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Abstract 
	  
Milk banks supply pasteurized donated human milk (DHM) to preterm infants when maternal 

milk production is insufficient. Studies have shown that DHM may also be a source of bacterial 

content either endogenous or introduced via contamination. Many milk banks screen DHM for 

bacteria to define its safety before processing in order to provide a safe product to preterm 

infants. The aim of this thesis was to define the most prevalent potential pathogen in DHM and 

to investigate the growth kinetics of the pathogen and its ability to produce virulence factors 

(bacterial toxins) in raw, Holder pasteurized (HP) and Ultraviolet-C (UV-C) treated DHM. We 

also aimed to develop a cell-based biosensor to detect bacterial toxins in DHM. 

 

A retrospective audit was conducted on data recorded from the Perron Rotary Express Milk 

Bank, King Edward Memorial Hospital, Subiaco, Western Australia (n=1890). We found that 

Coagulase negative Staphylococcus represented the highest prevalence of bacteria in donated 

milk, isolated from 85.5% of the batches, representing the commensal bacteria. On the other 

hand, we found that the most prevalent potentially pathogenic bacteria were S. aureus in 5% of 

batches. We have also shown the importance of microbiologically testing DHM pre and post 

pasteurization as our audit showed that all were DHM samples negative for bacterial culture pre 

pasteurization while after pasteurization, Bacillus spp. Coagulase negative staphylococcus and 

diphtheroids have been detected. Post-pasteurization microbiological testing therefore ensures 

provision of a safer product to preterm infants. Furthermore, pre-pasteurization microbiological 

testing is a helpful tool to anticipate the potential risk that follows DHM pasteurization such as 

bacterial heat stable enterotoxins. 

 

Some strains of S. aureus can produce a variety of heat stable enterotoxins that can survive 

pasteurization. We assessed the impact of different storage temperatures (37, 21 and 4°C) on S. 

aureus growth and enterotoxin production in raw and heat pasteurized (HP) DHM (10 mL/ 

n=4). We found that S. aureus inoculated in HP DHM and incubated at 37 °C showed an 

increase in number over time until it reached the stationary phase after 9 hours, which was 

equivalent to the bacterial number seen in the LB broth control. At 21°C, S. aureus in HP DHM 

increased from 104 CFU/mL to 106 CFU/mL within 12 hours, with similar kinetics to the LB 

broth control. In contrast, S. aureus decreased slightly in the raw DHM over 12 hours. S. aureus 

in the HP DHM samples incubated at 4°C showed a decrease in the bacterial number, which 

was notable by the 96th hour. We also found that storage of raw and HP DHM at 4°C for 10 

days does not result in toxin production. Furthermore, bacteria did not produce detectable 

enterotoxin within 18 hours at 21°C and only produced detectable toxin at the 9th hour of 

incubation at 37°C when the bacterial load reached 108 CFU/mL. We have demonstrated that 
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the risk associated with the production of S. aureus enterotoxin in DHM is minimal with 

appropriate screening and storage. 

 

UV-C treatment of donor milk showed potential in destroying bacteria in milk with minimum 

effect on immune-proteins (lactoferrin, lysozyme and secretory immunoglobulin A (sIgA)) of 

human milk. We assessed the impact of different storage temperatures on S. aureus growth and 

its enterotoxin A and B production in raw, HP and UV-C treated DHM (400 mL/ n=4). We 

inoculated each sample with 103 CFU/mL of enterotoxin A and B producing S. aureus and 

incubated for 18 hours at 37°C and 14 days at 4°C. We also wanted to know whether UV-C 

could cause S. aureus to produce enterotoxin, so we inoculated raw DHM samples with 103 

CFU/mL of enterotoxin A and B producing S. aureus and treated with UV-C then incubated for 

18 hours at 37°C and 14 days at 4°C. In addition we measured lactoferrin, lysozyme and sIgA 

pre and post treatments and at each time point. At 37°C, the colony count increased in HP DHM 

and decreased in raw and UV-C treated DHM. At 4°C, colony counts in HP-DHM reduced and 

were not detected in raw and UV-C DHM from day 8 of incubation. No bacteria were detected 

in samples that were inoculated prior to UV-C treatment. Enterotoxin A was only detected in 

HP-DHM at 37°C from the 9th hour onward. Enterotoxin B was detected in one sample at the 

15th hour. Immune-protein concentrations were similar in raw and UV-C DHM, and were 

reduced in the HP DHM. We have demonstrated that UV-C treated milk reduces S. aureus 

growth with similar kinetics to raw milk making it a promising emerging technique to eliminate 

bacteria while retaining essential immune-proteins in DHM. 

