
ABSTRACT 

VIAZIS, STELIOS. High Pressure Processing of Human Milk for Improved Nutrient 

Retention and Microbial Safety.  (Under the direction of Dr. Brian E. Farkas). 

  

 Human milk is generally accepted as the optimal nutritional source for infants. 

Human milk banks govern and oversee the collection, pasteurization, and distribution of 

human milk to those in need. Currently, Low Temperature Long Time (LTLT) 

pasteurization (30 min, 62.5 oC) is used to assure the safety of banked human milk.  

Studies have shown that LTLT inactivates pathogens, but also degrades important 

biochemical components including secretory immunoglobulin A (SIgA) and lysozyme, 

two of the most noted antimicrobial compounds in human milk.  The kinetics of high 

pressure processing (HPP) favor the reduction of pathogenic microorganisms with 

retention of nutritional quality.    

 The objective of the first study was to investigate the effects of HPP on SIgA and 

lysozyme activity in human milk in comparison with LTLT pasteurization.  Human milk 

samples were pressure processed at 400 MPa for 30 to 120 minutes and heat treated at 

62.5oC for 30 minutes. An indirect modified Enzyme Linked Immunosorbent Assay 

(ELISA) and a Micrococcus lysodeikticus turbidimetric assay were performed to measure 

the activities of SIgA and lysozyme, respectively.  Human milk subjected to pressures of 

400 MPa for 30, 60, 90, and 120 minutes retained 85.6, 87.1, 80.6, and 75.4% of SIgA 

activity respectively, while LTLT pasteurized milk retained 51.2% activity. There was a 

significant difference (P<0.05) between raw human milk, HPP samples, and heat treated 

samples. High pressure processing of human milk at 400 MPa for 30, 60, 90, and 120 

 



minutes retained 106.9, 96.3, 96.3, and 95.8% activity of lysozyme respectively, while 

LTLT pasteurization retained 78.8% activity. There was a significant difference (P<0.05) 

between raw human milk and LTLT pasteurized samples but not with HPP samples.  

These findings suggest that HPP results in improved nutrient retention of human milk 

when compared to traditional thermal pasteurization.  However, further research was 

needed to study the process with respect to microbial inactivation. 

 The objective of the second study was to investigate the efficacy of HPP for 

inactivation of Listeria monocytogenes ATCC 19115, Escherichia coli ATCC 25922, 

Staphylococcus aureus ATCC 25923 and ATCC 6538, and Streptococcus agalactiae 

ATCC 12927 in human milk.  Human milk samples donated by a local milk bank were 

pooled and inoculated with each pathogen (108-109 CFU/ml); 0.1% peptone buffer 

solutions were likewise inoculated to serve as controls.  Each sample was subjected to 

400 MPa at 21 to 31oC for holding times that ranged from 0 to 50 min, depending on the 

organism, or to 62.5oC for 0 to 30 min using the capillary tube method.  Samples were 

plated on tryptic soy agar and appropriate selective media for enumeration.  In all cases, 

LTLT pasteurization of all pathogens seeded into human milk resulted in complete 

inactivation within 10 min.  In human milk and in 0.1% peptone buffer, a 6-log10 

reduction was achieved after 30 min of HPP treatment for S. aureus ATCC 6538.  After 

30 min, S. aureus ATCC 25923 was reduced by 8-log10 and 6-log10 in human milk and 

buffer, respectively.  Treatments of 4 min and 7 min resulted in complete inactivation of 

Strep. agalactiae in human milk and buffer respectively, while only 2 min was necessary 

for inactivation of L. monocytogenes in human milk (3.5 min for complete inactivation of 

L. monocytogenes in buffer).  Although an 8-log10 inactivation of generic E. coli 

 



suspended in buffer was achieved after 10 min of HPP, only a 2-log10 reduction was 

observed in human milk after the same treatment time.   

 These data suggest that HPP may be a viable alternative for pasteurization of 

human milk.  Further research is needed to evaluate its efficacy in the inactivation of 

relevant viral pathogens and establish recommended processing times that result in 

reliable inactivation of all relevant pathogens.   
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CHAPTER 1 

Literature Review 

1.1. Introduction 

 Human milk is a superior nutritional source, tailored to meet the specific 

requirements of infants.  It has been shown to decrease the incidence of various diseases, 

such as the severity of diarrhea, bacteremia, bacterial meningitis, and urinary tract 

infections.  It has also been shown to provide protection against allergic and digestive 

diseases.  Breast milk provides the infant with immunoglobulins like Immunoglobulin A 

(IgA) that serve to strengthen the immune system of the newborn by inactivating harmful 

microorganisms, and generating antibacterial compounds.  In addition to specific 

antibodies, human milk contains non-specific beneficial factors including lactoferrin, 

lysozyme, and several other biochemical compounds that help protect the infant against 

pathogenic bacteria.  All these factors, along with oligosaccharides, essential fatty acids, 

proteins and minerals, contribute to the uniqueness of human milk as a food source for 

the newborn, and provide an essential means of promoting health and growth in the early 

stages of life. 

Currently the Human Milk Banking Association of North America governs and 

oversees the collection, pasteurization, and distribution of human milk to those in need.  

Milk banks are a useful resource in helping infants that are born prematurely, that have 

allergies, feeding formula intolerance, immunologic deficiencies, infectious diseases, or 

can help with post-operative nutrition or treatment of inborn errors of metabolism 

(Lactation Center and Mothers’ Milk Bank Wake Med, 2000).  Other reasons for 

recipient selection may be lactation failure, adoption, illness of the mother, health risk 
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from mother to the infant, or death of the mother (Human Milk Banking Association of 

North America, 2000; Beckwith, 2000).  The safety of the banked human milk must be 

guaranteed due to the state of the patients that receive it.       

One of the most serious problems that milk banks encounter is bacterial 

microorganisms.  Pathogenic microorganisms that may exist in human milk can be due to 

clinical mastitis caused by bacteria such as Staphylococcus aureus and Streptococcus 

agalactiae, which may contaminate the milk and render it unsafe for infant consumption.  

Furthermore, inadequate sanitation during handling could result in contamination by 

pathogens such as Escherichia coli and Listeria monocytogenes.  The presence of these 

and other microorganisms necessitates the pasteurization of human milk before its use.  

Human milk banks process the donor milk using Low Temperature Long Time (LTLT) 

pasteurization, a process by which it is treated at 62.5 oC for 30 minutes. 

 It has been shown that even though LTLT thermal pasteurization of human milk 

guarantees microbial safety, it is also responsible for significant loss of basic key 

biochemical components crucial to the growth and development of the infant.  

Antimicrobial components in breast milk, such as IgA and lysozyme, lose their activity 

by up to 20 to 30%, while lactoferrin can lose as much as 80% of its activity as a 

consequence of LTLT pasteurization.  High pressure processing has the potential to offer 

a possible solution to this problem. 

 High Pressure Processing (HPP) is a non thermal process which was first 

demonstrated more than a century ago, but has only recently caught the interest of food 

industries around the world.  Using this technology, industry is able to process solid and 

liquid foods to pressures between 100 and 800 MPa and provide a nutritionally high 
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quality food product with an extended shelf-life.  Currently, HPP is being used 

commercially to produce fruit jellies and jams, fruit juices, pourable salad dressing, foie 

gras, ham, guacamole, as well as raw oysters for shucking. 

The goal of this project was to provide scientific evidence that indicates whether 

HPP is an acceptable alternative to LTLT pasteurization of human milk in terms of 

microbial safety and retention of biochemical nutrient quality.  The objectives of the 

project were: a) To determine whether high pressure processing can eliminate five 

relevant pathogenic microorganisms: Escherichia coli ATCC 25922, Listeria 

monocytogenes ATCC 19115, Staphylococcus aureus ATCC 6538 and ATCC 25923, and 

Streptococcus agalactiae ATCC 12927, and b) to quantify the retention or loss of key 

biochemical components, such as total IgA and lysozyme, in human milk treated by HPP. 

1.2. High Pressure Processing 

 High Pressure Processing (HPP) was first demonstrated more than a century ago, 

but has only recently attracted the interest of food industries around the world.  This non-

thermal process is primarily used for the large-scale production of ceramic and carbide 

components, but has potential to be fully adopted by the food industry (Farr, 1990).  This 

recent trend is due to the demand for high quality products without additives and 

extensive processing, but which are also microbiologically safe (Balci and Wilbey, 1999).  

High pressure processing uses pressures of 100 to 800 MPa to treat solid and liquid foods 

and provide a microbiologically safe and nutritionally high quality product (U.S. FDA, 

2000).  The efficacy of HPP depends on a series of factors such as pH, temperature, time, 

antimicrobial agents, and water activity, but has limited throughput and is limited to high-
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value-added products, thus rendering the process relatively costly (Farr, 1990; U.S. FDA, 

2000; Balci and Wilbey, 1999). 

 A typical HPP unit is composed of a high pressure vessel and its closure, a 

pressure generation system, a temperature sensing device, and a material handling 

system, along with a pressure transmitting medium, which usually is water mixed with 

minute amounts of oil (Balci and Wilbey, 1999).  The application of pressure acts 

uniformly throughout the food mass, making a wide array of package size, shape, and 

composition characteristics acceptable for processing (U.S. FDA, 2000).  It has been 

shown that there is minimal destruction of nutrient, color, and flavor components as HPP 

only affects weak chemical bonds, and since many proteins are pressure stable, the food 

quality is not jeopardized by the processing (Shook et al., 2001; Tewari et al., 1999; 

Hendrickx et al., 1998).  However, different foods react to high pressure in different 

ways, resulting in various quality deviations, and thus their composition must be taken 

under consideration and evaluated before selecting HPP as a process (Hoover et al., 

1989).  Overall, HPP offers a number of advantages compared to other non-thermal and 

thermal processes.  These include reduced processing times, minimal heating, freshness, 

flavor, texture, and color quality retention (Tewari et al., 1999).  In addition, there is 

insignificant vitamin C loss (Tewari et al., 1999), while Maillard reactions are not 

initiated.  The process also allows for production of sous vide foods even though they are 

not thermally treated (Gross and Jaenicke, 1993).  

There have been extensive studies on the capabilities of HPP in destroying 

pathogens and maintaining food quality by denaturing certain enzymes.  It has been 

shown that HPP can eliminate vegetative bacteria more effectively than spores and has a 
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higher success rate in destroying bacterial cells in the growth phase when compared to 

cells in the stationary phase (Mussa et al., 1999; U.S. FDA, 2000; Hoover et al., 1989; 

Mussa and Ramaswamy, 1997; Smelt et al., 2002; Gross ad Jaenicke, 1993).   Some of 

the microorganisms studied include Listeria monocytogenes, Escherichia coli, 

Staphylococcus aureus, and Salmonella spp.  In general, Gram-negative microorganisms 

are more pressure sensitive than Gram-positive microorganisms (Smelt et al., 2002; 

Mussa et al., 1999; Mussa and Ramaswamy, 1997).  In addition to destroying pathogens 

at pressures of 300 to 400 MPa, studies have shown that proteins can be preserved within 

this pressure range, thus allowing HPP to provide a safe product of high quality (Balci 

and Wilbey, 1999; Hayakawa et al., 1996; Hendrickx et al., 1998).  

High pressure processing is used commercially to produce fruit jellies and jams, 

fruit juices, pourable salad dressing, raw squid, rice cakes, foie gras, ham, guacamole, as 

well as raw oysters for shucking (U.S. FDA, 2000; Hendrickx et al., 1998).  Specifically, 

small-scale production of high pressure processed foods has been established with the 

production of fruit-based products in Japan, orange juice in France, and avocado dip in 

the U.S.A.  The processing cost at 400 MPa for 10 minutes at 20 oC ranges from 0.1 to 

0.5 ECU (Economic currency unit) per kg of food, with the lower end being closer to 

thermal processing ranges (Cheftel and Culioli, 1997).  Even though HPP has been 

suggested for the pasteurization of bovine milk, the lack of convincing, solid scientific 

evidence to guarantee the effectiveness of the process has postponed the 

commercialization of HPP milk pasteurization indefinitely (Mussa and Ramaswamy, 

1997).  It has been suggested that high pressure processing has the potential to be 

established as a food preservation process in the future, but should be used in 
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combination with other treatments in order to increase its effectiveness (Hoover et al., 

1989; Ross et al., 2003). 

There have been several studies designed to combine non-thermal technologies to 

better control food-borne microorganisms.  In particular, non thermal processes such as 

HPP, pulsed electric fields, ionizing irradiation and ultrasonication have been able to 

inactivate microorganisms (Ross et al., 2003).  However, when these processes are 

combined with traditional preservation techniques (for example the addition of 

antimicrobial components like lysozyme), their antimicrobial effect is enhanced and the 

intensity of the process maybe reduced (Ross et al., 2003).  Other studies have shown that 

the shelf life of bovine milk can be significantly extended by more than 2 months once 

treated with pulsed electric fields after traditional thermal pasteurization treatment 

(Sepulveda et al., 2005).  High pressure processing has shown great promise for treating 

foods, since it results in a product with better quality compared to thermal treatment, 

while the effects on product color depend on the product itself (Matser et al., 2004).  

High pressure processing has the potential to be established as a food preservation 

process, when it is used in combination with other treatments (Hoover et al., 1989; Ross 

et al., 2003).  The bioactive antimicrobial components of human milk could potentially 

provide that additional treatment to improve its effectiveness.   

1.3. Human Milk 

1.3.1 Benefits  

 According to the American Academy of Pediatrics (1997), breastfeeding of 

infants provides numerous benefits to their general health, growth and development.  It 

has also been demonstrated that human milk can decrease the incidence of various 
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diseases, such as the severity of diarrhea, lower respiratory infection, otitis media, 

bacteremia, bacterial meningitis, and urinary tract infection, in addition to protection 

against allergic diseases, digestive diseases, Crohn’s disease and many others (American 

Academy of Pediatrics, 1997).  Even though children acquire some immunological 

assistance from the mother during pregnancy, it is during breastfeeding that the infant 

gains extra protection from antibodies, other proteins and immune cells from human milk 

(Newman, 1995).   

 The antibodies that are present in human milk are the immunoglobulins A, G, M, 

D and E, with IgA being the most abundant, and these provide protection from various 

pathogens (Newman, 1997).  Milk- specific and plasma proteins also include beta-casein, 

kappa-casein, alpha lactalbumin, serum-albumin and C3, and C4 complement fractions 

(Montagne et al., 2000).  In addition to the immune antibodies, human milk also contains 

certain non specific beneficial factors including lactoferrin, B12-binding proteins, 

lysozyme, and several other biochemical compounds that help protect the infant against 

infection (Ford et al., 1977).  Furthermore, there are compounds that contribute to the 

intestinal health of the infant.  One of the factors that are crucial to the efficacy of 

digestion of milk lipids is bile-salt-stimulated lipase (BSSL) (Stromqvist, 1997; 

Blackberg and Hernell, 1981).  Without bile-salt-stimulated lipase, absorption of milk 

lipids is decreased by 33% in preterm infants, thus rendering it critical to their health and 

growth (Blackberg and Hernell, 1981).  Furthermore, human milk contains transforming 

growth factor alpha and beta 2, which are involved in growth differentiation and repair of 

neonatal intestinal epithelia (McPherson and Wagner, 2001).  The importance of human 

milk to the health and development of the infant are not limited to the immunological 
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properties but also include nutritional components such as oligosaccharides, fatty acids, 

various other proteins, and an abundance of vitamins and minerals (Newman, 1997). 

1.3.2. Human Milk Bank Guidelines 

 In the early 1900’s, the first milk bank was formed in Boston in response to the 

growing recognition that human milk was associated with reduced mortality rates 

amongst breast fed infants.  After World War II, interest in banked donor milk decreased 

dramatically due to the increase in artificial feeding options.  In the 1970’s there was 

resurgence in interest for human milk due to advances in neonatology.  This resulted in 

higher survival rates for sick or premature infants (Lactation Center and Mothers’ Milk 

Bank, Wake Med, 2000).  Unfortunately though, there was yet another decrease of 

human milk banks in the 1980’s due to the emergence of the Human Immunodeficiency 

Virus (HIV) (Beckwith, 2000).  Human milk banks have come a long way since then.  

There are eight milk banks in North America.  They comprise what is known as the 

Human Milk Banking Association of North America (HMBANA), which was established 

in 1985 and includes the Lactation Center & Mothers’ Milk Bank at WakeMed Hospital 

in Raleigh, North Carolina.  

Some of HMBANA’s goals include the guarantee of high quality donor human 

milk, and providing the opportunity for experts in the field to network on issues related to 

human milk.  Furthermore, HMBANA encourages research on the unique properties of 

human milk and its uses, and promotes information to the medical community on the 

benefits of banked donor human milk (Lactation Center and Milk Bank Wake Med, 

2000).  By setting these goals and adhering to the pursuit of their achievement, 

HMBANA has been able to save lives, as well as promote scientific research in the field 
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of neonatology and human milk.  The high quality of donor human milk must be 

maintained to satisfy the needs of infants who would otherwise have had lower chances 

of surviving without it.   

One of the most serious problems that milk banks face is microbial 

contamination, mostly by natural microflora, but also from pathogenic microorganisms 

(Wills et al., 1982).  The source of microbial contamination could result from poor 

sanitation and handling methods, and from the donor’s state of health.  To this end, 

HMBANA has provided a screening protocol to monitor the state of health of the donor 

before accepting their donation of human milk.  Specifically, the screening process 

requires that the donors be tested for Human Immunodeficiency Virus-1, Human 

Immunodeficiency Virus-2, Human T-cell lymphotropic virus, Hepatitis B, and Hepatitis 

C, thus minimizing the threat that these viruses will enter the human milk supply (Human 

Milk Banking Association of North America, 2000).  In addition, pathogenic 

microorganisms that may exist due to clinical mastitis, such as Staphylococcus aureus 

and Streptococcus agalactiae could infect the milk and render it unsafe.  Furthermore, 

inadequate sanitation during handling could result in contamination by pathogens such as 

Escherichia coli and Listeria monocytogenes.  Human milk banks have established the 

use of LTLT pasteurization to effectively eliminate pathogenic microorganisms.  

Processing donor human milk to guarantee its safety is done using thermal 

pasteurization.  Donor milk is received frozen, defrosted within 48 hours, and pooled 

with other donor milk for maintenance of uniform composition and processing.  Each 

pool of milk is screened for general microflora levels through standard plate counts, 

aliquoted into containers, and placed in a preheated water bath.  A water-filled control 



 10

bottle is placed in the water bath to monitor milk temperature during heat processing.  

Once the control milk bottle reaches a temperature of 62.5 oC, the aliquots are held for 30 

minutes following the holder pasteurization protocol.  Milk temperature should never 

exceed 72oC.  After cooling the milk and freezing it for proper storage, it is distributed 

frozen.  The final product is available chilled or thawed for up to 72 hours at 4oC for 

immediate use (Human Milk Banking Association of North America, 2000).  Because of 

the risk of viruses like human immunodeficiency virus, human T-lymphoma virus and 

cytomegalovirus, using untreated, fresh donor milk for infants is almost nonexistent, with 

the exception of Germany where donors’ health is closely monitored (Tully et al., 2001). 

1.4. Pasteurization Processes 

The most common method of human milk pasteurization today, particularly in 

North America, is LTLT pasteurization.  According to HMBANA, the United Kingdom 

Association for Milk Banking and other national milk banking guidelines for donor milk, 

LTLT pasteurization is a required method for processing donor human milk (Tully et al., 

2001).  This method is the most easily applicable in terms of staff training and equipment 

availability and is based on the commercial pasteurization of cow’s milk, which was 

originally designed to destroy Mycobacterium tuberculosis (Wills et al., 1982).  

Unfortunately, the process has the disadvantage of degrading key biochemical 

components of the milk (McPherson and Wagner, 2001; Ford et al., 1977; Wills at al., 

1982; Blackberg and Hernell, 1981; Young et al., 1979; Chen and Allen, 2001; Bjorksten 

et al., 1980).  Some of the alternative processes that have been explored include High 

Temperature Short Time pasteurization (HTST) (Chen and Allen, 2001) and the use of 

microwave heating (Sigman et al., 1989; Quan et al., 1992). High temperature short time 
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pasteurization has been found to be a superior alternative to LTLT with regard to 

microbial safety and nutrient retention, but it is not practical for a human milk bank 

setting.  The reason that HTST is not suitable for a milk bank setting is that the 

equipment needed for small volumes of milk are not available (Jensen, 1992), in addition 

to the need for extensive training.  Microwave pasteurization was found to be as effective 

as LTLT pasteurization on a microbial safety level, yet inadequate with respect to 

retention of biochemical components (Sigman et al., 1989).  In a study conducted by 

Carbonare et al. (1996), it was shown that microwave treatment, LTLT pasteurization and 

lyophilization do not alter the ability of human milk and colostrum to protect from 

Escherichia coli, yet IgA concentration was reduced after each treatment.  The shelf life 

of bovine milk can be extended by more than two months using a pulsed electric field 

treatment following traditional thermal pasteurization (Sepulveda et al., 2005).  Similar 

work has not been performed on human milk, nor could it be feasible for a milk bank 

setting, but may be taken under consideration in the future. 

