 23 0°C for 20 mm. The injector and detector

temperatures were 250°C and 270°C, respectively. Nitrogen was used as carrier gas

at 1 mL/min and the injection port was in splitless mode for 5 mm.
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Volatile identification

The mass spectra of milk volatiles were obtained using an Agilent 6890 gas

chromatograph equipped with a 5973 quadrupole mass analyzer detector (Agilent

Technologies, Inc., Wilmington, DE). The SPME fiber was exposed to the

headspace of 20 g of 3% UHT milk in a 40 mL amber glass vial for 3 h at 35 °C

and then inserted in the GC-MS injection port for 5 mm under splitless conditions.

A DB-5 capillary column (30 m x 0.32 mm I.D., 1 tm film thickness, J&W

Scientific, Folsom, CA) was used to achieve chromatographic separation. The oven

temperature program was the same as for the FID analysis. Helium was used as the

carrier gas at 2.5 mL/min. The injector, detector transfer line and ion source

temperatures were 250, 280, and 230°C, respectively. Electron impact ionization

was used at a voltage of 70 eV and mlz range of 35 to 350 was collected at 4.51

scans/s. The instrument control and data analysis were performed using enhanced

ChemStation sofiware (Agilent Technologies, Inc.). The volatile compounds in

milk were identified by comparing mass spectra and retention times with those of

authentic compounds.

Quantitative analysis

A standard stock solution was prepared in methanol containing 10 g/kg each

of 2-methylpropanal, ethyl acetate, 3-methyl-i -butanol, 2-furaldehyde, 2-pentanone,

2-heptanone, heptanal, octanal, 2-nonanone, nonanal, decanal, 2-undecanone,

2,3-butanedione, hexanal, 2-octanone, 2-hexanone, 2-decanone, 3-methylbutanal,
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2-methylbutanal and dimethyl sulfide. The standard stock solution was then diluted

with volatile-free distilled water (boiled for 30 mm) to final concentrations of 0.02,

0.1, 0.2, 1, 2, 6 and 10 mg/kg. Aliquots (0.1 g) of the diluted standard stock

solutions were used to spike 20-g raw milk (3% fat) to final added concentrations

of 0.1, 0.5, 1, 5, 10, 30 and 50 tg/kg. An aqueous internal standard solution

containing 2 mg/kg each of trans-2-hexenal, 3-heptanone, 3-octanone, trans-2-

nonenal and 4-decanone was prepared by diluting a 10 g/kg internal standard stock

solution. An aliquot (0.2 g) of the diluted internal standard solution was then added

to yield a final concentration of 20 tg/kg. The sample was equilibrated at 35°C for

5 mm and extracted at the same temperature for 1 h.

Calibration curves for the volatile compounds were constructed based on

the standard addition technique (Penton, 1999) and applying linear regression

analysis on the concentration ratio (tg/kg compound / tg/kg internal standard) and

peak area ratio (area of compound / area of internal standard). Triplicate analysis

was performed at each concentration level.

For quantification, 0.2 g of internal standard were added to 20-g milk

samples (raw 1 and 3% fat; pasteurized 0, 1, 2 and 3% fat from 2 different brands;

IJHT 1 and 3% fat) and the volatiles were analyzed following the procedure

described previously. The concentrations were calculated based on the peak area

ratio of the compound to the internal standard.
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Statistical analysis

Statistical evaluations including analysis of variance, response surface

regression, linear regression and Tukey honest significant difference (a = 0.05)

were conducted using Statgraphics Plus 5.0 (Manugistics Inc., Rockville, MD).

3.4 Results and Discussion

Extraction time, temperature and sample size effects on the sensitivity

The SPME parameters were evaluated to achieve high sensitivity without

artifact formation. Time was the most significant parameter (P < 0.001) affecting

milk volatile extraction by the SPME fiber. Increasing extraction time (up to 3 h)

improved the sensitivity (Figure 3.1). All compounds reached concentrations higher

than the quantification limit within 1 h (QL = signal equal to 10 times the noise).

The exceptions were 2-decanone (QL = 0.19 xg!kg) and 2-furaldehyde (QL = 0.13

jig/kg) which remained below QL even after a 3-h extraction. Considering analysis

productivity limitations, the extraction time selected was 1 h.

Temperature also had a significant effect (P = 0.007) on the total peak area

(Figure 3.1), reaching maximum at the highest temperature tested (35°C). Although

extractions at 45-75°C have been used in previous studies of milk volatiles (Simon

et al., 2001; Contarini and Povolo, 2002; Toso et al., 2002), temperatures in this

range could cause artifact formation. Another consideration about temperature

regarding the trapping of volatile compounds on SPME fibers is that increasing
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temperature during headspace extraction may selectively concentrate certain

volatiles on the fibers, with the simultaneous displacement of others (Wercinski and

Pawliszyn, 1999; Dufour et al., 2001; Pinho et al., 2002). This could lead to the

progressive exclusion of some important lower molecular weight analytes in milk,

such as dimethyl sulfide (Burbank and Qian, 2005) due to a SPME film capacity

effect.

It has been reported that the sample size will not change the extraction

efficiency of polar compounds, while the opposite has been observed for non-polar

compounds (Penton, 1999). In this study, sample size did not have a significant

effect (P = 0.197) on the extraction of volatiles; therefore, a 20-g sample amount

was arbitrarily chosen. Finally, none of the quadratic and interaction terms showed

a significant effect on the extraction of volatiles (P > 0.05) in the range of

conditions analyzed.

Standard calibration curves

The standard addition technique allows for backward extrapolation in order

to calculate the analyte quantity originally present in the sample. Standard curves

for twenty thermally derived compounds were constructed and high linear

correlation coefficients (R2 > 0.99) were obtained for all compounds (Table 3.1).

The QLs for these compounds were at the parts per trillion levels. Despite the fact

that 2-propanone and 2-butanone are two of the most abundant volatile compounds

in fresh milk, their calibration curves were not constructed because these
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compounds have been found to be unrelated to the heat treatment of milk (Scanlan

et al., 1968; Jeon et al., 1978; Calvo and Hoz, 1992; Moio et al., 1994; Contarini et

al., 1997; Contarini and Povolo, 2002).

Five internal standards were chosen with properties similar to the

corresponding compounds of interest (Table 3.1). Although one internal standard

has been widely used for quantification, this is insufficient when the sample matrix

differed from the one used for the standard curve. Fat content affects the volatility

of compounds differently, therefore, a standard curve built based on one internal

standard cannot be used to accurately quantify compounds in samples at different

fat levels. Multiple internal standards have been suggested for more accurate

quantification (Qian and Reineccius, 2003).

Quantification of volatiles in commercial milk

The HS-SPME/GC methodology developed in this study was very sensitive

and can be used to quantify thermally derived volatile compounds in milk. The

twenty volatile compounds quantified (Table 3.2) were found in the range 0.01-52

tg/kg in milk samples, which were in agreement with previously published results

(Contarini et al., 1997; Contarini and Povolo, 2002; Toso et al., 2002). Adequate

reproducibility was achieved for most compounds (RSD < 15%). Although SPME

has been reported as being effective in extracting some volatile free fatty acids

from dairy products (Pinho et al., 2002), free fatty acids were not quantified in this

study.
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Concentrations of ketones were not significantly different (P> 0.05) in raw

and pasteurized milk samples; however, their concentrations were markedly higher

in UHT milk (Table 3.2 and Figure 3.2a). At the same fat level, UHT milk

contained approximately 12 fold the amount present in raw and pasteurized milk.

The major contributors were 2-heptanone and 2-nonanone, followed by 2,3-

butanedione, 2-pentanone and 2-undecanone. The concentration of 2-heptanone and

2-nonanone in UNT milk were 34 and 52 times higher, respectively, than in raw

and pasteurized samples. Since aroma impact is not only dependent on

concentration, but also on sensory threshold, the odor activity value (OAV =

concentration/sensory threshold) was calculated. The OAVs for 2-heptanone and 2-

nonanone (Table 3.3) were less than 1 in raw and pasteurized milk indicating they

were not important aroma contributors. However, their OAVs in U}JT milk were in

the range of 4 to 10 suggesting that these compounds could be very important

contributors to the aroma of heated milk. This could be true for other ketones but to

a lesser extent because their concentrations were much lower. These observations

were consistent with previous work by Contarini et al. (1997) and Contanni and

Povolo (2002) who reported that the concentration of 2-pentanone, 2-hexanone, 2-

heptanone, 2-nonanone and 2-undecanone increased in direct proportion to the

severity of the heat treatment and were associated to the development of stale-

heated flavor in UFIT milk. Moio et al. (1994) identified 2-heptanone and 2-

nonanone as the most intense volatile flavor compounds in UHT milk. Although

methyl ketones are naturally present in raw milk, they can be formed during heat



treatment by n-oxidation of saturated fatty acids followed by decarboxylation

(Nawar, 1996) or by decarboxylation of -ketoacids naturally present in milk fat

(Grosch, 1982; Jensen et al., 1995).

In this work, the concentration of 2,3-butanedione in UHT milk samples

was higher than in raw milk, but its concentration varied widely in pasteurized milk

samples. The OAV was higher than 1 for 3% UHT, 3% pasteurized A and 0%

pasteurized B milk samples, suggesting that 2,3-butanedione is contributing to the

aroma of heated milk. 2,3-Butanedione has been reported as a very important

flavorant contributing to the rich "heated" note in UHT milk, giving a buttery,

pastry like aroma (Scanlan et al., 1968). Although its formation has been suggested

to be heat-induced (Scanlan et al., 1968), it is also attributed to microbial activity in

milk (Badis et al., 2004), therefore being an ambiguous indicator for the heat

treatment.

Total amount of aldehydes appeared to be affected by heat processing to a

lesser extent than ketones (Table 3.2 and Figure 3.2b). Overall, U}IT milk had

higher concentrations of total aldehydes than raw and pasteurized milk samples.

Hexanal, octanal and nonanal concentrations showed a significant (P < 0.05) higher

concentration in 3% URT samples while 2-methyipropanal, 3-methylbutanal, 2-

furaldehyde, heptanal and decanal concentrations were higher (P < 0.05) for both

1% and 3% URT samples. The total aldehyde concentration was not significantly

different (P > 0.05) between raw and pasteurized milk samples; however, a

significantly (P < 0.05) lower 2-methylbutanal and octanal content was observed in
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pasteurized samples. Based on their OAVs (Table 3.3), nonanal and decanal

appeared to be important compounds to the aroma of raw, pasteurized and TJ}IT

milk samples, while octanal, hexanal, 2-methylbutanal, 3-methylbutanal, and 2-

methylpropanal could be important only for LTHT milk aroma. This suggested that

despite their low concentration, aldehydes could contribute very much to the aroma

of heated milk.

Rerkrai et al. (1987) stated that the increase of C27,9 saturated aldehydes

concentration is the main cause for the stale flavor in U}IT milk, due to their low

flavor thresholds. Contarini and Povolo (2002) found 3-methylbutanal to increase

with the heat treatment severity while hexanal and heptanal did not. Hexanal,

heptanal, octanal, nonanal and decana! result from the autoxidation of unsaturated

fatty acids (C18:1 and C18:2) and also the spontaneous decomposition of

hydroperoxides promoted by heat (Grosch, 1982). Hexana! can also be transferred

to milk from cow's feed (Scanlan et al., 1968) or originate from light-induced lipid

oxidation (Marsili, 1 999a). The presence of 2-methylpropanal, 2-methylbutanal and

3-methylbutanal in heated milk is due to the Strecker degradation of amino acids

during Maillard reactions (Damodaran, 1996).

2-Furaldehyde was quantifiable only in UHT, raw 3% and pasteurized 0%

brand B samples. Its concentration was higher in UIHT milk, but the calculated

OAV was too low to be considered as an important contributor to milk aroma.

However, it is considered a good indicator of the heat treatment because it is the

precursor of melanoidins in Maillard reactions between sugars and the free amino



group of milk proteins or amino acids (BeMiller and Whistler, 1996).

Ethyl acetate was the only ester quantified in this work. Its concentration

was approximately 10 times higher in UHT milk as compared to raw samples,

while its concentration varied greatly between pasteurized samples (Table 3.2 and

Figure 3.2c). It has been reported that ethyl acetate is fonned by esterification of

ethanol and acetic acid via the Fischer reaction catalyzed by heat (Hart, 1991).

However, its very low OAV in the samples analyzed suggested that this compound

is not an important contributor to the aroma of milk.

Dimethyl sulfide was the only sulfur compound detected in the present

work probably due to the poor FID sensitivity to sulfur-containing volatiles. Its

concentration was almost 3 times higher in UHT than raw milk, while pasteurized

2% and 3% brand B had a significantly higher concentration (P < 0.05) than raw

and pasteurized brand A milk (Table 3.2 and Figure 3.2d). This appeared to reflect a

difference in the heat treatment or the origin of the milk samples. Although

dimethyl sulfide is present naturally in high amounts in raw milk (Toso et al., 2002),

it can also be formed from the sulfhydryl group of milk proteins subjected to

thermal denaturation (Datta et al., 2002). Its calculated OAV suggested that this

compound could be an important contributor to the aroma of both heated and fresh

milk.

3-Methylbutanol was the only alcohol quantified in this work. Its

concentration was significantly higher (P < 0.05) in raw milk than in UHT (Table

3.2). However, its OAV pointed that this compound was not important for the
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aroma of raw and heated milks. 3-Methylbutanol is naturally present in raw milk

and is produced mainly by the microbial reduction of 3-methylbutanal (Toso et al.,

2002).

Fat content seemed to have an impact on the concentration of methyl

ketones in UHT milk, where their concentration in 3% fat samples was almost

double that found in 1% fat samples with the exception of 2,3-butanedione. For raw

milk samples, total ketones amount was higher for the 3% with respect to the 1%

fat sample. However, this trend was not noticed for the total methyl ketone

concentration in pasteurized milk samples. Fat content did not seem to have an

impact on the concentration of aldehydes.

Milk fat contains 10% (wlw) of C6,8,io,12 fatty acids, which are precursors

for odd carbon numbered C5,7,9,11 methyl ketones during heat treatment. It also

provides 24% and 2% (w/w) of the C18:1 and C18:2 fatty acids respectively,

required for the formation of the C6,7,8,9,io aldehydes during heat promoted lipid

autoxidation (Jensen et al., 1995). However, methyl ketones can also be formed

through direct decarboxylation of 13-ketoacids present in raw milk. Milk fat

contains approximately 1% lipids in which oxo fatty acids of various chain lengths

are esterified to glycerol. These oxo fatty acids can be liberated as 3-ketoacids and

decarboxylated to C616 methyl ketones when the fat is heated in the presence of

water (Grosch, 1982; Jensen et al., 1995).
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3.5 Conclusion

The technique developed in this study allowed for the accurate

quantification of a large number of important flavor compounds present in milk.

The method is simple, fast and reproducible and can be used to analyze a large

number of samples. The HS-SPME technique is very sensitive and allows for the

quantification of low concentration of off-flavor compounds in milk samples. This

technique was used successfully to study the thermally derived off-flavor

compounds such as aldehydes, ketones and dimethyl sulfide in milk subjected to

different thermal processes. Due to its accurate determination of the compounds of

interest, the simple steps and short time required for the extraction and analysis, the

technique developed in this study has a high potential to achieve fast quantitative

analysis of volatiles in milk when large numbers of samples need to be analyzed.
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Figure 3.1 Effect of time and temperature on the SPME sensitivity to milk volatiles.
Sample size fixed at 20 g. (A) Response surface, (B) contour plot.
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Figure 3.2 Concentration of volatile compounds in commercial milk samples. a)
Total ketones, b) total aldehydes, c) ethyl acetate, d) dimethyl sulfide. A, B =

commercial pasteurized milk
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Table 3.1 Regression equations for milk flavor compounds spiked in 3% fat raw
milk

Compound Internal Regression
standard equation'

R2 Calibratior
Limit2

(j.iglkg)
1 Dimethyl sulfide y=0.673x 0.994 0.03 1
2 2-Methylpropanal y=0.332x 0.997 0.062
3 2,3-Butanedione y=0.132x 0.999 0.160
4 Ethyl acetate y=1 .048x 0.998 0.0 19
5 3-Methylbutanal

2-Hexenal y1.072x 0.996 0.019
6 2-Methylbutanal y=1.614x 0.998 0.012
7 2-Pentanone y=3.420x 0.998 0.049
8 3-Methylbutanol y=3.721x 0.999 0.008
9 2-Hexanone y3.821x 0.999 0.004
10 Hexanal y4.328x 0.998 0.004
11 2-Furaldehyde y=0.163x 0.999 0.131

12 2-Heptanone 3-Heptanone y=1 .366x 0.999 0.004
13 Heptanal y=0.921x 0.996 0.007

14 2-Octanone 3-Octanone y=1.447x 0.995 0.010
15 Octanal y=0.823x 0.998 0.017

16 2-Nonanone 2-Nonenal y=2.846x 0.994 0.045
17 Nonanal y=1.750x 0.992 0.074

18 2-Decanone y=0.554x 0.989 0.1944-Decanone
19 Decanal y0.143x 0.992 0.750
20 2-Undecanone y=0.870x 0.995 0.123
y = area compound/area internal standard; x = [compound]/[internal standard]

2 Calculated as the concentration that gives a signal-to-noise ratio of 1



Table 3.2 Concentration of volatile compounds in commercial milk samples (gig/kg)'

-

Sample
Compound Raw Raw UHT UHT Past A Past A Past A Past A Past B Past B Past B Past B

1% 3% 1% 3% 0% 1% 2% 3% 0% 1% 2% 3%
Ketones2 5.87 10.72 77.59 121.37 8.55 5.66 14.93 11.94 9.25 4.78 5.75 7.72
2,3-Butanedione 0.25' 0.48" 3.13' 739C 200b 05jb 0.92" 6.50' 1.75"' 2.07"
2-Pentanone 0.21' 0.28' 589b 953C 0.18' 0.14' 0.19' 0.22' 0.19' 0.13' 0.14' 0.22'
2-Hexanone 0.22 037d 1.46' 1.811 0.26"' 0.10" 0.09"' 0.06' 0.34" 0.l7'" 0.l7'" 0.16'"
2-Heptanone 1.03" 0.95" 22.32' 34.46' 2.06c 0.87"' 1.79" 1.12" 0.54" Ø.45a 055b 0.72"
2-Octar,one 2.11" 3.82"' 2.65" 4.51"' 2.93"' 2.l6" 1.89" 639d 0.91' 1.44' 2.15" 3.02'"
2-Nonanone 0.20' 0.24' 3504b 52.64' 0.79' 0.43a 0.59' 053' 0.77' 0.44' 0.33' 0.61'
2-Decanone 028b BQL 0.46" 1.33' BQL BQL BQL BQL BQL BQL BQL BQL
2-Undecanone 1.98" 4.58' 6.64 97Q5 0.33' 1.46"' 063db 270" BQL 0.40' 070ab 092db

Aldehydes2 10.08 8.98 14.36 21.15 7.23 4.57 5.98 8.75 8.14 3.80 3.42 3.56

2-Methylpropanal 0.35' 040db 2.24" 2.52" 2.13c 0.21' 0.74" 052kb 0.27' 0.33' 0.48"' 0.29'
3-Methylbutanal 0.03" BQL 0.85" 1.14' 002gb 0.02" 0.17' 006" )yab 0.19' 0.17'

2-Methylbutanal 0.46" 0.90' 057b 0.91' 0.14' 0.09' 0.14' 0.09' 0.18' 0.13' 0.11' 0.13'
Hexanal 4.77" 2.68" 1.58"'' 12.97' 2.80' 0.75' 1.65"' 0.81" 5.21' 1.62"' 0.82" 0.74'

2-Furaldehyde BQL 020b 0.52' 0.38' BQL BQL BQL BQL 0.14" BQL 0.13" BQL
Heptanal 0.22" 0.20" 0.49" 1.68' 0.03' 0.04" 0.12" 0.07" 037"' 0.1 1b 008b 014b
Octanal 0.43' 0.52' 0.48' 095" 0.08' 0.07' 021b 012db 014ab o.io' 0.09' 0.15"
Nonanal 1.4O 1.36"' 1.71"' 3.92 1.21"" 0.65" 1.28"" 1.15"'"' 1.80' 0.53" 0.28' 0.42"
Decanal 2.42' 2.72' 592" 668b 0.82' 2.74' 1.67' 593b BQL 0.79' 1.26' 1.61'
Ester

Ethyl acetate 0.22' 0.26' 2.26' 2.15' 0.28' 0.61" 0.14' 0.35" 1.22"' 0.81"' 1.33" 041b
Sulfur
Dimethyl sulfide 7.40' 8.16' 22.39' 21.41' 845b 738ab 6.61' 8.49' 1 144bc 11.55" 1418d 1608d
Alcohol

3-Methyl-1-butanoi 0.60" 1.09' 0.19' 0.15' 0.07' 0.13' 0.33" 0.14' 0.18' 0.17' 0.30" 0.13'

'Different letters for the same compound indicate significant difference between samples means (Tukey HSD 95%, from a triplicate)
2Bold numbers are total concentrations
A, B = commercial pasteurized milk
BQL = below quantification limit
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Table 3.3 Odor activity values (OAVs)' for some volatile compounds in commercial
milk samples

Aroma Sample

Compound threshold2 raw raw UHT UHT
Past Past Past Past Past Past Past Past

(}.gfkg) 1% 3% 1%
A A A A B B B B

0% 1% 2% 3% 0% 1% 2% 3%

Ketones

2,3-Butanedione 5 <0.1 <0.1 0.6 1.4 0.4 0.1 1.9 0.1 1.3 0.3 0.3 0.4

2-Heptanone 5 0.2 0.1 4.4 6.8 0.4 0.1 0.3 0.2 0.1 <0.1 0.1 0.1

2-Nonanone 5 <0.1 <0.1 7.0 10.5 0.1 <0.1 0.1 0.1 0.1 <0.1 <0.1 0.1

Aldehydes

2-Methylpropanal 0.7 0.5 0.5 3.2 3.6 3.0 0.3 1.0 0.7 0.3 0.4 0.6 0.4

3-Methylbutanal 0.04 0.7 <0.1 21.2 28.5 0.5 0.5 4.2 1.5 0.7 4.7 4.2 0.2

2-Methylbutanal 0.9 0.5 1.0 0.6 1.0 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1

Hexanal 4.5 1.0 0.5 0.3 2.8 0.6 0.1 0.3 0.1 1.1 0.3 0.1 0.1

2-Furaldehyde 3000 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Heptanal 3 <0.1 <0.1 0.1 0.5 <0.1 <0.1 <0.1 <0.1 0.1 <0.1 <0.1 <0.1

Octanal 0.7 0.6 0.7 0.6 1.3 0.1 0.1 0.3 0.1 0.2 0.1 0.1 0.2

Nonanal 1 1.4 1.3 1.7 3.9 1.2 0.6 1.2 1.1 1.8 0.5 0.2 0.4

Decanal 0.1 24.2 27.2 59.2 66.8 8.2 27.4 16.7 59.3 <0.1 7.9 12.6 16.1

Ester

Ethyl acetate 5 <0.1 <0.1 0.4 0.4 <0.1 0.1 <0.1 <0.1 0.2 0.1 0.2 <0.1

Sulfur

Dimethyl sulfide 2 3.7 4.0 11.1 10.7 4.2 3.6 3.3 4.2 5.7 5.7 7.0 8.0

Alcohol

3-Methylbutanol 250 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

'OAV = concentration / reported threshold
2 Rychilk et al., 1998. Aroma thresholds measured in water
A, B commercial pasteurized milk



71

4. Quantification of trace volatile sulfur compounds in milk by solid-phase

micro-extraction and gas chromatography-pulsed flame photometric detection

Pedro A. Vazquez-Landaverde, J. Antonio Torres and Michael C. Qian

Accepted for publication December 2005 by the Journal of Dairy Science

1111 N. Dunlap Avenue. Savoy, IL. 61874



72

4.1 Abstract

Volatile sulfur compounds have been reported to be responsible for the sulfurous

off-flavors generated during the thermal processing of milk, however, their analysis

has been a challenge due to their high reactivity, high volatility and low sensory

threshold. In this study, reactive thiols were stabilized and the volatile sulfur

compounds in milk were extracted with headspace solid-phase micro-extraction

and analyzed by gas chromatography and pulsed flame photometric detection.