 

The next issue we tackled was whether DHM might be bacteria free while still containing 

staphylococcal enterotoxin. We went to attempt to detect S. aureus enterotoxin A (SEA) and B 

(SEB) in DHM using a cell-based method to detect the cytokines signals when the enterotoxin 

interacted with the cells. Four DHM samples were divided into three groups; untreated (raw), 

Holder pasteurized (HP) and UV-C treated. Each group was divided into three groups, one was 

spiked with SEA and SEB (commercial), another was spiked with SEA and SEB that were 

prepared after incubating enterotoxin A and B producing S. aureus at 37°C for 18 hours (in-

house enterotoxin) and the third was enterotoxin free. The milk samples were added directly to 

cultured macrophages (RAW246.7) and also the apical side of the co-culture (Caco-2 cells 

(apical side) and RAW246.7 (basolateral side)). After six hours at of incubation at 37°C, culture 

supernatants were collected to quantify TNF-α and IL-6 by ELISA. We were unable to obtain 

conclusive results due to the nature of enterotoxin and cells interaction. Nevertheless, we 

showed that HP DHM that contains enterotoxin causes a higher production of cytokines (TNF-α 

and IL-6) than other HM (raw and UV-C) when added to a single layer of macrophages 

(RAW246.7). Furthermore, we found an inverse relationship between cytokine production and 



	   iv	  

lactoferrin, lysozyme and sIgA.  IL-6 showed an inverse relationship with lactoferrin and sIgA 

only. We have also shown the ability of enterotoxin to cause transcytosis to the epithelial cells 

in order to pass through to the macrophages in the co-culture. 

 

We have clearly established the impact of different storage temperatures on S. aureus growth 

and enterotoxin A and B production in raw, Holder pasteurized and UV-C treated donated 

human milk. We have also established a base for further development of a cell-based biosensor 

to detect staphylococcal enterotoxin in donated human milk. Such a method needs to be evolved 

and developed to further understand the impact of enterotoxins for the preterm infant and may 

also provide a method to provision of a safe product for preterm infants, when mothers own 

milk is not available.  
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Chapter 1: Literature Review 

 

1.1 Introduction 

Human milk (HM) is a biological fluid that is secreted from mammary glands and 

contains nutrients essential for infant growth and development 1. HM contains a 

combination of nutrients (vitamins, proteins, fats and carbohydrates) and bioactive 

components (cells, anti-infectious and anti-inflammatory agents, growth factors, and 

prebiotics) that develop the infant’s organ systems in addition to providing protection 

from infection and disease	   2. Milk composition varies with respect to the stage of 

lactation changing from the first few days post-partum to a consistent composition 

during full breastfeeding and changing again at weaning	   2,3. Composition varies 

between mothers but also by geographical location suggesting the maternal environment 

impacts the composition of milk delivered to the infant	  4,5.	  

HM is considered the optimal infant nutrition in the first 24 months of life for both term 

and preterm infants. However, preterm infants may require additional fortification of the 

milk to meet their increased demand for nutrients 1. It has been demonstrated that the 

term infant immune system is immature and therefore susceptible to infectious agents, 6 

thus maternal antibodies and protective proteins are provided via breast milk	   7. HM is 

associated with decreased incidence of immune-mediated diseases, such as coeliac 

disease, and inflammatory bowel disease as well as acute infection 8. In addition, HM 

harbors microbes shown to influence the development of the infant gut and maturation 

of immune system	  9-11. 

 

Preterm infants have different requirements for nutrition and immune protection than 

term infants. Further their immune systems are more compromised making them 

particularly susceptible to infection 12. Preterm milk which is HM from women 

delivering prematurely (<37 weeks post menstrual age) contains higher levels of 

nutrients and energy compared to milk from women delivering at term (>37 weeks post 

menstrual age); however, preterm milk nutrients reach term levels within 3 to 8 weeks 

after delivery	   2,6,13. The importance of HM for preterm infants is evidenced by the 

decreased incidence of two diseases with high mortality and morbidity rates; late-onset 

sepsis (LOS) and necrotizing enterocolitis (NEC)	  14-17. LOS is a clinical condition with 
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systematic symptoms of infection, usually accompanied by bacteremia that is confirmed 

by the detection of bacteria in blood cultures. In the absence of bacteria it is classed 

clinical sepsis or sepsis-like syndrome 18. Extremely preterm infants (< 28 weeks) are at 

greater risk of developing LOS than infants with higher birth weight and born later (28-

376 weeks)	   19. NEC is defined as intestinal inflammation, which is characterized by 

abdominal distension, bloody stools and pneumatosis intestinalis 20. NEC can be 

diagnosed by persistent thrombocytopenia, neutropenia, coagulopathy, or acidosis. 