 The pasteurization process used for human milk was originally designed for 

cow’s milk.  However human milk contains antimicrobial components at higher levels 

than present in cow’s milk.  The thermal treatment from LTLT is more than required for 

the microbial safety of the human milk, which can be accomplished at a lesser hold time 

(Wills et al., 1982).  An undesired result of LTLT pasteurization is the biochemical 

degradation of human milk components.  In general, several studies have indicated a 

significant loss of biochemical nutrients due to LTLT pasteurization of human milk 

(McPherson and Wagner, 2001; Ford et al., 1977; Wills at al., 1982; Blackberg and 

Hernell, 1981; Young et al., 1979; Chen and Allen, 2001; Bjorksten et al., 1980).  Some 
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human milk banks abroad have even gone as far as to prefer distributing raw donor 

human milk to pasteurized human milk.  This is mainly because thermal processing of 

human milk makes it more susceptible to bacterial contamination if processed 

improperly.  This can be attributed in part to a significant loss of antimicrobial 

components that would normally act against these microorganisms (Bjorksten et al., 

1980).  Table 1.1 summarizes methods used to process human milk, and their effects on 

its composition.  

Table 1.1. Qualitative Results from Various Treatments on Human Milk (Jensen and 
Jensen, 1992). 
Treatment Results 
Refrigerated storage  
4oC, 72 hr Creaming, decrease in bacterial growth, 

possible lipolysis 
-20oC, 12 months Lipolysis, possible demulsification and 

protein denaturation when thawed 
-70oC, indefinite Possible demulsification and protein 

denaturation when thawed 
Pasteurization  
56oC, 30 min Inactivation of enzymes and antimicrobial 

proteins, partial loss of some vitamins, 
destruction of microorganisms 

62.5oC, 30 min Inactivation of enzymes and antimicrobial 
proteins, partial loss of some vitamins, 
destruction of microorganisms 

70oC, 15 sec Inactivation of enzymes and antimicrobial 
proteins, partial loss of some vitamins, 
destruction of microorganisms 

Microwave treatment Decrease in IgA and lysozyme, substantial 
decrease increase in coliforms 

Sonication Homogenization of milk fat globules 
Selection Selection of high protein milks, use of 

high-fat hindmilk 
Supplementation Addition of nutrients for preterm infants 
Processing Treatment of milk to isolate fats, proteins, 

etc. Fractions then added to milk 
Manipulation of mother’s diet Changes to the fatty acid profile 
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1.5. Biochemical Nutrient Functions and Quality 

1.5.1 Biochemical Components in Human Milk 

 According to Newman (1995), breast-fed infants gain extra protection from 

antibodies, other proteins and immune cells in human milk.  Human milk contains an 

abundance of beneficial biochemical components that contribute to the initial 

development stages of the infant’s immune system and provide an adequate defense 

mechanism against potential environmental threats.  Specifically, the antibodies present 

in human milk include IgA, IgD, IgE, IgG, and IgM, with IgA being the most abundant 

type (Newman, 1995).  Antibodies of the secretory IgA class bind to microbes in the 

infant’s digestive tract and prevent them from passing through the walls of the gut and 

into the body’s tissues (Newman, 1995).  IgA is produced by secretory cells as a dimeric 

molecule comprised of two pairs of heavy and light chains linked by a secretory 

component and a J chain (Weaver et al., 1998).  In particular, they help block adhesion of 

microorganisms to the intestinal epithelium and neutralize microbial toxins (Bernt and 

Walker, 2001).  Secretory immunoglobulins are resistant to digestion in the gut and 

account for the lower incidence of enteric disease among breast-fed infants when 

compared to formula fed infants (Newburg, 2001; Pickering and Ruiz-Palacios, 1986). 

There are several other non-specific factors that promote a healthy immune 

system for the infant.  B12-binding protein is known to reduce the amount of vitamin B12, 

which bacteria need to grow, while lactoferrin is a glycoprotein, which binds to iron, thus 

reducing the amount of iron available for bacteria to use in growth (Newman, 1995; 

Newburg, 2001).  Lysozyme is known to inactivate Gram-positive bacteria by disrupting 

their cell walls (Newman, 1995); specifically, it cleaves the glycosidic bond in the 
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alternating beta-linked (1-4) copolymer of N-acetyl-D-glucosamine and N-acetyl-D-

muramic acid (McKenzie and White, 1986).  Bile salt-stimulated lipase ensures 

triacylglycerol utilization, thus promoting milk lipid digestion (Blackberg and Hernell, 

1981; Blackberg and Hernell, 1993; Stromqvist et al., 1997).  Other components include 

lactoperoxidase, which in the presence of thiocyanate and peroxide inhibits a variety of 

bacteria and viruses, but exists in small concentrations in human milk (Ford et al., 1977).  

Fibronectin increases the antimicrobial activity of macrophages and helps repair tissues 

that have been damaged by immune reaction in the infant’s gut.  Oligosaccharides bind to 

microorganisms and prevent them from attaching to mucosal surfaces, while fatty acids 

disrupt membranes that surround specific viruses and destroy them (Newman, 1995).  

Furthermore, human milk contains transforming growth factor alpha and beta 2, which 

are involved in growth differentiation and repair of neonatal intestinal epithelia 

(McPherson and Wagner, 2001).  

Glycoconjugates and oligosaccharides are a major class of human milk 

biochemical components that provide significant assistance to the early defensive 

mechanism of the infant.  These are mostly indigestible and perform a non-nutritive 

function (Newburg, 2001).  These glycoconjugates are mostly glycosphingolipids that are 

attached to the membrane of the human milk fat globule and are able to mimic the 

carbohydrate structure of the host cell receptor, bind to the pathogen, and prevent 

infection (Newburg, 2001).  In addition to glycoconjugates, some fatty acids have been 

shown to protect the infant against pathogens by disrupting virus envelopes (Bernt and 

Walker, 2001).  A summary of the antimicrobial components of human milk is provided 

in Table 1.2. 
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Table 1.2. Summary of Immune Benefits of Human Milk (Ford et al., 1977). 
Component Action 
White Blood Cells. 
B Lymphocytes Give rise to antibodies targeted against 

specific microbes. 
Macrophages Kill microbes outright in the baby’s gut, 

produce lysozyme and activate other 
components of the immune system. 

Neutrophils May act as phagocytes, ingesting bacteria 
in baby’s digestive system. 

T lymphocytes Kill infected cells directly or send out 
chemical messages to mobilize other 
defenses. Proliferate in the presence of 
organisms that cause serious illness in 
infants. Manufacture compounds that can 
strengthen a child’s immune response. 

Molecules 
Antibodies of secretory IgA class Bind to microbes in baby’s digestive tract 

preventing them from passing through 
walls of the gut into body’s tissues. 

B12-binding protein Reduces amount of vitamin B12 bacteria 
need in order to grow. 

Bifidus factor Promotes growth of Lactobacillus bifidus, 
in baby’s gut. Growth helps crowd out 
dangerous varieties. 

Fatty acids Disrupt membranes surrounding certain 
viruses and destroy them. 

Fibronectin Increases antimicrobial activity of 
macrophages; helps repair tissues that have 
been damaged by immune reactions in 
baby’s gut. 

Gamma-interferon Increases antimicrobial activity of immune 
cells. 

Hormones and growth factors Stimulate baby’s digestive tract to mature 
more quickly. Once initially “leaky” 
membranes lining gut mature, infants 
become less vulnerable to microorganisms. 

Lactoferrin Binds to iron, a mineral many bacteria need 
to survive. By reducing available iron, 
lactoferrin thwarts growth of pathogens. 

Lysozyme Kills bacteria by disrupting their cell walls. 
Mucins Adhere to bacteria and viruses, keeping 

them from attaching to mucosal surfaces. 
Oligosaccharides Bing to microorganisms and bar them from 

attaching to mucosal surfaces. 
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1.5.2. Biochemical Components and LTLT 

One of the earliest studies conducted on the effects of heat treatment on human 

milk was conducted by Ford et al. (1977), with many studies since.  Ford et al. (1977) 

and Blackberg and Hernell (1981), demonstrated that thermal pasteurization of human 

milk leads to poor retention of key biochemical nutrients.  Specifically, it was shown that 

LTLT reduced IgA by 20% and completely destroyed IgM.  A later study by Chen and 

Allen (2001) reported that total IgA values in human milk were not significantly 

decreased by LTLT pasteurization, but instead IgA activity towards Escherichia coli 

decreased with both LTLT and High Temperature Short Time (HTST) pasteurization.  

Other components such as IgG and IgM were also shown to be significantly destroyed 

after the same treatment (Young et al., 1979).  A study performed by Wills et al. (1982) 

further demonstrated the sensitivity of biochemical nutrients to thermal pasteurization, 

since treating human milk for 30 minutes at 62.5 oC resulted in IgA being reduced to 67% 

of its original concentration, while after reducing the treatment time to 5 minutes, 77% of 

the original concentration IgA remained. 

 Pasteurization has been shown to also inactivate Bile-Salt-Stimulated Lipase, 

leading to a decrease in absorption of milk lipids in preterm infants (Blackberg and 

Hernell, 1981).  In a study by Wills et al. (1982), it was shown that LTLT reduced 

lactoferrin to 27% and lysozyme to 67% of their original content.  Accordingly, other 

studies have shown complete destruction of IgA, IgG, lactoferrin, lysozyme and C3 

complement after pasteurizing human milk at 73 oC for 30 minutes (McPherson and 

Wagner, 2001).  B12-binding protein, lactoperoxidase and most of lactoferrin were also 

shown to be significantly destroyed but lysozyme was relatively stable to the thermal 
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process, even though at increased temperatures it was completely eliminated (Ford et al., 

1977).  However, complete destruction of the components (loss of 100%) occurred at 

relatively higher temperatures than the holder pasteurization protocol would allow.  

Furthermore, lactoperoxidase could have possibly been non-existent during the test due to 

the long interval between its collection and the assay (Ford et al., 1977).  It is evident that 

heat denaturation of proteins in human milk is undesirable but also unavoidable (Ford et 

al., 1977).  

 It has been reported that both transforming growth factor alpha and beta 2 were 

preserved without significant decreases in their immunoreactivity in human milk 

undergoing LTLT pasteurization although the issue of bioactivity has not yet been 

addressed (McPherson and Wagner, 2001).  A study conducted by Lepri et al. (1997) has 

shown that holder pasteurization reduced fats by 6%, L-lactate by 7% and subsequent 

storage resulted in triglyceride hydrolysis, while the amount of free fatty acids that was 

present doubled after the treatment and rose during storage.   

The actual amount of each biochemical component that was lost from thermal 

pasteurization varied among studies performed due to discrepancies in methods.  In 

general, the amount of IgA lost ranged from 20% to 100%; IgG from 34% to 100%; IgM 

was completely lost; lactoferrin from 27% to 100%; lysozyme was relatively stable but 

could also be lost at 23%, and most of B12-binding protein was lost, as was BSSL.  A 

summary of the retention of key biochemical components in human milk after LTLT 

pasteurization is shown in Tables 1.3.1, 1.3.2, and 1.3.3. 
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Table 1.3.1. Retention of key biochemical components in human milk by LTLT 
pasteurization. 
 
Biochemical component Retention Sources 
IgA 67%, 80% Wills et al. (1982), 

Bjorksten et al., (1980), 
Ford et al., (1977)

Lysozyme 67%, 77%,  Wills et al. (1982), 
Bjorksten et al., (1980)

Lactoferrin 27%, 35% Wills et al. (1982), 
Bjorksten et al., (1980), 

Ford et al., (1977)
B12 binding protein 52% Ford et al., (1977)
BSSL 33% Blackberg and Hernell 

(1981)
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Table 1.3.2. Major Biochemical Component Retention in Raw and Pasteurized Human 
Milk [Wills et al., (1982) and Ford et al., (1977)]. 
 
Major Biochemical 
Components 

Raw Human Milk LTLT Pasteurized 
Human Milk 

Activity Retention 
(%) 

IgA (IU/ml) 19.2 (8-71.5) 13.0 (5-52) 67 (53-83) 
Lysozyme (μg/ml) 101.1 (24-175) 65.8 (14.2-121) 67 (53-88) 
Lactoferrin (μg/ml) 3.8 (1.5-9.1) 1.0 (0.4-3.2) 27 (20-37) 
B12 binding protein 
(ng/ml) 

43.4 22.6 52 
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Table 1.3.3. Effects of Pasteurization on Antimicrobial Factors in Human Milk (Jensen, 
1992). 
 
Factor 56oC, 30 min  

(% loss) 
62.5oC, 30 min 
(% loss) 

Secretory IgA Stable 0-30 
IgM, IgG - IgM: 100, IgG: 33 
Lactoferrin - 67 
Lactoperoxidase - 50 
Lipase, BSSL, Lipoprotein 100 100 
Lysozyme - Stable 
Milk cells - 100 
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In general, studies have indicated a significant loss of biochemical nutrients due 

to LTLT pasteurization of human milk (McPherson and Wagner, 2001; Ford et al., 1977; 

Wills at al., 1982; Blackberg and Hernell, 1981; Young et al., 1979; Chen and Allen, 

2001; Bjorksten et al., 1980).  Even though LTLT pasteurization of human milk is the 

most widely used method, it has been suggested that it includes redundant thermal 

treatment to secure microbial safety (Wills et al., 1982) which results in diminished 

nutritive value (Young et al., 1979). 

1.5.2.1 Heating and Biochemical Assays 

1.5.2.1.1 Low Temperature Long Time pasteurization methods 

The method used by Ford et al. (1977) to heat treat milk involved obtaining 1.5 

ml samples of pooled human milk, placing them into small glass ampoules, heating them 

in a bath of detergent at 62.5 oC, cooling them in ice water and then storing them at -30 

oC until it was time for them to be tested. 

 To examine the effects of LTLT pasteurization on human milk, Chen and Allen 

(2001) obtained human milk from multiple donors and pooled it to a volume of 300 ml. 

Heat treatment was performed in a 65 oC water-bath, while glass bottles of donor milk 

were capped and placed in the water-bath for 30 minutes after reaching 63 oC internal 

temperature, and were then cooled in an ice bath. The samples were kept at 4 oC or -20 oC 

before any testing was performed.  

1.5.2.1.2. Immunoglobulin A 

 Most of the studies that measure IgA use the technique developed by Mancini et 

al. (1965).  Montagne et al. (2000) performed a microparticle-enhanced nephelometric 
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immunoassay specially developed to determine IgA activity in human milk.  IgA 

determinations were performed by conventional immunonephelometric assays often used 

in human serum, except they were applied to human milk samples, which were 

preclarified with 1,1,2-trichlorotrifluoroethane prior to dilution.  Following the mixture of 

the diluted human milk sample or the standard anti-human IgA with the diluent in a 

microcuvette, the scattered light was measured by a Nephelia 600 nephelometer 

(Montagne et al., 2000). 

Ford et al. (1977) determined the activity of IgA in human milk using the 

technique of Mancini et al. (1965) with Boehringer low-level ICL immunoglobulin 

plates, and raising antisera against serum immunoglobulins (Ford et al., 1977).  

 Chen (1998) used a modified indirect enzyme linked immunosorbent assay 

(ELISA), on which flat bottom, high binding microwell plates were used to bind 

Escherichia coli antigens specific to IgA antibodies.  Immunoglobulin A antibodies from 

human milk and colostrum standards were bound onto the antigen.  Subsequently, 

horseradish peroxidase (HRP) conjugated goat anti-human IgA (alpha-chain specific) 

was bound onto the IgA antibodies and finally, 2, 2’-azinodi-3-methylbenzothiazoline-6-

sulfonic acid (ABTS) was used as a substrate.  A plate reader was used to measure the 

absorbance at 405nm.   

 To prepare the antigen, the Escherichia coli serotypes O1, O2, O4, O6, O7, O8, 

O18, O75 were grown in nutrient broth (Tryptic Soy Broth) at 37 oC, and a pooled 

Escherichia coli cocktail of concentration of approximately 108-109 cells/ml was 

obtained.  The bacteria were centrifuged at 4000 rpm for 10 minutes, resuspended in 0.01 

M PBS (phosphate buffer saline, pH 7.2), and centrifuged again at 4000 rpm for 10 
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minutes. The bacterial concentration was adjusted to approximately 5 x 109cells/ml and 

the solution was then transferred to a water bath and boiled for two hours. After cooling 

for 10 to 15 minutes, the supernatant was saved and used as the antigen for the ELISA.  

1.5.2.1.3. Lysozyme 

Smolelis and Hartsell (1949) used a method for lysozyme assay based on a 

comparison of light transmissions of crystalline lysozyme dilutions with the values for 

the substance being tested, after the addition of susceptible cells and incubation.  The 

organism used for the assay was Micrococcus lysodeikticus (Fleming, ATCC 4698). 

These cells were cultured for 18 hours at 37 oC and harvested in phosphate buffer.  The 

suspension was then exposed to ultraviolet light which allowed for a few living cells, and 

was then collected, and dried in a vacuum.  At measured intervals a 5-ml quantity of the 

lysozyme dilution was mixed with 5-ml of the cell suspension and the same procedure 

was followed for the material being analyzed.  Following 20 minutes of incubation time 

at room temperature, the light transmissions for the various mixtures were recorded and 

the concentration of the unknown was determined by plotting a standard curve of the 

crystalline lysozyme mixtures and projecting on the same plot the unknown values on a 

log scale. 

McKenzie and White (1986) reported that previous methods for determination of 

lysozyme in milk are not sensitive enough to accurately ensure a valid measure of the 

level of lysozyme in the sample tested.  This is due to the fact that previous studies used 

large volumes of sample compared to the substrate thus leading to difficulties in 

determining activity of lysozyme directly on milk because of opacity and other potential 

complications (McKenzie and White, 1986).  Their method of determining lysozyme in 
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milk involved using Micrococcus lysodeikticus and domestic hen egg white, along with 

“Desicote”, Polycarbonate tubes and a Zeiss model PM-II spectrophotometer.  The 

substrate was made by mixing a sample of the inactivated cell preparation with buffer. 

The mixture was incubated 2 h at 37oC.  A stock solution of hen egg white lysozyme was 

prepared and the lysozyme concentration was measured by absorption at 280 nm.  The 

milk samples were skimmed by centrifugation at 2000 x g for 20 minutes at 2oC in a 

Sorvall RC-5 centrifuge.  

Montagne et al. (2000) used microparticle-enhanced nephelometric 

immunoassays specifically developed to determined lysozyme activity in human milk.  

Unknown diluted whole milk as well as serial dilutions of protein standard, 

microparticle-protein conjugate and diluted specific antiserum was mixed in a reaction 

microcuvette with nephelometry buffer to give a final volume of 300 μl.  The scattered 

light was then measured with a nephelometer equipped with a helium-neon laser. 

Conventional nephelometry has two drawbacks.  Its sensitivity constrains to test milk 

samples at weak dilution and needs pretreatment of the sample, and samples with high 

protein concentrations should be reassayed at higher dilution to minimize the risk of 

underestimation by antigen excess (Montagne et al., 2000).  

A lysozyme enzyme assay was developed by Sigma-Aldrich, based on the assay 

used by Shugar (1952).  According to this method a 2.5 ml sample of Micrococcus 

lysodeikticus cell suspension is combined with a 0.1 ml sample of lysozyme enzyme 

solution, or an unknown solution that contains lysozyme, and mixed in a cuvette.  After 

mixing by inversion, the decrease in absorption at 450 nm is recorded for approximately 
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5 minutes.  The activity of lysozyme in the sample is determined through calculating the 

maximum linear rate. 

1.5.3. Proteins and HPP 

 There has been, and continues to be, extensive research on the influence of HPP 

on proteins and their functions.  There are four levels of protein structure which can be 

distinguished from one another.  The primary structure is the amino acid sequence that 

contains covalent bonds, while the secondary structure corresponds to the formation of 

alpha and beta helices by the polypeptide using hydrogen bonds (Hendrickx et al., 1998).  

The tertiary structure is made of secondary structures folded into a three dimensional 

structure using non-covalent bonds between the amino acid chains, while the quaternary 

structure comprises the arrangement of the subunits held together by non-covalent bonds 

between the polypeptides (Hendrickx et al., 1998).  These structures are characterized by 

a very sensitive balance of interactions, leading to a complicated response to shifting 

surrounding pressure.  Single-chain proteins are unlikely to undergo any significant 

structural change at pressures below 400 MPa.  In contrast to thermal denaturation, 

pressures below 400 MPa cause reversible protein denaturation and the effect of pressure 

is only temporary (Hayakawa et al., 1996). 