Calibration curves for seven sulfur-containing compounds were constructed in milk

by the standard addition technique. Raw, pasteurized and UHT milk samples with

various fat contents were analyzed. Compared to raw and pasteurized samples,

LTHT milk contained substantially higher concentrations of hydrogen sulfide,

methanethiol, carbon disulfide, dimethyl trisulfide, and dimethyl sulfoxide. The

high odor activity values calculated for methanethiol and dimethyl trisulfide

suggested that these two compounds, in addition to dimethyl sulfide reported in a

previous study, could be the most important contributors to the sulfurous note in

UIHT milk.

(Key words: milk off-flavor,volatile sulfur,solid-phase micro-extraction, PFPD)

Abbreviation key: DMDS = dimethyl disulfide, DMS = dimethyl sulfide, DMSO

= dimethyl sulfoxide, DMTS = dimethyl trisulfide, EtMeS = ethyl methyl sulfide,

FPD = flame photometric detector, GC = gas chromatography, HS-SPME =

headspace solid-phase microextraction, IPDS = isopropyl disulfide, Me2SO2 =
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dimethyl sulfone, MeSH = methanethiol, PFPD = pulsed-flame photometric

detector, QL = quantification limit, UHT = ultra high temperature.
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4.2 Introduction

Thermal processing of milk can generate off-flavors. Although

pasteurization of milk (typically at 72°C for 15 s) can impart a slight cooked,

sulfurous note, it is acceptable to most consumers. Ultra high temperature (UHT)

sterilization (135-150°C for 3-5 s) can induce strong sulfurous, cooked,

cabbage-like notes in milk (Shipe, 1980) thus limiting its acceptance (Steely, 1994).

Researchers have identified that hydrogen sulfide (H2S), methanethiol (MeSH),

carbon disulfide (CS2), dimethyl sulfide (DMS), dimethyl disulfide (DMDS) and

dimethyl trisulfide (DMTS) are related with this cooked off-flavor defect (Shipe,

1980; Christensen and Reineccius, 1992; Simon and Hansen, 2001a; Datta et al.,

2002). Several other sulfur compounds including benzothiazole, dimethyl sulfoxide

(DMSO), dimethyl sulfone (Me2SO2), carbonyl sulfide (COS), sulfur dioxide,

butanethiol and thiophene have been found in heated milk, but their roles in milk

flavor have not been well elucidated (Scanlan et al., 1968; Shibamoto et al., 1980;

Shipe, 1980; Moio et al., 1994).

Most sulfur compounds have distinct aroma characteristics, thus analysis of

volatile sulfur compounds is particularly important. However, reliable

quantification of sulfur compounds is challenging due to their high reactivity and

low concentration in foods (Chin and Lindsay, 1994; Haberhauer-Troyer et al.,

2000; Murray, 2001; Nielsen and Jonsson, 2002). Numerous extraction methods,

including static headspace, purge and trap, and solvent assisted flavor evaporation

(Mussinan and Keelan, 1994; Steely, 1994; Contarini et al., 1997; Bendall, 2001a;
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Bendall, 2001b; Simon and Hansen, 2001b; Toso et al., 2002a) have been evaluated

to analyze sulfur compounds. These methods are either time consuming, require

exhaustive concentration procedure which often leads to the loss of the more

volatile compounds such as H2S, MeSH and DMS, or cause MeSH oxidation and

other artifact formation (Steffen and Pawliszyn, 1996). Headspace solid-phase

microextraction (HS-SPME) can substantially shorten analysis time, reduce sample

manipulation and minimize artifact formation (Wercinski and Pawliszyn, 1999).

The widely used flame ionization detector is not sufficiently sensitive for

the detection of most sulfur compounds present in milk (Scanlan et al., 1968;

Rerkrai et al., 1987; Contarini et al., 1997; Vazquez-Landaverde et al., 2005).

Although the flame photometric detector (FPD) has been often utilized for

detection of sulfur compounds, its application poses difficulties due to reduced

response with co-eluting hydrocarbons (quenching) besides its inconsistent

selectivity and sensitivity (Burmeister et al., 1992; Aguerre et al., 2001; Simon and

Hansen, 2001a).The pulsed flame photometric detector (PFPD) can overcome

these limitations and has rapidly found application as a sulfur-specific detector

(Jing and Amirav, 1997; Aguerre et al., 2001; Lestremau et al., 2003). While FPD

uses a continuous flame, PFPD uses a pulsed flame which ignites 2 to 4 times per

second to burn compounds eluting from the GC column. By setting a timed "gate

delay" for the response, the luminescence emission of hydrocarbons can be

eliminated from that of sulfur compounds because their emission times are different.

Thus, the PFPD detector produces cleaner chromatograms than FPD making



possible to detect sulfur compounds at low concentrations (Amirav and Jing, 1995).

SPME coupled to GCIPFPD has been successfully used for the analysis of volatile

sulfur compounds in several foods and beverages (Pelusio et al., 1995; Hill and

Smith, 2000; Fan et al., 2002; Dreher et al., 2003; Burbank and Qian, 2005b; Fang

and Qian, 2005). However, few studies reported the accurate quantification of

volatile sulfur compounds in foods (Fang and Qian, 2005). Although DMS in milk

can be easily quantified by SPME extraction and gas chromatography-flame

photometric detection(Vazquez-Landaverde et al., 2005), other trace volatile sulfur

compounds cannot be quantified due to the poor sensitivity of this detector.

Therefore, the objective of this study was to develop a rapid HS-SPME-GCIPFPD

quantification technique for trace volatile sulfur compounds considered important

to the flavor of commercially processed milk.

4.3 Materials and methods

Chemical standards

DMDS, DMTS, DMSO, Me2SO2 and isopropyl disulfide (IPDS) were

purchased from Aldrich Chemical Co. Inc. (Milwaukee, WI); DMS was purchased

from TCI America Inc. (Portland, OR); CS2 was from EMD Chemicals Inc.

(Gibbstown, NJ); and ethyl methyl sulfide (EtMeS) was from TCI-EP Ltd. (Tokyo,

Japan)..

A cylinder of gaseous MeSH was purchased from Aldrich Chemical Co. Inc.

(St Louis, MO) and used to prepare a 34.1 g/kg stock solution by bubbling MeSH
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gas into cold methanol. The solution was kept at -17°C and used within two weeks.

All glassware used for the MeSH solution was deactivated by soaking it in a 5%

dimethyldichlorosilane solution in toluene and then rinsed with toluene, methanol

and finally with water.

A 1.08 g/kg H2S stock solution was prepared by dissolving 0.077 g of

sodium sulfide (Na2S9H2O, Sigma, St. Louis, MO) in 10 g of a 50 mM phosphate

buffer (pH 8.5). The solution was then diluted with the same buffer to achieve a

H2S concentration of 15.9 mg/kg and kept at 4°C before use (no more than 1 wk).

Carbonyl sulfide (COS) was prepared according to a published method

(Metrohm, 2001) with some modification. Concentrated sulfuric acid was added

drop wise to potassium thiocyanate salt (both from Mallinckrodt/J.T. Baker Inc.,

Phillipsburg, KY) in a stoppered Erlenmeyer flask. The generated COS gas was

trapped by bubbling into a separate flask containing cold distilled water. The

resulting solution was stored at 4°C and used no later than 1 d after preparation.

Milk samples

Raw homogenized milk samples with 1% and 3.25% fat were obtained

locally (Lochmead Farms, Junction City, OR). Sodium azide (0.02%) was added

and the samples were stored at -17°C until analyzed (no more than 3 d). Pasteurized

milk samples with 0%, 1%, 2% and 3.25% fat content from two different

commercial brands (A and B) were purchased locally, stored at 4°C and analyzed

before their expiration date. URT milk with 1% and 3.25% fat were purchased in



Mexico (Leche Araceli, Grupo Fomento Queretano, Embotelladora la Victoria,

Queretaro, Mexico), stored at 4°C and analyzed before their expiration date.

SPME

A Stableflex 85 pm carboxen-polydimethylsiloxane (CAR/PDMS) fiber

(Supelco, Bellefonte, PA) was used. Prior to use, the fiber was conditioned in a

split/splitless GC injector port at 300°C for 90 mm. The fiber was then placed in the

SPME adapter of a CombiPAL autosampler (CTC Analytics AG, Zwingen,

Switzerland) fitted with a vial heater. The same fiber was used to complete all

experimental measurements. The samples were pre-equilibrated for 5 mm at 30°C

under agitation at 500 rpm. The extraction was performed at 30°C for 15 mm under

agitation at 250 rpm.

GC-PFPD

A Varian CP-3800 gas chromatograph (Varian Inc., Walnut Creek, CA)

equipped with a pulsed flame photometric detector was used. Volatile compounds

extracted with the SPME fiber were desorbed at 300°C for 6 mm in the injector.

The inlet liner was previously deactivated with 15% N,O-

bis(trimethylsilyl)trifluoroacetamide in hexane. The injector was maintained in

splitless mode for 4 mm. Separation of analytes was achieved using a DB-FFAP

fused silica capillary column (30 m x 0.32 mm, 1.0 jim film; Agilent Technologies,

Inc., Palo Alto, CA). Nitrogen was used as the carrier gas at 2 mL/min. The oven
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temperature was kept at 35°C for 5 mm, raised to 150°C at 10°C/mm, held for 1

mm, and then raised to 220°C at 20°C/mm with a final holding time of 5 mm. The

PFPD was operated in the sulfur mode at 300°C and 500 V with air 1 at 17 mL/min,

air 2 at 10 mL/min, and hydrogen at 14 mL/min.

Quantification

A standard stock solution containing 20.4 mg/kg of MeSH, 60 jig/kg of CS2,

12 jig/kg of DMDS, 20 jtg/kg of DMTS and 600 mg/kg of DMSO was prepared in

methanol. The standard stock solution was then diluted with methanol to 1:2, 1:3,

1:4, 1:5 and 1:6 strengths. The H2S stock solution (15.9 mg/kg) was diluted with 50

mM phosphate buffer (pH = 8.5) to 1:2, 1:3, 1:4, 1:5 and 1:6 strength. A separate

aqueous solution containing 2.6 g/kg ofMe2SO2 was prepared using distilled water

and then diluted to 2.2, 1.8, 1.4, 1 and 0.6 g/kg concentrations. To construct the

calibration curves, 0.01 g of each of the solutions were spiked to 10-g aliquots of

raw milk (3.25% fat) adjusted to pH 2.6 with tartaric acid to give the targeted final

added concentration for each compound (Table 4.1). Finally, 0.01 g of the internal

standard solution containing 1.63 mg/kg of EtMeS and 0.61 mg/kg of IPDS in

methanol was added to the spiked milk samples. The volatile sulfur compounds

were extracted by HS-SPME and analyzed using GC-PFPD. Triplicate analysis at

each concentration level and linear regression plots were used to construct

calibration curves of the concentration ratio ([compound concentrationj/[internal

standard concentration]) vs the response ratio (squared root of the [area of



compound]/[area of internal standard]).

Ten g of milk samples (raw 1% and 3.25% fat; pasteurized brand A and B

with 0%, 1%, 2% and 3.25% fat; and, U}IT 1% and 3.25% fat) were adjusted to pH

2.6 with tartaric acid. Internal standard solution (0.02g) diluted to half strength

(0.81 mg/kg of EtMeS and 0.30 mg/kg of IPDS) was added and the volatiles sulfur

compounds were analyzed using the HS-SPME/GC-PFPD procedure described

previously. The concentration of volatiles was calculated based on the squared root

of the peak area ratio of the compound to the internal standard. All samples were

analyzed in triplicate.

Statistical Analysis

Statistical evaluations including analysis of variance, linear regression and

Tukey honest significant difference (a = 0.05) were conducted using Statgraphics

Plus 5.0 (Manugistics Inc., Rockville, MD).

4.4 Results and Discussion

Stabilization of volatile sulfur compounds in milk matrix

It has been reported that sulfur compounds are extremely reactive and

artifacts can be formed during analysis (Block and Calvey, 1994; Haberhauer-

Troyer et al., 2000). In this work, all standards were tested individually for stability

and artifact formation during sample extraction and analysis. Most of the

compounds were stable and only gave a single chromatographic peak. However,



MeSH showed a significant DMDS artifact formation (Figure 4.1 A). This

observation was consistent with previous reports that MeSH in aqueous solutions

can be readily oxidized to form DMDS and DMTS probably caused by the

presence of oxygen, transition metals and/or free radicals (Chin and Lindsay, 1994;

Haberhauer-Troyer et aL, 2000). This artifact formation makes the quantitative

analysis of volatile sulfur compounds in food unreliable.

Recently, methanethiol has been stabilized in cheese and wine matrices

(Burbank and Qian, 2005a; Burbank and Qian, 2005b; Fang and Qian, 2005) and

quantitative analysis of volatile sulfur compounds in wine was achieved. Similar

approaches were attempted in this study to stabilize MeSH in milk. MeSH standard

stability was tested by spiking it separately into pure water, ethanol, and a pH 2.6

tartanc acid aqueous solution. Minimum DMDS formation was achieved for the

tartaric acid solution, suggesting that acidity could stabilize MeSH in milk. This is

consistent with the work reported by (Kastner et al., 2003) who found that the

oxidation rate of ethanethiol, another highly reactive mercaptan, decreased

exponentially when pH was lowered from 5.1 to 3.6. Therefore, an acidified matrix

was considered desirable to prevent MeSH oxidation in milk. Decreasing the

sample pH from 6.6 to 2.6 minimized the DMDS formation from MeSH (Figure

4.1 B) allowing the construction of a calibration curve by the standard addition

technique. Acid condition was also necessary to achieve total conversion of Na2S

standard to H2S, another important sulfur compound aimed to be quantified in this

work.



Quantification of sulfur compounds in commercial milk samples

The volatile sulfur compounds identified in milk samples were COS, H2S,

MeSH, CS2, DMS, DMDS, DMTS, DMSO and Me2SO2. When the extraction

conditions were optimized for the analysis of other trace sulfur compounds by

PFPD, DMS reached the saturation limit of the PFPD and was therefore not

quantified in this study. DMS quantification by GC-FID was previously reported

(Vazquez-Landaverde et al., 2005) because it is the most abundant sulfur compound

in milk and its quantification can be easily achieved. COS was not quantified

because it is an odorless sulfur compound, and it is not important to the flavor of

heated milk (Simon and Hansen, 2001a).

Calibration curves with high correlation coefficients (R2 > 0.94) and low

quantification limits (QL = signal equal to 10 times the noise) for seven sulfur

compounds were obtained (Table 4.1). The quantification limits were below their

sensory thresholds for all compounds included in this study. The more volatile H2S

and MeSH could be easily extracted and had low quantification limits while the

less volatile DMSO and Me2SO2 were harder to extract. CS2, DMDS and DMTS

had the highest quantification sensitivity possibly due to their high affinity to the

CARJPDMS SPME fiber. Adequate repeatability of the measurements (cv < 13.6%)

was achieved in this study considering the high volatility and reactivity of some of

the compounds analyzed.

Commercial milk samples with various heat treatments were analyzed using



this technique and the results showed that the different concentration of volatile

sulfur compounds could be related to the difference in heat treatment (Table 4.2 and

Figure 4.2). At the same fat level, LTHT milk contained significantly higher

concentrations of H2S, MeSH, CS2, DMTS, and DMSO than raw and pasteurized

milk. H2S was the sulfur compound with a highest increase in concentration, up to

7 fold. MeSH increased about 5 fold, and CS2 almost doubled. There was

significant difference between some pasteurized milk samples when compared to

raw milk at the same fat level. Pasteurized sample B 1% fat showed higher

concentrations of MeSH, CS2, and DMDS. Contrary to the expectations,

pasteurized samples A 3.25% fat and B 3.25% fat had lower concentrations of

DMDS, DMTS, and DMSO than raw 3.25% fat samples, while other sulfur

compounds were not different. The "cooked" note perceived in pasteurized sample

B 3.25% fat was stronger compared to A 3.25% and raw 3.25%. Tn a previous work

we found that B 3.25% had a significantly higher concentration of dimethyl sulfide

than raw and pasteurized brand A milk samples (Vazquez-Landaverde et al., 2005)

while the thermally formed ketones and aldehydes were not significantly different.

Since aroma impact is not only dependent on concentration, but also on

sensory threshold, the odor activity value (OAV = concentrationlsensory threshold)

was calculated (Table 4.3). In this study, OAV values for MeSH and DMTS in UHT

milk samples were much greater than 1, indicating that their concentrations were

much higher than their sensory thresholds, thus contributing to the aroma.

According to the magnitude of its OAVs, MeSH could be the most important



sulfur-containing contributor to the aroma of UHT milk, at a concentration 80 to

119 times higher than its reported threshold. The second most important contributor

could be DMTS, with a concentration 4 to 6 times higher than its reported threshold.

H2S concentration was slightly higher than its reported threshold only for one UHT

sample, indicating this compound could be also a contributor to the sulfurous

aroma in heated milk, although not as important as MeSH and DMTS. A previous

study (Vazquez-Landaverde et al., 2005) suggested that DMS could also be an

important contributor to the aroma of both heated and fresh milk with a 3 to 11

OAV. The concentration of DMS was almost 3 times higher in UHT than raw milk,

while pasteurized brand B milk samples (2% and 3.25% fat) had significantly

higher concentrations (P < 0.05) than raw and pasteurized brand A milk. This trend

with the severity of the heat treatment was in agreement with the concentration of

the trace volatile sulfur compounds observed in this study.

Volatile sulfur compounds may be present originally in milk at low

concentrations as a result of the cow's metabolism (Toso et al., 2002b). They can

also be generated during the thermal processing of milk (Shibamoto et al., 1980;

Steely, 1994). It has been reported that the volatile sulfur compounds formed during

the high temperature heating process are mainly responsible for the development of

the cooked flavor defect (Christensen and Reineccius, 1992; Steely, 1994; Simon

and Hansen, 2001a; Datta et al., 2002). Upon heating, sulfur containing amino

acids from whey proteins, mainly J3-lactoglobulin, as well as proteins associated

with the fat globule membrane (Parry, 1974; de Koning et al., 1990; Chan and



Reineccius, 1994; Tressi et al., 1994; Zheng and Ho, 1994) can be released from

the proteins and form sulfides, thiols, and other minor sulfur containing compounds.

MeSH is important to the flavor of many foods due to its low detection

threshold. It has a strong and unpleasant cabbage, sulfur-like aroma (Rychlik et al.,

1998). A correlation between the increase in concentration of this compound and

the increase in the "cooked" flavor defect has been previously reported (Badings et

al., 1981; Christensen and Reineccius, 1992; Simon and Hansen, 2001a). MeSH is

thought to be generated during heat treatment from methionine, by breakdown of

the sulfur bearing side chain (Damodaran, 1996) but the actual pathway has not

been elucidated. Despite the importance of MeSH to the flavor of milk and dairy

products, its study has been limited due to its high reactivity and volatility. Only

few studies have reported reliable quantification techniques for this compound

(Burbank and Qian, 2005a; Fang and Qian, 2005).

The formation of dimethyl disulfide is probably due to the oxidation of

MeSH (Feneti, 1973; Chin and Lindsay, 1994). Jaddou et al., (1978) reported that

DMDS concentration increased in UHT milk, but decreased in sterilized samples.

DMDS and DMTS have a sulfur- and cabbage-like aroma (Rychlik et al., 1998),

with low sensory threshold values.

The concentration of H2S in milk increases linearly with heating

temperature (Hutton and Patton, 1952; Christensen and Reineccius, 1992). Also,

the log concentration of H2S has a strong linear relationship with the heated flavor

intensity of milk (Badings, 1978). This compound is also indirectly responsible for



the formation of other sulfur compounds (Zheng and Ho, 1994). H2S is produced

mainly from suiphydryl groups of sulfur containing amino acids (cysteine) in 3-

lactoglobulin (Badings et al., 1981; Damodaran, 1996). Some authors suggested

that this could be the most important contributor to the "cooked" flavor of milk

because it is the major sulfur compound formed in heated milk (Badings et al.,

1978; Jaddou et al., 1978; Badings et al., 1981; Rerkrai et al., 1987; Christensen

and Reineccius, 1992) and it also has a characteristic sulfur-like aroma (Rychlik et

al., 1998). However, the OAV values calculated in this study indicate that H2S

could be less important to the aroma of heated milk than previously thought. The

OAV suggested that MSH and DMS were the two most important sulfur

compounds in heated milk.

Although its origin has not been well elucidated, CS2 has been identified as

a breakdown product of other sulfur compounds (Urbach, 1993). However, there

are no previous reports of a correlation between CS2 and heat treatments, but our

results pointed that this compound could be a good indicator of heat treatment. It

has a sweet, ethereal, slightly green, sulfur-like aroma (Rychlik et al., 1998) but its

sensory threshold is very high and the calculated OAV was less than 1, so it

probably will not contribute to the aroma.

It has been proposed that Me2SO2 is produced in milk by the heat-induced

oxidation of DMS via DMSO as the intermediate (Shibamoto et al., 1980). Under

oxidative condition, methionine is easily oxidized to methionine sulfoxide and

methionine sulfone, which eventually breakdown to yield DMSO and Me2SO2



respectively (Damodaran, 1996). Shibamoto et al. (1980) found that Me2SO2

concentration decreases when milk is subjected to treatments between 60-90°C, but

it starts to increase considerably above 90°C. Moio et al. (1994) found that Me2SO2

concentration was lower for UHT milk than that for raw and pasteurized samples.

Me2SO2 has an aroma defined as hot-milk, leather and bovine-sweat like (Rychlik

et al., 1998), but its sensory threshold is too high to be considered an important

contributor to the aroma of milk.