Prematurity, low birth weight and gestational age are the most important risk factors for 

the disease 21.	  Moreover, it has been demonstrated that HM fed preterm infants have a 

different gut microbial colonization to infants fed on formula, which influences gut 

development and intestinal functionality, immune system maturation and metabolism 

which may also be a contributing factor to LOS and NEC 22. 

 

While HM decreases the mortality rate and incidence of infection	  1,23, mothers are not 

always able to provide sufficient volumes to meet their infant’s requirements. Risk 

factors for low maternal milk supply include maternal illness such as breast cancer, 

hypoblastic breast syndrome or extensive breast surgery. In addition, poor 

differentiation of the breast during pregnancy or delayed initiation of lactation is also 

risk factors for low milk supply 24,25.  In the instance of insufficient volumes of mother’s 

own milk, donor human milk (DHM) is considered the best alternative and is 

recommended prior to considering preterm formula 1,23,26. The guidelines of most milk 

banks and NICU require DHM to be Holder pasteurized (63.5 ± 1.0 °C for 30 min)	  26,27 

in order to prevent the transmission any infectious agents (bacteria, virus and fungi) 

from the DHM to preterm infants 16,28. Holder pasteurization has been shown to 

effectively remove infectious agents in DHM, however this is at the expense of 

inactivation of bioactive proteins with bactericidal functions 29-31. Further, Holder 

pasteurization is not capable of destroying heat stable bacterial toxins that can survive 

pasteurization	  32-34.  

Describing the incidence of bacterial species detected in DHM and identifying 

potentially pathogenic bacteria and heat stable toxin production may change 

perspectives on DHM bacterial content. Specifically, studies on heat stable toxin 

production in DHM will provide information about conditions in which bacteria 

produce toxin. A relatively new UV-C treatment method of DHM shows higher 

retention of bioactive proteins in DHM 35. Therefore comparison of this alternative 
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method to standard methods to determine whether it inhibits heat-stable toxin producing 

bacteria will help define mechanisms of enterotoxin inhibition.  

 

1.2 Composition of HM 

HM contains nutrients essential for the growth, protection and development of infants 

and includes macronutrients such as proteins (0.8-0.9%), lipids (3-5%) and 

carbohydrates (6.9-7.2%). In addition, micronutrients are also present with vitamins and 

minerals representing 0.2% of all components 36. These components are synthesized by 

the lactocytes or transferred directly from the maternal circulation and/or modified 

within the lactocytes after transfer from the blood	  37. 

	  

1.2.1 HM proteins 

There is wide individual variation in HM protein concentration. HM protein 

concentration is usually high during early lactation (15.8 ± 4.2 mg/mL from 0 to 14 

days). As lactation progresses, the protein concentration gradually decreases in mature 

milk (6.9 ± 1.2 mg/mL from 3.5 to 6.5 months)	   38,39. Preterm milk usually contains a 

higher protein concentration than term milk	   6. HM contains three groups of proteins; 

casein, mucin and whey proteins 40.  

 

1.2.1.1 Casein 

Casein constitutes 10% of the total protein content in colostrum, 40% in mature milk 

and about 50% in late lactation	   41. Casein micelles are made up from several casein 

subunits, calcium phosphate and other ionic contents and are responsible for the white 

colour of HM 41. Phosphorylation of casein micelles and casein molecules facilitates 

high concentrations of soluble calcium in HM 40,42. Casein is also a source of bioactive 

peptides such as β-casomorphins and cysteine protease. β-casomorphins have a role in 

modulating the transportation of amino acids in the intestine in order to extend the 

gastrointestinal transit time in the small and large intestine	   43, while cysteine protease 

has anti-infectious functions by inhibiting bacterial and viral proteases 44.  
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1.2.1.2 Mucin 

Mucin or the milk fat globule membrane proteins represents a lesser amount (1-4%) of 

the total HM protein composition 45,46.  However, mucin contributes to protection from 

microbial infections by forming attachment sites for bacteria and viruses to deactivate 

them and prevent them from attaching to host cells 46.  

 

1.2.1.3 Whey 

Whey is the predominant protein in HM and represents 90% of total protein in 

colostrum and 60% in mature HM, decreasing to 50% as lactation progresses 41. 

The whey protein fraction is complex and comprised of a large number of proteins. The 

major proteins present in whey fraction are α-lactalbumin, secretory immunoglobulin A 

(sIgA), lactoferrin, lysozyme and bile salt-stimulated lipase (BSSL) all of which have 

both nutritional and protective roles. Whey is the most easily digested protein by 

preterm infants. 

 

1.2.1.3.1 α-lactalbumin 

α-lactalbumin concentrations range between 2-3 g/L and it comprises 20-25% of the 

total protein in human milk 40. It has been suggested that α-lactalbumin has a nutritive 

function as it is involved in lactose synthesis 38. Further, it binds to the cations of Ca	  47 

and Zn	  48 in order to facilitate absorption of essential minerals and amino acids that are 

required for infant growth49. Peptides that are formed during α-lactalbumin digestion 

appear to also have antibacterial and immune stimulation properties, assisting in the 

protection against infection 40,50. 