In general, most proteins denature when exposed to pressures above 400 MPa 

(Balci and Wilbey, 1999; Gross and Jaenicke, 1993).  Sensitivity in pressure varies with 

the type of bonds involved in the structure of the protein, and it has been shown that 

structures with β-sheets are more stable to pressure than structures with α-helices (Balci 

and Wilbey, 1999; Gross and Jaenicke, 1993).  On the other hand, submitting proteins to 

pressures higher than 400 MPa for about 15 minutes results in protein denaturation 
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similar to that caused by thermal processing, while pressures of around 1000 MPa were 

found to cause protein denaturation more extensively than seen with thermal inactivation 

(Hayakawa et al., 1996; Hendrickx et al., 1998).  Therefore, at room temperature, there is 

a lower denaturation rate for proteins treated at pressures under 400 MPa as compared to 

treatment at pressures over 400 MPa (Balci and Wilbey, 1999).  It has been suggested 

that water surrounding the protein may be responsible for protecting the protein from 

denaturation through hydrogen bonding (Hayakawa et al., 1996). 

1.5.3.1 HPP and Blood Plasma 

 Human milk is considered a bodily fluid, as is plasma and other secretions of the 

human body.  Therefore, the effects of HPP on other bodily fluids like blood plasma can 

help understand how human milk could potentially respond to such a treatment.  There 

have been a series of studies performed on the effects of high pressure processing on 

porcine blood plasma.  These studies have focused on the reduction of microbial 

contamination, protein functionality, the emulsifying and gelling properties of porcine 

blood plasma as affected by high hydrostatic pressure (Pares et al., 2000; Pares and 

Ledward, 2001; Pares et al., 2001).  It was shown that a high hydrostatic pressure of 450 

MPa for 15 minutes at 25oC was effective in significantly improving the microbiological 

quality of porcine blood plasma (Pares et al., 2001).  The initial contamination of the 

blood was unavoidable, but the process could limit and control the proliferation of the 

natural microflora present (Pares et al., 2001).  The functionality of blood plasma proteins 

was not affected at pressures of 300 MPa, while at pressures above 400 MPa there were 

some changes, depending on pH (Pares and Ledward, 2001).  It was shown that at pH 6.5 

or higher and a pressure of 400 MPa, pressure-processing improved the emulsifying 
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properties of porcine plasma without affecting the characteristics of heat-induced gels in 

a negative way; at pressures over 400 MPa there was reduced emulsifying activity and 

stability (Pares and Ledward, 2001).  When porcine blood plasma was treated at 450 MPa 

for 15 minutes at 40oC, there was more protein denaturation, and a decrease in solubility 

at neutral pH than when treated at 5oC (Pares et al., 2000).  This treatment was proposed 

as an alternative to heat treatment with regard to microbiological quality and gelling 

properties of porcine plasma (Pares et al., 2000). 

1.5.3.2. Dairy and Egg proteins  

The exact effect that high pressure processing has on proteins, and especially 

dairy and egg proteins, depends on various factors like pH, the type of protein, 

temperature, the applied pressure, and ionic strength.  These factors give varied results 

such as coagulating, gelling, or denaturing of the protein (Ahmed et al., 2003).  

There have been studies on the effects of high pressure processing on dairy 

products as well as dairy and egg proteins.  These have provided results that are used to 

clarify the function of proteins under high pressures.  In particular, high pressure 

processing causes few modifications on renneting properties and native milk enzymes, in 

addition to leaving small molecules such as flavors and many nutrients unharmed 

(Trujillo et al., 2000).  High-pressure treated milk cheeses have higher amounts of amino 

acids throughout ripening, while their fatty acid content is also higher when compared to 

pasteurized milk cheeses; they also have an increased shelf life compared to untreated 

cheeses.   On the other hand, pressure-treated cheeses presented higher whey loss and had 

a harder surface.  Sandra et al. (2004) tested sensory attributes, texture profile and 

composition for queso fresco cheese made from high pressure processed milk, and queso 
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fresco cheese made by raw milk, following HPP.  It was shown that the high pressure 

treated cheese at 400 MPa for 20 minutes at 20 oC did not have any significant textural 

and compositional changes, while the cheese made using pressure-treated milk was less 

firm, contained more water, was less crumbly, more sticky, and decreased in firmness 

during storage.  Other studies have shown increased elasticity, breaking strength and 

syneresis resistance in pressure-treated skim milk due to production of acid-induced gels 

(Tewari et al., 1999).  Furthermore, the structure of casein micelles is disrupted, and the 

whey proteins alpha lactalbumin and beta lactalbumin are denatured, with alpha 

lactalbumin being more resistant (Huppertz et al., 2002). 

Whole liquid egg, albumen, and yolk have been denatured by HPP, while the 

structural break down of the egg protein is amplified with pressure and is complete at 300 

MPa for 30 minutes at 20 oC (Ahmed et al., 2003).  Specifically, egg albumen has been 

shown to coagulate completely and irreversibly at 700 MPa (Tewari et al., 1999; Ahmed 

et al., 2003).  Van Der Plancken et al., (2004) conducted a kinetic study on the effect of 

HPP on the susceptibility of egg white solutions to enzymatic hydrolysis by a mixture of 

trypsin and α-chymotrypsin at 37 oC and pH 8.0.  According to this study, the high 

pressure treatment resulted in an increased hydrolysis after 10 minutes of enzymatic 

reaction of egg white solutions.   

1.5.3.3. Enzymes 

 The functionalities of enzymes are derived from the ability of their active sites to 

perform a certain biochemical change on the substrate they act upon.  Therefore, the 

slightest change on the active site of the enzyme due to thermal or pressure treatment can 

have severe consequences on its functionality and alter its efficacy of biochemical 
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activity (Hendrickx et al., 1998).  There have been many studies conducted on high 

pressure processing of food enzymes.  Some of the high pressure processing applications 

used in the food industry that affect protein functionality include production of pressure 

induced gels in whey protein, blood plasma, and hemoglobin protein, and increased rates 

of acid hydrolysis of proteins (Tewari et al., 1999).  Other applications studied involve a 

variety of food enzymes such as polyphenol oxidase, which is responsible for browning 

of fruits; tyronase and tyrosinases from mushrooms, potatoes and apples; pectin esterase 

in citrus juices; polygalacturonase; pectin methylesterase; as well as enzyme extracts like 

chymotrypsin, collagenase, cathepsin C and trypsin from fish (Tewari et al., 1999).  Milk 

enzymes seem to be quite resistant to high pressure processing, but other constituents of 

milk are affected, thus altering some of milk’s physico-chemical characteristics 

(Huppertz et al., 2002). 

 The stability of lipase under pressure has not been thoroughly examined and there 

have been inconsistencies in various reports, but in general lipase has been found to have 

a much lower rate of denaturation at below 600 MPa than at over that pressure 

(Hendrickx et al., 1998).  Other proteins like lipoxygenase, polyphenoloxidase, and 

peroxidase have been found to be relatively stable at high pressures, since they require 

pressures of 750 MPa, 800-900 MPa, and 900 MPa, respectively, to be inactivated 

(Hendrickx et al., 1998).  It should be noted that performing a kinetic study of alkaline 

phosphatase enzyme to indicate the effectiveness of high pressure processing is not 

entirely accurate since the process does not inactivate the enzyme entirely.  Nonetheless, 

the use of a percentage inactivation of the enzyme as a criterion of pressure pasteurization 

has been suggested (Mussa and Ramaswamy, 1996).  In contrast to thermal denaturation, 
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pressure induced denaturation from pressures of 100 to 400 MPa may be reversible, while 

high pressure treatment can only break down weak hydrogen bonds and Van der Waals 

forces (not covalent bonds), making the effect of pressure only temporary (Hayakawa et 

al., 1996).  Vegetative bacterial cells are pressure sensitive and can be inactivated by 

pressures of around 300-600 MPa (Hendrickx et al., 1998), while many proteins require 

higher pressures to denature.  This fact reinforces the concept that high pressure 

processing can be used to achieve microbial safety and retain high quality when applied 

to food systems. 

1.5.3.4. Kinetic destruction models 

Hendrickx et al. (1998) analyzed the biochemical data and the inactivation of 

biochemical components by using first order kinetics, as follows: 

 

   A = Aoe-kt       (1) 

 

where A is the specified biochemical component’s activity at time t, Ao is the specified 

biochemical component’s activity at time zero, and k is the inactivation rate constant at 

temperature T and pressure P (Hendrickx et al., 1998).  

The inactivation rate constant k was determined using the following formula: 

 

         k = katme[-Va/RT(p-Pref)]      (2) 

 

where katm is the inactivation rate constant at temperature T and atmospheric pressure 

(Pa), Va is the activation volume (cm3/mol), R is the gas constant (8.314 J/mol K), T is 
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absolute temperature (K), p is pressure (MPa), and Pref is the reference pressure (0.1 

MPa) (Hendrickx et al., 1998).  

 During the compression of an aqueous solution, the compression energy E can be 

calculated approximately as: 

 

  E = 2PCVo/5      (3) 

 

Where P is the pressure (Pa), C is the compressibility of the solution, and Vo is the initial 

volume m3 (Cheftel and Culioli, 1997). 

1.6. Microbiological Safety 

1.6.1. Pathogens of Concern and Human Milk 

There are an abundance of pathogens that can threaten the health of the newborn; 

these are summarized in Table 1.4.  The transfer of antibodies from the mother to the 

infant provides passive protection for the infant against infectious agents (Tully et al., 

2001). 

Table 1.4. Antigen specificity of antibodies in human milk (Bernt and Walker, 2001). 
Bacteria and toxins Viruses Parasites 
Clostridium difficile Polio Giardia Lambia 
Escherichia coli Rotavirus  
Vibrio cholerae Respiratory  
Salmonella sp. Syncitial  
Shigella sp. Rubella  
Campylobacter sp. Measles  
Diphtheria toxin HSV  
Streptococcus pneumoniae CMV  
Staphylococcus aureus HIV  
B-Streptococcus   
Helicobacter pylori   
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Studies have evaluated the bacteriostatic properties of human milk against 

Escherichia coli, and have found that the amount of time that infants were ill with 

diarrhea was inversely related to the human milk activity against the pathogen (Pickering 

and Ruiz-Palacios, 1986).  This inhibitory activity was partly due to the immunoglobulin 

fraction of the human milk, but the non-immunoglobulin fraction has been shown to be 

more effective by adhering to bacterial cells and binding to enterotoxins.  Studies have 

also shown that human milk is capable of neutralizing one or both toxins of Clostridium 

difficile as well as agglutinating Salmonella enterica serovar Typhimurium (Pickering 

and Ruiz-Palacios, 1986).  A study on shigellosis in infants under 2 years old found that 

diarrhea in breast fed infants may be milder than in formula-fed infants.  Furthermore, 

anti-rotavirus activity has been found, mostly in secretory IgA and to a lesser extent in 

IgG, and is able to neutralize the most common diarrhea-causing viruses (Pickering and 

Ruiz-Palacios, 1986). 

Bjorksten et al. (1980) identified that human milk normally contains bacteria from 

the skin and duct microflora from the nipples, such as staphylococci, and sometimes 

gram negative bacteria such as Escherichia coli, Serratia marcescens, and Pseudomonas 

aeruginosa.  Furthermore, group β-haemolytic streptococci may be present in human 

milk, while fecal contamination may yield Gram-negative bacteria.  Viruses such as 

herpes, cytomegalovirus, rubella, and hepatitis B also have been identified in human milk 

(Bjorksten et al., 1980).  
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1.6.1.1. Staphylococcus aureus 

Staphylococcus aureus is a Gram positive facultative anaerobic bacterium with 

the ability to grow within a wide range of temperatures and pH (Gao et al., 2004).  This 

pathogen may be responsible for the occurrence of infantile septicemia, which is often 

characterized by hypotension, metabolic acidosis, anemia, thrombocytopenia, and 

seizures (Chamnanvanakij and Perlman, 1999).  In addition, the pathogen may lead to 

chronic subclinical mastitis in breastfeeding women with coagulase positive 

staphylococci being the usual cause (Filteau, 2003). 

 Work conducted by Noma and Hayakawa (2003) has shown that the 

barotolerance of Staphylococcus aureus increased when the pathogen was incubated at 

temperatures below 0 oC.  This occurs due to the adaptation of the microorganism to the 

low temperature during incubation which triggers and should be taken under 

consideration when growing the bacterium prior to high pressure treatment.  

1.6.1.2. Streptococcus agalactiae 

Streptococcus agalactiae belongs to the family Streptococcaceae; it is coagulase 

negative, grows in chains and is the principle cause of invasive bacterial disease in the 

neonatal stage of life (Spellerberg, 2000).  The microorganism multiplies in the milk 

ducts, a phenomenon which also occurs in cattle, and can infect the infant during breast 

feeding (Kotiw et al., 2003).  The pathogen’s interaction with the host tissues is 

determined by a number of bacterial virulence factors such as its polysaccharide capsule, 

the hemolysin, the C5a peptidase, and others.  Some of the conditions caused by the 

pathogen include pneumonia, sepsis, and meningitis (Spellerberg, 2000).  There have 
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been several cases of Group B streptococcal disease in infants, and maternal milk can be 

a potential source of infection (Kotiw et al., 2003). 

1.6.1.3. Human Immunodeficiency Virus 

 HIV is an enveloped RNA virus.  Breastfeeding is responsible for almost 40% of 

all infant infections with HIV, yet most breastfed infants do not become infected, even 

though they are exposed to HIV-1 repeatedly for an extended period of time (Kourtis, 

2003).  It has been suggested that there are antiviral components both in saliva and 

human milk (Kennedy, 1998).  It has been theorized that macrophages, abundant in 

human milk, are characterized as the reservoir of HIV-1 and comprise the major route of 

transmission of the virus (Kennedy, 1998).  Miller et al. (2002) have suggested that a 

molecular compound called erythropoietin, which is present in human milk, could be 

credited with the ability to help prevent transmission of HIV; this hypothesis has yet to be 

validated. 

1.6.1.4. Cytomegalovirus 

 The human cytomegalovirus (CMV) genome is comprised of a double stranded 

DNA molecule, and the virus is the largest human β-herpes virus (Numazaki, 1997).  

Cytomegalovirus is one of the most common causes of prenatal infections of newborn 

infants, and sources of infection include semen, maternal cell-associated viremia, 

ascending genital virus, cervical secretions, breast milk and saliva (Doerr, 1987).  Fetal 

manifestations include damage to the central nervous system and visceral organs such as 

the hematopoietic system.  The virus is transmitted from mothers to infants through 

human milk and has a high occurrence (Numazaki, 1997).  Human milk contains specific 
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antibodies to CMV that may protect against disease of the neonate by coating and 

blocking viral attachment and neutralizing viral particles, however that does not 

completely prevent transmission (Numazaki, 1997). 

1.6.2. Pathogens of Concern and LTLT 

 Even though various milk banks throughout the world use different methods of 

processing human milk, the most common today, particularly in North America, is LTLT 

pasteurization.  This method is the most easily applicable in terms of staff training and 

equipment availability and is based on the commercial pasteurization of cow’s milk, 

which was originally designed to destroy Mycobacterium tuberculosis (Wills et al., 

1982).  Once the method was adopted for human milk banks settings, there was little 

regard for its lethality to other microorganisms (Bjorksten et al., 1980).  The Human Milk 

Bank Association of North America has established LTLT pasteurization as the thermal 

processing method for human milk to effectively assure its safety (Human Milk Banking 

Association of North America, 2000).   

 There have been studies that have reexamined the efficacy of LTLT 

pasteurization with respect to microbial inactivation (Chen and Allen, 2001; Wills et al., 

1982).  For example, Chen and Allen (2001) compared LTLT pasteurization to HTST 

pasteurization of human milk with regard to the elimination of natural microflora.  They 

found that the natural microflora in raw human milk decreased during the first ten days of 

storage, but was completely eliminated after LTLT pasteurization.  Listeria innocua also 

decreased after storage of human milk samples as well as after LTLT pasteurization, 

which the authors attributed to the antimicrobial activities of IgA, lactoferrin, and 

lysozyme (Chen and Allen, 2001).  Bjorksten et al. (1980) recognized that LTLT 
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pasteurization effectively eliminates pathogenic microorganisms, yet emphasized the 

degradation of important antimicrobial factors in human milk after such treatment. 

 Wills et al. (1982) observed that heating human milk at 62.5oC for 5 min, resulted 

in the complete destruction of Escherichia coli, Staphylococcus aureus, and group β-

hemolytic streptococci.  Five minutes of heat treatment was adequate to inactive the 

microorganisms, leading to a logical assumption that 30 minutes would be sufficient to 

assure microbial safety.  Young et al. (1979) also demonstrated the efficacy of thermal 

treatment of human milk at 73 oC for 3 min.  Jones et al. (1979) expressed concerns 

regarding the excessive heat treatment of holder pasteurization, and they proposed that 

heating expressed milk at 62.5oC for 5 min would destroy 90% of Escherichia coli, 

Staphylococcus aureus and group β-haemolytic streptococci in human milk.  However, 

despite the shortcomings of LTLT in terms of preserving antimicrobial components, its 

necessity is augmented when considering the dangers resulting from feeding 

contaminated human milk to preterm infants with immature immune systems.  For 

example, there have been cases of Klebsiella pneumoniae bacteremia in infants due to 

contamination of the breast-pump tubing and safety trap (Donowitz et al., 1981).  This 

instance was the first documentation of nosocomial bacteremia as a major infectious 

complication of feeding contaminated breast milk to premature infants.  There have also 

been more recent cases of bacteremia in 1999 in Malaysia, associated with human milk 

contaminated by manual expression and breast pumps used by mothers of very low birth 

weight infants (Boo et al., 2001).  In 1995, a pair of preterm twins developed fatal 

necrotizing enterocolitis and Staphylococcus epidermidis septicemia due to contaminated 

expressed breast milk (Ng et al., 1995).  Another case study reported that a 38-day old 
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infant developed pleuropneumonia due to a Staphylococcus aureus strain that causes 

familial furunculosis, transmitted through maternal breast-feeding (Le Thomas et al., 

2000). 

 Black (1996) has stated that the pasteurization of human milk conducted at human 

milk banks is sufficient to destroy the HIV-1 virus.  In fact, for infants in areas where 

infant mortality is high, the risk of death associated with HIV, acquired through 

breastfeeding is lower than the risk associated with not being breastfed (Black, 1996).  It 

has been documented that pasteurization conducted at human milk banks is able to 

destroy reverse transcriptase activity, which inhibits HIV transmission (Black, 1996).  

Orloff et al. (1993) have shown that after storing human milk for 30 min at 0 oC, cell free 

HIV was destroyed, while all associated HIV was significantly reduced.  

1.6.3. Pathogens of Concern and HPP 

1.6.3.1. Effect of Pressure on Microbial Cells 

 Detectable effects of high pressure on microbial cells involve increased 

permeability of the cell membranes, and the inhibition of production of certain enzymes 

crucial for the survival and reproduction of the cells (Tewari et al., 1999; Smelt et al., 

2002).  Even though DNA has a relatively high barotolerance, the enzymes that function 

in the replication and transcription of DNA are disrupted by high pressure (Hoover et al., 

1989; Smelt et al., 2002).  Bacterial cell morphology is altered by high pressure, while 

cell division is slowed down as a function of increasing pressure (U.S. FDA, 2000).  HPP 

seems to be more effective in inactivating Gram-negative bacteria relative to Gram-

positive bacteria, while several factors contribute to the elimination of the bacterial cells 

such as pH, water activity, and production of heat (Tewari et al., 1999).  In addition, it 
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has been found that bacteria in the early log phase of growth are much more susceptible 

to high pressures than are bacteria in any other phase (Hoover et al., 1989; Smelt et al., 

2002).  Cultures that are old tend to be slightly more resistant to inactivation by most 

food processing methods (U.S. FDA, 2000). 

 It is well documented that microbial inactivation by HPP is influenced by the food 

composition; also the recovery time of the pressure exposed microorganisms should be 

taken into consideration (Smelt et al., 2002).  It has been shown that low water activity 

protects microorganisms against inactivation by high pressure (Palou et al., 1997).  A 

study conducted by Oxen and Knorr (1993) showed that reduction of water activity from 

0.98-1.0 down to 0.94-0.96 resulted in better survival of Rhodotrula rubra after 

subjection to pressures of 200 to 400 MPa for 15 minutes at 25 oC.  It has been observed 

that bovine milk may provide some protection to microorganisms against high pressure 

(Smelt et al., 2002).  The unique composition of human milk, which is rich in 

antimicrobial components, may promote more extensive microbial inactivation by HPP, 

but this has not yet been examined.  Studies have shown that Escherichia coli is sensitive 

to lysozyme in combination with high pressure processing (Hauben et al., 1997).  The 

composition of the substrate used during high pressure processing plays a major role in 

determining the inactivation of microorganisms.  It has been shown that food constituents 

like proteins, carbohydrates, and lipids may have a protective effect leading to a 

difference in inactivation rates after HPP when comparing buffer solutions and food 

matrices as substrates.  After treating a pressure resistant strain of Escherichia coli 

O157:H7 at 375 MPa for 30 minutes at 20 oC in phosphate buffer there was a 6-log10 

inactivation, but once the same organism was treated under the same conditions, a 2.5-
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log10 reduction in poultry meat and a 1.75 log10 reduction in milk was found (Patterson, 

1995).  It has been suggested that cations such as Ca+2 can be baroprotective, which may 

in part explain the pressure resistance that many organisms have when suspended in 

bovine milk (Hauben et al., 1998).  