A general trend was observed that the concentration of H2S, MeSH, and

DMTS increased with the fat level in milk (Table 4.2 and Figure 4.2). The results

suggested that the concentration of sulfur compounds in milk was also affected by

fat level. Although it is possible that the fat level may not have the same affect on

the volatility of sulfur compounds and internal standard, it was more likely that the

effects of heating on fat globule membrane protein denaturation were greater for

samples with higher fat content, and that membrane proteins contributed to the

formation of sulfides (de Koning et al., 1990)



4.5 Conclusion

The high reactivity and volatility of sulfur compounds makes their detection

and quantification in foods a challenge. Proper sample manipulation and protection

eliminated artifact formation from highly reactive sulfur compounds, allowing for

the accurate quantification of volatile sulfur compounds in milk. The SPME/GC-

PFPD technique developed in this study was effective in detecting a wide range of

sulfur containing compounds in milk at low concentrations and was used

successfully to study the sulfur compounds in milk subjected to different thermal

processes.
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Table 4.1 Calibration curves for trace volatile sulfur compounds in milk

Compound
Internal Calibration concentrations Regression

.

R2 Quantification
2standard equation limit

H2S EtMeS 2.6, 5.3, 7.9, 10.6, 13.3, 15.9 jig/kg y 0.084x 0.955 0.005 jig/kg

MeSH 3.4,6.8, 10.2, 13.6, 17, 20.4 jig/kg y0.IOlx 0.993 0.004j.tg/kg

CS2 10, 20, 30, 40, 50, 60 ng/kg y= 11.383x 0.974 0.033ng/kg

DMDS IPDS 2, 4, 6, 8, 10, 12 ng/kg y = 48.544x 0.995 0.02 1 ng/kg

DMTS 3.3,6.6, 10, 13.3, 16.6, 20 ng/kg y= 11.655x 0.947 0.088ng/kg

DMSO 100, 200, 300, 400, 500, 600 jig/kg y = 0.0009x 0.976 1.145 jig/kg

Me2SO2 0.6, 1, 1.4, 1.8, 2.2, 2.6 mg/kg y = 0.0003x 0.966 0.003 mg/kg

y = squared root (compound area/internal standard area); x = [compound]/{internal standard]
2calculated as the concentration that gives a signal 10 times that of noise



Table 4.2 Concentration of volatile sulfur compounds in various milk samples1

Compound Raw Raw UHT UHT A3 A A A B B B B 2

1% 3.25% 1% 3.25% 0% 1% 2% 3.25% 0% 1% 2% 3.25%

H2S 178" 121db 120d 0.63' 094db 0.59' 087b 0.62' 0.51' 0.48' 104db <139
(.tg/kg)
MeSH 1.95"' 4.80" 16.1' 239 1.65"' 1.92"3.56 357bcd 597d 465d 0.41' 4.32"' <12.6
(.tg/kg)
CS2 17.1' 221ab 56.4' 58.9' 16.3' 178ab 180"' 240b 32.3' 403d 31.3' 32.8' <10.5
(ng/kg)
DMDS 10.3" 334 303d, 328f 2.24' 10.21"17.1' 283" 937b 358f 101b 17.2' <11.7
(ng&g)
DMTS 10.7" 36.7" 32.9" 47.3' 1.18' 7.27" 16.6 392"' 122d, 15.7' 188g <8.3
(ng/kg)
DMSO 0.45" l2o 0.70' 1.46' 0.05' 0.22' 0.30" 0.68' 0.08' 0.41" O.82 o.79 <8.9
(mg/kg)
Me2SO2 1.14" 2.64' 0.78' 1.26" 0.13' 0.77' 0.74" 1.39" 023db 1.03" 4.72 2.21' <13.6
(mg/kg)

'Different letters for the same compound indicate significant difference between samples (Tukey HSD 95%)
2c.v. = % coefficient of variation
3A, B = commercial pasteurized samples
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Table 4.3 Odor activity values (OAVs)' of some volatile sulfur compounds in milk
samples

Aroma
Compound

raw raw UHT UHT A5 A A A B B B B
threshold2 1% 3.25% 1% 3.25% 0% 1% 2% 3.25% 0% 1% 2% 3.25%

112S lOj.tg/kg3 0.1 0.1 0.3 1.2 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1

MeSH 0.2 tg/kg3 9.7 24 80 119 8.2 9.6 17 17 29 23 2.0 21

CS2 5 .sgfkg <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

DMDS 0.16 .igfkg3 <0.1 0.2 0.1 0.2 <0.1 <0.1 0.1 0.1 <0.1 0.2 <0.1 0.1

DMTS 8ng/kg3 1.3 4.5 4.11 5.9 0.1 0.9 1.7 2.0 0.4 1.5 1.9 2.3

'OAV = concentration / reported threshold
2Values measured in water
3Rychilk etal., 1998
4ETS L.aboratories, 2002
5A, B = commercial pasteurized samples
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Figure 4.1 MeSH stability and DMDS formation in 3.25% fat raw milk spiked with
7 .ig/kg of MeSH. (A) pH = 6.6; (B) pH = 2.6
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Figure 4.2 Concentration o volatile sulfur compounds in commercial milk samples.
a) Hydrogen sulfide, b) methanethiol, c) carbon disulfide, d) dimethyl trisulfide. A,

B = commercial pasteurized milk

30

25

0)

a.

15

!:

I:

0LLJ,E , = LiLJ

25

20

15

"10

0

Raw Raw A0% A1% A2% A3% B0% 61% 62% B3% UHT UHT
1% 3% 1% 3%

70

60

= 400

30

= 200
C)

10

70

60

0)

' 50

= 40

30

20

10

C

nnn

Raw Raw A0% A1% A2% A3% B0% B1% 82% B3% UHT UHT
1% 3% 1% 3%



5. High Pressure-Moderate Temperature Processing on Off-Flavor

Generation of Milk

Pedro A. Vazquez-Landaverde, J. Antonio Torres and Michael C. Qian

Formatted according to the Journal of Dairy Science

1111 N. Dunlap Avenue. Savoy, IL. 61874



5.1 Abstract

Effects of high hydrostatic pressure on off-flavor generation of milk were

investigated in this study. Raw milk samples were treated under different pressure

(482, 586 and 620 MPa), temperature (25 and 60°C) and holding time (1, 3 and 5

mm). Samples submitted to heat treatments alone (25, 60 and 80°C for 1, 3 and 5

mm) were used for comparison. Trace volatile sulfur off-flavor compounds were

analyzed using solid-phase microextraction (SPME) and gas chromatography (GC)

with pulsed-flame photometric detection (PFPD), while rest of the off-flavor

compounds were analyzed using SPME-GC-FID. MANOVA and principal

component analysis were used to study the effect of pressure, temperature and time

on off-flavor generation. It was found that pressure, temperature, time, as well as

their interactions all had significant effects (P <0.001) on off-flavor generation in

milk. Pressure and time effects were greatest at 60°C, while their effects were

almost negligible at 25°C. It was observed that the off-flavor generation of

pressure-heated samples at 60 °C was different from that of heated-alone samples.

Heat treatment at 60 °C tended to promote mostly the formation of methanethiol,

hydrogen sulfide and methyl ketones, while high pressure treatment at the same

temperature mostly formed hydrogen sulfide and aldehydes. The results

demonstrated that the off-flavor generation at high pressure-moderate temperature

was different from that under atmospheric pressure conditions.

(Key words: milk, high-pressure processing, off-flavor, volatile sulfur compounds)
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5.2 Introduction

Milk is a popular food due to its nutritional properties and pleasant flavor.

Thermal processing is the prevailing method to achieve microbial safety and shelf

life stability of milk. Although high-temperature short-time (HTST) pasteurization

of milk (typically at 72°C for 15 s) is acceptable to most consumers, the process

does impart a slight cooked, sulfurous note, and the final product shelf life is only

20 d at refrigeration temperatures. Ultra high temperature (UHT) processing (135-

150°C for 3-5 s) produces a product that is stable at room temperature for up to 6

months; however, this process can induce strong "cooked" off-aroma notes in milk

(Shipe, 1980) thus limiting its marketing in US and many other countries (Steely,

1994). Numerous studies have identified volatile sulfur compounds, aldehydes and

methyl ketones as the most important contributors to this cooked off-aroma defect

(Scanlan et al., 1968; Jeon et al., 1978; Moio et al., 1994; Contarini et al., 1997;

Contarini and Povolo, 2002; Vazquez-Landaverde et al., 2005a, Vazquez-

Landaverde et al., 2005b), and reliable quantification methods have been developed

to analyze these off-aroma compounds in milk (Burbank and Qian, 2005; Fang and

Qian, 2005; Vazquez-Landaverde et al., 2005a, Vazquez-Landaverde et al., 2005b).

New processing technologies are needed to achieve safety of milk without

compromising its flavor. High hydrostatic pressure processing (HPP), a new

technology to food industry (Tones and Velazquez, 2004), can destroy many

microorganisms without causing significant changes to the flavor and nutritional

attributes of the processed foods (Chefte!, 1995; Berlin et al., 1999; Velazquez et al.,
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2002). This technology has been gaining commercial popularity to manufacture

food products with "fresh" flavor which are not possible with other preservation

technologies (Serrano et al., 2004; Serrano et al., 2005). To retain the "fresh" milk

flavor, HPP has been studied as an alternative for pasteurization of milk. A similar

microbiological reduction to that of pasteurized milk has been achieved using

pressure treatments of 400 MPa for 15 mm or 500 MPa for 3 mm at room

temperature (Rademacher and Kessler, 1996). At moderate temperature (55°C),

HPP (586 MPa for 5 mm) can significantly extend the shelf life of milk up to 45 d,

which is beyond that of pasteurized milk (Tovar-Hernandez et al., 2005).

Although it is generally assumed that HPP at low temperature will not

change the aroma or flavor of the product, thus retain the "flesh" flavor of the

products. However, HPP under certain conditions has been reported to change some

properties of foods. HPP can reduce the size of casein micelles in milk at pressures

above 230 MPa, resulting in a decrease in the turbidity and whiteness, and an

increase in the viscosity of milk (Hinnchs and Kessler, 1997). High pressure can

also affect the crystallization properties of milk fat. The crystallization of milk fat

can be accelerated, enforced or initiated because the high pressure can shift the

phase transition temperature (Buchheim and El-Nour, 1996). Flavor properties can

also be affected by HPP. Hofmann et al. (2005) reported that HPP could influence

the formation of Maillard-derived compounds in a sugar-amino acid model solution.

However, the information about flavor generation under high pressure is still very

limited. The objective of this study was to investigate off-flavor generation in milk
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under high-pressure and moderate temperature, and compare the off-flavor

formation with that formed under atmospheric-pressure conditions.

5.3 Materials and Methods

Chemicals

3-Methylbutanal, 2-methyipropanal (isobutyraldehyde), ethyl acetate, 3-

methylbutanol, 2-furaldehyde (furfural), heptanal, octanal, nonanal, decanal, trans-

2-hexenal, 2-heptanone, 2-nonanone, 2-undecanone, 3-heptanone, 3-octanone, 4-

decanone, methanethiol (MeSH), dimethyl disulfide (DMDS), dimethyl trisulfide

(DMTS), dimethyl sulfoxide (DMSO), dimethyl sulfone (Me2SO2) and isopropyl

disulfide (IPDS) were purchased from Aldrich Chemical Co. Inc. (Milwaukee, WI);

2,3-butanedione (diacetyl) and hexanal were purchased from Sigma (St. Louis,

MO); 2-octanone was from Fluka Chemical Corp. (Milwaukee, WI); 2-pentanone,

2-hexanone, 2-decanone and trans-2-nonenal were from K&K Laboratories

(Jamaica, NY); 2-methylbutanal was from Polyscience Inc. (Niles, IL); dimethyl

sulfide (DMS) and ethyl methyl sulfide (EtMeS) were from TCI America (Portland,

OR). Carbon disulfide (CS2) was from EMD Chemicals Inc. (Gibbstown, NJ);

Milk samples

Raw homogenized milk with 3.2% fat was obtained locally (Lochmead

Farms, Junction City, OR) and sodium azide was added immediately (0.02%). The

same batch of milk was used for the entire experiment to avoid differences in the
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composition. Pasteurized milk samples with 3.2% fat content from two different

commercial brands (PA and PB) were purchased locally, stored at 4°C and analyzed

before their expiration date (2 weeks from manufacturing date). Ultra high

temperature (UIIT) treated milk samples (3.2% fat) from two different commercial

brands (UA and UB) were purchased in Mexico, stored at 4°C after arrived in US

and analyzed before their expiration date (6 months from manufacturing date).

High pressure treatments

Raw milk samples (10 or 20 mL each) were placed in individually sealed

polyethylene bags. Treatments from a 2 x 3 x 3 experimental design (treatments 10

to 27 in Table 5.1) for temperature (25 and 60°C), pressure (482, 586 and 620 MPa)

and time (1, 3 and 5 mm) were run in triplicate. A 2.2 L high-pressure vessel

(Engineered Pressure Systems Inc., Haverhill, MA) equipped with a temperature

controller and a high-pressure fluid pump (model P100-1OFC, Hydro-Pac Inc.,

Fairview, PA) was used to process the milk. All samples were equilibrated at 25°C

before loading into the high pressure vessel. Loading time (1 mm) and unloading

time (1.5 mm) were kept constant for all runs. The pressure ramp was 40 s in

average. Time between runs was 15 mm to allow the pressure vessel to re-

equilibrate to its initial temperature. Immediately after treatment, samples were

placed in an ice bath and then stored at -3 8°C until analyzed. All analysis was

performed within 20 d after the treatments.
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Heat treatments

A 3 x 3 experimental design (treatments 1 to 9 in Table 5.1) for temperature

(25, 60 and 80°C ) and holding time (1, 3 and 5 mm) under atmospheric pressure

was run in triplicate to simulate the high pressure treatment at 620 MPa. To achieve

this, the treatments were applied as follows: samples contained in sealed

polyethylene bags were pre-heated at initial temperature of 25, 60 and 80°C

respectively for 3.2 mm to compensate the additional time that would be required

in the high pressure treatments to load the sample (1 mm), increase the pressure

(0.7 mm) and unload the sample (1.5 mm) at the preset initial temperature. After

that, the samples were kept at 44, 79 and 99°C respectively for 1, 3 and 5 mm to

compensate the temperature increase that milk samples will experience under high

pressure due to additional adiabatic heating. The generated adiabatic heating was

estimated based on the average increase of 3°C per 100 MPa inside the pressure

vessel (Ting et al., 2002). Immediately after each treatment, samples were placed in

an ice bath, and then stored at -38°C until analyzed. A high temperature of 80°C

was also included in the heat treatment as an extra level of reference.

Analysis of trace volatile sulfur off-flavor compounds

Hydrogen sulfide, methanethiol, dimethyl disulfide, dimethyl trisulfide,

carbon disulfide, dimethyl sulfoxide and dimethyl sulfone were analyzed using

headspace solid-phase microextarction and gas chromatography with pulsed-flame

photometric detection (HS-SPME/GC-PFPD) described previously (Vazquez-
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Landaverde et al., 2005a, Vazquez-Landaverde et al., 2005b). The milk sample (10

g) was extracted with a 85 jim carboxen-polydimethylsiloxane (CAR/PDMS) fiber

(Supelco, Bellefonte, PA) at 30°C for 15 mm and analyzed with a Varian CP-3800

gas chromatograph (Varian Inc., Walnut Creek, CA) equipped with a DB-FFAP

fused silica capillary column (30 m x 0.32 mm, 1.0 jim film; Agilent Technologies,

Inc., Palo Alto, CA) and a PFPD. Calibration curves for seven sulfur-containing

compounds were constructed in milk by the standard addition technique. Ethyl

methyl sulfide and isopropyl disulfide were used as internal standards. Triplicate

analysis was performed on each sample.

Analysis of other off-flavor compounds

Dimethyl sulfide and other off-aroma compounds were analyzed using

headspace solid-phase microextraction and gas chromatography with flame

ionization detection (HS-GC/FID) (Vazquez-Landaverde et al., 2005a, Vazquez-

Landaverde et al., 2005b). The sample (20 g) was extracted with a 2-cm 50/30 im

divinylbenzene/carboxenlpolydimethylsiloxane (DVB/CAR/PDMS) fiber (Supelco

Co., Bellefonte, PA) at 35°C for 1 h. Off-flavor compounds was analyzed using an

HP 5890 series II gas chromatograph (Hewlett Packard, Wilmington, DE) equipped

with an FID and an HP-S capillary column (50 m x 0.32 mm I.D., 0.52 tm film

thickness, Hewlett Packard). Trans-2-hexenal, 3-heptanone, 3-octanone, 4-

decanone and trans-2-nonenal were used as internal standards. Calibration curves

for off-aroma compounds were constructed based on standard addition technique.
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Statistical analysis

Multivariate analysis of variance (MANOVA) and principal component

analysis (PCA) were conducted using S-Plus 6.2 (Insightful Corp., Seattle, WA).

The concentration of each volatile compound was compared to that of an untreated

sample (raw milk 3.2%) and a normalized percentage change was used to perform

statistical analysis. The normalized percentage of change for each compound was

calculated as follows:

concentration in treated milk concentration in raw milk% change= xlOO
concentration in raw milk

5.4 Results and Discussion

Effect of thermal processing on Off-flavor Generation in Milk

During high pressure processing, there is a temperature increase upon

pressurization due to adiabatic heating (Harvey et al., 1996). The magnitude of this

change depends on the compressibility of the substance and its specific heat. At the

pressures typically encountered during high pressure processing (400-1000 MPa),

milk increases 3°C for every 100 MPa pressure increase (Ting et al., 2002).

Temperature decreases instantly when pressure releases. Because thermal

degradations of lipids, proteins and sugars contribute most to the off-flavor

formation in milk, adiabatic heating effect were taken account for all samples
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treated under atmospheric pressure, so the corresponding treatments submitted to

high pressure can be compared. Treatments 1 to 9 (Table 5.1) simulated the

temperature increase experienced inside the pressure vessel at 620 MPa.

Twenty seven compounds including aldehydes, ketones, esters and sulfur

compounds were quantified. As shown in Table 5.2 and 5.3, the concentrations of

off-flavor compounds in milk samples differed across a wide range, where The

concentrations of sulfur-containing compounds presented the widest variation.

Dimethyl sulfoxide (DMSO) and dimethyl sulfone (Me2SO2) were the most

abundant, reaching mg/kg levels, while carbon disulfide (CS2), dimethyl disulfide

(DMDS) and dimethyl trisulfide (DMTS) were present only at ng!kg levels. The

concentration of aldehydes and ketones were at the tg/kg level. Since the

concentrations of off-flavor compounds varied widely and were affected by

processing conditions, the percentage of off-flavor change referenced to raw milk

was also investigated (Table 5.4 and Table 5.5).

It has been reported that volatile sulfur compounds are mainly responsible

for the development of the cooked off-flavor in heated milk (Christensen and

Reineccius, 1992; Steely, 1994; Simon and Hansen, 2001; Datta et al., 2002). Some

authors even suggested that H2S could be the most important contributor to this off-

flavor because it is the major sulfur compound formed in heated milks (Badings et

al., 1981; Rerkrai et al., 1987; Christensen and Reineccius, 1992), and it has a

characteristic sulfur-like aroma (Rychlik et al., 1998). However, more recent study

indicates MeSH is probably the most powerful off-flavor compound in heated milk



due to its a low sensory threshold (Vazquez-Landaverde et al., 2005a).

Except for DMDS, all other volatile sulfur compounds followed an

increasing trend in concentration when temperature and processing time were

increased (Table 5.3). Hydrogen sulfide had the highest relative increase upon

heating (Table 5.5), followed by methanethiol (MeSH). Although dimethyl sulfide

(DMS) has been reported to be an important sulfur compound in heated milk

(Vazquez-Landaverde et al., 2005b), its relative increase was not as big as for

hydrogen sulfide and methanethiol (Table 5.3 and Table 5.5).

Volatile sulfur compounds can be generated from the thermal

decomposition of sulfur containing amino acids (Shibamoto et al., 1980; Steely,

1994). H2S was proposed to be mainly generated from cysteine through oxidation

(Badings et al., 1981; Damodaran, 1996). MeSH is thought mainly to be liberated

from methionine, through thermal breakdown of the sulfur bearing side chain

(Damodaran, 1996). Both H25 and MeSH are highly reactive and can form other

sulfur compounds (Zheng and Ho, 1994).

In addition to volatile sulfur compounds, methyl ketones were also

dramatically affected by thermal treatment. Concentrations for 2-heptanone, 2-

octanone, 2-nonanone, 2-decanone, 2-undecanone and 2,3-butanedione increased

with the severity of thermal treatment (Table 5.2 and Table 5.3), which is in

agreement with previous report (Contarini and Povolo, 2002). 2-Nonanone had the

highest relative increase upon heating, followed by 2-heptanone and 2-undecanone

(Table 5.4). Although methyl ketones are naturally present in raw milk, most of
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them are formed thermally by 13-oxidation of saturated fatty acids followed by

decarboxylation (Nawar, 1996) or by decarboxylation of f3-ketoacids naturally

present in milk fat (Grosch, 1982; Jensen et al., 1995).

The concentration of aldehydes also increased with the severity of the heat

treatment applied but to a lesser extent compared to methyl ketones (Table 5.2 and

Table 5.3). 2-Methyipropanal, hexanal, 2-furaldehyde, heptanal, octanal, nonanal

and decanal all increased in concentration when temperature and time were

increased. Nonanal had the highest relative increase upon heating, followed by

octanal and decanal (Table 5.4). The increase of C27,9 saturated aldehydes

concentration is thought to be the main cause for the stale off-flavor in milk

(Rerkrai et al., 1987; Rychlik et al., 1998; Vazquez-Landaverde et al., 2005b).

Aldehydes can result from the autoxidation of unsaturated fatty acids and

spontaneous decomposition of hydroperoxides promoted by heat (Grosch, 1982).