 

1.2.1.3.2 Lactoferrin 

Lactoferrin is one of the most abundant proteins in HM ranging from 0.97 to 11.24 g/L 

at median concentrations of 4.65 g/L 51. In the colostrum of preterm mothers, lactoferrin 

average is 6.25 g/L, while it is lower in the colostrum of term mothers with 5.71 g/L. 

The concentration of lactoferrin reduces to 2.65 g/L in mature preterm milk and 3.64 

g/L in mature term milk 51. 

Lactoferrin is an iron-binding protein that has bacteriostatic properties via depriving 

iron-dependent pathogens of iron	   52,53. Furthermore, it has been shown that lactoferrin 

can disrupt the bacterial cell membrane by binding to the lipid-A portion of 
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lipopolysaccharides 54. Gastric digestion of lactoferrin releases lactoferricin, which has 

antimicrobial activity along with the ability to stimulate the immune system and even 

neutralize endotoxin 55. Lactoferrin has antiviral functions such as blocking viral 

attachment of feline calicivirus and prohibiting adenovirus replication in-vitro and in 

animal models	   56. Furthermore, lactoferrin activates natural killer cells	   56 and exhibits 

anticancer activity	  57.  

Gut health and colonization is critical for both growth and development of the infant’s 

immune system and as such lactoferrin is a key protective component for the vulnerable 

preterm infant who is at greater risk of gastrointestinal complications. In animal models 

lactoferrin stimulates intestinal cell growth in the small intestine	   58 and influences 

population dynamic of gut colonization where levels of lactoferrin in faeces are 

associated with the abundance of microbes such as Bifidobacteria and Lactobacillus in 

the infant’s faeces	  59. 

 

Recently, preterm infants who were fed HM supplemented with bovine lactoferrin 

showed a reduction in risk of late onset sepsis	   60, thus suggesting that preserving the 

bioactivity of lactoferrin in donor pasteurized milk would be highly desirable. UV-C 

treated HM has been reported to eliminate bacteria whilst increasing retention of 

lactoferrin compared to the same milk that has been treated by Holder pasteurization. 

When UV-C treated HM was spiked with 4000 CFU/mL of bacteria, bacterial growth 

rates were similar in raw HM and UV-C treated HM but significantly greater in 

pasteurized HM 61.  This phenomenon is speculated to be due to the retention of major 

bioactive proteins such as lactoferrin. 

 

In addition to its antimicrobial properties, lactoferrin has a nutritive nature as it 

enhances the iron absorption by the infant’s intestine. This is achieved by stimulating 

proliferation and differentiation in intestinal cells in order to increase the tissue mass 

and expansion of the absorption activity of the intestine or through the receptor 

mediated pathway, which improves the iron status of the infants 40,62.  

 

1.2.1.3.3 Lysozyme 

The concentration of lysozyme in HM ranges from 0.02 to 0.266 g/L at median 

concentrations of 0.092 g/L 51. The average of lysozyme in the colostrum of preterm 

mothers is 0.098 g/L and 0.081 g/L in term mothers. In mature preterm milk, the 
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concentration of lactoferrin increases to an average of 0.1 g/L and 0.084 g/L in mature 

term milk51. 

 

Lysozyme is known to have antibacterial properties 40 and can kill Gram-positive 

bacteria through peptidoglycan hydrolysis. Gram-negative bacteria however are 

resistant to lysozyme as their peptidoglycan is covered with lipopolysaccharides (LPS) 

forming an outer membrane that prevents lysozyme from hydrolyzing the peptidoglycan 

of the bacterial cell wall 63. Interestingly an in vitro study has demonstrated that 

lysozyme is capable of killing Gram-negative bacteria by removing the LPS of the 

bacterial membrane whilst in the presence of lactoferrin, which attaches to the bacterial 

cell allowing lysozyme to enter the bacteria and destroy the membrane 54. Thus the two 

components work synergistically. Typically heat pasteurized donor milk retains 9 ±4 % 

lactoferrin and 41 ±14 % lysozyme whereas UV-C treated HM retention of both 

components is 87 ±11 % and 75 ±0 % respectively. Subsequently bacterial growth in 

both raw and UV-C treated milk is significantly lower than heat pasteurized HM 61.  