 Gram-positive organisms such as Listeria monocytogenes and Staphylococcus 

aureus are more resistant to high pressure than gram-negative microorganisms (Table 

1.5) even though there are some exceptions.  For instance Escherichia coli O157:H7 is 

very pressure resistant (Smelt et al., 2002).  On the other hand, there are may pressure-

sensitive Gram negatives such as the Vibrio species, which seem to be easily eliminated 

by applying pressures as low as 170 MPa for 10 minutes at 25 oC in clam juice (Smelt et 

al., 2002).   

Table 1.5. Approximate Heat Resistance and Pressure Resistance of Some Pathogenic 
Bacteria (Smelt et al., 2002). 
 

  Inactivation (Log Cycles) after 15 
Minutes at Different Pressures (MPa) 

Species D Value at 60 oC 
(Min) 300 400 500 600 

Aeromonas hydrophilia 0.1-0.2 >6    
Pseudomonas aeruginosa 0.1-0.2 >6    
Campylobacter 0.1-0.2 >6    
Salmonella 0.1-2.5 1-4.5    
Yersinia enterocolitica 2-3 >6    
Escherichia coli 4-6 1-2    
Escherichia coli O157:H7 2.5    2.5 
Salmonella senftenberg 6-10 3    
Staphylococcus aureus 1-10  0.1 1.9 2.1 
Listeria monocytogenes 3-8   1-3 >6 
 

 A very important point made by Cheftel and Culioli (1997) is that pressure 

inactivation may be often over-evaluated due to the fact that stressed microorganisms are 
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not initially recovered, even though they may resuscitate and subsequently grow during 

the storage of pressure processed foods.  This problem may be handled adequately by 

using two different media types; one which would promote the growth of only healthy 

microorganisms, and another which would also promote the growth of the stressed cells 

(Kalchayanand et al., 1994; Berlin et al., 1999).  Nutrient-rich environments are normally 

required for cellular repair, while a selective environment inhibits such repair.  Such an 

approach would play an important role in instances where HPP is used as a pasteurization 

treatment to reduce the number of organisms of concern in a food to a level of acceptable 

risk (U.S. FDA, 2000).  However, Berlin et al. (1999) showed that cultures of Vibrio 

vulnificus and Vibrio parahaemolyticus that entered the dormant state of viable but non-

culturable were just slightly more pressure-resistant than were control cultures.  In this 

case, the enhanced resistance was so small that it was not deemed to be a factor 

contributing to a HPP process deviation. 

1.6.3.2. Listeria monocytogenes 

 High pressure mediated destruction of Listeria monocytogenes, along with the 

elimination of natural microflora in milk, was studied by Mussa et al. (1998).  These 

investigators found that the pathogen was more pressure resistant than the native 

microorganisms in milk.  High pressure inactivation of Listeria monocytogenes was also 

studied in brain heart infusion broth, milk, and peach and orange juices by Dogan and 

Erkmen (2004) and was assumed to follow first order rate kinetics.  It was shown that 

Listeria monocytogenes was more pressure resistant in bovine milk than in broth and fruit 

juices, possibly due to the high fat and protein content of milk, while fruit juice pH 

probably contributed to the inactivation of the microorganism.  At pressures of 600 to 
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700 MPa, the inactivation and D values were comparable to those for thermal inactivation 

(Dogan and Erkmen, 2004).  Some investigators have used non-pathogen organisms as 

surrogates for pathogens in HPP studies (U.S. FDA, 2000).  Listeria innocua has a very 

similar physiology and metabolism as Listeria monocytogenes, and both are found to 

have similar resistance characteristics, making Listeria innocua a good surrogate.  

1.6.3.3. Escherichia coli 

 Pandey et al. (2002) found that Escherichia coli was more pressure sensitive in 

milk when compared to indigenous microflora, and that longer holding times resulted in 

larger destruction of microorganisms.  Mussa and Ramaswamy (1996) found that high 

pressure showed first order rate of destruction up to 350 MPa, as applied to organisms in 

bovine milk.  A nonpathogenic member of Enterobacteriaceae has been shown to be a 

good surrogate to represent gram-negative bacteria that are pressure resistant, given the 

concern about Escherichia coli O157:H7 (U.S. FDA, 2000).   

 Masschalck et al. (2001) studied the inactivation of several pathogens under high 

pressure processing when done in combination with bovine lactoferrin, lactoferricin and 

nisin.  Under atmospheric pressure, the antimicrobials did not demonstrate any 

bactericidal qualities, yet with high pressure they caused inactivation of almost all the 

bacteria tested, including Staphylococcus aureus and Escherichia coli (Masschalck et al., 

2001).  High pressure processing of pork at 400 MPa for 10 minutes at 25oC resulted in 

6-log10 inactivation of Escherichia coli, Campylobacter jejuni, Yersinia enterocolitica, 

Saccharomyces cerevisiae and Candida utilis (Cheftel and Culioli, 1997).   
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1.6.3.4 Staphylococcus aureus 

 In general, gram-positive vegetative bacteria are more resistant to environmental 

stresses than are gram-negative vegetative bacteria.  Staphylococcus aureus appears to 

have a high resistance to high hydrostatic pressure (U.S. FDA, 2000).  Gao et al. (2004) 

studied the effect of high pressure and heat on Staphylococcus aureus in milk, and found 

the optimum parameters for 6-log10 reduction of the pathogen were 34.4 oC, 329.8 MPa, 

and 15.5 minutes holding time.  Alpas et al. (2000) also conducted a study in which high 

hydrostatic pressure applied along with mild heat and acidity was able to inactivate 

pressure resistant and pressure-sensitive strains of Staphylococcus aureus, Listeria 

monocytogenes, Escherichia coli O157:H7 and Salmonella in organic acid solutions.   

1.6.3.5. Streptococci 

 A study by Miyao and others (1993) found that pressures between 300 and 400 

MPa were adequate to inactivate several microorganisms, but Streptococcus faecalis 

treated with high pressure in surimi was viable after treatment at 400 MPa.  Another 

study showed that the microorganisms Streptococcus faecalis, Micrococcus luteus and 

Staphylococcus aureus required pressures of 500 to 600 MPa for full inactivation 

(Cheftel and Culioli, 1997).  In addition, Cheftel and Culioli (1997) have suggested that 

treatment at 400 to 600 MPa, 0 to 70oC, for 1 to 10 minutes was optimal for inactivation 

of organisms in processed meats.  
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1.6.3.6. Viruses  

1.6.3.6.1. Human Milk and Viruses 

 Viral contaminants that have been shown to be carried in human milk include 

cytomegalovirus (CMV) and rubella virus, as well as retroviruses, such as human 

immunodeficiency virus (HIV) and human T-lymphotropic virus type-1 (HTLV-1) (May, 

1988).  A study conducted by Vochem et al. (1998) showed that CMV can be transmitted 

from lactating mothers to their infants.  These viral contaminants can be destroyed by 

pasteurization of human milk using Low Temperature Long Time (LTLT) conditions 

(62.5°C for 30 minutes) (Tully et al., 2001).  According to the guidelines of the Human 

Milk Bank Association of North America (HMBANA), donors undergo prescreening 

before donating breast milk.  This procedure includes screening for HIV, HTLV, CMV, 

all of which can be passed to infants through human milk.  Screening is also doe for 

hepatitis B (HBV), hepatitis C (HCV) viruses (Polywka et al., 1999), and syphilis, all of 

which are not passed through the human milk (Tully-personal communication, 2006).  

However, viruses like poliovirus and hepatitis A (HAV) are not screened for in human 

milk donors (Tully-personal communication, 2006).  A rare cause of breast infection in 

lactating mothers is herpes simplex and only very few cases of maternal-infant 

transmission of this virus during breast-feeding have been documented (Soo and Ghate, 

2000).  Human milk lipids do not inactivate viruses, but they do have antiviral activity 

after storing the milk for a few days at 4 or 23 °C (Thormar et al., 1987).  A study by 

Thormar et al. (1987) showed that medium chain saturated and long-chain unsaturated 

fatty acids in stored human milk were responsible for the inactivation of enveloped 
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viruses such as vesicular stomatitis virus, herpes simplex virus, and visna virus, but these 

were unable to inactivate poliovirus.  

1.6.3.6.2. High Pressure Processing of Viruses 

 High hydrostatic pressure was shown to inactivate HIV.  After applying 400 MPa 

to HIV-1 suspended in RPMI-1640 medium with 10% fetal calf serum (FSC) for 10 

minutes at 25 °C, there was more than a 5-log10 reduction (Nakagami et al., 1996).  

Nakagami et al. (1992) conducted a study in which the effects of high hydrostatic 

pressure on herpes simplex virus type 1 (HSV-1) and CMV in cultured cells was 

examined.  The results showed that the viruses were inactivated at pressures higher than 

300 MPa for 10 minutes at 25 °C without much alteration of active ingredients.  At 

pressures higher than 400 MPa the infective titers of HSV-1 and CMV were reduced by 

7- and 4-logs, respectively.  Electron microscopic examination showed that high pressure 

damaged the virus envelope and prevented the virus particles from binding to host cells.  

Shigehisa et al. (1996) found that an 8-log10 plaque-forming unit (PFU) population of 

HSV-1 was eliminated by HPP at 400 MPa for 10 minutes, while a 5-log10 PFU 

population of CMV was completely inactivated at 300 MPa after 10 minutes of 

processing.  These findings indicate that HPP has potential as a method of inactivating 

HSV-1 and CMV, as well as other enveloped viruses in human milk.  Work conducted by 

Kingsley et al. (2002) showed that a 7-log10 reduction of hepatitis A virus (HAV) was 

obtained after exposure to 450 MPa for 5 minutes in tissue culture medium, while feline 

calicivirus was also completely inactivated after being pressure treated at 275 MPa for 5 

minutes.  On the other hand, poliovirus was unaffected by a 5 minute treatment at 600 

MPa.  Furthermore, work by Calci et al. (2005) showed that HAV can be reduced by 



 45

more than 3-log10 at 400 MPa for 1 minute in contaminated shellfish.  Silva et al. (1992) 

applied 260 MPa of pressure for 12 hours to the enveloped virus vesicular stomatitis virus 

(VSV) and reduced infectivity by a factor of 10.  Electron microscopy showed that the 

membrane of the pressurized virus was partially preserved.  Tian et al. (2000) showed 

that infectious bursal disease virus (IBDV) that infects chickens could be inactivated after 

HPP at 240 MPa and 0 °C.  Jurkiewicz et al. (1995) studied the inactivation of simian 

immunodeficiency viruses SIVmac251 and SIVagm for which a 5-log10 reduction was 

achieved after 10 hours at 150 MPa.  No information was found on high pressure 

processing of rubella or human T-lymphotropic virus.  

1.6.3.7. Sporeformers 

 Bacterial spores have been shown to require a much higher pressure for 

inactivation than that needed to inactivate vegetative bacteria, which are destroyed at 

pressures between 300 and 700 MPa (Lopez-Pedemonte et al., 2003).  In a study 

conducted by Lopez-Pedemonte et al. (2003), cheese inoculated with 106 cfu g-1 spores of 

Bacillus cereus ATCC 9139 was treated with high pressure and lysozyme or nisin.  After 

exposure to 60 MPa for 210 minutes intended to stimulate germination, the samples were 

subjected to a destruction cycle of 300 to 400 MPa at 30 oC for 15 minutes.  Together, 

these resulted in a maximum inactivation of 2.5-log10 cfu g-1 when the process was 

combined with nisin. 

1.6.4. Kinetic destruction models 

 There have been several studies that analyzed the kinetic data associated with 

inactivation of pathogens on natural microflora by high pressure processing in various 
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food matrices (Pandey et al., 2002; Mussa et al., 1999; Mussa and Ramaswamy, 1996; 

Smelt et al., 2002).  

The destruction of microorganisms during pressure-hold time is expressed as: 

 

   Ln(N/No) = -kt     (4) 

 

where N is the number of surviving microorganisms in a treated sample at time t (min), 

No is the initial number of microorganisms, and k is the reaction rate constant (min-1), 

which can be obtained from the linear regression of Ln(N/No) vs. t as the negative slope 

(Mussa and Ramaswamy, 1997; Mussa et al., 1999; Pandey et al., 2002). 

The D value is inversely related to k such that D = 2.303/k. Another way to 

calculate the D values is by plotting pressure vs. log10 surviving population of 

microorganism and using the slopes of the linear regression lines corresponding to the 

survivor curves to find the negative reciprocal of the slope (Mussa and Ramaswamy, 

1997; Mussa et al., 1999; Pandey et al., 2002).  The activation volume, which is the 

measure of net pressure effect at constant temperature, is obtained from:  

 

   ΔV≠ = -RT [Δ (logek)/ΔP]T    (5) 

 

   or ΔV≠ = –RT(slope)     (6) 

 

where ΔV≠ is the activation volume in (m3mole-1), P is the pressure in MPa, k is the rate 

constant (min-1), T is the absolute temperature (K), and R is the gas constant 8.314 X 106 
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m3mole-1 MPaK-1 (Mussa and Ramaswamy, 1997; Mussa et al., 1999; Pandey et al., 

2002). The pressure z-value (zp) is found from: 

 

   zp = [ΔP/ Δlog (D)]     (7) 

  

   or zp = - (1/slope)     (8) 

Inactivation of microorganisms through high pressure processing is a complex 

phenomenon. Plotting the log of surviving numbers versus time does not always give a 

straight line relationship.  Instead, after an initial linear decrease in numbers, there is a 

decrease in rate of inactivation resulting in “tailing” due to pressure resistance (Patterson, 

2005).  It has been shown that when the population that causes this “tailing” is isolated, 

grown, and exposed to pressure again, it has no significant difference in barotolerance 

compared to the original culture (Metrick et al., 1989).  In other words, the tailing 

continues as it did in the original culture.  Some of the factors that may affect this 

phenomenon are possible phenotypic variation in pressure resistance in some cells, or 

experimental conditions like substrate and growth conditions (Patterson, 2005).  It is 

important to take under consideration this “tailing” phenomenon when conducting 

microbial inactivation studies through HPP since it makes calculating D-values 

problematic.  
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CHAPTER 2 

Effects of High Pressure Processing on Total Immunoglobulin A and Lysozyme 

Activity in Human Milk 

2.1. Abstract 

 Human milk is generally accepted as the optimal nutritional source for infants.  

Human milk banks govern and oversee the collection, pasteurization, and distribution of 

human milk to those in need.  Currently, human milk is processed using Low 

Temperature Long Time (LTLT) pasteurization (30 min, 62.5 oC). Studies have shown 

that LTLT inactivates pathogens, but also degrades important biochemical components 

including immunoglobulin A (IgA) and lysozyme, two of the most noted antimicrobial 

compounds in human milk.  The kinetics of high pressure processing (HPP) favor the 

reduction of pathogenic microorganisms with retention of biochemical activity and 

nutritional quality.  The objective of this study was to investigate the effects of HPP on 

total IgA and lysozyme activity in human milk in comparison with LTLT pasteurization.  

Human milk samples were pressure processed at 400 MPa for 30 to 120 minutes and heat 

treated at 62.5 oC for 30 minutes.  An indirect modified Enzyme Linked Immunosorbent 

Assay (ELISA) and a Micrococcus lysodeikticus turbidimetric assay were performed to 

measure the activities of total IgA and lysozyme, respectively.  Human milk subjected to 

pressures of 400 MPa for 30, 60, 90, and 120 minutes retained 85.6, 87.1, 80.6, and 

75.4% of total IgA activity respectively, while LTLT pasteurized milk retained 51.2% 

activity. There was a significant difference (p<0.05) between raw human milk, HPP 

samples and heat treated samples.  After high pressure processing at 400 MPa for 30, 60, 

90, and 120 minutes, human milk retained 106.9, 96.3, 96.3, and 95.8% activity of 
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lysozyme respectively, while LTLT pasteurized milk retained 78.8% activity.  There was 

a significant difference (p<0.05) between raw human milk and LTLT pasteurized samples 

but not when compared with HPP samples.  These findings suggest that HPP could 

replace LTLT pasteurization in human milk banks to improve nutrient retention.  

However, further research is needed to study the microbial safety of the process. 
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2.2. Introduction 

It has generally been recognized that breastfeeding provides infants numerous 

benefits to their general health, growth, and development as well as decreasing the 

incidence of infectious diseases (American Academy of Pediatrics, 1997).  Even though 

neonates acquire some immunological assistance from the mother during pregnancy, it is 

during breastfeeding that the infant gains extra protection via antibodies, other proteins,  

and immune cells in human milk such as Immunoglobulin A (IgA) and lysozyme (Tully 

et al., 2001; Newman, 1995; Ford et al., 1977).  Substitutes to human milk such as infant 

formula and animal milk provide nutrients for infants yet do not provide antimicrobial 

activity and cannot replace human milk adequately (Boesman-Finkelstein and 

Finkelstein, 1985). 

Human milk banks have been established to provide donor milk to infants that do 

not have access to their mother’s milk yet need human milk to survive.  Human milk 

banks govern and oversee the collection, pasteurization, and distribution of human milk 

to those in need, which include premature infants, infants with allergies, feeding formula 

intolerance, immunologic deficiencies, infectious diseases, or those who need help with 

post-operative nutrition or inborn errors of metabolism (Lactation Center and Mothers’ 

Milk Bank Wake Med, 2000). 

Human milk banks use Low Temperature Long Time (LTLT) thermal 

pasteurization to eliminate potential pathogens and to assure the microbial safety of the 

human milk.  According to LTLT pasteurization guidelines, donor milk samples are 

placed in a circulating water bath at 62.5 oC.  A water-filled control bottle is placed in the 

water bath to monitor milk temperature during heat processing.  Once the control milk 
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bottle reaches a temperature of 62.5oC, the heat treatment takes place for 30 minutes, 

following the holder pasteurization protocol, but never exceeding 72oC.  Following 

pasteurization the milk is cooled using an ice water slurry and frozen for storage. 

The LTLT process (also known as holder pasteurization) is widely used in 

inactivating pathogenic microorganisms, but degrades key biochemical components 

(McPherson and Wagner, 2001; Ford et al. 1977; Blackberg and Hernell, 1981; Young et 

al. 1979; Chen and Allen, 2001; Bjorksten et al. 1980).  Studies conducted by Wills et al. 

(1982), Bjorksten et al. (1980), and Ford et al. (1977), have shown that LTLT 

pasteurization of human milk decreases the activity of IgA by 67 to 80% and lysozyme 

by 67 to 77%.  Holder pasteurization offers inactivation of microorganisms but still has 

the disadvantage of long processing times and degradation of the milk’s biochemical 

components.  To this end alternative processes have been explored to replace LTLT 

pasteurization, including High Temperature Short Time pasteurization (Chen and Allen, 

2001) and microwave heating (Sigman et al., 1989; Quan et al., 1992).  Neither process 

has been found to be acceptable for a human milk bank setting in terms of practicality 

and efficiency (Sigman et al., 1989; Jensen, 1992; Carbonare et al., 1996). 

 High Pressure Processing (HPP) was developed more than a century ago (Hite, 

1899), yet the food industry has only recently begun to investigate its actual potential 

(Cheftel, 1995).  This new trend is due to the increase in demand for high quality 

products without additives and extensive processing (Balci and Wilbey, 1999).  High 

pressure processing, used to process solid and liquid foods to pressures between 100 and 

800 MPa, provides a nutritionally and organoleptically high quality food product (U.S. 

FDA, 2000).  It has been shown that there is minimal destruction of nutrient, color, and 
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flavor components as HPP only affects weak chemical bonds.  Since many proteins are 

pressure stable, food quality is not jeopardized by such treatment (Hendrickx et al., 1998; 

Shook et al., 2001; Tewari et al., 1999).  Overall, HPP offers a number of advantages 

over other non-thermal and thermal processes.  These include reduced processing times, 

minimal heat penetration, and retention of freshness, flavor, texture, and color (Tewari et 

al., 1999). 

 Two of the most noted antimicrobials present in human milk include pathogen 

specific antibodies such as IgA and the non-specific protective factor, lysozyme (Chen 

and Allen, 2001; Boesman-Finkelstein and Finkelstein, 1985).  The active form of 

immunoglobulin A in human milk is secretory immunoglobulin A (SIgA) which is 

produced by secretory cells as a dimeric molecule comprised of two pairs of heavy and 

light chains linked by a secretory component and a J chain (Weaver et al., 1998).  