3-Methylbutanol and ethyl acetate also showed an increasing trend in

concentration when the temperature and time levels were raised (Table 5.3). 3-

Methylbutanol is naturally present in raw milk and is produced mainly by the

microbial reduction of 3-methylbutanal (Toso et al., 2002). Ethyl acetate is formed

by esterification of ethanol with acetic acid via the Fischer reaction catalyzed by

heat (Hart, 1991). However, the low concentrations of these compounds (Table 5.3),

along with their low relative increases (Table 5.5) and high sensory threshold

(Rychlik et al., 1998), suggest that this compounds are of little importance for the

development of off-flavors in heated milk.
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As showed in the MANOVA (Table 5.6), temperature and time, as well as

their interaction, had significant effects on the off-aroma generation of milk. Based

on the P-values, it appeared that temperature was the most important factor. The

PCA plot for temperature and time (Figure 5.1 A) demonstrated that temperature

allowed for the differentiation of three main groups. Group 1 included treatment 1,

2 and 3 (39°C for 1, 3, and 5 mm, respectively), group 2 included treatments 4, 5,

and 6 (78°C for 1, 3, and 5 mm) and group 3 included treatments 7, 8, and 9 (98°C

for 1, 3, and 5 mm). It was evident that at 39°C the holding time did not scatter the

samples (group 1, Figure 5.1 A), whereas at 78°C it began to separate the samples

(group 2), and at 98°C the separation due to holding time became obvious (group 3,

Figure 5.1 A). These results demonstrated that the processing temperature was the

determining factor for the final off-aroma profile of milk. Although the processing

holding time did not have a major impact at low temperature, it became critical at

high temperature. The PCA loadings (Table 5.8) showed that increases in

temperature and time mostly promoted the formation of H2S, MeSH, 2-nonanone,

nonanal, 2-undecanone, and 2-heptanone. These were the most important

compounds that contributed to the separation of the different treatments in the PCA

plot (Figure 5.1 A). The results obtained support previous reports that heat

treatments above 74°C start to change the volatile composition and the sensory

quality of milk (Shibamoto et al., 1980; Steely, 1994).
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Effect of high pressure-moderate heating on the generation of off-aroma

compounds in milk

The effect of different levels of high hydrostatic pressure and mild heating

(treatments 10 to 27, Table 5.1) on the off-aroma generation in milk was also

evaluated. High pressure processing at moderate temperature seemed to generate

different off-aroma profile. For the sulfur compounds analyzed, only H2S increased

with pressure-temperature-time treatments (Table 5.3 and Table 5.5). Ketone

formation was not affected by pressure-time except at high temperature. The

concentration of 2-heptanone, 2-nonanone and 2,3-butanedione increased with

pressure only at 78°C (Tables 5.2, 5.3, 5.4, and 5.5). Hexanal, heptanal, octanal,

nonanal, decanal and 2-furaldehyde increased with pressure-temperature-time

treatments. Among them, hexanal and heptanal showed a dramatic increase in

concentration at the highest pressure-temperature treatment applied (up to 184 and

436% respectively). It is worthwhile to note that at high levels of pressure and

temperature (treatments 25, 26, and 27, Table 5.1), hexanal and heptanal showed a

significantly higher concentration and relative increase (Table 5.2 and 5.4) as

compared to homologous heat treatments with no pressure (treatments 4, 5, and 6,

Table 5.1). Also important was the observation that methanethiol formation

appeared to be inhibited when under pressure (Table 5.3 and 5.5), while the

concentration of other sulfur compounds was similar to that of the homologous heat

treatment.

MANOVA analysis concluded that temperature, pressure, time, as well as
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the double and triple interactions were important factors influencing the formation

of off-aroma in milk (Table 5.7). The PCA plot for the pressurized samples (Figure

5.1 B) confirmed that temperature had an important effect, the samples treated at

25°C (group 1,) from those treated at 60°C (groups 2 and 3). At 25°C, neither

pressure nor holding time appeared to affect the aroma profile of milk as all

treatments at 25°C were grouped closely together (group 1). However, when

temperature was increased to 60°C, pressure became an important factor separating

samples treated at 620 MPa (group 3) away from those treated at 586 and 482 MPa

(group 2) at the same temperature. The results demonstrated that pressure had an

impact on the off-aroma generation of milk but only at moderately high

temperature (60°C). Samples treated at 60°C and 620 MPa were the only ones

clearly scattered due to holding time (group 3), therefore suggesting that time has

an important effect only at high levels of pressure and temperature.

HPP treatment typically does not change flavor profile, however, our results

demonstrated that treatments using high levels of pressure-temperature generated a

different aroma profile from high temperature alone treatment. Figure 5.1 C

showed distribution of all pressurized and non-pressurized milk samples in the PCA

plot. Milk treated under milder conditions, either pressure below 620 MPa or

temperature below 60°C, formed a single cluster (group 1), indicating that the milk

volatile profile did not change significantly under these conditions. Heated-treated

samples at 60°C (group 2) and 80°C (group 4) formed clusters clearly separated

from group 1. On the other hand, those treated at 60°C and 620 MPa formed a
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different cluster (group 3). It was interesting to notice that the samples in group 3

were clustered in the opposite side of their heat-treated homologues of group 2 in

the PCA plot. The PCA loadings for the compounds analyzed (Table 5.8) showed

that the major changes in group 3 (620 MPa, 60C) were mostly defined by an

increase in concentrations of H2S and aldehydes such as hexanal, heptanal, and

nonanal, while in their homologous heating processes (group 2) these changes were

defined mostly by the formation of H2S, MeSH, and methyl ketones such as 2-

heptanone and 2-nonanone.

The results suggested that the formation of off-flavor compounds could

progress through different pathways under HPP. However, unlike heat-induced

reactions which have been extensively studied, very few studies reported the

volatile formation under high pressure (Hofmann et al., 2005). The mechanism of

off-flavor formation under high hydrostatic pressure has not been studied.

Aldehydes and methyl ketones have two well known formation pathways

from processed milk fat: autoxidation and thermal oxidation. In the autoxidation

process, unsaturated fatty acids undergo oxidation when free radicals already

present in the system enter in contact with oxygen from air to form peroxy radicals.

The formation rate of these peroxy radicals is influenced by the presence of

transition metals, haemo groups and light, and commonly presents an induction

period before the reaction is well established. The peroxy radical selectively

abstracts the most weakly bound hydrogen atom from an unsaturated fatty acid

molecule, like that located next to a double bond. For this reason, at low
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temperatures (<60°C) only unsaturated but not saturated fatty acids are attacked by

peroxy radicals. Monohydroperoxide molecules are the precursors of a complex

mixture of volatile compounds like aldehydes, ketones, alcohols and others,

depending on the structure of the hydroperoxide and the position where the scission

takes place.

Thermal oxidation is another mechanism for the formation of aldehydes and methyl

ketones in milk fat. Heating milk fat modifies the course of autoxidation. The pro-

oxidant effects of transition metals and related catalysts are minimized because of

the thermal lability of monohydroperoxides. When the temperature increases, the

selectivity of the reaction routes is reduced and random oxidation of the saturated

lipids occurs. Methyl ketones are the principal volatile products form thermal

degradation of milk fat, followed by aldehydes. Like in the autoxidation process,

during thermal treatment aldehydes are formed from hydroperoxides. But the

difference is that when heating a fatty acid in the presence of oxygen,

hydroperoxide spontaneously decomposes to an aldehyde and a radical which may

in turn oxidize, dehydrate and decarboxylate to a further aldehyde molecule.

Regarding methyl ketones, their formation during heat treatment is attributed to a

thermal 13-oxidation of an acid followed by decarboxylation, which is different

from the autoxidation pathway, where they are derived from the cleavage of

hydroperoxide molecules. In the present study, the observed formation of methyl

ketones and aldehydes might be mostly due to the thermal treatment milk was

subjected to (both initial vessel temperature and adiabatic temperature increase
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under pressure) and not as the result of an autoxidation process, since major

changes in concentration took place only when the highest temperature level was

used (Table 5.2 and 5.4). However, the fact that the concentration of aldehydes like

hexanal and octanal increased dramatically when under pressure, while methyl

ketones concentration was similar to that of a homologous heat treatment, could

find an explanation on the different pathways they follow during thermal treatment.

Methyl ketone formation is mainly driven by the energy (heat, in this case) needed

for the 13-oxidation and decarboxylation to take place. Pressure is just a mechanical

factor; therefore does not increase the energy of the system and methyl ketones will

be formed in the same way as under homologous thermal treatments. On the other

side, aldehydes are formed from the decomposition of hydroperoxides, depending

on a catalytical process rather than an energetic one. High pressure seems to

increase this catalysis, thus probably enhancing the formation of hydroperoxides.

How this happens is not known, but a couple theories can be suggested. One theory

is based in the phenomena that any gas becomes more soluble in a liquid when

subjected to elevated hydrostatic pressures; therefore oxygen becomes more

available and easily reaches the fatty acid molecules. Another theory could be

based in the thermodynamics of reactions. Pressure affects the kinetics of reactions,

and when applied to complex systems, many different reactions take place which

can be affected differently. According to Le Chatelier's principle (Galazka and

Ledward, 1996), when applying pressure a constraint is placed on volume.

Therefore only the reactions that have an optional pathway of reaction that involves
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the application of a mechanical reduction of the volume will be observed during

HPP. Aldehydes formation from milk fat could have such optional pathway, being

hexanal and heptanal the main compounds resulting from the reaction.

Regarding the powerful off-flavor compound MeSH, it was inhibited when under

pressure treatment. Its formation involves the breakdown of the sulfur-bearing side

chain of methionine amino acid in milk proteins. It is possible that at such high

pressure levels like the ones used in this study, milk proteins structure change to a

form where methionine is more protected against MeSH loss.

The different effect of HPP on the off-flavor profile of milk might also be of

commercial interest. Figure 5.1 D shows how the volatile off-flavor profile for all

pressure and temperature treatments performed in this study is located in a PCA

with respect to two commercial pasteurized samples and two commercial UI-IT

samples. Pasteurized samples were located inside a major cluster (group 1, Figure

5.1 D) that included the milder treatments of heating (60°C and lower) and

pressurization (586 MPa at 60°C and lower). When smelling the milk, all samples

included in group 1 (Figure 5.1 D) were not perceived as "cooked". Similarly,

samples located in groups 2 and 3 of Figure 5.1 D, which included those samples

submitted to the highest levels of heat and pressure and which presented a different

volatile off-flavorprofile than samples from group 1, were perceived as slightly

more "cooked" than samples in group 1. UHT milk samples were located totally

apart from any other cluster in the PCA (group 4, Figure 5.1 D), because they had a

very different volatile composition from any other samples analyzed (Tables 5.2,
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5.3, 5.4, 5.5 and 5.8). Besides having the highest concentration of volatile off-

flavor compounds, the aroma of UHT samples was perceived as extremely

"cooked". These findings suggest that high pressure treatments under conditions

equal or lower than 586 MPa at 60°C would have a volatile profile similar to that of

pasteurized milk, and even close to that of raw milk when subjected to milder

conditions.

5.5 Conclusion

As of now, pressure treatments of 586 MPa at 55° for 3 and 5 mm have

previously demonstrated their capability of extending refrigerated milk shelf life up

to 45 d (Tovar-Hernandez et al., 2005) and, according to our results, present a

similar volatile off-flavor profile than commercially pasteurized milk, therefore

having a high probability of being accepted by the consumer without noticing any

difference in flavor. Safety and shelf life of milk can be extended by increasing the

temperature and pressure levels (Garcia-Risco et al., 1998; Tovar-Hernandez et al.,

2005). However, any increase in the severity of HPP must be done carefully to

avoid major changes in the flavor of milk. Further experiments on the kinetic

behavior of off-flavor compounds under high hydrostatic pressure will help in the

design of a process that ensures milk safety, while extending shelf life with a

minimum of flavor change. Such good flavor and shelf life have not been achieved

before with common heating technologies, which can certainly extend shelf life,

although inevitably forming off-flavors. There is an increasing trend on the



118

consumer demand of fresh and minimally processed products that preserve most of

their original characteristics. In the case of milk, health risks are too substantial to

ignore pasteurization. But high hydrostatic pressure is convincing about its

inactivation effect on microorganisms, and under certain conditions, this

technology preserves most of the fresh flavor of milk, therefore adding a

tremendous value to the final product.
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Table 5.1 Experimental design and aroma of analyzed milk samples

Treatmentparameters
Treatment number Temperature Pressure Time

(°C) (MPa) (mm)
1 25 (43.6) - 1

2 25 (43.6) - 3

3 25 (43.6) - 5
4 60 (43.6) - I
5 60 (78.6) 3
6 60 (78.6) - 5
7 80 (98.6) - 1

8 80 (98.6) - 3

9 80 (98.6) - 5
10 25 482 1

11 25 482 3
12 25 482 5
13 25 586 1

14 25 586 3
15 25 586 5
16 25(43.6) 620 1

17 25 (43.6) 620 3
18 25 (43.6) 620 5
19 60 482 1

20 60 482 3
21 60 482 5
22 60 586 1

23 60 586 3
24 60 586 5
25 60 (78.6) 620 1

26 60 (78.6) 620 3
27 60 (78.6) 620 5

PastA' - - -

Past B' - -

UHTA2 - - -

UHTB2 - - -

1Pasteurized commercial milk samples
2UItra-high temperature processed commercial milk samples
3initial temperature
4Compensated temperature to resemble pressure processing
5Estimeted temperature due to adiabatic heating under pressure



Table 5.2 Concentration of off-flavor volatile compounds in milk (p.g/kg)'. Straight chain aldehydes and methyl ketones

Treatment2
Pentanone Rex one

Hexanal
Heptanone Heptanal Octanone

Octanal
Nonanone

Nonanal
Decanone

Decanal Undenone
1 0.73 0.66 14.40 1.04 1.13 4.31 1.49 0.77 3.40 0.51 9.68 0.31
2 0.87 1.05 12.42 1.04 0.81 3.91 1.33 0.76 3.42 0.50 5.99 0.36
3 0.66 1.08 13.48 1.08 1.21 4.09 1.49 1.10 4.59 0.57 8.47 0.36
4 0.84 1.74 10.33 1.12 1.55 4.06 2.31 3.03 9.01 0.67 16.11 0.33
5 0.96 0.71 11.48 1.22 1.53 3.84 2.35 3.22 12.74 0.80 16.83 0.64
6 1.99 1.68 11.87 1.57 1.78 3.90 2.73 3.80 13.67 0.76 19.01 0.63
7 1.85 1.74 13.23 1.94 1.86 4.35 3.29 4.61 17.09 1.05 21.60 1.09
8 1.69 1.72 15.24 3.23 2.14 4.79 3.74 6.29 20.75 1.05 21.79 1.37
9 1.77 1.63 16.98 5.24 2.61 4.82 5.13 8.64 26.56 1.12 23.69 1.57

10 0.43 0.40 9.74 1.08 1.02 4.21 1.00 0.50 2.70 0.16 4.28 0.08
11 0.54 0.62 10.63 1.01 1.09 5.00 1.18 0.58 2.97 0.41 4.52 0.46
12 0.48 0.50 8.09 1.06 1.05 3.87 0.92 0.54 3.46 0.51 5.20 0.43
13 0.59 0.54 8.64 1.35 1.01 5.07 1.06 0.36 2.32 0.38 5.28 0.33
14 0.55 0.48 6.46 1.02 0.92 4.08 1.00 0.63 3.01 0.64 5.89 0.32
15 0.41 0.45 6.19 1.01 0.75 2.96 0.74 0.52 2.57 0.42 3.83 0.21
16 0.54 0.51 8.70 1.09 1.01 4.34 1.03 0.60 2.85 0.58 7.32 0.39
17 0.49 0.51 9.47 1.04 1.06 4.89 1.00 0.59 3.72 0.80 8.82 0.49
18 0.43 0.42 7.88 1.24 0.86 3.71 0.88 0.45 2.34 0.34 4.87 0.27
19 0.94 1.21 11.85 2.71 1.17 3.15 1.47 2.07 5.59 0.91 15.65 0.51
20 0.91 1.41 14.94 2.05 1.59 4.44 1.57 2.07 5.95 1.10 16.64 0.47
21 1.01 1.09 12.04 1.92 1.40 4.35 1.53 2.31 5.96 1.06 14.36 0.55
22 0.83 1.61 15.08 2.03 1.76 3.70 1.57 2.63 6.31 0.99 12.27 0.47
23 0.87 1.19 19.25 1.84 3.12 4.14 1.83 2.37 7.43 1.06 16.47 0.47
24 0.83 1.08 23.88 2.36 3.12 4.01 1.92 2.05 7.54 0.93 14.80 0.61
25 0.84 1.62 13.91 2.07 1.60 4.79 1.43 1.36 8.54 0.71 10.60 0.48
26 0.74 1.46 15.71 1.91 2.22 3.74 1.30 1.40 6.46 0.63 11.46 0.37
27 0.92 1.64 38.16 1.98 5.63 4.39 2.35 2.03 11.30 0.80 14.52 0.53

Raw 0.75 0.93 13.43 1.05 1.05 4.11 1.44 0.88 3.80 0.53 8.05 0.34
PastA 0.21 0.05 8.83 1.11 0.06 6.35 0.13 0.51 1.18 0.21 5.91 2.73
PastB 022 0.15 7.72 0.76 0.14 3.02 0.14 0.62 0.42 0.20 1.67 0.91
UHTA 9.51 1.82 12.76 32.46 1.68 4.53 0.91 51.72 3.91 1.35 6.56 9.63
UHT B 9.68 1.93 13.52 35.62 1.73 4.65 1.02 54.28 4.06 1.38 6.85 10.10

'Each value represents the average of a triplicate treatment. Relative standard deviation was < 8.9%.
2For treatments description, refer to Table 5.1



Table 5.3 Concentration of off-flavor volatile compounds in milk (jig/kg)1. Other compounds

Treatment2
Methyipropanal Butanedione Acette

3- 2-
MthyI

Furaldehyde
H2S MeSH CS2 DMDS DMTS DMSO Me2SO2 DMS

Butanol
1 033 134 0.28 1.14 5.06 0.39 0.98 1.83 3.41 0.04 0.06 0.04 620.09 1653.11 5.27
2 0.38 1.44 0.22 1.70 6.63 0.51 1.99 2.01 2.77 0.03 0.08 0.04 638.02 1479.53 5.60
3 0.38 1.50 0.23 1.69 6.37 0.46 2.07 1.95 3.24 0.03 0.08 0.04 605.95 1411.88 5.51
4 0.35 1.78 0.25 1.96 7.34 0.55 3.20 1.70 4.48 0.04 0.06 0.04 646.87 1327.66 5.33
5 0.42 1.65 0.30 1.83 5.50 0.45 1.34 7.15 9.18 0.04 0.07 0.05 701.78 1481.06 5.64
6 0.48 1.79 0.31 2.77 9.12 0.67 3.28 16.43 12.66 0.05 0.04 0.05 748.10 1776.02 5.73
7 0.59 1.95 0.40 2.87 8.21 0.71 3.77 21.46 22.37 0.04 0.09 0.05 872.16 1268.88 7.99
8 0.73 2.39 0.38 1.29 8.07 0.66 2.99 25.35 24.87 0.04 0.06 0.06 1074.14 1272.74 8.44
9 0.76 2.82 0.39 2.08 7.66 0.68 3.34 30.25 28.36 0.06 0.04 0.07 1241.43 2142.96 8.70
10 0.31 1.28 0.26 0.53 2.42 0.24 0.14 5.78 3.40 0.13 0.01 0.02 397.56 1166.18 5.23
11 0.45 1.32 0.33 0.83 3.43 0.30 0.45 8.09 7.60 0.11 0.02 0.03 592.10 1198.54 7.07
12 0.50 1.43 0.32 0.99 3.38 0.33 0.62 6.19 5.78 0.11 0.03 0.03 866.90 1725.23 5.99
13 0.54 1.41 0.31 0.96 3.55 0.31 0.76 1.71 5.02 0.10 0.10 0.04 756.98 1678.89 6.61
14 0.35 0.94 0.34 0.99 2.62 0.31 0.73 3.18 6.16 0.11 0.06 0.03 675.82 1170.91 6.58
15 0.23 0.69 0.18 0.50 2.14 0.21 0.71 7.33 3.41 0.13 0.02 0.02 520.25 1050.81 5.96
16 0.40 0.82 0.32 0.89 3.12 0.31 0.71 6.66 2.74 0.15 0.03 0.03 677.64 1527.61 6.91
17 0.43 1.19 0.32 0.85 3.17 0.31 0.59 6.48 3.63 0.10 0.04 0.04 759.10 1797.68 6.52
18 0.40 1.19 0.27 0.78 3.01 0.27 0.64 11.94 3.20 0.12 0.02 0.03 764.65 1718.99 5.99
19 0.44 2.15 0.39 1.86 5.13 0.46 1.74 12.37 7.08 0.05 0.03 0.03 967.26 1733.84 6.13
20 0.51 2.35 0.39 2.24 6.32 0.55 2.67 13.69 6.52 0.06 0.03 0.04 735.19 1518.20 6.46
21 0.44 2.11 0.30 l.88 6.31 0.55 1.80 8.01 5.68 0.04 0.02 0.04 559.09 1595.99 7.65
22 0.58 2.24 0.26 2.12 6.91 0.58 2.40 6.81 7.90 0.05 0.03 0.03 914.81 1506.89 6.09
23 0.45 1.65 0.27 1.93 6.47 0.54 1.82 9.02 8.50 0.05 0.03 0.03 830.67 1414.30 6.36
24 0.46 1.87 0.32 1.81 5.11 0.50 1.60 9.53 8.76 0.06 0.03 0.03 991.58 1920.41 6.30
25 0.47 2.05 0.47 2.21 6.16 0.59 2.27 14.47 4.25 0.06 0.01 0.03 711.47 1703.89 5.93
26 0.49 1.84 0.41 1.83 5.26 0.53 1.99 15.68 4.44 0.06 0.02 0.04 730.65 1552.01 5.93
27 0.47 1.98 0.32 2.09 6.68 0.54 2.78 17.95 3.26 0.07 0.03 0.04 682.62 1366.87 6.83

Raw 0.36 1.42 0.25 1.5l 6.02 0.45 1.68 1.93 3.14 0.03 0.07 0.04 621.35 1514.84 5.46
PastA 0.51 0.93 0.33 0.05 0.08 0.13 0.12 0.86 3.59 0.03 0.03 0.02 695.58 1345.67 8.47
Past B 0.28 2.09 0.43 0.09 0.12 0.13 0.11 1.02 4.28 0.03 0.02 0.02 789.56 2223.64 16.08
UHTA 2.51 7.37 2.17 1.l4 0.91 0.14 0.37 12.25 23.92 0.07 0.03 0.05 1427.47 1268.36 21.12
UHT B 2.63 7.52 2.l8 1.26 1.12 0.16 0.41 12.23 24.65 0.06 0.03 0.05 1477.69 1274.77 22.42

'Each value represents the average of a triplicate treatment. Relative standard deviation was < 8.9%
2For treatments description, refer to Table 5.1



Table 5.4 Percent change in off-flavor volatile compounds concentration in milk1. Straight-chain aldehydes and methyl
ketones

Treatment2
Pentanone 2-Hexanone Hexanal Heptanal Octanal Nonanal DecanalHeptone Octanone Nonanone Decanone Undecanone

1 -3.11 -29.25 7.22 -0.51 7.80 4.91 3.77 -12.01 -10.42 -4.10 20.24 -7.45
2 16.00 13.05 -7.49 -1.27 -22.63 -4.85 -7.92 -13.11 -10.13 -4.97 -25.65 5.49
3 -11.96 16.13 0.36 2.60 15.05 -0.40 3.43 24.81 20.67 7.86 5.26 5.98
4 12.62 86.88 -23.07 6.89 47.78 -1.13 60.23 244.81 137.05 26.51 100.09 -1.67
5 27.38 -23.73 -14.48 16.16 45.59 -6.46 63.01 265.42 235.19 50.44 109.11 88.14
6 165.64 80.39 -11.63 49.52 69.59 -5.08 89.31 332.12 259.70 43.77 136.15 84.61
7 146.67 87.42 -1.51 85.02 77.17 5.89 128.36 423.67 349.66 98.67 168.28 221.76
8 124.93 85.27 13.49 208.03 103.50 16.51 159.47 614.58 446.11 98.05 170.68 301.47
9 136.27 74.77 26.44 398.67 148.88 17.30 255.97 881.54 599.02 111.45 194.26 362.84