	  	  

1.2.1.3.4 sIgA 

sIgA is present in all human secretions and is in the highest concentration in HM 

compared to other immunoglobulins	  64. The concentration of sIgA is high (1‐ 2 g/L ) in  

early  lactation  and decreases throughout the course of lactation   (0.5‐1 g/L) 64. The 

concentration of sIgA in HM ranges from 0.26–31.81 g/L at median concentrations of 

1.06 g/L 51. The average of lysozyme in the colostrum of preterm mothers is 2.9 g/L and 

1.18 g/L in term mothers. In mature preterm milk, the concentration of lactoferrin 

decreases to an average of 0.67 g/L and 0.71 g/L in mature term milk 51. 

 

 Maternal acquired immunity can be transferred to the infant by sIgA, through the 

enteromammary pathway, which protects the infant from infection	  40. HM sIgA contains 

antibodies that act against many enterobacterial species and viruses, most of which 

originate from maternal intestinal microbiota. sIgA is a glycosylated protein that 

survives digestion 65 and resists proteolysis 66 making it more persistent than other 

immunoglobulins and active within the infant intestinal tract 40. Similar to lactoferrin 

and lysozyme, heat pasteurized donor milk retained 20-50% sIgA whereas UV-C 

treated HM retained 89±4 % sIgA. The protective function of sIgA was demonstrated 

by a reverse relationship between sIgA retention and bacterial proliferation 61.   
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1.2.1.3.5 Bile salt stimulated lipase (BSSL) 

 BSSL is a glycoprotein that is present in low levels in HM (0.1-0.2 g/L) 67. It plays a 

major role in lipid digestion by catalyzing multiple lipids into monoglycerides that are 

more easily absorbed 40. BSSL is also capable of hydrolyzing monoacylglycerol to a 

glycerol and free fatty acid and improves the effectiveness of utilization of HM lipids 68.   

 

A previous study has shown the importance of BSSL for preterm infants by improving 

fat absorption and supporting growth 69. However, Holder pasteurization employed in 

many milk banks destroys BSSL in donated HM 70. This loss of BSSL in HM may 

potentially impact preterm growth rates in the absence of fortification. 

 

1.2.2 HM Lipids 

HM contains lipids that have an average concentration of 41 mg/mL ranging from 22-62 

mg/mL 71. They represent the major source of energy for the infant	  72 comprising 50% 

of the energy needs of infants, estimated at around 65-70 kcal/dL 2. 

Milk lipid is formed as globules with different sizes ranging from 1 to 12 µm in 

diameter with small globules (1 µm) representing up to 90% of the total globules but the 

lowest percentage of total milk lipid volume in HM.  On the other hand, medium size 

lipid globules (4 µm) comprise most of the lipid volume in HM and large globules (8-12 

µm) represent only 4% of the HM lipid volume 73.  

Milk fat globules are formed in the lactocytes and their core is comprised of nonpolar 

lipids, primarily triacylglycerols, with small amounts of monoglycerides, diglycerides, 

and non-esterified fatty acids 74. Triacylglycerols are formed by a glycerol backbone 

with 3 saturated or unsaturated fatty acids. These fatty acids are divided into short (<10 

carbon chain), medium (10-14 carbon chain) and long chain (16-24 carbon chain) fatty 

acids. Long chain fatty acids represented by the omega-3 fatty acid docosahexaenoic 

acid and omega-6 fatty acid arachidonic acid, contribute to the development of the 

infant’s visual and neural functions 75. Furthermore, some of the polyunsaturated fatty 

acids such as sphingomyelin, phosphotidylethanolamine, phosphotidylserine, and 

phosphotidylinositol, play a crucial role in central nervous system myelinization and 

retina development 76,77.  

In addition to their nutritive and developmental nature, some HM lipids have 

antimicrobial functions. For instance, medium chain fatty acids have the ability to 

disrupt the virus envelope and are able to kill Gram-negative bacteria 78,79. In addition, 
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glycolipids in the HM fat globule membrane have the ability to protect against 

enteropathogens 80. Glycolipids are also capable of suppressing the bacterial toxins of 

Escherichia coli and Vibrio cholera by blocking their epithelial receptors in-vitro81. In 

addition hydrolyzed triacylglycerol products are capable of lysing enveloped viruses, 

bacteria and protozoa in-vitro	  82-84. 

 

1.2.3 HM carbohydrates 

HM carbohydrate content includes both lactose and human milk oligosaccharides 

(HMO).  Lactose is the main carbohydrate in HM comprising 30-40% of the milk’s 

energy	   85. Galactose is one end product of lactose digestion by lactase, which is then 

converted in the liver to glucose providing the main source of energy for cells	  86. 

HMOs are the third most abundant component in milk and they are present in high 

concentrations in colostrum (20 g/L), while their concentration decreases in mature milk 

(16 g/L)	   87. HMOs are indigestible and only a small proportion have been detected in 

the infant’s circulation while the rest are excreted into the infant’s urine	  88.  