Antibodies of the secretory IgA class bind to microbes in the infant’s digestive tract and 

prevent them from passing through the walls of the gut and into the body’s tissues 

(Newman, 1995).  In particular, they help block adhesion of microorganisms to the 

intestinal epithelium, agglutinate antigens, and neutralize viruses and microbial toxins 

(Bernt and Walker, 2001; Korhonen et al., 2000).  Secretory immunoglobulins are 

resistant to digestion in the gut despite digestive enzymes, stomach acids, and bacterial 

IgA proteases (Korhonen et al., 2000; Noguera-Obenza and Cleary, 2001).  They 

contribute to the lower incidence of enteric disease among breast-fed infants when 

compared to formula fed infants (Newburg, 2001; Pickering and Ruiz-Palacios, 1986). 

 Lysozyme inactivates bacteria by cleaving the glycosidic bond in the alternating 

beta-linked (1-4) copolymer of N-acetyl-D-glucosamine and N-acetyl-D-muramic acid 
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(McKenzie and White, 1986), thus disrupting the cell wall (Newman, 1995).  Studies 

have shown that high pressure processing has greater efficacy in inactivating various 

microorganisms when it is combined with antimicrobial compounds such as lysozyme 

(Kalchayanand et al., 1994; Mertens and Knorr, 1992; Elgasim and Kennick, 1980).  The 

combination of high pressure with lysozyme not only enhanced inactivation of 

barosensitive gram positive organisms, but gram negative organisms as well, through 

permeabilization of their cell membranes (Masschalck et al., 2001; Ross et al., 2003). 

 The objectives of this study were to investigate the effect of high pressure 

processing on total IgA and lysozyme activity in human milk and to compare it to LTLT 

pasteurization effects on the same compounds.  This study provides basic information on 

HPP of human milk, as compared to LTLT pasteurization and how the biochemical 

components in question react to high pressure after various exposure times within a 

human milk system. 

 

2.3. Materials and Methods 

2.3.1. Overview 

 Unprocessed human milk was collected post-partum from donors at the Wake 

Medical Center (Raleigh, NC), pooled and stored until ready for use.  On the day of 

processing, human milk samples were packed into plastic bags and inserted into an 

additional bag made out of the same material that contained an ice slurry.  The samples 

were high pressure processed in plastic bags or were placed in glass tubes and into a 

water bath for LTLT pasteurization.  The human milk samples were diluted and analyzed 
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for total IgA and lysozyme within 24 hours, while a total protein assay was conducted 

within 48 hours. 

2.3.2. Preparation of Human Milk Samples 

 Frozen unpasteurized human milk samples were obtained from a human milk 

bank (Wake Medical Center, Raleigh, North Carolina).  A pooled human milk sample 

was comprised of 10 different donors, from which five of the donors had their milk 

collected in 2002, four in 2004 and one in 2003, comprising a total volume of 1 Liter.  

Following pooling of the milk, the samples were separated into 50 ml aliquots and stored 

at -40 oC until used. 

 An appropriate amount of pooled human milk was thawed and 5 ml was pipetted 

into each plastic bag composed of Cryovac ® M-312 sterilizable medical film (Cryovac, 

Inc., South Carolina, USA).  Prior to pressure-processing, the plastic bags were heat 

sealed into larger bags with ice slurry.  Following processing, all samples were stored 

overnight in a refrigerator at approximately 4 oC within an ice slurry container. 

2.3.3. High Pressure Processing Treatments 

 An Autoclave Engineers (Erie, PA) isostatic press (Model No. CIP 2-22-60) was 

used to pressure treat the human milk samples.  The unit was capable of applying 

pressures from 10 to 400 MPa (1,400 to 60,000 psi).  Water was used as the pressure 

transmitting fluid with Hydrolubric® 120 B (E.F. Houghton & Co., Valley Forge, Pa).  A 

1.5% emulsion was used for high pressure processing and was created by adding 1 part of 

Hydrolubric ® 120 B to 64 parts water.  The adiabatic heating constant for water was 
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used to calculate the extent of adiabatic heating (Balasubramaniam et al., 2004) in the 

pressure unit, during processing as follows: 

 

 100÷×+= PTT if α             (1) 

 

Where Tf is the final temperature oC, Ti is the initial temperature oC, α is the compression 

heating factor oC/MPa, and P is the applied pressure (MPa).  The initial temperature was 

21 oC, the heating compression factor was assumed to be equal to that of water at 2.5, the 

applied pressure was 400 MPa, and the final temperature was calculated to be 31 oC 

(Figure 2.1).  A 16 inch impulse heat sealer (# H-306, Uline, Chicago, IL) was used for 

heat sealing sample bags.  The timer was set to the lowest setting required for a 

satisfactory seal, and air was excluded from the package. 

 Samples for each assay were labeled and subjected to 400 MPa (± 1.0%) for 0, 30, 

60, 90, and 120 minutes.  The initial temperature of the samples was maintained at 0 oC, 

while the pressure transmitting fluid was at room temperature.  The samples were 

analyzed for lysozyme and total IgA in triplicate approximately 24 hours after pressure 

processing, while the bicinchoninic acid (BCA) assay for total protein was conducted 

approximately 48 hours after pressurization.  The pressure unit took approximately 60 

seconds to reach the desired pressure of 400 MPa, and 45 seconds to release the pressure 

(Fig. 2.1). 

2.3.4. Heat Treatment 

 Samples were heat treated according to LTLT pasteurization protocol.  Glass 

tubes containing 5 ml of the human milk sample were placed into a water bath at 62.5 oC 
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with a glass tube that contained water and a thermocouple.  Once the temperature reached 

62.5 oC, the samples were held in the water bath for 30 minutes.  Following this 

procedure they were cooled in an ice slurry. 

2.3.5. Biochemical assays 

2.3.5.1. Lysozyme 

 Lysozyme activity was determined using a Micrococcus lysodeikticus based 

turbidimetric assay (Sigma, St. Louis, MO).  The activity of lysozyme was measured by 

continuous readings of the change in turbidity of the bacterial suspension at 450 nm 

(Shugar, 1952), using a 2600 Gilford spectrophotometer (Gilford Laboratories 

Instruments, Oberlin, OH). 

 A 0.015% (w/v) Micrococcus lysodeikticus cell suspension substrate was prepared 

by using potassium phosphate buffer to mix with Micrococcus lysodeikticus ATCC 4698 

lyophilized cells (Sigma Product number M-3770).  The A450 nm of this suspension was 

consistently between 0.6 and 0.7.  A standard lysozyme enzyme solution was prepared 

using potassium phosphate buffer (Sigma Product Number L-6394) to produce a solution 

containing 200-400 units/ml. 

 The assay was performed approximately 24 hours after the samples were pressure 

processed.  The spectrophotometer was set to 450 nm, and zeroed using a cuvette with 

2.6 ml of 66 mM potassium phosphate buffer.  Reconstituted Micrococcus lysodeikticus, 

ATCC 4698 cells (2.5 ml) were mixed with 0.10 ml of buffer and the A450nm was adjusted 

to fall within 0.6 and 0.7.  Each sample (0.10 ml) was added to 2.5 ml of the substrate 

solution and measured every minute for 10 minutes at 450 nm in triplicate. 
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Units of lysozyme per volume of enzyme in ml were calculated using the following 

formula: 

 

(0.1)  (0.001)/ (DF) Blank) min/Test min   (  enzyme ml / units 450nm450nm ××ΔΑ−ΔΑ= /          (2) 

 

where DF is the dilution factor, 0.001 is the change in absorbance at 450 nm as per the 

unit definition, and 0.1 is the volume (ml) of enzyme used.  Units of lysozyme per unit 

mass protein within human milk was determined as: 

 

enzyme) ml/protein  mg/()enzyme ml/units( protein  mg / units =            (3) 

2.3.5.2. BCA 

 The BCA protein assay (BCA Protein Assay KitTM #23227, Pierce Biotechnology 

Inc., Rockford, IL) is based on the reduction of Cu+2 to Cu+1 by protein in an alkaline 

medium, using bicinchoninic acid for the colorimetric detection and quantification of 

total protein present in a sample (Smith et al., 1985).  The assay was performed 

approximately 48 hours after the samples were pressure processed.  A 2600 Gilford 

spectrophotometer (Oberlin, OH) was used to measure absorbance at 562 nm.  A standard 

curve was created by plotting standard BSA absorbance at 562 nm against a known 

concentration (μg/ml).  The standard curve was used to determine the protein 

concentration of each unknown sample. 
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2.3.5.3. Determination of total IgA activity 

 The total IgA activity determination was performed as described by Chen (1998) 

using a modified indirect enzyme linked immunosorbent assay (ELISA).  Flat bottom, 

high binding microwell plates (Corning Inc., Kennebunk, ME) were used to bind 

Escherichia coli antigens.  Immunoglobulin A antibodies from human milk and 

colostrum standards (Sigma Chemical Co., St. Louis, MO) were bound onto the antigen.  

Subsequently, horseradish peroxidase (HRP) conjugated goat anti-human IgA (alpha-

chain specific) (Sigma Chemical Co., St. Louis, MO) was bound onto the  antibodies and 

finally, 2, 2’-azinodi-3-methylbenzothiazoline-6-sulfonic acid (ABTS) (Sigma Chemical 

Co., St. Louis, MO) was used as a substrate.  Absorbance at 405 nm was measured using 

a Multiskan ® EX ELISA plate reader (Fisher scientific, Pittsburg, PA, USA). 

 A checkerboard titration method was used to optimize the concentrations of the 

solutions used. Deviations from Chen’s (1998) method were determined in preliminary 

experiments; these included use of a 1:2000 dilution of HRP labeled anti-human IgA 

conjugate, and a 1:50 dilution of the prepared antigen. 

2.3.5.4. Preparation of Escherichia coli antigen for ELISA 

 Dry pellets of eight different serotypes of Escherichia coli were provided by Dr. 

Thomas Whittam from the National Food Safety and Toxicology Center at Michigan 

State University.  The E. coli serotypes O1, O2, O4, O6, O7, O8, O18, and O75 were 

used (Chen, 1998) to create the IgA antigen.  Once received, they were frozen with 

propylene glycol and stored for future use. 

 To prepare the antigen, the Escherichia coli serotypes were grown individually in 

nutrient broth (Tryptic Soy Broth) at 37 oC.  Individual cultures (concentration of 
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approximately 108-109 cells/ml) were centrifuged at 4000 rpm for 10 minutes, and the 

pellets resuspended in 0.01 M PBS (phosphate buffer saline, pH 7.2).  This washing 

procedure was repeated a second time.  The bacterial concentration was adjusted to 5 x 

109cells/ml and samples were transferred to a water bath and boiled for 2 hours.  After 

cooling the containers for 10 to 15 minutes, each supernatant was harvested; all eight 

were pooled and used as the ELISA antigen. 

2.3.5.5. Detection of total IgA by ELISA 

 The appropriate plate designations for each sample were arranged prior to the 

ELISA. Each sample, control, standard and blank was analyzed in triplicate.  The 

samples of human milk were subjected to 400 MPa for 0, 30, 60, 90, and 120 minutes, 

and each time-pressure combination was performed twice. 

 The assay was performed approximately 24 hours after the samples were 

pressurized.  The procedure was as follows: 200 μl of the Escherichia coli antigen was 

added to the appropriate wells of the assay plate, which was then incubated for 12 to 18 

hours at room temperature.  Human milk samples and the colostrum standards (200 μl) 

were added to the appropriate wells and were incubated for 3 hours at room temperature.  

The HRP labeled anti-human IgA (100 μl) was then added to the designated wells and 

incubated for one hour at room temperature.  After 100 μl of the substrate was added to 

the wells, the plate was inserted into the plate reader, where the plate was read at time 0 

and every 2 minutes for 20 minutes at 405 nm using a 2600 Gilford spectrophotometer 

(Oberlin, OH).  Between each of the above steps, the plate was washed three times with 

Phosphate buffered saline with 0.05% tween 20 (PBST) to remove unbound molecules, 

and prior to incubation it was covered with Parafilm®. 
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2.3.5.6. Total IgA activity determination 

 Absorbance vs. time was plotted and a best fit line was created for each well.  The 

average slope of each absorbance vs. time curve was determined for both standard, heat 

treated and pressure processed samples.  The concentrations of the unknowns were 

measured through comparison to standard IgA concentrations.  The activity of total IgA 

corresponded to the average slopes formed by plotting absorbance at 405 nm vs. time. 

2.3.6. Statistical analysis 

 For each biochemical component, independent pressure treatments were 

performed in duplicate.  Each replicate included a sample of human milk from the same 

pooled batch, repeat of the pressurization or heat treatments, and biochemical analysis 

depending on the component.  Statistical analysis was performed using SAS version 8.0 

(SAS Statistical Analysis Software, version 8.0, SAS Institute, Cary, NC).  Statistical 

comparison of lysozyme and total IgA activity retention were done by ANOVA (PROC 

MIXED), and the least-squares method was used to determine significant differences 

(p<0.05) (SAS version 8.0).  Tukey’s procedure was used and control experiment-wise 

error rate while making all pair-wise comparisons.  Tukey’s test was used for separation 

of means. 

2.4. Results and Discussion 

2.4.1. Effect of high pressure processing on lysozyme activity in human milk 

 Retention of lysozyme activity relative to LTLT, was apparent for human milk 

treated by HPP (400 MPa for 30-120 min) (Figure 2.2).  There was a slight but 

statistically insignificant increase in lysozyme activity when human milk was treated for 
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30 minutes by HPP.  Unprocessed human milk had a lysozyme activity of 2254.7 

units/mg solid.  The human milk samples treated at 400 MPa for 30, 60, 90, and 120 

minutes had lysozyme activities of 2410.0, 2170.8, 2170.2, and 2160.8 units/mg solid, 

respectively.  After 120 minutes of HPP hold time, the activity levels were not 

significantly lower than that of raw human milk.  After 120 minutes of HPP, lysozyme 

activity decreased by 4.2%, and there was significantly higher retention of lysozyme 

activity than that found after LTLT pasteurization.  LTLT pasteurization decreased 

lysozyme activity by 21.2%.  It should be noted that there was no significant (p<0.05) 

difference between the lysozyme activity values for the pressure-treated samples 

regardless of treatment time. However, there was a significantly higher percentage of 

lysozyme activity retention in the HPP-treated samples compared to the LTLT-treated 

samples. 

 The temperature of the sample in the pressure unit vessel was calculated to have 

reached 31 oC. The primary protein structure of lysozyme is likely not to have been 

affected by temperature since covalent bonds are not affected at temperatures up to 40 oC 

(Mozhaev et al., 1994).  Thus, any change in the conformation of the lysozyme protein 

may be attributed to the high pressure process.  At pressures higher than 200 MPa 

changes in the tertiary structure of proteins are due to dissociation of hydrophobic and 

ionic interactions (Hedrickx et al., 1998). 

2.4.2. Effect of high pressure processing on total IgA activity in human milk 

 There was a steady decrease in total IgA activity over the 120 minutes of pressure 

processing and the activities were significantly (p<0.05) lower than the unprocessed milk 

(Figure 2.3).  Heat treated human milk had a total IgA activity significantly (p<0.05) 
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lower than the pressure treated human milk.  Unprocessed human milk had an activity of 

5.00x10-3 units/ml and a concentration of 0.925 mg/ml.  Pressure-treated human milk was 

found to have activities of 4.28 x 10-3, 4.35 x 10-3, 4.03 x 10-3, 3.77 x 10-3 units/ml and a 

concentration of 0.770, 0.784, 0.725, and 0.678 mg/ml after being treated for 30, 60, 90, 

120 minutes, respectively.  Heat-treated human milk had a total IgA activity of 2.56 x 103 

units/ml and a concentration of 0.460 mg/ml. 

2.4.3. Heat treatment of lysozyme 

Previous studies have demonstrated that lysozyme is heat labile at a neutral pH 

and heat stable at acidic pH in human milk (Ford et al., 1977).  Similarly, the data in our 

study show that lysozyme activity in human milk (at neutral pH) decreased significantly 

following LTLT pasteurization.  Even though lysozyme activity levels were found to be 

lower for HPP treated samples, they were not significantly (p<0.05) lower than for the 

raw unprocessed sample.  There are inconsistencies in the data regarding lysozyme 

activity retention after LTLT pasteurization.  Some report retention of 67% (Wills et al., 

1982) and 76.3% (Evans et al., 1978), while others report that the enzyme is stable at 

pasteurization temperatures (Freier and Faber, 1984). Our study shows an inactivation 

from LTLT pasteurization similar to that reported by Wills et al. (1982) and Evans et al. 

(1978).  Bjorksten et al. (1980) found that the upper limit at which full activity for 

lysozyme is retained is 62.5 oC, but a slight increase in temperature can lead up to a 30% 

loss of activity.  The results of this study point towards a significant decrease in lysozyme 

activity after LTLT pasteurization, thus confirming the studies that show a loss of 

activity.  It has been reported that there is a clear dependence of lysozyme retention in 

human milk on the pH level since human milk with pH lower than 7.2 retains a higher 
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percentage of lysozyme after heat treatment (Evans et al., 1978).  This may help explain 

in part the retention of lysozyme activity following pressure processing since the pH of 

the pooled human milk used was 6.3. 

2.4.4. Lysozyme activity after HPP 

The effects of HPP on enzymes varies widely and depends on the origin of the 

enzyme, nature of the substrates (Hendrickx et al., 1998), pressure, temperature, and 

duration of processing (Palou et al., 1999).  Proteins in general are barosensitive 

compounds.  High pressure processing leads to the disruption of non-covalent 

interactions within the proteins and ensuing reconstruction of inter and intramolecular 

bonds within and between protein molecules (Messens et al., 1997).  High pressure also 

increases the ionization of acids, bases and salts (Masson et al., 2001), while hydrogen 

bonds are known to be virtually insensitive to pressure (Messens et al., 1997).  Enzyme 

activity and therefore lysozyme activity depends primarily on its three dimensional 

protein structure, and the overall conformation can be altered through changes in pressure 

(Seyderhelm et al., 1996).   

There was no significant (p<0.05) difference in lysozyme activity between any of 

the pressure-treated samples and the unprocessed human milk samples.  There was an 

observed increase in activity following treatment for 30 minutes (106.9% retention), and 

even after a hold time of 120 minutes, there was only a small decrease in activity of 

4.2%.  This pattern of enzyme activity retention or even increase has been demonstrated 

through various investigations of enzyme activity following HPP.  Studies have shown 

that bovine alkaline phosphatase is not inactivated by HPP at 400 MPa for 60 minutes at 

20 oC (Lopez-Fandino et al., 1996).  Other native bovine milk components such as 
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lactoperoxidase (Lopez-Fandino et al., 1996), phosphohexoseisomerase and γ-

glutamyltransferase (Rademacher et al., 1998) were shown to be resistant to pressures of 

400 MPa at a range of 20-25 oC as well.  Similarly, other enzymes studied have shown 

increased activity after being pressure treated.  Shook et al. (2001) reported that 

polygalacturonase activity was higher than the control after diced tomato samples were 

treated at 400 MPa for 5 minutes at 25 oC, but the activity decreased with increasing 

processing time and pressure and ultimately the enzyme was completely denatured.  The 

same study found that pectinesterase activity increased at 400 MPa for 5 minutes at 45 

oC.  Furthermore, Weemaes et al. (1996) reported that polyphenoloxidase activity was 

increased in mushrooms at 400 MPa.  In accordance with these findings are the effects of 

HPP on α-chymotrypsin which showed increased activity after being subjected to a 

certain critical pressure value, while it denatured at higher pressures (Mozhaev et al., 

1996).   

In general, studies have suggested that most proteins denature when exposed to 

pressures above 400 MPa (Balci and Wilbey, 1999; Gross and Jaenicke, 1993). It has 

been suggested that water surrounding the protein may be responsible for protecting the 

protein from denaturation through hydrogen bonding (Hayakawa et al., 1996). At room 

temperature there is a lower denaturation rate for proteins under 400 MPa, compared to 

pressures over 400 MPa (Balci and Wilbey, 1999). Sensitivity to pressure varies with the 

type of bonds involved in the structure of the protein and it has been shown that 

structures with β-sheets are more stable against pressure than are structures with α-

helices (Balci and Wilbey, 1999; Gross and Jaenicke, 1993). In contrast to thermal 

denaturation, pressure induced denaturation from pressures of 100 to 400 MPa may be 
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reversible; this may be due to the fact that high pressure treatment in that range can only 

break down weak hydrogen bonds and Van der Waals forces, not covalent bonds, making 

the effect of such pressure only temporary (Hayakawa et al., 1996).  

2.4.5. Heat treatment of total IgA 

Ford et al. (1977) found that LTLT pasteurization reduced IgA by 20%, and 

completely destroyed IgM.  On the other hand, a study by Chen and Allen (2001) 

reported that total IgA concentration in human milk were not significantly (p<0.05) 

decreased by LTLT pasteurization, but instead IgA activity decreased with both LTLT 

and High Temperature Short Time (HTST) pasteurization.  This was also shown by 

Young et al. (1979), who reported that pasteurization of human milk to 73 oC for 3 

minutes, resulted in almost total loss of IgA (from 57.35 mg/dl to 0.75 mg/dl of IgA).  