10 -43.02 -57.49 -27.49 2.63 -2.54 2.45 -30.58 -43.33 -28.93 -69.37 -46.79 -77.94
11 -28.53 -33.15 -20.85 -4.06 3.87 21.61 -18.38 -34.58 -21.87 -23.08 -43.90 34.61
12 -35.38 -46.38 -39.75 0.70 -0.38 -5.77 -35.93 -38.75 -8.96 -4.40 -35.41 26.08
13 -21.16 -42.40 -35.66 28.25 -4.03 23.37 -26.25 -58.60 -38.97 -28.68 -34.36 -4.22
14 -27.33 -48.24 -51.92 -2.79 -11.97 -0.81 -30.49 -28.07 -20.75 21.01 -26.79 -5.88
15 -44.89 -52.11 -53.93 -3.49 -28.98 -28.04 -48.50 -40.45 -32.43 -21.38 -52.41 -39.12
16 -27.96 -45.27 -35.22 3.68 -3.81 5.64 -28.63 -31.29 -25.10 8.89 -9.02 14.61
17 -34.09 -44.77 -29.47 -0.89 0.83 18.87 -30.76 -33.41 -2.09 50.00 9.56 44.61
18 -42.67 -54.91 -41.31 18.19 -17.84 -9.72 -39.16 -48.90 -38.48 -35.31 -39.45 -19.51
19 24.84 30.18 -11.74 157.78 11.56 -23.35 2.04 135.11 47.04 70.88 94.40 49.31
20 21.47 51.97 11.22 95.17 51.63 7.96 9.14 135.30 56.45 107.04 106.74 39.51
21 34.89 16.95 -10.33 83.02 33.59 5.72 6.13 162.31 56.82 99.62 78.43 61.96
22 10.80 72.76 12.30 93.75 67.71 -10.09 9.00 198.45 66.17 87.36 52.48 39.31
23 16.44 27.53 43.34 74.76 197.33 0.65 27.18 169.81 95.44 99.06 104.55 36.76
24 10.80 16.42 77.80 125.21 196.86 -2.38 33.38 132.80 98.33 75.22 83.90 80.29
25 11.82 74.19 3.56 97.24 52.76 16.52 -0.42 54.85 124.64 33.33 31.65 42.35
26 -1.47 56.99 16.95 81.96 111.71 -8.93 -9.95 59.55 69.96 19.06 42.42 7.53
27 23.07 76.25 184.14 88.29 436.29 6.72 63.45 131.21 197.47 50.38 80.43 56.27

Past A -72.00 -94.62 -3.43 5.71 -94.29 54.50 -90.97 -42.05 -68.95 -60.38 -26.58 702.94
Past B -70.67 -83.87 -4.25 -27.62 -86.67 -26.52 -90.28 -29.55 -88.95 -62.26 -79.25 167.65
UHTA 1168.00 95.70 -050 2991.43 60.00 10.22 -36.81 5777.27 2.89 154.72 -18.51 2732.35
UHT B 1190.67 107.53 0.07 3292.38 64.76 13.14 -29.17 6068.18 6.84 160.38 -14.91 2870.59

'Each value represents the average of a triplicate treatment
2For treatment description, refer to Table 5.1



Table 5.5 Percent change in off-flavor volatile compounds concentration in milk1. Other compounds

Treatrtent2 H2S MeSH CS2 DMDS DMTS DMSO MeSO
DMSMethyipropanal Butanedione Acetate Butanal 1-Butanol Furaldehyde

1 -9.63 -5.77 12.13 -24.28 -15.95 -14.07 -41.63 -5.12 8.60 6.40 -15.66 4.27 0.01 9.48 -3.47
2 6.20 1.13 -10.80 12.54 10.16 12.44 18.65 4.16 -11.89 -2.23 10.61 -10.18 2.91 -2.02 2.50
3 4.91 5.47 -7.20 11.59 5.82 1.70 22.94 0.86 3.16 -4.16 5.06 5.88 -2.27 -6.50 0.96
4 -3.06 25.35 -0.80 29.58 21.95 22.00 90.20 -12.03 42.72 4.40 -12.66 -2.85 4.33 -12.08 -2,36
5 17.31 16.10 19.69 21.26 -8.58 -0.74 -20.16 270.38 192.27 23.63 -9.33 16.18 13.19 -1.92 3.38
6 33.15 26.34 22.53 83.25 51.51 49.82 95.16 751.34 303.26 45.85 -47.93 21.37 20.66 17.62 4.85
7 62.50 37.54 60.40 89.91 36.43 58.36 124.13 1012.1 612.30 28.87 22.77 23.84 40.67 -15.97 46.35
8 101,48 68.44 50.77 -14.59 33.98 46.24 78.02 1213,6 691.95 25.83 -17.20 61.96 73.25 -15,71 54.51
9 110.99 98.48 57,29 37.64 27.29 50.72 98.65 1468.0 803.34 88.95 -38.64 79.73 100.23 41.92 59.32

10 -13.89 -10.05 4.27 -64.61 -59.86 -46.44 -91.67 199.36 8.43 294.74 -79.50 -40.04 -35.88 -22.77 -4.27
11 26.20 -6,78 32.80 -45.24 -43.06 -33.04 -73.31 319.12 142.04 215.72 -71.81 -24.29 -4.50 -20.63 29.41
12 38.52 0.82 28,80 -34.60 -43.90 -26.67 -63.37 220.81 84.16 231.08 -53.36 -12.95 39.82 1425 9.68
13 50.37 -0,80 22.93 -36.62 -41.00 -30.67 -54.70 -11.20 59.78 205.53 31.32 -9.88 22.09 11.18 21.00
14 -3,06 -34,04 37.20 -34.22 -56.42 -32.00 -56.57 64,84 96.04 208.24 -23.64 -19.16 9.00 -22.46 20.44
15 -36,57 -51.13 -26.40 -66.86 -64.37 -52.30 -57.52 279.89 8.70 278.30 -73.36 -52.79 -16.09 -30.41 9.11
16 10,93 -42,54 26.67 -40.73 -48.20 -31.78 -57.58 245.11 -12.85 329.85 -60.50 -14.09 9.30 1.17 26.63
17 20.56 -16.43 27.07 -43.44 -47.33 -31.63 -64,80 235.52 15.55 205.75 -42.76 -12.28 22.44 19.05 19.47
18 10.04 -16.41 9.73 -48.39 -50.06 -40.37 -61.61 518.46 2.00 251.32 -72.06 -27.97 23.33 13.84 9.66
19 22.13 51,47 56.40 22.91 -14.82 1.70 3.33 541.13 125.38 43.04 -62.99 -32.57 56.01 47.94 12.26
20 40.78 65.77 54.93 48.21 4.93 21.33 58.91 609.22 107.77 90.08 -56.69 -8.69 18.58 0.54 18.39
21 21,11 48.62 19.60 24.72 4.86 22,74 6.85 511.65 232.24 33.24 -138.68 -6.69 -32.79 -69.74 60.78
22 60.56 57.96 4.27 40.55 14.84 29.33 42.66 252.81 151.61 57.55 -54.39 -13.90 47.55 -0.21 11.46
23 26.02 15.89 8.93 28.08 7.48 21.04 821 367.61 170.82 37.39 -57.05 -17.18 33.98 -6.34 16.52
24 27.04 31,60 26.13 19.60 -15.11 11.48 -4.72 393.68 178.99 84.22 -58.66 -23.56 59,93 27.18 15.42
25 31.57 44.48 89.73 46.47 2.28 30.21 35.32 649.71 35.37 86.26 -81.02 -15.06 14.75 12.84 8.58
26 35.56 29.44 63.93 21.40 -12.71 18.07 18.72 712.58 41.41 74,86 -74.33 -4.13 17.85 2.78 8.55
27 29.35 39.23 27.20 38.18 10.93 21.04 65.68 830.37 3.90 100.69 -55.44 1.72 10.10 -9.48 25.07

PastA 41.67 -34.51 32.00 -96.69 -98.67 -71,11 -92.86 -55.44 14.33 0.00 -52.86 -58.35 11.95 -11.17 55.13
Past B -22.22 47,18 72.00 -94.04 -98.01 -71.11 -93.45 -47.15 36.31 9.33 -75.43 -53.00 27.07 46.79 194.51
UHTA 597,22 419.01 768,00 -24.50 -84.88 -68.89 -77.98 534.72 661.78 129.67 -53.14 18.25 129.74 -16,27 286,81
UHT 8 630.56 429.58 772.00 -16.56 -81.40 -64,44 -75.60 533,68 685.03 98.93 -52.26 21.88 137.82 -15.85 310.62

'Each value represents the average of a triplicate treatment
2For treatment description, to Table 5.1refer
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Table 5.6 MANOVA for the off-aroma generation in milk. Effects of temperature
and time

Source Df Wilk's
lambda

F Num Df Den Df P-value

Temperature 2 0.0000 97.94 56 18 <0.0001
Time 2 0.0037 4.96 56 18 <0.001
Temperaturex 4 0.0000 4.51 112 33 <0.001
Time
Residuals 18
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Table 5.7 MANOVA for the off-aroma generation in milk. Effects of temperature,
pressure and time

Source Df Wilk's F Num Of Den Of P-value
lambda

Temperature 1 0.0019 169.49 28 9 <0.0001
Pressure 2 0.0011 9.15 56 18 <0.0001
Time 2 0.0012 8.84 56 18 <0.0001
Temperaturex 2 0.0006 12.31 56 18 <0.0001
Pressure
Temperature xTime 2 0.0019 6.99 56 18 <0.0001
Time x Pressure 4 0.0000 5.07 112 38 <0.0001
Temperaturex 4 0.0000 5.10 112 38 <0.0001
Pressure
x Time

36



Table 5.8 PCA loadings for the volatile compounds of milk samples subjected to different treatments1

Temperature + Pressure Temperature + Time and Treatments ito 27 andTemperature + Time
+ Time Temperature + Pressure Pasteurized and2(Treatments ito 9) .

Compound (Treatments 10 to 27) UHT milk samples
(Treat to 27)

Component I Component 2 Component I Component 2 Component I Component 2 Component I Component 2
(96.7%) (1.6%) (85.5%) (9.4%) (81.8%) (11.4%) (87.0%) (10.6%)

Isobutyraldehyde 0.043 0.015 -0.010 -0.061 0.033 -0.041 0.080 0.006
Diacetyl 0.032 0.001 -0.035 -0.136 0.036 -0.039 0.056 0.017
Ethyl acetate 0.024 0.056 -0.025 -0.019 0.023 0.015 0.098 -0.011
3-Methyl butanal 0.009 0.163 -0.049 -0.161 0.030 -0.046 -0.001 0.039

2-Methylbutanal 0.012 0.078 -0.030 -0.113 0.025 -0.059 -0.007 0.035
2-Pentanone 0.057 0.213 -0.027 -0.120 0.057 -0.125 0.158 0.009
3-Methyl 1-butanol 0.020 0.084 -0.035 -0.114 0.031 -0.047 -0.006 0.039
2-Hexanone 0.029 0.170 -0.071 -0.158 0.051 -0.046 0.015 0.055
Hexanal 0.010 -0.064 -0.072 -0.125 0.033 0.038 0.002 0.043

2-Furaldehyde 0.035 0.202 -0.064 -0.167 0.057 -0.090 -0.006 0.066

2-Heptanone 0.127 -0.257 -0.054 -0.195 0.105 -0.084 0.426 -0.032

Heptanal 0.048 0.070 -0.142 -0.228 0.082 0.063 0.005 0.096
2-Octanone 0.007 -0.016 0.001 0.002 0.004 -0.004 0.001 0.002
Octanal 0.083 0.056 -0.032 -0.110 0.077 -0.147 -0.001 0.083
2-Nonanone 0.288 0.275 -0.074 -0.446 0.247 -0.501 0.791 0.016
Nonanal 0.203 0.315 -0.098 -0.191 0.191 -0.294 0.001 0.196
2-Decanone 0.041 0.111 -0.027 -0.252 0.040 -0.082 0.019 0.040
Decanal 0.066 0.280 -0.054 -0.258 0.073 -0.147 -0.002 0.079
2-Undecanone 0.137 0.063 -0.025 -0.144 0.109 0.192 0.368 -0.061

Hydrogen sulfide 0.829 -0.286 -0.841 0.225 0.882 0.444 0.032 0.932
Methanethiol 0.312 0.429 0.015 -0.331 0.221 -0.511 0.084 0.187
Carbon disulfide 0.025 -0.014 0.096 0.422 -0.041 0.165 -0.007 -0.019
Dimethyl disulfide -0.009 0.023 0.018 0.014 -0.005 -0.067 -0.001 -0.004

Dimethyl trisulfide 0.028 -0.020 -0.010 -0.020 0.027 -0.055 0.005 0.028
Dimethyl sulfoxide 0.035 -0.018 -0.004 -0.060 0.025 -0.039 0.016 0.018

Dimethyl sulfone 0.008 -0.080 -0.005 -0.001 0.007 0.001 -0.002 0.005

Dimethyl sulfide 0.024 0.011 0.001 -0.026 0.015 0.020 0.037 -0.009

'Highlighted numbers represent the loadings with the six highest values in the PCA
2For treatments description, refer to Table 5.1
3Proportion of total variance
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Figure 5.1 PCA plots for the volatile composition of milk submitted to different
treatments. A) Temperature + time; B) temperature + high hydrostatic pressure +
time; C) comparison of temperature + time vs temperature + high hydrostatic
pressure + time; D) comparison of all treatments vs commercial pasteurized and
commercial LTHT milk samples. For treatment description, refer to Table 5.1.
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6.1 Abstract

An improved understanding of the formation mechanisms of volatile compounds in

milk subjected to combined high hydrostatic pressure and moderate temperature

treatments is needed to assess the advantages of this new technology. The

activation energy and activation volume constants for 27 volatile off-flavor

compounds of different chemical class were obtained from changes in their

headspace concentration after subjecting milk to combinations of pressure,

temperature and time. Experimental data for their formation reactions in milk were

fitted with zero-, first-, and second-order kinetic reaction models to obtain rate

constants as a function of pressure and temperature. Hexanal, heptanal, octanal,

nonanal and decanal followed first-order kinetics with rate constants increasing

with pressure and temperature. Activation energies for the formation reactions of

these five straight-chain aldehydes decreased with pressure suggesting it had a

catalyst effect. Formation of 2-methylpropanal, 2,3-butanedione and hydrogen

sulfide followed zero-order kinetics with rate constants increasing with temperature

but with an unclear pressure effect. Activation energies for 2-methylpropanal and

2,3-butanedione increased with pressure, whereas the values for hydrogen sulfide

remained constant in the pressure range studied. The concentrations of other off-

flavor compounds studied, including the powerful off-flavor compound

methanethiol, remained unchanged in all pressure-treated samples. In the case of

the methyl ketones 2-pentanone, 2-hexanone, 2-heptanone, 2-octanone, 2-nonanone,

2-decanone and 2-undecanone, their concentration was independent of time and
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pressure. High hydrostatic pressure affected the formation kinetics of off-flavor

compounds in milk, inhibiting some and promoting others. This kinetic data could

aid in the design of high pressure processes for milk and milk products with

improved quality and eventually shelf-stability at room temperature.

(Key words: kinetics, milk, high-pressure processing, flavor, volatile compounds)
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6.2 Introduction

The demand for fresh foods and products minimally processed, so as to

preserve their original characteristics, is increasing. However, raw milk spoils

rapidly and its potential content of several microbial pathogens poses a serious

health risk to consumers. Thermal processing is the prevailing method to achieve

microbial safety and extend the shelf life of milk; however, it can generate off-

flavors that are objectionable to consumers. Milk pasteurization by high-

temperature short-time (HTST) treatments (72°C for 15 s) imparts a slight cooked,

sulfurous note that has become acceptable to most consumers, but its refrigerated

shelf life is only 20 d. Ultra Pasteurization (UP) is a process similar to HTST

pasteurization, but using a more severe heat treatment (e.g., 1 s at 89°C, 0.1 s at

96°C or 0.01 s at 100°C ) one can achieve a product with longer shelf life (-30 d)

but still requiring refrigeration (http://www.idfa.org/facts/milk/pasteur.cfm). Ultra

high temperature (UHT) processing (135-150°C for 3-5 s) yields milk that is stable

at room temperature for up to 6 months; however, this process induces strong

"cooked" off-flavor notes (Shipe, 1980) thus limiting its market potential in the

USA and many other countries (Steely, 1994). Numerous studies have identified

volatile sulfur compounds, aldehydes and methyl ketones as important contributors

to the cooked off-flavor defect (Scanlan et al., 1968; Jeon et al., 1978; Moio et al.,

1994; Contanni et al., 1997; Contarini and Povolo, 2002; Vazquez-Landaverde et

al., 2005a, Vazquez-Landaverde et al., 2005b).

New milk processing technologies meeting public safety requirements and
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extending refrigerated shelf life without compromising its flavor are needed today.

High hydrostatic pressure processing (HPP), a relatively new tecimology to the

food industry (Tones and Velazquez, 2004), inactivates many microorganisms

without causing significant flavor and nutritional changes to foods (Cheftel, 1995;

Berlin et al., 1999; Velazquez et al., 2002). HPP has been studied as an alternative

for milk pasteurization to obtain products with "fresher" flavor. To achieve

microbiological reductions similar to thermal pasteurization, pressure treatments of

at least 400 MPa for 15 mm or 500 MPa for 3 mm at room temperature were

required (Rademacher and Kessler, 1996). Increasing the temperature (55°C) and

pressure (586 MPa for 3 and 5 mm), HPP significantly extended the shelf life of

milk up to 45 d, i.e., beyond that of pasteurized milk (Tovar-Hernandez et al., 2005).

The extent to which the severity of the pressure-temperature-time treatment

is increased to enhance microbial inactivation and shelf life must be carefully

approached. In a sugar-amino acid model solution, Hofhiann et al. (2005) observed

that pressure influenced the formation of Maillard-derived compounds. Baxter et al.

(2005) reported that although HPP did not lower consumer acceptability of orange

juice it could change its volatile profile. In a separate study, Vazquez-Landaverde et

al. (2006a) showed that at the same temperature, the formation of off-flavor

compounds in milk under high hydrostatic pressure is different from that observed

under atmospheric pressure. Moreover, milk subjected to HPP treatments equal or

less severe than 586 MPa and 60°C for up to 5 mm had a volatile profile similar to

that of HTST-pasteurized milk. At more severe conditions, the formation of off-
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flavor compounds, mostly aldehydes, was no longer negligible increasing the

probability of product rejection by the consumer.

Additional research focusing on off-flavor formation in HPP-treated milk is

needed to optimize milk processing in terms of pressure, temperature and time

conditions meeting the goals of public safety, required refrigerated shelf life and

minimum level of flavor changes. Therefore, the objective of this study was to

obtain kinetic parameters for the formation of key off-flavor compounds in milk

subjected to high hydrostatic pressure and moderate heating.

6.3 Materials and methods

Milk samples

Raw homogenized milk with 3.25% fat was obtained locally (Lochmead Farms,

Junction City, OR) and sodium azide was added immediately (0.02%) to prevent

microbial growth. To eliminate composition differences as a source of statistical

variability, the same milk batch was used for all experiments in this study.

High pressure treatments

20-g raw milk samples were placed in individually sealed polyethylene bags and

frozen until needed. Different treatment combinations of pressure (482, 586, 620

and 655 MPa), temperature (45, 55, 60 and 75°C) and time (1, 3, 5 and 10 mm)

were run in triplicate. A 2.2 L high-pressure vessel (Engineered Pressure Systems

Inc., Haverhill, MA) equipped with a temperature controller and a high-pressure
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fluid pump (Model P100-1OFC, Hydro-Pac Inc., Fairview, PA) was used for all

milk treatments. Samples equilibrated at 25°C were processed immediately with

vessel loading (1 mm) and unloading times (1.5 mm) kept constant for all runs. The

average pressure come up time was 40 s. immediately after treatment; samples

were placed in an ice bath and then stored at -38°C until analyzed. All treatments

were applied randomly and all experimental runs followed identical procedures to

minimize the effect of the transfer of the adiabatic heat of compression from the

samples and the pressure transmitting fluid to the walls of the vessel. A temporary

pressure-dependent pH shift was expected (Datta and Deeth, 1999), but its

magnitude could not be measured as there were no pressure-resistant pH probes

available for this determination. The strategy of a pressure-independent buffer

system used in our laboratory (Paredes et al., 2006) to study the inactivation of

bacterial spores was not applicable to a milk system.

Off-flavor compounds analysis

Selected volatile sulfur off-flavor compounds were analyzed using a headspace

solid-phase microextraction and gas chromatography with pulsed-flame

photometric detection (HS-SPME/GC-PFPD) methodology previously reported

(Vazquez-Landaverde et al., 2006b) and implemented as follows. 10 g of sample

was extracted at 30°C for 15 mm using a 85 jtm carboxen-polydimethylsiloxane

(CAR/PDMS) fiber (Supelco, Bellefonte, PA) and analyzed with a Varian CP-3 800

gas chromatograph (Varian the., Walnut Creek, CA) equipped with a DB-FFAP
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fused silica capillary column (30 m x 0.32 mm, 1.0 tm film; Agilent Technologies,

Inc., Palo Alto, CA) and a pulsed-flame photometric detector (PFPD). Calibration

curves run in triplicate for seven sulfur-containing compounds were constructed in

milk by the standard addition technique. Ethyl methyl sulfide and isopropyl

disulfide were used as internal standards.

Dimethyl sulfide and other off-flavor compounds were analyzed using

headspace solid-phase microextraction and gas chromatography with flame

ionization detection (HS-SPME-GC/FID) (Vazquez-Landaverde et al., 2005 a,

Vazquez-Landaverde et al., 2005b). The sample (20 g) was extracted at 35°C for 1

h using a 2-cm 50/30 tm divinylbenzene/carboxenlpolydimethylsiloxane

(DVB/CAR/PDMS) fiber (Supelco Co., Bellefonte, PA). The analysis of volatile

compounds was carried out using an HP 5890 series II gas chromatograph (Hewlett

Packard, Wilmington, DE) equipped with a flame ionization detector (FID) and an

HP-5 capillary column (50 m x 0.32 mm I.D., 0.52 J.tm film thickness, Hewlett

Packard). Trans-2-hexenal, 3-heptanone, 3-octanone, 4-decanone and trans-2-

nonenal were used as internal standards. Calibration curves for the off-flavor

compounds were constructed in milk based on the standard addition technique.

Kinetic analysis

During a reaction, the change in concentration (c) of a given compound with

respect to time (1) can be expressed as:
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(1)dt

where k is the reaction rate constant, and n is the reaction order. Integrating

Equation (1) for zero, first and second order reactions yields the following

equations:

Zero order: C C0 = kt

First order. log (c) log (c0) = kt

(2)

(3)

Second order. -=kt (4)
C C0

where C0 is the initial concentration of the compound at time 0.

The concentration values for the 27 volatile off-flavor compounds

quantified in this study were fitted to zero-order, first-order and second-order

kinetics (Taoukis and Labuza, 1996) using the linearized kinetic expressions

(Equations 2-4). The regression curve obtained by simple linear regression of the

concentration versus time at constant pressure and temperature with the best

correlation coefficient (R2) was used to calculate the rate constant (k = slope of the

fitted curve). All regression lines had the intercept forced to 0.