HMOs are known to be involved in the development of the gastrointestinal tract by 

acting as probiotics to promote growth of beneficial bacteria like Bifidobacterium 2,3,89. 

Furthermore, sialic acid in HMO has been implicated in infant brain development	  88. It 

has been also suggested that HMO have an important role in influencing calcium 

homeostasis in preterm infants by stimulating calcium absorption 90. This is considered 

a very important function, especially given that preterm infants have a high demand for 

calcium and phosphorus supplementation in order to avoid bone disease of prematurity	  
91.  

 

In addition to their nutritive and developmental nature, HMOs have been showed to 

have an antimicrobial function via blocking the binding sites of enteric bacteria 

(Escherichia coli, Helicobacter pylori and Campylobacter jejuni) and viruses 

(Norovirus and Rotavirus) eliminating them from binding to intestinal epithelial cells, 

lowering the risk of diarrheal diseases 92,93 as well as providing protection from 

Entamoeba histolytica which lowers the risk of respiratory and urinary tract infection	  88. 

Further, HMOs can affect the bacterial composition of the gastrointestinal flora by 

reducing the pH which provides an acidic environment facilitating growth of 

Bifidobacteria longus and Bifidobacteria longum, and decreasing the proportion of 

Escherichia coli and Clostridium perfringens	  94. 
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HMOs can indirectly influence the infant's immune system, shown in vitro studies 

where cytokine production increased following the exposure of cord blood T-cells to 

sialylated HMOs 95. Furthermore HMOs have been demonstrated to influence 

lymphocyte maturation and decrease IL-4 production in adult patients with peanut 

allergy 96. 

  

1.2.4 HM micronutrients 

HM contains a plethora of different micronutrients. These micronutrients include both 

water-soluble vitamins (B1, B2, B3, B5, B6, B9, B12 and C) and fat-soluble vitamins 

(A, D, E and K). Some HM vitamins are dependent on maternal vitamin status and diet. 

Water-soluble vitamins are more affected by maternal intake than fat-soluble vitamins	  
97. Many micronutrients vary in HM with maternal diet and storage including vitamins 

A, B1, B2, B6, B12, D, and iodine	  2. Nevertheless, vitamins K and D are present in very 

low concentrations in HM 2. However, vitamin D levels are higher in the milk of 

mothers who are regularly exposed to sunlight or are taking supplements 2,3,36.  

Minerals such as iodine, sodium, potassium, calcium, magnesium, phosphorus, and 

chloride, selenium, iron and zinc are also present	  98. 

 

1.2.5 HM bioactive components 

HM contains other bioactive components including antigen-specific B-cells, growth 

factors (vascular endothelial growth factor, epidermal growth factor, transforming 

growth factor α, transforming growth factor β, nerve growth factor, and insulin-like 

growth factor), hormones (leptin, adiponectin, ghrelin and insulin) and cytokines 

(interleukin-6 and tumor necrosis factor-alpha) that are known to impact infant growth, 

body composition, immune protection and regulate the development of intestinal 

epithelial cells and  vascular, nervous, and endocrine systems 2,99-101. Further, it has been 

shown that these bioactive components of HM contributed to overall bone health in the 

first 6 months of life 102-104.  

It is clear that multiple components in HM have multiple roles but it is also clear that 

synergies exist between them. Therefore, it is important to preserve as many 

components as possible when processing donor milk in order to confer the full benefit 

to preterm infants. 
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1.3 HM banking 

1.3.1 History of HM banking 

The late 1800s witnessed the beginning of human milk banking. Prior to this, all infants 

were breastfed by their mothers or if they were unable to lactate, wet nurses were hired. 

The first human milk bank (HMB) was established in 1909 in Vienna, Austria. Two 

more HMBs had opened in Germany and the USA by 1919. However, in the 1950s 

companies invented infant formula that was capable of meeting infant growth 

requirements, and subsequently the popularity of breastfeeding and HM decreased. 

Whilst HMB still continued in the 1980s there was a heightened concern regarding the 

transmission of HIV through HM feeding and the need for donor screening, which led 

many milk banks to cease operating 105. The increased understanding of the importance 

and benefits of breastfeeding for newborns led lactating women to express and collect 

milk for their children. This step provided direction for the establishment of 

contemporary HMBs. In 1985 the Human Milk Banking Association of North America 

(HMBANA) was founded to establish professional guidelines for human milk banking 

practices 106. Such a step, along with the availability of technologies (refrigeration, 

freezing and pasteurization) helped to provide a better product and increased the 

popularity of HMB. As a result there was resurgence in the establishment of milk banks 

globally (Figure 1. 1) in Australia, New Zealand, USA, Canada, Mexico, Europe (25 

countries), Asia (10 countries), Africa (6 countries), South America (9 countries), 

Central America and Caribbean islands (28 countries)107 (Figure 1. 1). The increase in 

milk banks increased the availability of a biological alternative to infant formula for 

mothers unable to provide breast milk due to maternal illness, medication or difficulties 

in establishing or maintaining lactation 27. 