Other components such as IgG and IgM were also shown to be significantly (p<0.05) 

destroyed after the same treatment (Young et al., 1979).  Studies performed by Wills et 

al. (1982) further demonstrated the sensitivity of biochemical nutrients to thermal 

pasteurization, since treating human milk for 30 minutes at 62.5 oC resulted in IgA being 

reduced to 67% of its original concentration, but by reducing the treatment time to 5 

minutes, 77% of the original concentration of IgA remained.  Similarly, our data show 

that LTLT pasteurization led to a 48.8% decrease in activity of IgA.  There was a 

significant (p<0.05) difference between the IgA activity in the unprocessed human milk 

samples, the HPP treated samples, as well as the LTLT-treated samples and their activity 

retention (Figure 2.3).  Carbonare et al. (1996) found that decreased levels of IgA had no 

effect on pasteurized milk’s activity against enteropathogenic Escherichia coli.  
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Liebhaber et al. (1977) found that pasteurization caused a significant (p<0.05) decrease in 

immunoglobulin concentration and in specific antibody titer to Escherichia coli. 

2.4.6. HPP of total IgA 

There is no literature regarding effects of HPP on the activity of immunoglobulin 

A, secretory immunoglobulin A, or other immunoglobulins in human milk.  However, 

there have been a few studies conducted on HPP of immunoglobulins.  A study by Li et 

al. (2005) found that milk treated by HPP retains bovine IgG activity when pressure was 

lower than 276 MPa.  Kielczewska et al. (2004) evaluated the influence of pressurization 

on nitrogen compounds in bovine milk and found a 17% decrease in unspecified 

immunoglobulin activity following treatment at 200 MPa for 15 minutes at 20 oC.  

Immunoglobulins and α-lactalbumins in goat’s milk were shown to be pressure resistant 

under pressures of 300 MPa at 25 oC, partially denatured when temperature was increased 

to 50 oC, and subsequently denatured by 35% upon exposure to 500 MPa of pressure 

(Felipe et al., 1997). 

 Immunoglobulins are present not only in secretions such as human milk, but also 

in blood, along with other plasma proteins.  The effect of HPP on porcine blood plasma 

has been the focus of several studies (Pares et al., 2000; Pares and Ledward, 2001; Pares 

et al., 2001).  The functionality of blood plasma proteins was not affected at pressures of 

300 MPa, while at pressures above 400 MPa there were some changes, depending on the 

pH (Pares and Ledward, 2001).  It was shown that at pH 6.5 or higher and a pressure of 

400 MPa, HPP improved the emulsifying properties of porcine blood plasma without 

affecting the characteristics of heat-induced gels in a negative way, while at pressures 

over 400 MPa there was a reduced emulsifying activity and stability (Pares and Ledward, 
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2001).  When porcine blood plasma was treated at 450 MPa for 15 minutes at 40oC, there 

was more protein denaturation and a decrease in solubility at neutral pH than when 

treated at 5oC (Pares et al., 2000).  This treatment was proposed as an alternative to heat 

treatment with regard to microbiological quality and gelling properties of this product 

(Pares et al., 2000).  Our study showed that human milk proteins such as total IgA follow 

the same pattern of retaining their activity after being treated with high pressure of 400 

MPa for up to 120 minutes.  

2.5. Conclusion 

High pressure processing of human milk at 400 MPa for 30, 60, 90, and 120 

minutes resulted in retention of 85.6, 87.1, 80.6, and 75.4% activity of  total IgA, 

respectively, while after LTLT pasteurization IgA retained only 51.2% of its activity.  

High pressure processing of human milk at 400 MPa for 30, 60, 90, and 120 minutes 

resulted in retention of 106.9, 96.3, 96.3, and 95.8% activity of lysozyme, respectively, 

while LTLT pasteurization retention was 78.8%.  This data suggest that HPP of human 

milk is a potential alternative for pasteurization of human milk in terms of nutrient 

retention.  Further research should be done to determine whether HPP has the ability to 

inactivate potential pathogens of concern for donor human milk in human milk banks. 
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FIG 2.1.  Experimental conditions for high pressure processing of human milk: (■) sample temperature (oC), (▲) pressure 
transmitting fluid temperature (oC), ( ) pressure of pressure transmitting fluid and sample (MPa). 
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FIG 2.2. Effects of high pressure processing and low temperature long time pasteurization on lysozyme activity after 0, 30, 60, 
90, and 120 minutes at 400 MPa and 30 minutes at 62.5 oC.  Bars with the same letter are not significantly different (p<0.05). 
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FIG 2.3. Effects of high pressure processing and low temperature long time pasteurization on total IgA activity after 0, 30, 60, 
90, and 120 minutes at 400 MPa and 30 minutes at 62.5 oC.  Bars with the same letter are not significantly different (p<0.05). 
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CHAPTER 3 

Inactivation of bacterial pathogens in human milk by high pressure processing 

3.1. Abstract 

 Low Temperature Long Time (LTLT) pasteurization is used to assure the safety 

of banked human milk; however heat can destroy important nutritional and antimicrobial 

biomolecules.  High pressure processing (HPP) shows promise as an alternative for 

controlling safety, quality, and nutritional value of breast milk.  The purpose of this study 

was to investigate the efficacy of HPP for inactivation of Listeria monocytogenes ATCC 

19115, Escherichia coli ATCC 25922, Staphylococcus aureus ATCC 25923 and ATCC 

6538, and Streptococcus agalactiae ATCC 12927 in human milk.  Human milk samples 

donated by a local milk bank were pooled and inoculated with each pathogen (108-109 

CFU/ml); 0.1% peptone buffer solutions were likewise inoculated to serve as controls.  

Each sample was subjected to 400 MPa at 21 to 31oC for holding times that ranged from 

0 to 50 min, depending on the organism, or to 62.5oC for 0 to 30 min using the capillary 

tube method.  Samples were plated on tryptic soy agar and appropriate selective media 

for enumeration.  In all cases, LTLT pasteurization of all pathogens seeded into human 

milk resulted in complete inactivation within 10 min.  In human milk and in 0.1% 

peptone buffer, a 6-log10 reduction was achieved after 30 min of HPP treatment for S. 

aureus ATCC 6538.  After 30 min, S. aureus ATCC 25923 was reduced by 8-log10 and 6-

log10 in human milk and buffer, respectively.  Treatments of 4 min and 7 min resulted in 

complete inactivation of Strep. agalactiae in human milk and buffer respectively, while 

only 2 min was necessary for inactivation of L. monocytogenes in human milk (3.5 min 
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for complete inactivation of L. monocytogenes in buffer).  Although an 8-log10 

inactivation of generic E. coli suspended in buffer was achieved after 10 min of HPP, 

only a 2-log10 reduction was observed in human milk after the same treatment time, but 

after 30 minutes a 6-log10 inactivation was observed.  These data suggest that HPP may 

be a viable alternative for pasteurization of human milk.  Further research is needed to 

evaluate its efficacy in the inactivation of relevant viral pathogens and establish 

recommended processing times that result in reliable inactivation of all relevant 

pathogens.   
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3.2. Introduction 

Human milk is a superior source of nutrition because it provides many health 

benefits, not the least of which is reducing the risk of infection from microbial pathogens 

in the early stages of life.  Neonates acquire some immunological assistance from the 

mother during pregnancy, but it is during breastfeeding that the infant gains extra 

protection from antibodies and antimicrobial proteins such as immunoglobulin A (IgA) 

and lysozyme as well as immune cells (Tully et al., 2001; Newman, 1995; Ford et al., 

1977).  Although animal milk or infant formulas can be used as a nutritional alternative to 

breast milk, they do not supply the neonate with the same important antimicrobial 

components that are present in human milk (Boesman-Finkelstein and Finkelstein, 1985).   

To this end, human milk banks have been established to collect and distribute 

donor human milk to infants that do not have access to their mother’s milk.  Banked 

human milk is pasteurized prior to distribution, using Low Temperature Long Time 

(LTLT) thermal pasteurization.  Specifically, donor milk is pooled and batches of three- 

and four-ounce (88-118 ml) (sometimes even seven-ounce depending on the milk bank) 

bottles are placed in a circulating water bath held at 62.5 oC.  Simultaneously, a water-

filled control bottle is placed in the water bath to monitor temperature of the milk.  Once 

the contents of the control bottle reach a temperature of 62.5oC, the milk is held for 30 

minutes (consistent with the holder pasteurization protocol).  There may be small 

fluctuations in temperature, but the milk never exceeds 72oC and does not fall below 

62.5oC since the water bath temperature is held constant and the bottles are subjected to 

constant motion.  After the required 30 min hold time, the milk is cooled rapidly in ice 

water slurry and frozen at -20oC for storage.   
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The purpose of LTLT pasteurization of banked donor human milk is to eliminate 

potential pathogenic microorganisms and hence assure microbial safety.  Bjorksten et al. 

(1980) identified that human milk may be contaminated with bacteria from the skin and 

duct microflora originating from the nipples.  In this case, the contaminating 

microorganisms are usually of the genera Staphylococcus, while of note are the 

pathogenic β-hemolytic streptococci.  Viruses, including herpes simplex virus, 

cytomegalovirus, rubella and hepatitis B have been identified in human milk (Bjorksten 

et al., 1980).  Pathogenic microorganisms that may exist due to clinical mastitis, such as 

Staphylococcus aureus and Streptococcus agalactiae can also contaminate human milk; 

these bacteria can potentially cause fetal septicemia (ATCC, 2004).  Staphylococcus 

aureus has been shown to be pressure resistant and acts as an additional indicator of the 

effectiveness of high pressure processing in pathogen elimination in other foods (Smelt et 

al., 2002).  Inadequate sanitation during expression and subsequent handling can result in 

fecally-associated contamination by pathogens such as Escherichia coli (Pandey et al., 

2002).  Listeria monocytogenes, a common environmental contaminant, has the potential 

to contaminate human milk (Svabic-Vlahovic et al., 1988; Kumar et al., 1981).  This 

organism causes severe disease in neonates and should be absent from all foodstuffs 

provided to infants (Farber and Peterkin, 1991) 

 Although LTLT inactivates microorganisms, it still has the disadvantage of long 

processing times, and most importantly, degradation of key biochemical components in 

human milk.  Indeed, several studies have indicated a significant loss of biochemical 

nutrients due to LTLT pasteurization of human milk (McPherson and Wagner, 2001; 

Chen and Allen, 2001; Wills at al., 1982; Blackberg and Hernell, 1981; Bjorksten et al., 
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1980; Young et al., 1979; Ford et al., 1977).  High pressure processing (HPP) has the 

potential to offer a possible solution to this problem.  This non-thermal process, which is 

usually applied at pressures between 100 and 800 MPa, is an emerging food processing 

method that can be applied to solid and liquid foods to provide microbiologically safe, 

nutritionally intact and organoleptically high quality products (U.S. FDA, 2000).  

Nonetheless, the application of HPP has been limited to high value-added foods, such as 

fruit jellies and jams, fruit juices, pourable salad dressing, raw squid, rice cakes, foie gras, 

ham, guacamole, and raw oysters, largely due to relatively high capital cost and low 

throughput (U.S. FDA, 2000; Hendrickx et al., 1998). 

 As part of a broader study, the purpose of which was to evaluate the feasibility of 

using HPP for pasteurization of human milk from both nutritional and microbiological 

perspectives, the objective of this work was to investigate the degree of microbial 

inactivation that could be achieved using HPP as applied to pooled human milk.  Five 

organisms (Listeria monocytogenes, Escherichia coli, two strains of Staphylococcus 

aureus, and Streptococcus agalactiae) were evaluated.  Milk was artificially inoculated 

with each organism, and treated by both traditional thermal LTLT pasteurization 

conditions and HPP at 400 MPa.  To our knowledge, this is the first study of its kind to 

examine the effects of HPP on the inactivation of bacterial pathogens in human milk. 

3.3. Materials and Methods 

3.3.1. Preparation of Human Milk Samples 

 Frozen, raw, unpasteurized human milk samples were obtained from a human 

milk bank (Lactation Center and Mothers’ Milk Bank, Wake Medical Center, Raleigh, 

North Carolina).  A pooled human milk sample was comprised of six different donors, all 
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of whom had their milk collected in 2005, to form a total volume of 3 L.  Following 

pooling of the milk, the samples were separated into 50 ml aliquots and stored at -40 oC 

until used.   

3.3.2. Choice and preparation of bacterial cultures 

 Microbial surrogates were chosen due to their potential to contaminate human 

milk.  In general, E. coli and L. monocytogenes contaminations occur as a result of 

inadequate sanitation and handling, while S. aureus and Strep. agalactiae exist in 

conditions of clinical mastitis in breastfeeding women, with coagulase positive 

staphylococci being the most common cause (Filteau, 2003).  Accordingly, E. coli ATCC 

25922, a generic strain of E. coli commonly used as a control strain for antimicrobial 

screening (Fass and Barnishan, 1979) and previously used in HPP inactivation studies 

(Shigehisa et al., 1991) was used in this study.  L. monocytogenes ATCC 19115 (Chen et 

al., 2006) has been involved in cases of food-borne diseases and outbreaks (Mussa et al., 

1999).  S. aureus strains ATCC 6538 and 25923 are commonly used in HPP inactivation 

studies (Morgan et al., 2000; O’Reilly et al., 2000; Smelt et al., 2002; Shigehisa et al., 

1991), while Strep. agalactiae ATCC 12927 has been associated with cases of clinical 

mastitis and fetal septicemia (ATCC, 2004).  Stock cultures of all strains were maintained 

in brain heart infusion (BHI) broth supplemented with 40% glycerol at -4 oC and 

transferred monthly.  Prior to making inoculations to milk, cultures were prepared by two 

consecutive transfers into BHI and overnight incubation at 35 oC. Bacterial cells were 

harvested by sequential (2X) centrifugation at 11,950 x g for 4 min and re-suspended in 

0.1% peptone buffer.  The resulting culture had counts of approximately 1 x 108 to 1 x 

109 CFU/ml. 
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  3.3.3. Inoculation of milk 

 Milk samples were allowed to thaw at room temperature, and 45 ml aliquots were 

inoculated with 5 ml of the culture, providing an inoculum level of approximately 1 x 108 

CFU/ml milk.  To serve as a control, 0.1 % peptone buffer was also inoculated with each 

organism to achieve the same contamination level.  Aliquots (5-6 ml) of inoculated 

human milk were pipetted into Cryovac ® M-312 sterilizable medical film bags 

(Cryovac, Inc., South Carolina, USA).  The plastic bags were heat sealed using a 16 inch 

impulse heat sealer (# H-306, Uline, Chicago, IL), then double-bagged and immersed in 

an ice slurry until processed.   

3.3.4. High pressure processing studies 

 An Autoclave Engineers (Erie, PA) isostatic press (Model No. CIP 2-22-60) was 

used to pressure treat the human milk samples.  This unit was capable of applying 

pressures from 10 to 400 MPa (1,400 to 60,000 psi).  Each sample was pressurized at 400 

MPa, at temperatures ranging from 21 to 31 oC; a T-type thermocouple (Omega, CT, 

USA) was used to monitor the temperature of the bags prior and after pressurization.  

Sampling time points varied according to hold time.  These were determined by 

preliminary experiments intended to identify the range over which a 4-6 log10 reduction 

in population would occur, and differed with type of organism.  Specifically, milk 

inoculated with (i) E. coli was treated for 50 min with sampling done at 2.5 min intervals; 

(ii) L. monocytogenes was treated for 5 min with sampling at 0.5 min intervals; (iii) both 

S. aureus strains were treated for 30 min with 5 min sampling intervals; and (iv) Strep. 

agalactiae was treated for 10 min with 1 min intervals.  The pressure unit took 

approximately 60 sec to reach the desired pressure of 400 MPa, and 45 sec to release the 
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pressure.  Pressurization time reported in this study did not include pressure come up or 

release times. Following pressurization, samples were removed from the pressure unit 

and immediately placed in an ice slurry.   

3.3.5. Thermal inactivation studies 

 Thermal inactivation studies were done using the capillary tube method in 

accordance with previous protocols (Foegeding and Leasor, 1990).  The bacterial inocula 

and human milk inoculations were done as described above.  Glass capillary tubes (0.8-

1.10 x 90 mm) (Kimble Glass, Inc., Vineland, NJ) were filled with 50 μl of the inoculated 

milk, having counts of approximately 1 x 108 CFU/ml.  The tubes were heated at 62.5 oC 

in a thermostatically controlled water bath (Precision Scientific, Winchester, VA, USA) 

at various time intervals, depending on the microorganism, to simulate LTLT 

pasteurization.  Immediately after removal from the water bath, tubes were placed in an 

ice slurry, then sanitized by dipping in 10% sodium hypochlorite and 70% ethanol, 

crushed, serially diluted, and plated.   

3.3.6. Enumeration of microorganisms 

 Most of the media used in this work have been described in the FDA 

Bacteriological Analytical Manual (BAM, 2001).  All bacteriological media and 

supplements were obtained from Difco Laboratories (Detroit, MI) unless otherwise stated 

and were prepared according to the manufacturer’s recommendations.  Both before and 

after processing, samples were subjected to serial 10-fold dilution and pour plated to both 

non-selective and selective media.  Tryptic soy agar (TSA) was used as a general non-

selective medium for all five pathogenic strains.  Selective media included the following:  
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Baird Parker agar (BP) for S. aureus; azide agar (0.02% sodium azide) supplemented 

with 5% defibrinated sheep blood for Strep. agalactiae; modified Oxford agar (mOX) for 

L. monocytogenes; and sorbitol McConkey agar (SMAC) for E. coli.  All plates were 

incubated at 37oC for 48 h prior to counting.   

3.3.7. Statistical analysis 

 For all five pathogenic strains, independent inactivation treatments were 

performed in triplicate on three different dates.  Each replicate included a freshly 

prepared inoculum, repeat of the pressurization or heat treatments, and recovery on both 

non-selective and selective microbiological media.  D-values were calculated as the time 

(in min) required for a 1-log10 reduction of the population using regression analysis 

(PROG REG; SAS Statistical Analysis Software, version 8.0, SAS Institute, Cary, NC). 

More specifically, D-values were calculated through plotting pressure hold time vs. log10 

of the surviving population of each microorganism and using the slopes of the linear 

regression lines corresponding to the survivor curves to find -(slope)-1 as detailed by 

Metrick et al. (1989).  Statistical comparison of D-values between strains, buffer type, 

and media were done by ANOVA (PROC MIXED), and the least-squares method was 

used to determine significant differences (p<0.05) (SAS version 8.0).  

3.4. Results  

 The results are presented in Figures 3.1 – 3.6.  High pressure processing 

experiments were done in both inoculated human milk and in 0.1% peptone buffer (Table 

3.1).  When comparing organisms, there were no statistically significant differences in 

the D-values obtained for inactivation of E. coli and S. aureus ATCC 6538  in human 
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milk (5.12 ± 0.13 min and 4.87 ± 0.48 min, respectively) or in 0.1% peptone buffer (6.53 

± 0.40 min and 5.28 ± 0.29 min, respectively).  Likewise, there were no statistically 

significant differences in the HPP inactivation of L. monocytogenes and Strep. 

agalactiae, with D-values of 0.59 ± 0.04 min and 1.10 ± 0.02 min, respectively, in human 

milk, and 0.59 ± 0.02 min and 1.14 ± 0.06 min, respectively, in 0.1% peptone buffer.  

However, S. aureus ATCC 25923 was significantly more pressure-sensitive than E. coli 

and S. aureus ATCC 6538, and more pressure-resistant than L. monocytogenes and Strep. 

agalactiae in inoculated human milk subjected to HPP (D-value of 3.72 ± 0.06 min).  

Alternatively, when suspended in 0.1% peptone buffer and subject to HPP, S. aureus 

ATCC 25923 D-values were similar to those for E. coli and S. aureus ATCC 6538 (D-

value of 6.27 ± 2.06 min) (Table 3.2).   

 In an effort to characterize sub-lethal injury of HPP-treated bacterial cells, plating 

was done using both non-selective and selective media.  There were no significant 

differences in D-values obtained for L. monocytogenes or Strep. agalactiae when 

comparing any of the buffer/media combinations [D-values for L. monocytogenes as 

follows: 0.59 ± 0.04 (milk, non-selective), 0.61 ± 0.03 (milk, selective), 0.59 ± 0.02 

(buffer, non-selective), and 0.60 ± 0.01 min (buffer, selective); D-values for Strep. 

agalactiae as follows:  1.10 ± 0.02 (milk, non-selective), 1.05 ± 0.03 (milk, selective), 

1.14 ± 0.04 (buffer, non-selective), and 1.13 ± 0.06 min (buffer, selective)].  There was 

no statistically significant difference in the D-values obtained for HPP inactivation of E. 

coli in human milk plated for enumeration on either non-selective or selective media, or 

when suspended in 0.1% peptone and plated on TSA (5.12 ± 0.13 min, 5.92 ± 058 min, 

and 6.53 ± 0.40 min, respectively).  However, the D-value for the samples processed in 
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0.1% peptone and plated on selective media was significantly higher (8.17 ± 1.04 min).  