Activation energies (Ea) for the formation of off-flavor compounds in milk

at constant high hydrostatic pressure were calculated using the Arrhenius (Equation

5) in its linearized form (Equation 6). The slope of this curve (-E0/R with R =

universal gas constant, 8.314 x kJ mol' K1) and the intercept (in k0with Ico
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pre-exponential rate constant) were thus calculated.

k=k0eRT (5)

ln(k)=ln(k0)--- (6)

A quantity derived from the pressure dependence of the rate constant k

(Equation 7) is the activation volume (AV*). AV* is defined as the difference

between the partial molar volumes of the transition state and the sums of the partial

volumes of the reactants at the same temperature and pressure (McNaught and

Wilkinson, 1997). When pressure is applied, AV* < 0 leads to an increase in

reaction rate and AV*> 0 leads to the opposite. The greater the magnitude of AV*

(positive or negative) the higher the sensitivity to pressure (Mussa and Ramaswamy,

1997). Equation (7) was integrated to obtain equation (8) where in A is the

integration constant. Values for A V* as a function of temperature were calculated

by linear regression of in (k) versus pressure p (in MPa).

(alnkAV*=_RT
3P

(7)

lnk=lnA' (8)RT

Statistical data analysis

Statistical evaluations including linear regression, multiple linear regression and
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Tukey's Honest Significant Difference (a = 0.05%) were conducted using S-Plus

6.2 (Insightful Corp., Seattle, WA).

6.4 Results and Discussion

Twenty seven compounds of different class were quantified, including

aldehydes (2-methyipropanal, 3 -methylbutanal, 2-methylbutanal, 2-furaldehyde,

hexanal, heptanal, octanal, nonanal and decanal), ketones (2,3-butanedione, 2-

pentanone, 2-hexanone, 2-heptanone, 2-octanone, 2-nonanone, 2-decanone and 2-

undecanone), sulfur compounds (hydrogen sulfide, methanethiol, carbon disulfide,

dimethyl sulfide, dimethyl disulfide, dimethyl trisulfide, dimethylsulfoxide and

dimethyl sulfone), one ester (ethyl acetate) and one alcohol (3-methyl-i -butanol).

Good correlation coefficients for the calibration (R2 > 0.94) and quantification

reproducibility (RSD <9.8%) were achieved for all compounds. The concentration

of sulfur-containing compounds presented the widest range of all compounds

included in this study. Dimethyl sulfoxide (DMSO) and dimethyl sulfone (Me2SO2)

were found at the mg/kg level while carbon disulfide (CS2), dimethyl disulfide

(DMDS) and dimethyl trisulfide (DMTS) were present only at the ng/kg level.

Concentration for aldehydes and ketones were at the tg/kg level. 3-Methylbutanal

was found at concentrations below the quantification limit although this compound

had been successfully quantified in previous work following the same procedures

used in this study (Vazquez-Landaverde et al., 2005b, Vazquez-Landaverde et al.,

2006a).
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Pressure-temperature-time treatments affected differently the formation of

off-flavor compounds. Hexanal showed an exponential concentration increase with

treatment time. This exponential behavior became more evident at higher

temperature and pressure (Figure 6.1). While heptanal, octanal, nonanal, and

decanal showed a behavior similar to hexanal (data not shown), other compounds

behaved differently. The hydrogen sulfide (H2S) concentration increased linearly

with time reaching slightly higher concentrations in milk treated at higher pressure

and temperature (Figure 6.2). A similar behavior was observed in the case of 2-

methyipropanal and 2,3-butanedione (data not shown).

Rate constants were calculated for the formation of off-flavor compounds in

milk under different pressure and temperature combinations (Tables 6.1 and 6.2).

The conelation coefficients (R2 > 0.8) were considered good, taking into account

that the compounds analyzed were of various chemical classes, had different

stability, and were found in a wide concentration range. In addition, working with

raw milk is far more complex than a model system as it opens the possibility for

more experimental interactions.

Among aldehydes concentration in pressure-treated samples, hexanal was

present at the largest concentrations (from 1.4 to 144.5 j.ig!kg), followed by nonanal

and heptanal (from 2.7 to 49.2 and 0.4 to 36.9 igIkg, respectively). Hexanal,

heptanal, octanal, nonanal and decanal formation fitted a first order reaction model

(R2 > 0.8) consistently better than any other order model. Multiple linear regression

analysis confirmed that most rate constants of formation for these aldehydes were
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different (a = 0.05) increasing with pressure (Table 6.1). Regression analysis

between the rate constant and pressure revealed that the rate constant increase for

hexanal, heptanal, octanal and nonanal followed a linear relationship (Table 6.3).

The same was not true for decanal, i.e., between 482 and 586 MPa the rate constant

increase was small but considerably higher above this latter pressure suggesting the

need for a polynomial model (Table 6.3).

Hydrogen sulfide concentration showed a linear dependence with time at

all pressure and temperature conditions tested (Figure 6.2). 2-Methyipropanal and

2,3-butanedione behaved similarly (data not shown) and all three compounds fitted

the zero order reaction model (R2 > 0.8) consistently better than any other model

(Table 6.2). At the same temperature, there was no significant difference between

most of the rate constants for 2-methylpropanal with respect to pressure (Table 6.2)

indicating that its formation rate was not affected by pressure in the range tested in

this study. Rate constants for 2,3-butanedione showed a significant increase

especially at high pressure levels (Table 6.2) fitting well a polynomial model (Table

6.3). Hydrogen sulfide formation was also affected by pressure (Table 6.2) showing

a linear trend to increase with pressure (Table 6.3). Hydrogen sulfide reached the

largest concentration out of the zero order kinetics compounds increasing from 1.3

in raw milk to 23.2 pg/kg in samples treated at 75°C and 655 MPa for 10 mm

(Table 6.2).

Equations (2-4) include an initial concentration (co) term representing not

only amounts present in raw milk but also the effect of sample handling steps for
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each HPP treatment including sample loading and vessel closing time (1 mm), time

needed to reach the pressure level for each treatment (1 mm) and time to open the

vessel and unload the samples (1.5 mm). Times for all these handling steps were

kept constant for all HPP runs. Values of c0 for compounds that followed first order

kinetics and zero order kinetics are shown in Tables 6.1 and 6.2, respectively. All co

values, except those for 2-methyipropanal, increased with the test temperature,

indicating that they were not just present naturally in raw milk (Tables 6.1 and 6.2),

but also that they were the result of sample handling steps for each HPP experiment.

Values of Co did not change with pressure, confirming that the heat-treatment time

before and after each HPP run was responsible for the formation of off-flavor

compounds regardless of the pressure treatment applied.

The first order kinetic constants observed for straight chain aldehydes fitted

well (R2 >0.9) the Arrhenius model with activation energy (Ea) values decreasing

significantly with pressure (Tables 6.4 and 6.5). Hexanal formation had the lowest

Ea value and at the maximum pressure tested, it reached also the lowest value

decreasing from 35.2 to 0.9 kJ mor' (Table 6.4). Additional research evidence is

necessary to conclude that the Ea reduction in the formation of straight-chain

aldehydes in milk subjected to high hydrostatic pressure reflects a different

pathway than the one known to occur at atmospheric pressure. Although the data

here reported supports this possibility, the observed pressure effect includes also the

temperature increase upon pressurization due to adiabatic heating (Harvey et al.,

1996). In the 400-1000 MPa range, milk temperature increases 3°C for every 100
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MPa pressure change (Ting et al., 2002). Compounds with formation reaction

following zero order kinetic models (Table 6.2) showed also a good fit to the

Arrhenius model (R2 > 0.9); however, Ea values were affected differently by

pressure, increasing for 2-methylpropanal and 2,3-butanedione and remaining

practically unchanged for hydrogen sulfide regardless of the pressure level (Tables

6.4 and 6.5).

While pressure, temperature, and processing time influenced the formation

kinetics of straight-chain aldehydes, 2-methylpropanal, 2,3 -butanedione, and

hydrogen sulfide, the concentrations of all other compounds analyzed (2-

methylbutanal, 2-furaldehyde, 2-pentanone, 2-hexanone, 2-heptanone, 2-octanone,

2-nonanone, 2-decanone, 2-undecanone, methanethiol, carbon disulfide, dimethyl

sulfide, dimethyl disulfide, dimethyl trisulfide, dimethylsulfoxide, dimethyl sulfone,

ethyl acetate, and 3-methyl-i -butanol) did not increase during pressurization time

(slope p-value > 0.05, R2<0.60) for all pressure and temperature conditions tested.

Moreover, predicted values of c0 for some of these compounds increased with

treatment temperature (Table 6.6), but remained stable during all pressurization

time, indicating that the heating time before and after the pressure treatment was

responsible for the formation of these off-flavor compounds. The lack of

contribution to the concentration of these compounds was an interesting finding.

The high hydrostatic pressure conditions inhibited further formation of these off-

flavor compounds even though compression increased sample temperature due to

adiabatic heating even though past research has shown a concentration increase
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with processing temperature (Scanlan et al., 1968; Shibamoto et al., 1980; Calvo

and Hoz, 1992; Christensen and Reineccius, 1992; Contarini et al., 1997; Vazquez-

Landaverde et al., 2005b, Vazquez-Landaverde et al., 2006b). This suggested that

the formation of these compounds was highly sensitive to pressure, and the high

levels of pressure used in this study had an inhibitory effect on their formation.

Table 6.7 shows the activation volume change (AV*) for the formation of

off-flavor compounds in HPP-treated milk. AV* values for straight-chain aldehydes

were negative; suggesting an increase in pressure would lead to an increase in

constant rates. This is consistent with the observations of k values for straight-chain

aldehydes increasing with pressure (Table 6.1). In addition, A V* values for straight-

chain aldehydes decreased in absolute value with temperature, meaning that at

higher temperatures, formation of aldehydes was less sensitive to pressure changes.

AV* values for hydrogen sulfide remained fairly stable regardless of HPP

temperature (Table 6.7), an observation also consistent with the lack of pressure

effect on its E0 value (Table 6.4). Values of AV* for 2,3-butanedione were negative

and appeared to be affected by temperature, but with an unclear trend (Table

6.7). AV* values for 2-methyipropanal are not shown because they did not fit the

Arrhenius model (R2 < 0.648) proposed in Equations 6-7. Since no change in

concentration of methyl ketones and some sulfur compounds was noticed under

pressure, and these compounds are normally formed at low pressures (i.e.,

atmospheric pressure), A V* values for their formation should be positive, because
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they were inhibited by HPP.

Similar pressure effects were observed for compounds of the same chemical

class, and in the case of milk, each class is known to share a common formation

pathway. Hexanal, heptanal, octanal, nonanal and decanal result from the

autoxidation of unsaturated fatty acids through the spontaneous decomposition of

hydroperoxides with formation promoted by heat (Grosch, 1982). Volatile sulfur

compounds are generated during thermal decomposition of sulfur containing amino

acids in whey proteins, mainly -lactoglobulin (Parry, 1974; de Koning et al., 1990;

Chan and Reineccius, 1994; Tress! et al., 1994; Zheng and Ho, 1994). Methyl

ketones are formed during heat treatment by 3-oxidation of saturated fatty acids

followed by decarboxylation (Nawar, 1996) or by decarboxylation of 13-ketoacids

naturally present in milk fat (Grosch, 1982; Jensen et al., 1995). Conventional heat

treatment of food products will produce different responses depending on the free

energy, AG, or activation free energy, AG*, of the various reactions. These

reactions, observed during heat treatment, will occur during HPP treatments if they

have a negative AV*, are not very sensitive to pressure (AV* - 0), or if they have an

optional reaction pathway with negative AV*, i.e., one that is favored by pressure

(Galazka and Ledward, 1996). The specific mechanism by which pressure affects

the formation of each compound analyzed in this study will require further research.
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Implications of off-flavor formation in IIPP milk

Table 6.8 shows the concentration of some volatile off-flavor compounds in milk

subjected to 620 MPa for 5 mm at 75°C. These results were compared to a heat

treatment at atmospheric pressure that simulated the temperature and time during

the HPP treatment (3.5 mm at 75°C to account for sample handling, plus 5 mm at

93.6°C to account for adiabatic heating during pressurization). Straight-chain

aldehydes were present at higher concentrations in HPP-treated samples while

methyl ketones and some sulfur compounds were present at lower concentrations

than in the unpressurized samples. These findings support previous conclusions that

the effect of HPP combined with heat on the volatile off-flavor profile of milk is

different to that of an equivalent heat treatment at atmospheric pressure (Vazquez-

Landaverde et al., 2006a).

The increase in the concentration of saturated aldehydes induced by HPP

could impact negatively the aroma of milk because of their low sensory thresholds

(Rychlik et al., 1998). They are thought to cause the stale off-flavor in milk

(Rerkrai et al., 1987; Vazquez-Landaverde et al., 2005b). Consumer sensory studies

on the impact in HPP milk of these aldehydes are needed. The inhibiting effect of

HPP on the formation of some sulfur compounds offers a promising improvement

for milk processing. It has been reported that volatile sulfur compounds are mainly

responsible for the development of the cooked flavor defect in heated milk

(Christensen and Reineccius, 1992; Steely, 1994; Simon and Hansen, 2001; Datta et

al., 2002). Methanethiol is probably the most powerful sulfur-containing aroma
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compound in heated milk (Vazquez-Landaverde et al., 2005a) with a low sensory

threshold and an unpleasant rotten cabbage aroma (Fenaroli, 1995). Dimethyl

sulfide is also an important compound commonly present in milk at concentrations

above its sensory threshold (Vazquez-Landaverde et al., 2005b). It has a sulfury

aroma (Rychlik et al., 1998) and its increase in concentration has been related to the

"cowy" smell in milk. Regarding hydrogen sulfide which has an unpleasant eggy,

sulfury aroma, recent results obtained with improved quantification techniques

(Vazquez-Landaverde et al., 2005a) along with its high sensory threshold (Rychlik

et al., 1998), indicate that hydrogen sulfide could be less important to the aroma of

milk than previously thought. Inhibition of methyl ketones formation under HPP is

also of importance, since the increase in their concentration has been associated to

the development of stale-heated flavor in U}IT milk (Contarini and Povolo, 2002).

Although their high sensory thresholds suggest that they could be less important as

previously thought (Rychlik et al., 1998), some researchers have indicated that

methyl ketones could act in a synergistic manner to impart a perceptible flavor

(Langler and Day, 1964).

6.5 Conclusion

The formation of off-flavor compounds in milk was affected by HPP

suggesting the possibility that the formation of some compounds may occur

through a different pathway under high hydrostatic pressure. HPP conditions must

be selected according to equipment capabilities, shelf life desired and the reaction
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kinetics reported in this study to obtain milk with a maximum fresh flavor. The

results here reported suggest that it appears possible to achieve the

commercialization of HPP milk in the near future to obtain a product with the

extended refrigerated shelf desired by the U.S. dairy industry
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Table 6.1 Effect of hydrostatic pressure and temperature on the first-order reaction
rate constant for the formation of some straight-chain off-flavor aldehydes in mi1k"

(2) p(3) Hexanal Heptanal Octanal Nonanal Decanal
°C MPa k R2 k R2 k R2 k R2 k R2

45 482 o.oloa 0.87 o.006 0.81 o.00la 0.92 O.0O3 0.82 0.002 0.85

586 0046b 0.99 0049b 0.94 0038b 0.92 0023b 0.92 0004ab 0.80

620 0.084c 0.99 0.085c 0.99 0035" 0.91 0.034' 0.93 0.008" 0.91

655 0105d 0.99 0127d 0.99 0.049c 0.86 0045d 0.98 0017C 0.91

1.58 0.34 0.25 2.69 3.69

55 482 o.o12 0.89 o.olla 0.92 0.005a 0.80 o.007 0.84 o.0o6 0.84

586 0049b 0.97 0054b 0.96 0043b 0.98 0037b 0.93 0009ab 0.95

620 0.091c 0.97 0.102c 0.98 0.062c 0.98 0.048c 0.98 0013b 0.94

655 0106d 0.97 O.l3O 0.99 0079d 0.90 O.O6S 0.98 0.019c 0.97

c0 2.88 0.37 0.44 2.91 5.77

60 482 0.02P 0.91 0.022a 0.91 o.009 0.81 o.oloa 0.89 o.009 0.83

586 0.064" 0.97 0.074" 0.98 0065b 0.96 0045b 0.96 o.012 0.94

620 0.092c 0.98 0.114c 0.96 0.088' 0.99 0.056c 0.98 0.016" 0.87

655 0108d 0.97 0134d 0.99 0098d 0.97 0067d 0.97 0.023c 0.90

c0 4.63 0.56 0.77 4.22 5.88

75 482 0.029a 0.96 ØØ33a 0.93 0.019a 0.92 o.o14 0.96 0.016a 0.91

586 0.084" 0.99 0.088" 0.96 0.119' 0.96 0.057" 0.98 0.021" 0.92

620 0.099c 0.98 0.125c 0.98 0107b 0.93 0.071c 0.99 0.025c 0.93

655 0109d 0.97 0138d 0.98 0128d 0.95 0082d 0.98 0030d 0.90

12.41 2.10 1.15 8.03 7.46

cj 1.51 0.26 .24 2.54 3.42

max6 144.5 36.9 18.3 49.2 16.1

k = rate constant (min') with R2 = correlation coefficient
a,b,c,d

= Different letters mean significant difference (a = 0.05) of the rate constant for different
hydrostatic pressure values at constant temperature
2 T = temperature
P = pressure
c0 = predicted initial concentration (tgIkg) before pressure treatment but after reaching the

treatment temperature
Initial concentration (tg/kg) measured in raw milk

6
Maximum concentration (pg/kg) measured in milk samples treated at 75°C and 655 MPa for 10

mm
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Table 6.2 Effect of hydrostatic pressure and temperature on the zero-order rate
constants for the formation of various off-flavor compounds in milk (1)

(2) p(3) 2-Methyipropanal 2,3-Butanedione Hydrogen sulfide
O(' MP k R2 k R2 k R2

45 482 O.016 0.88 0.009a 0.83 o.1l2 090

586 o.ol8 0.86 o.oloa 0.84 0165b 0.94

620 0.017 0.81 o.oloa 0.85 0.205c 0.96

655 0.Ol6a 0.91 0013b 0.93 0.208c 0.97

0.73 0.44 1.62

55 482 0.Ol8a 0.85 0.009a 0.90 0.l19 0.90

586 0023b 0.83 o.014 0.94 0227b 0.89

620 0021b 0.91 0022b 0.94 0221b 0.85

655 0022b 0.87 0024b 0.86 0242b 0.88

C0 0.54 0.37 8.57

60 482 0.019 0.83 0.014 0.94 o.14o 0.87

586 0024b 0.83 0020b 0.89 0236b 0.94

620 0023b 0.934 QØ4ØC 0.92 0.275c 0.91

655 0.021 0.93 0053d 0.98 0.280c 0.94

C0 0.48 0.41 14.56

75 482 0.023a 0.82 0.029a 0.88 0.217a 0.84

586 o.o3o 0.90 0045b 0.97 0314b 0.82

620 0.027a 0.92 0.055c 0.96 0.371c 0.80

655 0.030 0.92 0082d 0.99 0.394c 0.86

C0 0.38 0.55 16.65

0.75 0.36 1.03

0.64 1.24 23.2

k = rate constant (min5 with R2 = correlation coefficient. N = 12
a, b, c. d = Different letters mean significant difference (a= 0.05) for
rate constant at different pressure values and constant temperature
2 T = temperature
P = pressure
c0 = predicted initial concentration (gIkg) before pressure

treatment but after reaching the treatment temperature
Initial concentration (pg/kg) measured in raw milk

concentration (pg/kg) measured in samples treated at
75°C and 655 MPa for 10mm
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Table 6.3 Relationship at constant temperature between
the rate constant and hydrostatic pressure for the

formation of some off-flavor compounds in milk (1)

Compound T (°C) Relationship (2)
R2

First order formation reaction kinetics

Hexanal 45 k = 0.54x 0.26 0.94
55 k0.55x-0.25 0.94
60 kr=0.50x_0.22 0.98
75 k=0.47x-0.19 0.99

Heptanal 45 k = 0.66x 0.32 0.92
55 k0.68x-0.32 0.93
60 k = 0.65x 0.29 0.97
75 k=0.61x-0.26 0.98

Octanal 45 k=0.26x-0.12 0.94
55 k=0.42x-0.19 0.99
60 k0.53x-0.24 0.99
75 k0.63x-0.27 0.89

Nonanal 45 k0.23x-0.11 0.98
55 k=0.32x-0.15 0.99
60 k=0.32x-0.14 0.99
75 k=0.39x-0.17 0.99

Decanal 45 k 1.06x2- l.12x+0.29 0.99
55 k0.64x20.65x+0.17 0.99
60 k = 0.83x2 0.86x + 0.23 0.99
75 k0.51x2-0.50x+0.13 0.99

Zero order formation reaction kinetics

2,3-Butanedione 45 k = 0.26x2 0.27x + 0.07 0.91
55 k = 0.38x2 - 0.34x + 0.08 0.92
60 k2.15x2-2.21x+0.58 0.97
75 k2.50x2-2.55x+0.67 0.99

Hydrogen sulfide 45 k 0.59x- 0.17 0.96
55 k0.71x-0.21 0.91
60 k0.85x-0.26 0.97
75 k = 1 .04x 0.29 0.99

(1) k = rate constant (mm' for hexanal, heptanal, octanal, nonanal
and decanal; tg kg'min' for 2-methyipropanal, 2,3-
butanedione and hydrogen sulfide) with R2 correlation
coefficient. N = 12
(2) x = hydrostatic pressure (kPa)



Table 6.4 Effect of hydrostatic pressure on the activation energy for the formation in milk of some off-flavor compounds (1)

Straight chain aldehydes Other compounds
(2) (First order reaction kinetics) (Zero order reaction kinetics)

MP Hexanal Heptanal Octanal Nonanal Decanal 2-Methyl- 2,3- Hydrogen
a propanal Butanedione sulfide

Ea R2 Ea R2 Ea R2 Ea R2 Ea R2 E 1?2 Ea R2 Ea R2

482 35.2 0.91 53.8 0.93 88.3 0.92 48.5 0.90 66.9 0.93 11.1 0.99 39.0 0.91 21.1 0.92

586 19.5 0.93 19.2 0.91 36.9 0.94 28.0 0.93 51.7 0.96 14.6 0.96 47.1 0.98 19.2 0.97

620 4.8 0.98 11.6 0.93 34.5 0.91 22.3 0.97 36.3 0.99 15.0 0.96 52.2 0.90 19.0 0.94

655 0.9 0.93 2.4 0.96 29.1 0.94 17.8 0.91 18.4 0.95 18.7 0.97 57.8 0.92 20.0 0.98
Ea = activation energy (kJ mold) with R2 = correlation coefficient

(2) P = pressure
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Table 6.5 Relationship between the activation energy
and the hydrostatic pressure for the formation of

some off-flavor compounds in milk (1)