	  	  
11	  

	  
Figure 1. 1 Distribution of milk banks worldwide. The red dots represent the countries in which 
there are established milk banks 107. 

 

1.3.2 Donor Human Milk 

It is well known that mother’s own milk is first choice of nutrition for preterm infants as 

it contains all the bioactive components that are required for nutrition and immune 

protection (with the caveat that fortification may be required for the infants energy and 

mineral requirements). Thus mothers of preterm infants unable to feed at the breast 

should be encouraged to express and store milk for their infants. However, often 

mothers of preterm infants have difficulties establishing and maintaining lactation. This 

was shown in 18-29% of mothers with preterm infants, who were unable to lactate	  
108,109. In another study <50% were able to sustain breastfeeding until their infant was 

discharged	  110. Therefore, DHM should be available wherever possible as an alternative 

feeding choice to support the development of preterm infants.  

DHM is HM donated by healthy preterm or term mothers who have more milk than 

their own infant’s requirement. This milk is screened and processed to ensure safety, 

before being dispensed by the HMB.  

 

1.3.3 DHM screening 

Human milk banks follow similar guidelines to those of blood banks; instituting safe 

practices for collecting, processing and distributing DHM. These guidelines are 

predominantly aimed at preventing any potential transmission of disease from the donor 

to the recipient infant.  
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Milk banking practices vary greatly. However some guidelines are almost universal. 

Most milk donors complete a questionnaire detailing medical history. A blood sample is 

screened for antibodies specific for human immunodeficiency virus (HIV), human T 

cell lymphotrophic virus I and II (HTLV I, II), hepatitis B virus (HBV), hepatitis C 

virus (HCV) 26,27,111,112,113,114,115,116 and syphilis 27,111,112,116; one HMB performs chest 

radiograph in order to detect tuberculosis (TB) 113 and another carries out only HIV 

screening and breast examinations 117. Pasteurization is regulated by milk bank 

associations in order for milk banks to dispense HM 26,27,111,112,115,116, although in 

Norway milk banks dispense raw unpasteurized milk 118, whereas others dispense both 
111,113,114,117.	  

 

1.3.4 DHM Acceptance and rejection criteria 

Donated milk is screened by bacterial culture to detect pathogens and determine 

bacterial load. The microbiological criteria for accepting milk for dispensing or 

pasteurization are highly variable between milk banks and even within different 

countries (Table 1. 1). However, all milk banks reject DHM with >105 CFU/mL as this 

bacterial load exceed the limit of pasteurization elimination. The variation of the limits 

of bacterial load (colony counts) for acceptance of donor milk is due mainly to the lack 

of evidence about levels that are detrimental to infant health.  

In some countries, milk can be accepted for pasteurization if it contains less than 1x105 

CFU/ml normal skin flora 111,112,116,117 or less than 1x103 CFU/ml of pathogenic bacteria  
112. The French guidelines have the highest limit of bacterial content (<106 CFU/ml) 

accepted for pasteurization if the milk was from one donor (Table 1. 1). Generally milk 

is regarded safe to be dispensed without pasteurization if it contains ≤104 CFU/ml 

normal skin flora 111,117 or <2500 CFU/ml 112. Norwegian milk banks do not heat treat 

donors’ milk and instead screen the milk for bacterial contamination, discarding milk if 

the bacterial content is > 105 CFU/ml 118. Milk banks also differ in whether they test 

microbial content of donor milk before or after pasteurization or both.  However, if any 

bacterial growth is detected after pasteurization, the milk is discarded 115. Rigor of 

testing differs by country in that some banks test every batch of donor milk	   27,111,113, 

while in others, post-pasteurization microbial testing is performed every month or every 

10 cycles 26,112. 
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In Perth, Australia, All milk donors complete a questionnaire detailing medical history. 

A blood sample is screened for antibodies specific for human immunodeficiency virus 

(HIV), HTLV I and II, hepatitis B surface antigen, hepatitis B core antibody, hepatitis 

C, and syphilis. Lactation history, number of pregnancies, milk production, diet, health 

status, smoking status (donors must be non-smokers) and medications being taken by 

donor mothers are also reviewed. Pre-pasteurization samples are taken for microbial 

analysis. These samples must not contain pathogens capable of producing heat stable 

enterotoxins or have >1x105 colony forming units/ml (CFU/ml). Donor milk is then 

pasteurized using the Holder pasteurization method (63.3°C for 30 minutes). Post-

pasteurization samples are taken for microbiological analysis and are frozen instantly. 