S. aureus ATCC 6538 had a significantly higher D-value when processed in human milk 

and plated on selective media compared to plating on non-selective media (5.76 ± 0.83 

min and 4.87 ± 0.48 min, respectively), while there was no significant difference when 

processing in 0.1% peptone and plating on either types of media (5.26 ± 0.29 and 5.45 ± 

0.39 min for non-selective and selective media, respectively).  D-values for S. aureus 

ATCC 25923 were not significantly different when processing in human milk and plating 

on TSA or selective media (3.72 ± 0.06 and 3.43 ± 0.20 min, respectively).  However, 

when suspended in 0.1% peptone, recoveries on non-selective media were significantly 

better than those obtained using selective media (D-values of 6.17 ± 2.06 and 5.39 ± 1.73 

min, respectively) (Table 3.3). 

 In all cases, holder pasteurization (62.5 oC for 30 min) of all pathogens seeded 

into human milk resulted in inactivation below the assay detection limits (corresponding 

to >7-log10 inactivation).  L. monocytogenes and Strep. agalactiae were both completely 

inactivated in less than 20 sec (Table 3.4).  There were no statistically significant 

differences between D-values of S. aureus ATCC 6538 and S. aureus ATCC 25923 (0.90 

± 0.13 and 0.69 ± 0.03 min, respectively), and perhaps as expected, the D-value of E. coli 

was significantly lower (0.21 ± 0.02 min) (Table 3.5).  In addition, there were no 

significant differences in recoveries for any pathogen when plated on either TSA or 

selective media (Table 3.6).   
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3.5. Discussion 

The purpose of this study was to test the efficacy of HPP in inactivating five 

bacterial pathogens in human milk.  All pathogenic strains showed substantial 

inactivation, with S. aureus ATCC 6538 and E. coli being the most pressure-resistant.  In 

general, previous work has revealed that high pressure processing tends to be more 

effective in inactivation of Gram-negative as compared to Gram-positive bacteria 

(Hoover et al., 1989).  There has been considerable effort undertaken to understand the 

exact mechanism of high pressure inactivation of vegetative bacterial cells.  Credible 

hypotheses include membrane disruption, ribosome denaturation (which would result in 

inhibition of protein synthesis), enzyme inactivation, and inhibition of transcription 

(Bartlett, 1992; Cheftel, 1995; Smelt, 1998; Niven et al., 1999; Wouters et al., 1998).  In 

terms of heat, vegetative cells show relatively higher resistance to high-pressure at 20–

35°C but become more sensitive to pressure-treatment at temperatures above 35°C, due 

to phase transition of membrane lipids (Ludwig et al., 1992; Kalchayanand et al., 1998a; 

Kalchayanand et al., 1998b).  Enzymes are particularly susceptible to HPP, especially at 

low and high temperatures (Wouters et al., 1998).  Even though DNA is relatively less 

sensitive to high pressure, it is thought that the enzymes that moderate DNA replication 

and transcription are destroyed by high pressure, resulting in disruption of cell 

metabolism and division (Smelt et al., 2002; Hoover et al., 1989).  Furthermore, bacterial 

cell morphology appears to be altered by subjection to high pressure (U.S. FDA, 2000).  

Specifically, tighter packing of the cell membrane acyl chains and membrane lipid 

gelation result from subjection of microorganisms to HPP (Macdonald, 1984).  In 

addition, it has been shown that bacterial pressure-sensitivity is proportional to membrane 
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rigidity (Smelt et al., 1994).  Another possible explanation for HPP inactivation of 

microorganisms was suggested by Wouters et al. (1998), who reported that denaturation 

of membrane-bound enzyme ATPase was responsible for cell death after exposure to 

high pressure.  Despite extensive research, the exact pressure-inactivation mechanism for 

vegetative cells is not completely understood (Pagan and Mackey, 2000).   A generally 

accepted hypothesis is that high pressure affects a combination of microbial processes 

and does not inhibit or destroy only one cell site or function (Hoover et al., 1989).   

Several additional factors contribute to the inactivation of bacterial cells by HPP, 

including bacterial growth phase, pH and water activity of the matrix, and production of 

heat during HPP (Tewari et al., 1999).   For example, bacteria in the early log phase of 

growth appear to be much more susceptible to high pressure than do bacteria in any other 

phase (Hoover et al., 1989; Smelt et al., 2002).  The influence of the food’s composition 

is extremely important (Smelt et al., 2002).  Milk provides an excellent example in this 

regard, since it has been highly studied with respect to HPP.  Patterson et al. (1995) found 

different patterns of inactivation for L. monocytogenes, E. coli, and S. aureus when 

suspended in PBS or bovine milk and treated by HPP.  Specifically, S. aureus was the 

most pressure resistant of the three when suspended in PBS, but in milk, E. coli was the 

most pressure-resistant.  Similar data was presented by Alpas and Bozoglu (2000).   Also, 

when different food matrices were compared, milk was more protective of L. 

monocytogenes, E. coli, and S. aureus than was poultry meat (Patterson et al., 1995).  

Gervilla et al. (1997) suggested a protective effect from fat in ewe’s milk when pressure-

treating Listeria innocua, while Garcia-Graells et al. (1999) reported a protective effect 

from milk on pressure induced inactivation of E. coli.   Dogan and Erkmen (2004) 
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demonstrated that L. monocytogenes was more pressure resistant in bovine milk than in 

broth and fruit juices, possibly due to the high fat and protein content of milk.  The 

protective effect provided by milk may also be due to the presence of divalent cations 

such as Ca+2.  Hauben et al. (1998) pressure-treated E. coli MG1655 at 270 MPa for 15 

min which resulted in a 3.73-log10 reduction, but when 10 mmol l-1 of CaCl2 were added 

there was only a 0.59-log10 reduction.  In our study, E. coli that was pressure-treated in 

0.1% peptone buffer was inactivated after 10 minutes at 400 MPa, but when it was 

pressure-treated in human milk it was inactivated after 46.08 minutes at the same 

pressure.  It is hypothesized that the high fat content (3-5%) (Jenness, 1979) of human 

milk or other milk associated components provided a protective effect, leading to less 

destruction of E. coli human milk when compared to 0.1% peptone buffer. 

The unique composition of human milk, which is rich in antimicrobial 

biochemical components (Rodriguez-Palmero et al., 1999), may actually assist in the 

inactivation of some pathogens by high pressure.  For example, studies have shown that 

E. coli suspended in bovine milk was found to be more sensitive to HPP when the milk 

was pretreated with lysozyme (Garcia-Graells et al., 1999; Masschalck et al. 2001).  

Morgan et al. (2000) used a combination of hydrostatic pressure and lacticin 3147 to 

inactivate S. aureus ATCC 6538 in reconstituted skimmed milk, finding a 6-log10 kill at 

300 MPa for 30 min and 25 oC, while the addition of lacticin resulted in an inactivation of 

more than 6-log10 at 250 MPa for 30 min and 25 oC.  Masschalck et al. (2001) studied the 

inactivation of several pathogens under high pressure processing with the combination of 

bovine lactoferrin, lactoferricin and nisin, finding that under atmospheric pressure the 

antimicrobials did not present any bactericidal qualities, while under high pressure 
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inactivation rates of all of the organisms were faster.  In our study, even though there 

were no statistically significant differences between bacterial survival in pressure-treated 

samples of human milk vs. 0.1% peptone buffer, the D-values were lower when the 

microbes were suspended in milk.  Interestingly, Chen and Allen (2001) reported that the 

population of Listeria innocua (106 CFU/ml) inoculated into human milk was naturally 

reduced by 99% after 40 days storage at 4oC, and further growth was inhibited for at least 

60 days.  Experiments conducted in our laboratory showed that when the five pathogens 

were inoculated separately into human milk which was then held for two hours, all 

demonstrated a decrease in viable counts over time (Appendix E), suggesting a natural 

bactericidal activity of human milk (Appendix F and G).  However, the reduction in L. 

monocytogenes populations over time when inoculated into human milk (D-value of 

0.20±0.05 days) was the most pronounced.   

Pressure-resistant microorganisms could potentially pose a microbial threat since 

they suffer less damage than other pressure labile microorganisms and could undergo 

cellular repair if placed under favorable conditions (Ariefdjohan et al., 2004).  Indeed, it 

has been recommended that the recovery time of pressure stressed microorganisms 

should be taken under consideration when designing and evaluating HPP (Smelt et al., 

2002).  Accordingly, we used both non-selective media (which should recover all 

bacterial survivors) and selective media (which should recover only healthy bacterial 

cells and not the sub-lethally injured population).  In a study conducted by O’Reilly et al. 

(2000), S. aureus ATCC 6538 had more than 1-log-unit cycle of kill and more than 1-log-

unit cycle of injury at 400 MPa for 20 minutes at 20 oC in Cheddar cheese, while E. coli 

K-12 had more than 1-log-unit cycle of kill and 6-log-unit cycles of injury in the same 
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medium.  Ritz et al. (2001) showed that cell damage is not homogenous, and suggested 

that resistant cells may exist in the bacterial population.  This same group (Ritz et al., 

2006) studied the resuscitation of L. monocytogenes suspended in phosphate buffer after 

HPP treatment, reporting that even if the population appeared to be completely 

inactivated after pressure treatment, resuscitation of injured cells was possible 2-4 days 

after pressure treatment.  These investigators cautioned that classic culture techniques 

performed just after pressure treatment may overestimate treatment efficacy.  

McClements et al. (2001) also reported sub-lethal injury after pressure treatment of L. 

monocytogenes stationary-phase cells, for which there was an 8-log10 inactivation for 

Scott A as evaluated using selective media compared to a 4-log10 inactivation as 

evaluated using non-selective media.  Similar results were observed by Simpson and 

Gilmour (1997b).  A high degree of pressure induced sub-lethal injury was not observed 

for L. monocytogenes in our study, and we speculate that antimicrobial components 

present in human milk may have prevented such resuscitation.  Another credible 

consideration is that HPP induces a stress response in microorganisms that provides cross 

protection to other stresses.  For example, work by Karantzas and Bennik (2002) 

identified proteins that were differentially expressed in a wild type strain of L. 

monocytogenes Scott A and the barotolerant strain that was isolated after a single 

pressurization treatment.  When pressure resistant mutants of E. coli were isolated after 

repeated cycles of HPP, they also showed resistance to heat inactivation, nisin and EDTA 

(Hauben et al., 1997).    

Previous studies have reported S. aureus to display first-order inactivation 

kinetics after HPP (O’Reilly et al., 2000; Gervilla et al., 1999; Butz and Ludwig, 1986), 
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while E. coli has been shown to have either first-order inactivation kinetics (Ludwig et 

al., 1992; Smelt and Rijke, 1992) or a two-phase tailing effect (Benito et al., 1999; 

Cheftel, 1995), depending on the strain and treatment conditions.  Erkmen and Karatas 

(1997) pressure-treated S. aureus (ATCC 27690) in bovine milk at 350 MPa for 6 

minutes at 20oC and obtained complete inactivation (8-log10) of the strain, which had a 

significantly lower pressure-resistance compared to the S. aureus strains used in our 

study.  Gao et al. (2004), studied the effect of high pressure and heat on S.  aureus in 

milk, and found the optimum parameters for six log-cycles reduction of the pathogen, 

were 34.4 oC, 329.8 MPa, and 15.5 minutes holding time.  Studies similar to ours have 

been conducted by Mussa et al. (1999) who reported that holding times longer than the 

ones used here was necessary to inactivate L. innocua inactivation in bovine milk.  

Unfortunately, direct comparisons of the pressure-inactivation data obtained in this study 

with results from past studies cannot be made since, to our knowledge, this is the fist 

application of HPP to human milk.  However, comparisons can be made to previous 

studies that have used the same or similar microbial strains.  For example, Alpas et al. 

(1999) pressure-treated seven, nine, and six different strains of S. aureus, L. 

monocytogenes, and E. coli, respectively at 345 MPa for 5 minutes at 25oC.  They found 

significant variability in pressure resistance among strains, with S. aureus being 

inactivated by 0.7 to 7.8-log10, L. monocytogenes by 0.9 to 3.5-log10, and E. coli by 2.8 to 

5.6-log10.  In our study, 30 minutes of pressure-treatment at 400 MP resulted in a 6-log10 

reduction for strain S. aureus ATCC 6538 in human milk and peptone buffer, while strain 

ATCC 25923 demonstrated 8-log10 and 6-log10 reductions in human milk and peptone 

buffer, respectively.  This degree of inactivation was less dramatic than that reported by 
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Erkmen and Karatas (1997) who pressure-treated S. aureus ATCC 27690 in whole 

bovine milk at 350 MPa for 6 minutes and observed a >8-log10 reduction.  By 

comparison, Morgan et al. (2000) treated cells of S. aureus ATCC 6538 in the 

exponential phase at 300 MPa for 30 minutes in 10% reconstituted skim milk and 

observed a 6-log10 reduction; their relatively effective kill could be attributed to reduced 

pressure resistance of cells in the exponential phase of growth (Manas and Mackey, 

2004).  Alpas and Bozoglu (2000) subjected a pressure resistant strain of S. aureus (485) 

to 345 MPa at 50oC for 5 minutes in Grade A pasteurized milk and observed a 5.5-log10 

reduction, similar to that reported in ultra high temperature (UHT) and ovine milk 

samples by Patterson and Kilpatrick (1998) and Gervilla et al. (1999), respectively.  In 

addition, Chen et al. (2006) reported a 4-log10 reduction of S. aureus (210) in UHT milk 

after pressure-treatment at 400 MPa at 50oC for 10 minutes.  Although these researchers 

achieved significant kill at lower pressures, they also used comparatively higher 

processing temperatures (50o C or more) which may have compensated for reduced 

pressure-associated inactivation.   

Chen et al. (2006) reported that after pressure-treatment, E. coli and S. aureus 

had, in general, similar pressure-resistance. In general, there is wide variance in pressure-

resistance between E. coli strains (Benito et al., 1999), and direct comparisons from one 

strain to another should be made with caution.  In our study, E. coli was reduced by 2-

log10 in human milk when pressure-treated at 400 MPa for 10 minutes at ambient 

temperature.  Gervilla et al. (1997) reported a 6-log10 reduction in E. coli (405 CECT) 

after pressure-treatment at 400 MPa for 15 minutes at 25oC in ovine milk.  In a similar 

study, Gervilla et al., (2000) showed a 3.5-log10 reduction in the same strain of E. coli 
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after pressure-treatment at 300 MPa for 15 minutes at 25oC in ovine milk (6% fat).  The 

difference in results between the above studies and ours could be attributed to the specific 

pressure-resistance of the E. coli strain that was used.  Garcia-Graells et al. (2000) 

pressure-treated E. coli ATCC 11303 at 400 MPa for 15 minutes at 20oC in skim milk 

and reported a 4-log10 reduction in viability, which was 1-log10 more than what resulted 

after the same pressure-treatment to E. coli ATCC 25922 in human milk in our study.  

Three different strains of E. coli 1, 94, and 402 were pressure-treated in skim milk at 400 

MPa for 20 minutes at 20oC and were reduced by 1.5-, 2.7-, and 2.1-log10, respectively 

(Usajewicz and Nalepa, 2006).  It seems these strains of E. coli had similar pressure-

resistance to the E. coli ATCC 25922 used in our study since we observed a 3-log10 

reduction in human milk under similar treatment conditions.   

L. monocytogenes ATCC 19115 was inactivated by 8-log after 4 minutes of 

pressure treatment at 400 MPa.  Simpson and Gilmour (1997a) reported a 1-log10 

reduction in L. monocytogenes after pressure-treatment at 375 MPa for 30 minutes at 

ambient temperature and enumeration on Tryptone Soya Broth containing 0.6% added 

yeast extract.  The same authors (Simpson and Gilmour, 1997b) showed that L. 

monocytogenes NCTC 11994 and Scott A were reduced by 5-log after pressure-treatment 

in phosphate buffer saline at 400 MPa for 30 minutes at ambient temperature.  Compared 

to these studies, L. monocytogenes ATCC 19115 was more readily inactivated in human 

milk at 400 MPa, but not as readily as the strains CA and Ohio2 used by Alpas and 

Bozoglu (2000).  The results of our study agree with the findings of Ritz et al. (2006), 

who inactivated L. monocytogenes Scott A by 8-log10 after pressure-treatment at 400 

MPa for 10 minutes at 20oC in phosphate buffer.  In our study, L. monocytogenes was 
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reduced by 8-log after 3.5 minutes at 400 MPa in peptone buffer, possibly due to the 

higher temperature (31oC) that was reached within the pressure vessel. 

Studies have shown that Streptococcus faecalis is pressure resistant in meat 

products and requires pressures higher than 6000 atm (607.9 MPa) for 10 minutes at 25oC 

to achieve a 6-log10 reduction (Shigehisa et al., 1991).  A study by Moerman et al. (2001) 

investigated the reduction of Strep. faecalis in meat batters and found that the pathogen 

showed a 4-log10 reduction at 400MPa for 60 minutes at 25oC.  Comparatively, we were 

able to achieve an 8-log reduction of Strep. agalactiae at 400MPa for 4 minutes at 

ambient temperature.   

Assuming first order inactivation kinetics and based on D-value calculations using 

the data in our study, we can estimate complete inactivation (9-log10 reduction) of E. coli 

and S. aureus ATCC 6538 suspended in human milk after 40-50 min of HPP at 400 MPa 

(46.08 and 43.83 min, respectively).  On the other hand, S. aureus ATCC 25923, L. 

monocytogenes, and Strep. agalactiae were estimated to be completely inactivated (9-

log10 reduction) in human milk by HPP at 400 MPa after 33.48, 5.31, and 9.90 min 

respectively.  However, such estimates are made cautiously, because significant “tailing” 

was apparent in many of the D-value curves.  This phenomenon is not unique and has 

been reported by others (Hoover et al., 1989; Simpson and Gilmour, 1997a; Ariefdjohan 

et al., 2004).  Indeed, the “tailing” effect has been suggested as a typical characteristic of 

bacterial inactivation kinetics by HPP and according to Metrick et al. (1989), could be 

attributed to a subpopulation of the bacterial strain treated that is resistant to the applied 

pressure (Simpson and Gilmour, 1997a).  In our study, “tailing” after HPP was more 

apparent for L. monocytogenes for both buffers and media types; for S. aureus ATCC 
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25923 for both buffers and media types of media, but with the 0.1% peptone buffer 

having a more prolonged “tailing” than human milk; and for Strep. agalactiae for the 

0.1% peptone buffer exclusively but with both media types.  In the case of the latter of 

the two instances, the one that had a more pronounced “tailing” when pressure treated in 

the 0.1% peptone buffer, there may actually be a synergy between the high pressure and 

the antimicrobials that are abundant in the human milk  

 

3.6. Conclusion 

 The results of this study show that E. coli and S. aureus ATCC 6538 are the most 

pressure-resistant pathogens out of the five that were evaluated.  Furthermore, we 

validated that LTLT pasteurization is an appropriate process for assuring microbial safety 

of human milk, at least with respect to the organisms evaluated in this study.  We can 

conclude that these data demonstrate the feasibility of using HPP for pasteurization of 

human milk.  The method has clear advantages over LTLT; for instance, it results in a 

product of improved nutritional quality; it is faster and perhaps more convenient than 

LTLT; it can be applied to frozen milk samples; and can be used on samples of variable 

size.  A HPP unit that could suit the needs of human milk bank ranges from $25,000 to 

$35,000, but the resulting benefits may indeed outweigh the costs of such an investment.  

Further research is needed to evaluate the efficacy of HPP in the inactivation of relevant 

viral pathogens and spore-forming bacteria, and to establish recommended processing 

times that result in reliable inactivation of all relevant pathogens.  This treatment has the 

potential to be developed into a successful pasteurization method for human milk because 

it allows efficient inactivation of possible microbial pathogens under mild process 
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conditions, thereby enabling maintenance of the unique nutritional components that are 

so important to the healthy development of neonates and infants.   
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Table 3.1. D-values in minutes of pathogens after HPP at 400 MPa in human milk and 0.1% peptone, plated on selective and 
non-selective media. 