Compound Relationship (2)
R2

Hexanal = -0.20x + 134.84 0.96

Heptanal Ea0.29X+ 197.25 0.99

Octanal Ea = O.002x2 2.65x + 894.08 0.99

Nonanal Ea=O.18X+ 135.16 0.99

Decanal Ea = -0.001x2 + 1.86x 394.38 0.99

2-Methylpropanal = 0.03x 8.28 0.90

2,3-Butanedione Ea=O.1OX 12.44 0.96

Hydrogen sulfide Ea = -0.Olx + 25.02 0.48

(1)

Ea = activation energy (kJ moi1)
(2) x = hydrostatic pressure (MPa). N = 4



Table 6.6 Effect of temperature during sample loading (3.5 mm) into the pressure vessel on the average initial concentration
(co) of some off-flavor compounds in milk

Compound Temperature (°C) Relationship R45 55 60 75
.

intercept (I) vs. temperature (t)
Ethyl acetate (pg/kg) 0.19a 0.21a 027b 029b 1= 0.003t- 0.03 0.854

2-Methylbutanal (pg/kg) 0.14a 024b 024bc 0.28c I=0.004t-0.02 0.817

2-Pentanone(pg/kg) 0.l4a Ol5a 0.15a 018b I=0.00lt-0.07 0.925

3-Methyl-l-butanol (pg/kg) ØØ9I ØØ7a ØØ7a 008ab iu NR

2-Hexanone (pg/kg) 0.07a 013b 015b 0.28c 1 0.007t- 0.25 0.982

2-Furaldehyde (pg/kg) 0.29a 043b 044b 047b NR NR

2-Heptanone (pg/kg) 1. 14a 144b 2.05c 401d I = 0.002? - 0.22t + 5.91 0.996

2-Octanone (pg/kg) 1.49' 126b 117b Ø97a 1= -0.017t+2.22 0.975

2-Nonanone (pg/kg) 0.47a 0.48a 057ab 064b 1= 0.006t-0.18 0.893

2-Decanone (pg/kg) 062ab 069b 058ab NR NR

2-Undecanone (pg/kg) 030ab 0.52c 0.22a 038b NR NR

Methanethiol (pg/kg) 5.20a 5.21a 559a 776b I = 0.004? - 0.40t + 15.04 0.999

Carbon disulfide (ng/kg) 21.87' 1916b 2001bc l4.42a NR NR

Dimethyl sulfide (pg/kg) 397a 395a 3.91a 3.89a NR NR

Dimethyl disulfide (ng/kg) 24.84a 3339b 22.08a 3472b NR NR

Dimetyl trisulfide (ng/kg) 30.83a 4396b 3682ab 122.83c I = 0.14 1?- 14.05t + 378.32 0.968

Dimethyl sulfoxide (mg/kg) 066ab 071b 1.29c NR NR

Dimethyl sulfone (mg/kg) 087b 091b Ø79a 0.99c NR NR
a, b.c. d = Different letter for each compound indicates statistical difference between the average initial concentration (Tukey HSD 95%)
NR = No relationship between intercept and temperature (R2<0.800)
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Table 6.7 Effect of temperature on the activation volumes for the formation of
some off-flavor compounds in milk (1)

T 2,3- Hydrogen

(°c) Hexanal Heptanal Octanal Nonanal Decanal Butanedione sulfide

LIV* R2 ziV R2 AV* R2 zlV* R2 AV* R2 11V* R2 zlV R2

45 -3.72 0.99 -4.78 0.99 -6.18 0.89 -4.29 0.97 -3.09 0.91 -3.51 0.87 -1.01 0.97

55 -3.60 0.98 -4.03 0.99 -4.52 0.96 -3.60 0.98 -1.74 0.92 -1.60 0.92 -1.15 0.90

60 -2.71 0.99 -3.01 0.99 -4.04 0.94 -3.16 0.96 -1.41 0.89 -2.13 0.87 -1.19 0.96

75 -2.31 0.96 -2.51 0.98 -3.32 0.88 -3.10 0.96 -1.01 0.96 -1.62 0.94 -1.04 0.99

W = activation volume (x105 m3 moi') with R2 = correlation coefficient. N = 4



Table 6.8 Comparison between the effect of HPP and heat treatment at atmospheric pressure on the formation of off-flavor
compounds in milk

Treatment Hexanal Heptanal Octanal 2-Heptanone 2-Octanone 2-Nonanone MeSH DMS DMDS

620 MPa, 75°C,
5min2 44.7 7.33 7.02 4.01 0.97 0.64 7.7 3.89 0.03

Simulated heat
treatment3 16.9 2.6 5.1 5.2 4.8 8.6 24.8 8.44 0.06

Concentration in j.tg/kg
2
This study
Heat treatment under atmospheric pressure, equivalent to the temperature values and times a high pressurized

sample of milk treated at 620 MPa and 75°C for 5 mm would be subjected to, and is equal to 3.5 mm at 75°C to
account for sample handling before pressurization, and S mm at 93.6°C to account for adiabatic heating
(Vazquez-Landaverde et al., 2006a)



Figure 6.1 Formation of hexanal in milk under high hydrostatic pressure
at different temperatures
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Figure 6.2 Formation of hydrogen sulfide in milk under high hydrostatic pressure

at different temperatures
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7.1 Abstract

High hydrostatic pressure processing has demonstrated to retain fresh milk flavor

while ensuring microbial safety. However, combination of high pressure and high

temperature can induce aldehyde off-flavor formation in milk. The effect of

different antioxidants on the inhibition of off-flavor compounds in milk subjected

to severe HPP conditions were investigated. Raw milk samples were added with

ascorbic acid, n-carotene, butylated hydroxyanisole, epicatechin, and L-cystine and

subjected to treatments of 655 MPa at 75°C for 3, 5, and 10 mm. Reduced oxygen

samples were also treated in the same way. Off-flavor compounds including

aldehydes, ketones and volatile sulfur compounds were quantified using headspace

solid-phase microextraction and gas chromatography. BHA and epicatechin showed

up to a 95% of inhibition for straight chain aldehydes, keeping concentration values

of volatile off-flavor compounds close to those of raw milk. Ascorbic acid, b-

carotene and L-cystine showed less aldehyde inhibition, but L-cystine was the only

compound capable of inhibiting hydrogen sulfide and methanethiol formation. In

general, off-flavor inhibition was proportional to the concentration of antioxidants.

The reduction of oxygen in milk showed only a slight reduction of off-flavor

compounds. Results suggested that off-flavor formation under high pressure is free

radical related, and addition of antioxidants can inhibit their formation. Off-flavor

analysis indicated that with the combination of high pressure, high temperature and

antioxidants, it is possible to achieve milk with microbial stability and a minimum

formation of off-flavor compounds.
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(Key words: high-pressure processing, off-flavor, antioxidant, SPME, milk,

aldehyde, sulfur)
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7.2 Introduction

Milk has its popularity based on unique nutritional and flavor properties. In

order to render it safe for human consumption and increase its shelf life, milk has to

be processed. Thermal treatment is the most widespread method to achieve milk

safety and stability. However, thermal processing of milk is often a cause for the

development of off-flavors. When raw milk is pasteurized under minimal

conditions (72°C for 15 s), the flavor is barely affected, but the final product

refrigerated shelf life is only 20 d. Ultra high temperature (IJHT) processing (135-

150°C for 3-5 s) produces a product that is stable at room temperature for up to 6

months; however, this process can induce strong cooked, cabbagey, heated, stale

off-aroma notes in milk (Shipe, 1980, Nursten, 1997)..

High hydrostatic pressure processing (HPP) has been proposed as an

alternative teclmology to extend the shelf life of milk without compromising its

original flavor. A pressure treatment of at least 400 MPa for 15 mm or 500 MPa for

3 mm at room temperature has demonstrated to achieve a similar microbiological

reduction to that of pasteurized milk (Rademacher and Kessler, 1996). When

temperature and pressure are increased (55°C, 586 MPa for 5 mi, HPP can

significantly extend the shelf life of milk up to 45 d (Tovar-Hernandez et al.,

2005b), with a minimum change in the volatile flavor composition (Vazquez-

Landaverde et al., 2006b).

Application of more severe HPP treatments are expected to increase

considerably the final shelf-life of the product; however, they can result in a



dramatic increase in the content of some powerful off-flavor compounds in milk

(Vazquez-Landaverde et al., 2006a). When applying high pressure (482 to 620 MPa)

combined with heat (25 and 60°C) at different times (1, 3 and 5 mm), the formation

of heat-related methyl ketones and some sulfur compounds was inhibited; however,

high pressure treatments significantly increased the concentration of straight-chain

aldehydes in milk. Kinetic studies on the formation of off-flavor compounds in

milk subjected to high pressure (Vazquez-Landaverde et al., 2006a) demonstrated

that the formation of straight-chain aldehydes follow a first-order reaction, with

rates increasing with the applied levels of pressure (482 to 655 MPa) and

temperature (45 to 75°C). Hydrogen sulfide formation followed a zero-order

reaction with stable rates regardless of the pressure and temperature used.

Methanethiol and methyl ketones did not show any formation due to pressure

treatment.

Several authors have studied the inhibition of off-flavor in heated milk by

using a variety of additives. (Renner and Berlage-Weinig, 1983) added L-cystine to

milk before applying UHT treatment, effectively lowering the cooked flavor

perception. They found a correlation between the decrease in total free sulfhydril

groups and the decrease in cooked flavor, but they did not analyze the effect on

sulfur compounds formation. (Ferreti, 1973) used organic thiosulfonates, resulting

in a higher inhibition of cooked flavor than that obtained with sulfocysteine sodium

salt. There are only few research works that report the effect of additives in both the

inhibition of cooked flavor and sulfur compounds formation. (Badings et al., 1978)



169

found that besides lowering the sensory scores for cooked flavor, the addition of L-

cystine also inhibited the formation of H2S in UHT milk. (Colahan-Sederstrom and

Peterson, 2005) used epicatechin to inhibit the formation of several Maillard

reaction products in UHT milk. Along with a decrease in cooked flavor, they

achieved the inhibition of a wide variety of compounds, including methional.

However, the inhibition of lipid oxidation under HPP has never been studied.

The objective of this study was to investigate the effect of antioxidants and

other additives on the inhibition of off-flavor compounds in milk subjected to

severe HPP conditions.

7.3 Materials and Methods

Chemicals

L-cystine was purchased from Alfa Aesar Co. (Ward Hill, MA); 13-carotene

was from TCI-EP Ltd. (Tokyo, Japan); butylated hydroxyanisole (BHA),

epicatechin, and ascorbic acid were from Sigma-Aldrich Inc. (St. Louis, MO).

Heptanal, octanal, nonanal, decanal, 2-heptanone, 2-nonanone, 2-undecanone,

trans-2-hexenal, 3-heptanone, 3-octanone 4-decanone, methanethiol (MeSH),

dimethyl disulfide (DMDS), Isopropyl disulfide (IPDS), dimethyl trisulfide

(DMTS), were purchased from Aldrich Chemical Co. Inc. (Milwaukee, WI);

Hexanal was purchased from Sigma-Aldrich Inc.; 2-octanone was from Fluka

Chemical Corp. (Milwaukee, WI); 2-pentanone, 2-hexanone, trans-2-nonenal, and

2-decanone were from K&K Laboratories (Jamaica, NY); dimethyl sulfide (DMS)
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was from TCI-America (Portland, OR); ethyl methyl sulfide (EtMeS) was from

TCI-EP Ltd. (Tokyo, Japan). Methanethiol? Hydrogen sulfide (H2S) was prepared

by dissolving sodium sulfide (Sigma-Aldrich Inc.) in a pH = 3 phosphate buffer.

Milk

Samples of raw homogenized milk with 3.2% fat were donated by a local

daiiy (Lochmead Farms, Junction City, OR), sodium azide (Mallinckrodt Baker

Inc., Paris, KY) was added immediately (0.02%) to stop microbial growth. Milk

from the same batch was used through the entire experiment to minimize

composition differences.

Reduction of dissolved oxygen in milk

500 mL of Milk were placed into an Erlenmeyer flask and was subjected to

ultrasound at 50 Hz for I h using a model B32H Branson Ultrasonic Cleaner

(Branson Cleaning Equipment Co., Shelton, CT). The flask was connected to a

water trap to apply vacuum during ultrasound treatment. Dissolved oxygen content

was measured in triplicate before and after ultrasound and vacuum treatments were

applied to milk using a model 95 YSI dissolved oxygen meter (YSI Inc., Yellow

Springs, OH).

High pressure treatments

Raw milk samples (20 g) were placed in polyethylene bags before the
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treatments. Antioxidants and other additives were added individually to milk at two

different concentrations: L-cystine was added at concentrations of 30 and 40

mg/kg; n-carotene 0.1 and 1 g/kg; BHA 20 and 90 mg/kg; epicatechin 0.1 and 1

g!kg; and ascorbic acid 0.5 and 1 g/kg. Sample bags were sealed and then subjected

to a pressure treatment of 655 MPa at 75°C for 3, 5 and 10 mm. Each treatment

was run in triplicate. A 2.2-L high-pressure vessel (Engineered Pressure Systems

Inc., Haverhill, MA) equipped with a temperature controller and a high-pressure

fluid pump (model P100-1OFC, Hydro-Pac Inc., Fairview, PA) was used to apply

the high pressure to milk. Milk samples were equilibrated at 25°C before entering

the high pressure vessel. Loading time (1 mm) and unloading time (1.5 mm) were

kept constant for all runs. The pressure ramp was 60 s in average. Immediately after

pressure treatment, samples were placed in an ice bath and then stored at -3 8°C

until analyzed.

Off-flavor compounds analysis

Hydrogen sulfide, methanethiol, dimethyl disulfide, and dimethyl tnsulfide

were analyzed using headspace solid-phase microextraction and gas

chromatography with pulsed-flame photometric detection (HS-SPME/GC-PFPD)

technique previously developed (Vazquez-Landaverde et al., 2006c). 10 g of

sample was extracted with a 85 im carboxen-polydimethylsiloxane (CARIPDMS)

fiber (Supelco, Bellefonte, PA) at 30°C for 15 mm and analyzed with a Varian CP-

3800 gas chromatograph (Varian Inc., Walnut Creek, CA) equipped with a DB-
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FFAP fused silica capillary column (30 m x 0.32 mm, 1.0 im film; Agilent

Technologies, Inc., Palo Alto, CA) and a pulsed-flame photometric detector (PFPD).

Calibration curves run in triplicate for the selected sulfur-containing compounds

were constructed in milk by the standard addition technique. Two internal standards

were used: isopropyl disulfide (IPDS) and ethyl methyl sulfide (EtMeS) were used

to quantify all volatile sulfur compounds as described previous (Vazquez-

Landaverde et al., 2006c). Hexanal, heptanal, octanal, nonanal, decanal, 2-

heptanone, 2-octanone, 2-nonanone, 2-decanone, and dimethyl sulfide were

analyzed using headspace solid-phase microextraction and gas chromatography

with flame ionization detection (HS-GC/FID) (Vazquez-Landaverde et al., 2005a,

Vazquez-Landaverde et al., 2005b). A 20-g sample was extracted with a 2-cm 50/30

tm divinylbenzene/carboxenlpolydimethylsiloxane (DVB/CARIPDMS) fiber

(Supelco Co., Bellefonte, PA) at 35°C for 1 h. Volatile compounds analysis was

carried out using an HP 5890 series II gas chromatograph (Hewlett Packard,

Wilmington, DE) equipped with an FID and an HP-5 capillary colunm (50 m

0.32 mm I.D., 0.52 p.m film thickness, Hewlett Packard). . Calibration curves for

the selected off-aroma compounds were constructed in milk sample using the

standard addition technique.

Statistical data analysis

Statistical evaluations including linear regression, principal components
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analysis (PCA), and Tukey's Honest Significant Difference (a = 0.05%), were

conducted using S-Plus 6.2 (Insightful Corp., Seattle, WA). For PCA, the

concentration of each volatile compound was compared to that of an untreated

sample (raw milk 3.2% fat) and a normalized percentage change was used to

perform statistical analysis. The normalized percentage of change for each

compound was calculated according to the formula:

concentration in treated milk concentration in raw milk
% change= xlOO

concentration in raw milk

7.4 Results and Discussion

Previous studies demonstrated that heat treatments tended to promote

mostly the formation of methanethiol, hydrogen sulfide and methyl ketones while

high pressure treatment at the same temperature formed mostly hydrogen sulfide

and aldehydes (Vazquez-Landaverde et al., 2006b). High hydrostatic pressure also

affected the formation kinetics of off-flavor compounds in milk (Vazquez-

Landaverde et al., 2006a). Straight chain aldehydes followed first-order kinetics

with rate constants increasing with pressure and temperature. Activation energies

for their formation reactions decreased with pressure suggesting a promoting effect

for pressure. Formation of 2-methylpropanal, 2,3-butanedione and hydrogen sulfide

followed zero-order kinetics with rate constants increasing with temperature but

with an unclear pressure effect. Activation energies for 2-methylpropanal and 2,3-

butanedione increased with pressure, whereas the values for hydrogen sulfide
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remained constant in the pressure range studied. The concentration of other off-

flavor compounds studied, including the powerful off-flavor compound

methanethiol, and methyl ketones remained unchanged in all pressure-treated

samples suggesting an inhibitory effect of pressure.

Similar effects were also observed in this study. When the pressure

treatment was applied to milk samples, the concentrations of straight chain

aldehydes were increased dramatically (Table 1), while the concentration of methyl

ketones only experienced a slight increase with no clear trend with pressurization

time (Table 2). The concentration of H2S, MeSH, DMDS and DMTS (Table 3) also

increased with pressure treatment, showing an increasing trend with time except for

DMDS and DMTS. Dimethyl sulfide showed a slight decrease after HPP (Table 2).

These results showed that HPP affects the formation of off-flavor compounds in a

different way depending on its chemical conformation, which is in agreement with

previous reports about the formation of flavor compounds under high hydrostatic

pressure (Hofhiann et al., 2005, Vazquez-Landaverde et al., 2006a).

Inhibition of antioxidants on off-flavor aldehydes and ketones formation

under high pressure

Autoxidation of unsaturated and saturated lipids contributes the formation

of volatile aldehyde and ketone off-flavor compounds (Reische et al., 2002). The

initiation process of lipid oxidation occurs when a hydrogen molecule is extracted

from a lipid to form a lipid radical This highly reactive lipid radical can then react
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with oxygen to form a peroxy radical in a propagation reaction. During propagation,

peroxy radicals react with another lipid to form a hydroperoxide and a new unstable

lipid radical. This lipid radical will then react with oxygen to produce another

peroxy radical, resulting in a cyclical, self-catalyzing oxidative mechanism.

Hydroperoxides are unstable and can degrade to produce radicals that further

accelerate propagation reactions. These reactions are typically referred to as

branching steps. Termination takes place when two free radicals combine to form a

more stable compound. In the later stages of oxidation, hydroperoxide degradation

leads to the undesirable odors and flavors associated with rancidity. When heat is

included in the treatment, both saturated and unsaturated lipids are oxidized, there

is no induction period, and radicals are capable of attacking all positions of the lipid

carbon chain, resulting in a mixture of volatile products. It has been observed that

aldehydes and methyl ketones are the principal volatile degradation products

followed by acids, hydrocarbons, y-lactones and alcohols (Grosch, 1982).

The formation of off-flavors observed during heat treatment will increase

during HPP treatments if the reactions have a negative activation volume (A V*),

may not be sensitive to pressure if A V* 0, decrease for positive A V* values, or be

fully inhibited if the AV* values are positive and large. If the latter occurs, the

product may still be formed if there is an optional reaction pathway with negative

AV*, i.e., one that is favored by pressure (Galazka and Ledward, 1996). It was

found in a previous study (Vazquez-Landaverde et al., 2006a) that AV* values for



176

straight-chain aldehydes were negative; indicating that an increase in pressure

would lead to an increase in reaction rate constants. In addition, A V* values for

straight-chain aldehydes decreased in absolute value with temperature, meaning

that at higher temperatures, formation of aldehydes was less sensitive to pressure

changes. It has also been observed that the formation of methyl ketones and some

sulfur compounds is highly sensitive to pressure, and high levels of pressure have

an inhibitory effect on their formation (Vazquez-Landaverde et al., 2006a). Since

these compounds are formed at atmospheric pressure, AV* values for their

formation reactions should be positive because they were inhibited by HPP.

Antioxidants can be added to foods to minimize the autoxidation of lipids

and therefore avoid the formation of volatile off-flavor compounds. The additives

used in this study showed different degrees of inhibition for the different off-flavor

compounds studied (Tables 1 to 3), except for methyl ketones, which showed not

clear signs of inhibition with any additive added (Table 3). Although methyl

ketones were not produced under high pressure treatment, a small increase in

concentration was observed in pressurized samples compared to the concentrations

initially found in raw milk (Table 3). This increase has been demonstrated to be

produced by the handling time samples are subjected at the preset pressurization

temperature (Vazquez-Landaverde et al., 2006a) and not to the pressure treatment

itself. Antioxidnts did not have any inhibitory effect on this thermal formation of

methyl ketones (Table 3). Methyl ketones are formed during heat treatment by J3-
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oxidation of saturated fatty acids followed by decarboxylation (Nawar, 1996). 3-

oxidation of saturated fatty acids can be inhibited by antioxidants by stabilixing

lipid radicals. However, it has been observed that methyl ketones can also be

formed by decarboxylation of 13-ketoacids naturally present in milk fat mediated by

heat (Grosch, 1982, Jensen et al., 1995); this reaction cannot be inhibited by

antioxidants.

BHA showed the highest inhibition for aldehydes at all pressurization times

applied (Table 1). Increasing BHA concentration from 0.02 to 0.09 g/kg produced

an increasing trend in the inhibitory effect. There was no inhibitory effect on the

formation of sulfur compounds, which concentrations remained close to those for

pressurized samples without BHA (Table 2). BHA is a synthetic phenolic

antioxidant. It has a primary antioxidant mechanism, which means it is a free

radical acceptor that converts them in more stable, non radical products during

initiation and propagation steps. Primary antioxidants have hydroxyl groups in their

structure that donate hydrogen atoms to the lipid radicals to produce lipid

derivatives and antioxidant radicals that are stabilized by delocalization of the

unpaired electron around a phenol ring to form stable resonance hybrids. BHA is

highly soluble in fat and has been observed to have a better effect on animal fats

(Reische et al., 2002), explaining why it inhibited almost completely the formation

of aldehydes in milk even under the longest HPP treatments used in this study.

Epicatechin had an inhibitory effect on aldehydes (Table 1) similar to that of

BHA, although inhibition tended to be slightly lower, especially for nonanal and
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decanal. Epicatechin inhibition effect on aldehydes increased when its

concentration was raised from 0.1 to 1.0 mg/kg. It presents the same primary

antioxidant mechanism as BHA and is soluble in fat and hot water. Several studies

have reported the efficiency of epicatechin as an off-flavor inhibitor in processed

milk. Addition of epicatechin to milk prior to ultra-high temperature processing

reduced significantly the production of key Maillard off-flavor compounds, and

lowered the cooked flavor intensity (Colahan-Sederstrom and Peterson, 2005).