 
 HPP D-

values 
         

 E. coli 25922 L. 
monocytogenes 

19115 

S. aureus 
6538 

S. aureus 
25923 

Strep. 
agalactiae 

12927 
Treatment D 

valu
e 

stdevp D 
valu

e 

Stdevp D 
valu

e 

stdevp D 
valu

e 

Stdev
p 

D 
valu

e 

stde
vp 

H.M. TSA 5.12 0.13 0.59 0.04 4.87 0.48 3.72 0.06 1.10 0.02 
H.M. 

selective 
5.92 0.58 0.61 0.03 5.76 0.83 3.43 0.20 1.05 0.03 

0.1% 
Peptone TSA 

6.53 0.40 0.59 0.02 5.26 0.29 6.17 2.06 1.14 0.04 

0.1% 
Peptone 
selective 

8.17 1.04 0.60 0.01 5.45 0.39 5.39 1.73 1.13 0.06 
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Table 3.2. Comparison of D-values in minutes of pathogens pressure treated at 400 MPa in human milk and 0.1% peptone, 
plated on TSA. 

 
 Comparison of HPP inactivation of pathogens      

TSA E. coli 
25922 

L. monocytogenes 
19115 

S. aureus 
6538 

S. aureus 
25923 

Strep. agalactiae 
12927 

D-
value 
H.M. 

5.12 ± 0.13 
a 

0.59 ± 0.04 b 4.87 ± 0.48 a 3.72 ± 0.06 c 1.10 ± 0.02 b 

D-
value 
0.1% 

Pepton
e 

6.53 ± 0.40 
a 

0.59 ± 0.02 b 5.26 ± 0.29 a 6.17 ± 2.06 a 1.14 ± 0.06 b 
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Table 3.3. Comparison of D-values in minutes of pathogens pressure treated at 400 MPa in human milk and 0.1% peptone, 
plated on TSA and selective media. 

 
 Comparison of buffers and media after HPP inactivation of 

pathogens 
   

 H.M. TSA H.M. Selective 0.1% 
Peptone 

TSA 

0.1% Peptone 
selective 

E. coli 25922 5.12 ± 0.13 a 5.92 ± 0.58 a 6.53 ± 0.40 
a 

8.17 ± 1.04 b 

       
L. monocytogenes 

19115 
0.59 ± 0.04 a 0.61±0.03 a 0.59 ± 0.02 

a 
0.60 ± 0.01 a 

       
S. aureus 6538 4.87 ± 0.48 a 5.76 ± 0.83 b 5.26 ± 0.29 

a,b 
5.45 ± 0.39 a,b 

       
S. aureus 25923 3.72 ± 0.06 a,b 3.43 ± 0.20 a,b 6.17 ± 2.06 

a 
5.39 ± 1.73 b 

       
Strep. agalactiae 

12927 
1.10 ± 0.02 a 1.05 ± 0.03 a 1.14 ± 0.04 

a 
1.13 ± 0.06 a 
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Table 3.4. D-values in minutes of pathogens after heat treatment at 62.5 oC in human milk plated on selective and non-
selective media. 

 
 E. coli 25922 S. aureus 6538 S. aureus 25923 

LTLT D-values D value Stdev
p 

D 
value 

stdev
p 

D 
value 

stdev
p 

H.M. TSA 0.21 0.02 0.90 0.13 0.69 0.03 
H.M. selective 0.21 0.02 0.83 0.08 0.72 0.05 
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Table 3.5. Comparison of D-values in minutes of pathogens heat treated at 62.5 oC in human milk plated on TSA. 
 

Comparison of LTLT inactivation of 
pathogens 

   

TSA E. coli 25922 S. aureus 6538 S. aureus 25923
D-value H.M. 0.21 ± 0.02 a 0.90 ± 0.13 b 0.69 ± 0.03 b 
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Table 3.6. Comparison of D-values in minutes of pathogens heat treated at 62.5 oC in human milk plated on TSA and selective 
media. 

 
Comparison of media after LTLT inactivation of pathogens

 TSA Selective 
E. coli 25922 0.21 ± 0.02 a 0.21 ± 0.02 a 

S. aureus 6538 0.90 ± 0.13 a 0.83 ± 0.08 a 
S. aureus 25923 0.69 ± 0.03 a 0.72 ± 0.05 a 
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FIG 3.1. Inactivation of pathogens in human milk through LTLT pasteurization: (■) Escherichia coli ATCC 25922 plated on 
TSA, (□) Escherichia coli ATCC 25922 plated on Sorbitol McConkey, (▲) Staphylococcus aureus ATCC 6538 plated on 
TSA, (Δ) Staphylococcus aureus ATCC 6538 plated on Baird Parker, ( ) Staphylococcus aureus ATCC 25923 plated on TSA, 
and ( ) Staphylococcus aureus ATCC 25923 plated on Baird Parker. 
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FIG 3.2. Inactivation of Escherichia coli ATCC 25922 by HPP (■) in human milk plated on TSA, (□) in human milk plated on 
Sorbitol McConkey, (▲) in 0.1% peptone plated on TSA, and (Δ) in 0.1% peptone plated on Sorbitol McConkey. 
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FIG 3.3. Inactivation of Listeria monocytogenes ATCC 19115 by HPP (■) in human milk plated on TSA, (□) in human milk 
plated on modified Oxford, (▲) in 0.1% peptone plated on TSA, and (Δ) in 0.1% peptone plated on modified Oxford. 
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FIG 3.4. Inactivation of Staphylococcus aureus ATCC 6538 by HPP (■) in human milk plated on TSA, (□) in human milk 
plated on Baird Parker, (▲) in 0.1% peptone plated on TSA, and (Δ) in 0.1% peptone plated on Baird Parker. 
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FIG 3.5. Inactivation of Staphylococcus aureus ATCC 25923 by HPP (■) in human milk plated on TSA, (□) in human milk 
plated on Baird Parker, (▲) in 0.1% peptone plated on TSA, and (Δ) in 0.1% peptone plated on Baird Parker. 
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FIG 3.6. Inactivation of Streptococcus agalactiae ATCC 12927 by HPP (■) in human milk plated on TSA, (□) in human milk 
plated on Azide 5% Sheep Blood Agar, (▲) in 0.1% peptone plated on TSA, and (Δ) in 0.1% peptone plated on Azide 5% 
Sheep Blood Agar. 
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Chapter 4 

4.1. Conclusion 

The immunological benefit that human milk provides to infants has led to an 

increased interest in banked donor human milk.  Human milk banks assure the safety of 

the donor milk that they provide through prescreening of their donors and Low 

Temperature Long Time (LTLT) pasteurization.  Unfortunately, LTLT pasteurization 

leads to a decrease in the quality of the antimicrobial biomolecules that make human milk 

an ideal nutrition source for infants.  To this end, a method of processing human milk that 

minimizes microbial contaminants yet maintains key nutritional and immunologic 

factors, is critical in developing safe and effective milk banking procedures.  This project 

examined the potential of high pressure processing as an alternative to LTLT 

pasteurization.  This was carried out by studying the effects of High Pressure Processing 

(HPP) on two important biochemical components in human milk, e.g., total 

immunoglobulin A and lysozyme, and by investigating the efficacy of HPP in 

inactivating pathogenic bacteria that could potentially be found in human milk.  The 

results showed HPP to be a promising method that could provide advantages over LTLT 

pasteurization in a human milk bank setting. 

 High pressure processing of human milk at 400 MPa for 30, 60, 90, and 120 

minutes resulted in the retention of 85.6, 87.1, 80.6, and 75.4% activity of  total IgA, 

respectively, while after LTLT pasteurization retained 51.2% activity was retained.  High 

pressure processing of human milk at 400 MPa for 30, 60, 90, and 120 minutes resulted 

in the retention of 106.9, 96.3, 96.3, and 95.8% activity of lysozyme, respectively, while 

after LTLT pasteurization 78.8% activity was retained.  These data suggest that HPP can 
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potentially be a viable alternative for pasteurization of human milk in terms of nutrient 

retention.   

 High pressure treatment (400 MPa) of five pathogens (E. coli, L. monocytogenes, 

Strep. agalactiae, and two strains of S. aureus) inoculated in human milk revealed that E. 

coli and S. aureus ATCC 6538 were the most pressure-resistant pathogens.  E. coli was 

reduced by 6-log10 after 30 minutes, S. aureus ATCC 6538 was reduced by 6-log10 after 

30 minutes, while S. aureus ATCC 25923 was reduced by 8-log10 after 30 minutes.  The 

rest of the pathogens tested were quite pressure-sensitive and were readily inactivated in 

shorter times.  Specifically, L. monocytogenes was reduced by 8-log10 after two minutes 

and Strep. agalactiae was reduced by 8-log10 after four minutes of processing.   

 Furthermore, it was confirmed that LTLT pasteurization is an appropriate process 

for assuring microbial safety of human milk with respect to the organisms evaluated in 

this study.  The data demonstrate the feasibility of using HPP for pasteurization of human 

milk.  The method has clear advantages over LTLT: it results in a product with improved 

nutritional quality; it is faster and perhaps more convenient than LTLT; it can be applied 

to frozen milk samples; and can be used on samples of variable size.  A HPP unit that 

could suit the needs of a human milk bank ranges from $25,000 to $35,000, but the 

resulting benefits may indeed outweigh the costs of such an investment.  Further research 

is needed to evaluate the efficacy of HPP in the inactivation of relevant viral pathogens 

and spore-forming bacteria, and to establish recommended processing times that result in 

reliable inactivation of all relevant pathogens.  This treatment has the potential to be 

developed into a successful pasteurization method for human milk.  It allows efficient 

inactivation of relevant microbial pathogens under mild process conditions, thereby 
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enabling maintenance of the unique nutritional components that are so important to the 

healthy development of neonates and infants.   

4.2. Future Work 

This study examined the effects of HPP on biochemical components and bacterial 

inactivation in human milk at 400 MPa and ambient temperature.  Experiments were 

carried out using an Autoclave Engineers (Erie, PA) isostatic press (Model No. CIP 2-22-

60).  The results of the study show that HPP has the potential to replace LTLT 

pasteurization of human milk in a milk bank setting.  Further work should focus on 

investigating the effects of HPP on the retention of additional biochemical components 

present in human milk.  These might include lactoferrin, alkaline phosphatase, bile salt-

stimulated lipase, and lactoperoxidase.  Additional work on HPP using the same bank of 

organisms used in this study should be conducted to establish recommended HPP 

treatment times for the processing of human milk.  Inactivation of additional vegetative 

bacteria should be conducted such as more pressure resistant strains of the organisms 

already investigated in this research.  It would be interesting to see if the antimicrobial 

components abundant in human milk have an effect on the inactivation of spore-formers 

in human milk.  Further research should also focus on the inactivation of viruses in 

human milk through the use of HPP.  Possible viral pathogens include human 

immunodeficiency virus, poliovirus, herpes simplex virus, hepatitis-A virus, and 

cytomegalovirus. 
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4.3. High Pressure Processing and Pasteurization 

Pasteurization of milk, as defined in the code of federal regulations, title 21, 

volume 8, chapter I, part 1210, section 1210.3, definition (h) is “the process of heating 

every particle of milk or cream to 143oF and holding it at such temperature continuously 

for at least 30 minutes, or to at least 161oF and holding it continuously at such 

temperature for 15 seconds.”  This statement defines pasteurization only as a thermal 

treatment, and therefore HPP cannot be considered a pasteurization method.  However, 

title 7, section 58.236 of the code of federal regulations, states that “all milk or skim milk 

to be used in the manufacture of nonfat dry milk shall be pasteurized prior to condensing 

at a minimum temperature of 161oF for at least 15 seconds or its equivalent in bacterial 

destruction.”  This statement allows room for the potential use of a non thermal process 

to pasteurize a milk food product.  In the same line of thinking, the National Advisory 

Committee on Microbiological Criteria for Foods (NACMCF) (2004) agreed to define 

“pasteurization” as:  

“Any process, treatment, or combination thereof, that is applied to food to 

reduce the most resistant microorganism(s) of public health significance to 

a level that is not likely to present a public health risk under normal 

conditions of distribution and storage.” 

The NACMCF has stated that non-thermal processes and combinations of 

processes and treatments for pathogen reduction can be equally effective as thermal 

pasteurization.   We have not attempted to use the term high pressure pasteurization in 

this report because the objective of this study was to investigate the effects of HPP on 

select biochemical components of human milk and its efficacy in inactivating a small 
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number of potential pathogens.  However, pasteurization aims at eliminating potential 

pathogens of concern for public health and not all of them have been addressed in this 

study.  Further research must be conducted to establish high pressure pasteurization as a 

term and use it to describe the application of HPP on human milk.  The inactivation of 

potential human milk bacterial pathogenic contaminants, spore-formers, and viruses 

through HPP should be investigated.  If this research demonstrates the elimination of 

organisms that are a potential public health threat then the term high pressure 

pasteurization may be applied to HPP of human milk. 

A human milk bank cannot establish a HPP treatment of human milk that would 

last longer than 30 minutes due to cost and efficiency.  However, it is necessary to record 

how these key antimicrobial proteins respond to HPP after a prolonged period of time to 

have a better understanding of their stability and activity.  This information can be used 

in the future to reinforce the use of HPP for increasing the activity and stability of 

antimicrobial proteins in a food industry setting.  Antimicrobial compounds present in 

human milk should be further investigated in combination with HPP to clarify a possible 

synergy that will further promote inactivation of pathogenic microorganisms.  This will 

give the food industry the opportunity to establish higher efficacy with the HPP of food 

products 
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APPENDIX A 

Summary of 2003-2004 NCSU projects 

Preliminary research on HPP of human milk was conducted by two teams of 

undergraduate students and their advisors at the Food Science Department at North 

Carolina State University during 2003 and 2004.  During both studies, milk was obtained 

from the Lactation Center & Mothers’ Milk Bank at WakeMed Hospital in Raleigh, NC.  

In 2003, samples were shipped to the University of Delaware for pressure treatment, 

while in 2004 the samples were pressure treated at N.C. State University after the 

acquisition of a HPP unit from the University of Delaware.  In spring of 2003 aerobic 

plate count and modified enzyme linked immunosorbent assay studies were done on raw 

and pressure processed samples to determine the effects of HPP on human milk with 

regard to destruction of natural microflora and IgA retention.  The findings were used to 

further support a project conducted in the fall of 2003 and spring of 2004.  The same tests 

were performed with the addition of four pathogens and an additional biochemical 

component. 

 During the fall of 2003 and spring of 2004, the microorganisms Staphylococcus 

aureus ATCC 25923 and ATCC 6538, Streptococcus agalactiae ATCC 12927, 

Escherichia coli ATCC 25922, and Listeria monocytogenes ATCC 19115 were 

inoculated into human milk and peptone buffer.  The samples were then processed at 

various pressure levels.  IgA, SIgA, and lysozyme content were quantified in human milk 

samples before and after high pressure processing and it was found that the process did 

not degrade these biochemical components to a great extent.  Specifically, after 

subjecting human milk to 400 MPa, IgA concentration and SIgA activity were 
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determined by using a modified enzyme-linked immunosorbent assay (ELISA) and the 

resulting slopes showed little change, while at the same pressures, lysozyme activity was 

found to be higher in treated samples than in unpressurized samples.  These results 

suggested that high pressure processing has potential to be a viable alternative to LTLT 

pasteurization.  It should be noted that the preliminary microbiological and biochemical 

experiments were not conducted in triplicate nor were they statistically analyzed.  

However, they provided an indication of what direction the experiments described in this 

thesis should take. 

 Tables A.1 through A.3 show the effects of high pressure processing on 

inactivation of three pathogens of concern in both human milk and peptone buffer.  It is 

evident from the results that Streptococcus agalactiae was inactivated in human milk 

within 10 to 15 minutes at 300 MPa, while in peptone buffer inactivation occurred after 

25 minutes of treatment.  In addition, Listeria monocytogenes showed a similar pattern of 

inactivation but required a shorter treatment time.  Listeria monocytogenes was 

inactivated in less than 1 minute in human milk, while it took less than 5 minutes in 

peptone buffer.  Similar studies have been conducted by Mussa et al., (1999) in bovine 

milk, but with longer time requirements for inactivation, thus suggesting a synergy 

between HPP, human milk components and antimicrobial compounds.  Staphylococcus 

aureus was inactivated in human milk between 60 and 75 minutes at 400 MPa, thus 

rendering the pathogen as the most pressure resistant out of the three tested.  On the other 

hand, Staphylococcus aureus reduced by only 4-log10 in buffer, thus suggesting a synergy 

between high pressure processing and the components present in human milk.  
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APPENDIX B. Survival of Staphylococcus aureus in high pressure processed human 

milk and peptone buffer (C.N. Conway, B.E. Farkas, L.A. Jaykus, NCSU Capstone 

project, Spring 2004). 

 

 S. aureus-25923-Milk 
400MPa Log CFU/ml 

S. aureus-6538-Milk 400 
MPa Log CFU/ml 

S. aureus-6538-Buffer 
300 MPa Log CFU/ml 

 
Time (min) 

TSA BP TSA BP TSA BP 

1 7.06 7.10 7.07 7.17 7.33 7.35 
2 6.06 6.233 6.32 6.61 6.46 (est.) 6.45 (est.) 
5 4.54 5.44 5.45 6.28 6.80 (est.) 6.43 (est.) 
10 3.64 4.69 4.81 5.60 5.69 (est.) 5.54 (est.) 
15 2.93 4.06 4.19 5.23 5.55 (est.) 5.61 (est.) 
25 <1.00(est.) 3.17 1.30 4.23 4.86 (est.) 5.15 (est.) 
35 <1.00(est.) 2.56 <1.00 (est.) 3.43 3.40 (est.) 4.16 (est.) 
45 <1.00(est.) 2.02 (est.) <1.00 (est.) 2.95 3.35 (est.) 3.96 (est.) 
60 <1.00(est.) <1.00(est.) <1.00 (est.) 1.74 N/A N/A 
75 <1.00(est.) <1.00(est.) <1.00 (est.) <1.00 (est.) N/A N/A 
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APPENDIX C. Survival of Streptococcus agalactiae in high pressured processed human 
milk and peptone buffer (C.N. Conway, B.E. Farkas, L.A. Jaykus, NCSU Capstone 
project, Spring 2004). 
 
300 MPa S. agalactiae-Buffer Log CFU/ml S. agalactiae-Milk Log CFU/ml 
Time (min) TSA Blood TSA Blood 
0 5.97 5.96 7.54 7.62 
1 5.81 (est.) 5.80 (est.) 6.33 6.65 
5 3.25 3.86 4.89 3.89 
10 2.03 2.13 1.70 (est.) 1.70 (est.) 
15 2.77 1.73 <1.00 (est.) <1.00 (est.) 
25 <1.00 (est.) <1.00 (est.) <1.00 (est.) <1.00 (est.) 
35 <1.00 (est.) <1.00 (est.) <1.00 (est.) <1.00 (est.) 
45 <1.00 (est.) <1.00 (est.) <1.00 (est.) <1.00 (est.) 
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APPENDIX D. Survival of Listeria monocytogenes in pressure treated human milk and 
0.1% peptone buffer. (J. Fishburn, B.E. Farkas, L.A. Jaykus, NCSU Capstone project, 
Spring 2004). 
 

 Milk Buffer 
Time, min TSA mOX TSA mOX 
0 7.56* 7.58 7.89 7.69 
1 <1.00 (est.) <1.00 (est.) 4.88 4.34 
5 <1.00 (est.) <1.00 (est.) <1.00 (est.) <1.00 (est.) 
10 <1.00 (est.) <1.00 (est.) <1.00 (est.) <1.00 (est.) 
15 <1.00 (est.) <1.00 (est.) <1.00 (est.) <1.00 (est.) 
25 <1.00 (est.) <1.00 (est.) <1.00 (est.) <1.00 (est.) 
* Results are given in log CFU/ml 
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APPENDIX E. Inactivation of (■) Escherichia coli ATCC 25922, (□) Listeria monocytogenes ATCC 19115, (▲) 
Staphylococcus aureus ATCC 6538, (Δ) Staphylococcus aureus ATCC 25923, and ( ) Streptococcus agalactiae ATCC 12927 
in human milk.  
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APPENDIX F. Comparison of D-values in days of pathogen inactivation following 
subjection to human milk for 120 minutes and plated on TSA and selective media. 
 
Comparison of pathogen inactivation in human milk 
 TSA SMAC 
E.coli 25922 1.30±0.57 a,b 0.49±0.33 a,c 
L.monocytogenes 19115 0.20±0.05 a,b 0.41±0.26 a,c 
S.aureus 6538 2.81±1.97 b 2.74±2.69 a,b 
S.aureus 25923 0.63±0.24 a,c 0.48±0.11 a,c 
Strep. agalactiae 12927 0.23±0.05 a,b 0.23±0.04 a,b 
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APPENDIX G. D-vales in days of pathogen inactivation following subjection to human 
milk for 120 minutes and plated on TSA and selective media. 
 
 TSA avg stdevp Selective Stdevp 
E.coli 25922 1.30 0.57 0.49 0.33 
L.monocytogenes 19115 0.20 0.05 0.41 0.26 
S.aureus 6538 2.81 1.97 2.74 2.69 
S.aureus 25923 0.63 0.24 0.48 0.11 
Strep. agalactiae 12927 0.23 0.05 0.23 0.04 

 