Epicatechin addition has also proven to reduce the development of stale flavor in

skim milk powder during drying and storage time (Schwambach and Peterson,

2006). The inhibitory power of epicatechin on off-flavor development in heated

milk has been reported to follow the quenching of reactive compounds by forming

a more stable dimmer (Totlani and Peterson, 2005). Besides being a natural

antioxidant, epicatechin poses important health benefits; it may protect against

cardiovascular diseases, neurodegenerative disorders, and some forms of cancer

(Shaidi and Ho, 2005).

Ascorbic acid also inhibited aldehydel formation (Table 1) but in less extent

than BHA and epicatechin. Increasing concentration of ascorbic acid from 0.5 g/kg

to 1.0 g/kg showed a higher inhibition effect on the mentioned aldehydes. Ascorbic

acid is a natural antioxidant that has GRAS status, and there are no restrictions on

usage levels. It presents a secondary antioxidant mechanism (Reische et al., 2002).

Secondary antioxidants slow the rate of oxidation by different reactions, but do not

convert free radicals to more stable products like primary antioxidants do. In the
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case of ascorbic acid, it can scavenge oxygen through a complicated process,

therefore avoiding the hydroperoxide formation step from happening (Eq. 2). It first

oxidizes through one- or two-electron transfers that are due to its enediol structure.

It is a reductone and has high a affinity for oxygen. The oxidation of ascorbic acid

then occurs in two steps, with monohydroperoxyde as an intermediate to the

formation of dehydroascorbic acid. Ascorbic acid is water soluble and is not

applicable for oils and fats. Ascorbyl plmitate is used in fat containing foods

because of its higher fat solubility (Reische et al., 2002). Although milk is partly

composed of a water phase, the low solubility of ascorbic acid in fat made it harder

to reach the milk lipid phase; this may have been the reason why its inhibitory

effect was not as good as that for BHA and epicatechin in the present work.

n-Carotene had a low inhibitory effect in aldehydes (Table 1). The

inhibitory power of 3-carotene was much lower than that of BHA, epicatechin, and

ascorbic acid. The effect of increasing the antioxidant concentration from 0.1 g/kg

to 1.0 g/kg on the inhibition of aldehydes formation was not so clear. Nonanal and

decanal concentrations were lower when the 13-carotene amount was increased.

However, hexanal, heptanal, and octanal showed a slight increase in concentration

at the highest concentration of antioxidant. There was not clear inhibitory effect on

the formation of sulfur compounds. 13-Carotene is a fat soluble polyene which has a

secondary antioxidant mechanism, acting as a singlet oxygen quencher (Reische et

al., 2002). Singlet oxygen is formed primarily by light exposure and is a key
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the initiation. Singlet oxygen will preferentially transfer energy to 13-carotene to

produce triplet state 13-carotene. Triplet state 13-carotene releases the energy in form

of heat, and the carotenoid is returned to its normal energy state. When singlet

oxygen is not present in the system, 13-carotene can scavenge free radicals as

primary antioxidants do. However, in the present study 13-carotene inhibited

aldehydes formation only at the lowest pressurization time, but its antioxidant

effect at 5 and 10 mm was very low (Table 1). The temperature used during

pressure treatments might have been the cause of this behavior. Although

antioxidant activity of 13-carotene was not evaluated, it has been reported that

carotenoids are very unstable and its antioxidant properties are highly reduced by

heat (Reische et al., 2002).

Inhibition of Volatile sulfur off-flavor formation under high pressure

L-Cystine was not expected to have any inhibitory effect on lipid oxidation,

but a reduction in aldehydes concentration was observed, and when its

concentration was increased to 0.14 g/kg, aldehydes inhibition was higher,

especially for the 5 and 1 0-mm pressure treatments. L-Cystine had an important

inhibitory effect on some sulfur compounds formation. Formation of H2S was

reduced in 75%, and formation of MeSH was reduced in 20%, with only a slight

difference with the amount of L-cystine added. DMS, DMDS and DMTS were not
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inhibited. L-Cystine is a water soluble compound comprised of two molecules of L-

Cysteine united by a sulfide bond. When in water solution and heated, it

decomposes to the two former L-cysteine residues (Damodaran, 1996). L-Cysteine

has antioxidant activity mediated by the suithydryl group (Reische et al., 2002) due

to its unique electronic and nucleophilic properties. Its high solubility in water

could explain why it inhibited mostly sulfur compounds, which come from

breakdown of water soluble milk proteins, while it has a slight inhibition effect on

some aldehydes (Table 1), which come from oxidation of hydrophobic lipids in

milk.

Effect of Oxygen Depletion on HPP Off-Flavor Formation

Ultrasound and vacuum were capable of reducing the oxygen content of

milk in some extent. Raw milk had an oxygen concentration of 9.33 mg/kg (SD =

0.06), while the reduced oxygen milk had 3.23 mg/kg (SD = 0.07). Although there

was no difference in the concentration of most volatiles in raw milk when

compared to the reduced-oxygen sample (Tukey HSD 95%), oxygen concentration

had a noticeable impact on the formation of volatile compounds under HPP.

Straight-chain aldehydes were the most affected by oxygen depletion, lowering

their concentration values in different proportions depending on the compound and

the time the pressure treatment was applied (Table 1). Concentrations of methyl

ketones showed only slight changes with no trend with oxygen content. According

to literature, oxygen is required for the formation of hydroperoxides from heated
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milk fat, which will lead to the formation of volatile compounds, mostly aldehydes

and methyl ketones (Grosch, 1982). Thus, when oxygen availability was reduced in

milk samples prior to HPP treatments, less formation of aldehydes and ketones was

expected. This was true for the selected straight-chain aldehydes analyzed in this

study, but apparently it was not for methyl ketones. However, the concentrations of

methyl ketones found were low even after HPP, so the probability of detecting a

trend change due to an oxygen reduction in the sample was lowered because of the

inherent variability of the quantification.

HPP is promoting the autoxidation of milk lipids in some way. According to

our findings, aldehydes formation under HPP follows a pathway highly dependent

on oxygen availability. Henry's Law states that at higher oxygen partial pressures

the solubility of this gas in the aqueous phase increases (Castellan, 1971). However,

this behavior applies when a certain amount of headspace containing oxygen is

present in the sample container, so oxygen can transfer from the gas phase to the

aqueous phase when pressure is raised, thus increasing its availability for oxidation

reactions in solution. However, this may not apply to our HPP milk system, since

no headspace was left inside the milk pouches previous to pressurization, so there

is low probability of increasing the concentration of dissolved oxygen at high

pressure levels. But there is another physical property of the system that could have

been affected. When a dilute solution of oxygen in water is mixed with fat, the

oxygen is distributed between the two immiscible phases, according to Eq. 10.
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K=X (10)

x,

WhereK is the partition coefficient, and x, x' are the concentration of solute

in the two different solvents. It has been observed that K is affected by pressure.

Studies in micelle/water systems revealed that at pressures above 120 MPa, solutes

outside the micellar structure begin to squeeze in and solvate into them, concluding

that high hydrostatic pressure changes the partition coefficient of a system

(Kaneshina et al., 1984). If this is also true for milk, which is basically a water/fat

emulsion with micelles stabilized by proteins, dissolved oxygen will tend to

transfer from the aqueous solution to the inside of the fat globule under high

hydrostatic pressure, which was 655 MPa for this study. This will improve the

availability of oxygen in the fat phase, leading to an increase in lipid oxidation.

However, the reason why only the formation of aldehydes is promoted by HPP

treatments, while that of methyl ketones is not, is still not clear. Both classes of

compounds can arise from the hydroperoxides formed during oxidation of lipids

(Grosch, 1982). However, the reaction pathway that leads the final volatile products

is different. Methyl ketones form from the specific n-oxidation of a fatty acid,

followed by decarboxylation, while aldehydes form from the spontaneous

decomposition of a hydroperoxide that yields an aldehyde and another radical,

which may in turn oxidize, dehydrate and decarboxylate to a further aldehyde

molecule (Grosch, 1982). The spontaneity self-catalytic nature of the aldehyde

formation pathway could be making this raction to be favored during HPP.



Low concentrations of oxygen also decreased the formation of H2S, and

only slightly that of MeSH and DMS, while DMDS and DMTS were not affected.

H2S was proposed to be mainly generated from cysteine through oxidation

(Badings et al., 1981, Damodaran, 1996). MeSH and DMS are thought mainly to be

liberated from methionine, through thermal breakdown of the sulfur bearing side

chain (Ferreti, 1973, Damodaran, 1996), but DMS formation pathway is still not

well understood. DMDS and DMTS are probably formed from the oxidation of

MeSH (Ferreti, 1973, Vazquez-Landaverde et al., 2006c). The role of oxygen in the

formation pathway of the selected sulfur compounds is not clear, but the results

found in this study suggested that H2S, MeSH, and DMS formation in HPP milk

could be somehow dependent on oxygen concentration, while DMDS and DMTS

could not. However, previous studies (Vazquez-Landaverde et al., 2006a, Vazquez-

Landaverde et al., 2006b) demonstrated that the formation of sulfur compounds

during HPP experiments is mainly due to sample handling under compromising

temperatures (75°C) previous to pressurization, and not to the pressure treatment

itself.

7.5 Conclusion

The inhibition of powerful odorants like aldehydes and sulfur compounds

by the use of additives is of high importance. Differences between the volatile

profile of raw milk and the HPP treated one are mainly due to the formation of

heptanal, octanal and hexanal (Table 4), although some formation of hydrogen
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sulfide and methanethiol was noticed. The increase of saturated aldehydes

concentration is thought to be the main cause for the stale flavor in milk (Rerkrai et

al., 1987, Vazquez-Landaverde et al., 2005b) and they could contribute much to the

aroma of heated milk because of their low sensory thresholds (Rychlik et al., 1998).

Volatile sulfur compounds are mainly responsible for the development of the

cooked flavor defect in heated milk (Christensen and Reineccius, 1992, Steely,

1994, Simon and Hansen, 2001, Datta et al., 2002). MeSH is probably the most

powerful sulfur-containing aroma compound in heated milk (Vazquez-Landaverde

et al., 2005a), with a low sensory threshold and an unpleasant rotten cabbage aroma

(Fenaroli, 1995). H2S has a characteristic sulfur-like aroma (Rychlik et al., 1998).

According to Figure 1, BHA and epicatechin will inhibit up to 95% the

formation of off-flavor compounds in milk subjected to HPP combined with

temperature. BHA and epicatechin kept the volatile profile of milk close to that of

raw milk even after severe conditions of pressure (655 MPa), temperature (75°C)

and time (10 mm), therefore it can be predicted that the flavor of HPP milk treated

auditioned with these additives may not be distinguished from that of raw milk by

the consumer. Besides, HPP treatments under such severe conditions will produce

milk with an extended shelf life beyond 45 d (Tovar-Hernandez et al., 2005a),

therefore opening a new market for long shelf-life milk with improved flavor.
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Table 7.1 Concentration (.tg/kg) of aldehydes on milk samples with 3.25% fat'
Treatment Compound

Additive
Time Concentration
(mm) (g/kg)

Hexanal Heptanal Octanal Nonanal Decanal

Ascorbic acid 3 0.5 28.68 4.50 2.68 10.91 8.92
Ascorbic acid 3 1.0 12.61 2.26 3.40 7.99 8.58
Ascorbic acid 5 0.5 54.53 10.18 4.02 17.03 11.57
Ascorbic acid 5 1.0 38.07 6.05 3.06 14.02 10.77
Ascorbic acid 10 0.5 71.70 11.73 6.10 18.60 15.26
Ascorbic acid 10 1.0 34.37 6.78 3.27 15.26 14.41

13-Carotene 3 0.1 6.50 0.82 1.13 4.07 6.02

13-Carotene 3 1.0 7.81 1.03 0.96 2.13 3.29

13-Carotene 5 0.1 52.04 8.09 6.80 24.53 10.02

13-Carotene 5 1.0 54.56 9.27 6.75 21.34 8.99

13-Carotene 10 0.1 91.21 22.03 11.78 37.99 13.36

13-Carotene 10 1.0 92.81 23.82 12.45 32.78 12.59

BHA2 3 0.02 2.44 0.09 2.05 4.10 4.73
BHA 3 0.09 1.53 0.05 0.66 2.28 4.84
BHA 5 0.02 5.84 0.55 2.91 6.82 6.54
BHA 5 0.09 5.07 0.25 2.35 4.34 6.04
BRA 10 0.02 6.65 0.68 3.18 10.09 7.83
BHA 10 0.09 5.14 0.28 2.12 7.03 7.69
Epicatechin 3 0.1 2.84 0.18 2.53 3.29 4.84
Epicatechin 3 1.0 2.22 0.12 2.05 3.21 4.83
Epicatechin 5 0.1 5.34 0.64 2.34 10.78 9.27
Epicatechm 5 1.0 3.96 0.32 1.59 7.50 8.00
Epicatechin 10 0.1 6.73 1.01 4.26 13.15 14.59
Epicatechin 10 1.0 5.75 0.43 0.87 5.71 12.77
L-Cystine 3 0.03 5.46 0.54 0.62 3.08 3.22
L-Cystine 3 0.14 4.42 0.64 0.56 3.17 3.47
L-Cystine 5 0.03 69.19 10.95 6.59 26.51 10.92
L-Cystine 5 0.14 50.14 8.13 5.84 24.76 6.51
L-Cystine 10 0.03 128.91 25.24 11.99 41.64 11.02
L-Cystine 10 0.14 84.16 21.14 9.51 34.59 10.50
Raw milk 1.13 0.08 0.10 1.72 4.09
Reduced 02 raw milk 1.21 0.11 0.16 1.92 3.94
HPP3 milk, 3 mm 29.30 4.46 2.57 11.30 8.81
HPP milk, 5 mm 74.76 13.33 7.79 27.79 11.45

HPP milk, 10mm 139.94 30.85 15.98 42.34 15.97
Reduced 02 HPP milk, 3 mm 4.83 0.15 1.02 7.13 3.74
ReducedO2HPPmilk,Smin 57.19 9.60 4.25 22.60 8.86
Reduced 02 HPP milk, 10mm 100.65 24.20 11.84 35.93 11.77

Relative standard deviation for the quantification < 9.3
2 BHA = butylated hydroxyanisole
HPP = high pressure treatment at 655 MPa and 75°C
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Table 7.2 Concentration of sulfur compounds in milk samples with 3.25% fat'
Treatment Compound

Hydrogen Dimethyl Dimethyl DimethylMethanethiolTime Concentration
Additive sulfide sulfide disulfide trisulfide(mm) (g/kg) (tgIkg)(tgIkg) (.igIkg) (ng/kg) (ng/kg)

Ascorbic acid 3 0.5 23.05 5.95 5.09 30.18 64.98
Ascorbic acid 3 1.0 21.38 6.55 5.31 29.12 74.32
Ascorbic acid 5 0.5 19.94 7.05 5.26 31.45 79.84
Ascorbic acid 5 1.0 23.09 6.94 4.89 34.07 83.66
Ascorbic acid 10 0.5 23.41 7.08 4.98 30.34 79.57
Ascorbic acid 10 1.0 20.98 7.54 5.41 34.49 77.84
3-Carotene 3 0.1 21.68 6.15 5.32 29.77 70.72
3-Carotene 3 1.0 22.65 7.48 5.19 27.91 73.56

f3-Carotene 5 0.1 20.29 5.99 6.10 30.80 77.04
3-Carotene 5 1.0 23.18 6.36 6.01 32.95 69.10
3-Carotene 10 0.1 21.56 6.84 5.21 28.19 81.25

f3-Carotene 10 1.0 22.60 7.06 5.21 32.48 77.47
BHA2 3 0.02 25.92 6.04 5.15 24.07 72.88
BHA 3 0.09 19.39 6.65 4.49 24.70 77.35
BF[A 5 0.02 23.09 7.10 5.23 36.16 75.09
BHA 5 0.09 25.31 7.08 5.00 26.07 77.50
BHA 10 0.02 21.60 6.53 5.47 30.59 80.82
BHA 10 0.09 21.61 6.77 4.91 28.55 78.53
Epicatechin 3 0.1 19.65 6.72 5.25 27.45 79.41
Epicatechin 3 1.0 21.51 7.64 5.68 22.43 78.26
Epicatechm 5 0.1 19.56 6.91 6.01 28.48 74.93
Epicatechin 5 1.0 19.64 7.16 5.51 24.95 81.09
Epicatechin 10 0.1 21.60 6.75 5.48 29.17 77.73
Epicatechin 10 1.0 23.32 6.95 4.98 26.79 75.69
L-Cystine 3 0.03 4.97 6.04 5.52 25.27 65.00
L-Cystine 3 0.14 4.82 5.39 5.35 28.99 62.24
L-Cystine 5 0.03 6.68 5.18 6.09 29.11 74.74
L-Cystine 5 0.14 5.63 6.23 5.48 29.69 66.73
L-Cystine 10 0.03 6.12 5.95 6.02 33.37 63.24
L-Cystine 10 0.14 5.24 5.93 5.37 28.87 67.38
Rawmilk 2.19 5.50 6.36 28.57 43.25
ReducedO2rawmilk 2.38 5.87 5.77 24.56 54.75
HPP3 milk, 3 mm 18.20 6.92 5.06 29.29 77.59
HPP milk, 5 mm 21.67 7.22 5.02 32.72 72.52
HPP milk, 10mm 22.95 7.79 5.70 31.89 87.03
ReducedO2HPPmilk,3min 11.19 5.95 3.77 32.04 72.75
ReducedO2HPPmilk,Smin 10.36 4.91 4.63 33.17 68.57
Reduced 02 HPP milk, 10mm 10.55 5.83 4.12 29.63 69.11

Relative standard deviation for the quantification < 9.3
2 BHA = butylated hydroxyanisole
HPP = high pressure treatment at 655 MPa and 75°C
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Table 7.3 Concentration (pg/kg) of methyl ketones in milk samples with 3.25% fat1

Treatment Compound

Time Concentration
Additive 2-Heptanone 2-Octanone 2-Nonanone 2-Decanone(mm) (g/kg)

Ascorbic acid 3 0.5 3.34 1.16 1.61 1.72
Ascorbic acid 3 1.0 3.29 1.59 1.38 2.02
Ascorbic acid 5 0.5 3.89 1.97 1.68 1.70
Ascorbic acid 5 1.0 4.09 2.11 2.09 1.37
Ascorbic acid 10 0.5 3.47 1.72 2.32 1.79
Ascorbic acid 10 1.0 4.49 1.93 2.14 2.25
13-Carotene 3 0.1 3.77 1.62 1.80 1.03

13-Carotene 3 1.0 3.28 1.44 1.35 1.40

3-Carotene 5 0.1 3.90 1.32 1.43 1.75

f3-Carotene 5 1.0 3.18 1.49 1.74 1.80

3-Carotene 10 0.1 4.46 1.96 1.43 2.13
13-Carotene 10 1.0 4.37 1.39 1.79 1.94
BI{A2 3 0.02 4.33 1.46 2.27 1.58
BRA 3 0.09 3.71 1.12 2.09 1.37
BHA 5 0.02 3.65 1.77 2.62 2.20
BRA 5 0.09 3.28 1.82 2.55 1.84
BHA 10 0.02 4.20 2.09 2.05 1.72
BHA 10 0.09 4.25 2.18 2.44 1.94
Epicatechin 3 0.1 3.03 1.80 1.73 1.07
Epicatechm 3 1.0 3.95 1.27 1.72 1.13
Epicatechm 5 0.1 3.05 1.88 1.91 2.17
Epicatechin 5 1.0 3.20 1.59 1.49 1.62
Epicatechin 10 0.1 3.86 2.07 2.45 1.94
Epicatechm 10 1.0 4.84 2.14 2.05 2.09
L-Cystine 3 0.03 2.85 1.82 0.93 1.40
L-Cystine 3 0.14 3.60 1.42 1.31 1.50
L-Cystine 5 0.03 3.06 1.87 1.69 2.04
L-Cystine 5 0.14 3.37 1.11 1.68 2.21
L-Cystine 10 0.03 4.89 1.81 1.12 2.09
L-Cystine 10 0.14 4.06 2.03 2.02 1.61
Raw milk 0.96 1.55 0.21 0.20
Reduced 02 raw milk 1.12 1.49 0.18 0.17
HPP3 milk, 3 mm 3.93 1.34 1.90 1.82
HPP milk, 5 mm 4.04 1.70 1.76 1.76
HPP milk, 10mm 4.29 1.81 1.79 1.91
Reduced 02 HPP milk, 3 mm 3.18 1.76 1.39 1.44
Reduced 02 HPP milk, 5 mm 3.19 1.75 1.53 2.05
Reduced 02 HPP milk, 10 mm 4.05 1.45 1.13 1.72

Relative standard deviation for the quantification < 9.3
2 BHA = butylated hydroxyanisole

HPP = high pressure treatment at 655 MPa and 75°C
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Table 7.4 PCA loadings for the off-flavor compounds analyzed
in milk with 3.25% fat

Compound Component 1 Component 2
(98.9 % of total variance) (0.7 % of total variance)

Hexanal 0.281 -0.126
Heptanal 0.902 -0.292
Octanal 0.321 0.918
Nonanal 0.057 0.070
Decanal 0.005 0.015
2-Heptanone 0.002 0.020
2-Octanone <0.001 0.001
2-Nonanone -0.001 0.115
2-Decanone 0.007 0.088
Hydrogen sulfide -0.002 0.166
Metanethiol <0.001 0.003
Dimethyl sulfide <0.001 0.001
Dimethyl disulfide <0.001 <0.001
Dimethyl tnsulfide <0.001 0.008
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Figure 7.1 Bar plot for the distances along component 1 of the PCA for of off-
flavor volatile profile in milk with 3.25% fat and different additives. Distances
were measured with respect to a raw untreated milk sample with 3.25% fat.
Component 1 accounts for 98.9 % of the total variance. Dotted line marks 5% of
total distance.
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8. GENERAL CONCLUSION

The techniques developed in this study for the analysis of off-flavor compounds in

milk were accurate and sensitive, and were successfully used in the analysis of the

effect of high hydrostatic pressure and moderate temperature on the formation of

milk off-flavors. This effect was found to be different from that of heat at

atmospheric pressure, inhibiting the formation of some important off-flavor

compounds, and promoting the formation of others. Pressure affected the kinetics

of formation of off-flavor compounds in different ways according to their chemical

class and reflecting the pathway leading to their formation.

The analysis of the formation kinetics for off-flavor compounds in milk

under pressure suggested that these reactions could follow a pathway different from

that observed under atmospheric pressure. However, the strong inhibition of off-

flavor formation by antioxidants known to be effective at atmospheric pressures

supports the opposite conclusion, i.e., that these reactions follow the formation

pathway observed when heat is applied under atmospheric pressure. Further studies

focusing on reaction mechanisms under pressure using model systems are

necessary to reach a conclusion.

Findings here obtained gave a better understanding of flavor formation

under pressure and supports the need for further research on combined technologies

based on high pressure processing. The combination of moderate heating,

hydrostatic pressure and use of antioxidants was able to control the formation of
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off-flavor compounds in milk. This advancement can be used now by the U.S. dairy

industry to market milk and formulate dairy beverages with extended refrigerated

shelf life and superior flavor profiles to those obtained by conventional heat

pasteurization. In the future, this combination technology could lead to shelf stable

products superior to those obtained by UHT.