Microbiological testing then determines if there is microbial growth and if so the milk is 

discarded 27 (Figure 1. 2). 
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Table 1. 1 Human Milk Bank guidelines showing microbiological criteria for milk acceptance 

Microbial analysis 
Pre-pasteurization Post-pasteurization 

Guidelines Reject  Accept Reject Accept 
 
 
 

Australia (Perth) 
27 

• >105* commensals 
• Any count of potential 

pathogens capable of 
producing heat-stable 
enterotoxin  

• Any count of 
Enterobacteriaceae  

• Any count of 
enterococci 

• ≤105* bacterial 
content  

 

Any 
bacterial 
growth 

No bacterial growth 

 
North America 119 

 
No pre-pasteurization test 

Any 
bacterial 
growth 

No bacterial growth  
 

 
 

United Kingdom 
112 

• >105* commensals 
• >103*Enterobacteriaceae 
• >103* S. aureus 

• <103* any viable 
bacteria 

• <105* commensals 
 (< 2500 org/ml 
commensals milk 
dispense without 
treatment) 

Any 
bacterial 
growth 

No bacterial growth 
 
(1-2* is acceptable) 

 

France 120 

• ≥105* aerobic flora  
• ≥106* of batch from 

single donor   
• ≥104* S. aureus  

• <104 * bacteria  Any 
bacterial 
growth 

 
No bacterial growth 

 
Italy 26 

• >105* bacteria 
• >104*Enterobacteriaceae  
• >104* S. aureus 

• <105 * bacteria Any 
bacterial 
growth 

No bacterial growth 

 
Sweden 113 

• ≥105* S. aureus 
• ≥102*Enterobacteriaceae 

or Pathogenic bacteria  

• <105 * bacteria Any 
bacterial 
growth 

No bacterial growth 

Norway	  118 • >105* any bacteria 
 

• <105 * bacteria 
(Accept for dispense) 

Milk is used without 
pasteurization 

 

Germany 114 

• >105* any bacteria 
 

• <105 * bacteria 
(Depends on bacterial 

species can be Accepted 
for dispense without 

treatment) 

Any 
bacterial 
growth 

No bacterial growth 

 
South Africa 115 No pre-pasteurization test 

Any 
bacterial 
growth 

No bacterial growth 

 
India 116  

• ≥105 * viable bacteria  
• ≥104Enterobacteriaceae 
• ≥104 S. aureus 

• <105* commensals 
• <104* pathogens 

Any 
bacterial 
growth 

No bacterial growth 

 
 
 

Philippines 117 

• ≥105 * viable bacteria 
• >104*Enterobacteriaceae 
• >104* S. aureus 
• 104 fecal bacteria 
• Presence of unusual or 

Spore forming 
bacteria) 

• <105 * commensals 
• <104* pathogens 

 
(Dispense milk 

without treatment if 
≤104* commensals) 

Any 
bacterial 
growth 

No bacterial growth 

*: CFU/ml     
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Figure 1. 2 Donor human milk storage and processing in Australia 27. 
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1.4 HM treatment methods 

1.4.1 HM pasteurization 

Pasteurization can be defined as a thermal treatment in order to destroy harmful 

microorganisms with minimum change of the product content. This can be applied via 

one of three methods; ultra high temperature (UHT) 121,122, flash pasteurization (high 

temperature, short time – HTST) or Holder pasteurization (HP). 

 

The UHT method is performed at 138°C for 1-3 seconds. UHT was developed in order 

to eliminate all microorganisms in bovine milk to minimize milk spoilage during 

transport and storage. However, this method causes a change in both flavour and colour 

of the milk	   155,156123. Due to the high temperature used in UHT method, treatment is 

sterilizing and many bioactive products that are needed for the growth and development 

of preterm infants are lost. 

 

HTST is performed at 72°C for 15 seconds followed by rapid cooling at 4°C. HTST is 

employed as a pasteurization method in the dairy industry because it not only reduces 

time but also energy consumption. Further, this method maintains both the color and 

flavor of the treated milk 155,156. This method has been shown to eliminate viruses such 

as HIV, HCV, HBV	   124 and CMV 28. HTST has been used to destroy bacteria in HM 

with minimal damage to immune-proteins (lactoferrin, sIgA and lysozyme) while BSSL 

was inactivated125 (Table 1. 2). Another study showed that BSSL was preserved in HM 

treated by HTST along with lactoferrin and sIgA while lysozyme decreased	   126. 

However, another study showed that HTST method reduced the immune-proteins in 

treated HM	   127,128. These variations in HM immune-protein retention are likely due to 

the varying ability of different equipment to control both the heating and cooling 

periods accurately.  

 

HP is used routinely in human milk banks to eliminate contaminants from the milk; 

however, it also eliminates or reduces some of the major bioactive components by 

denaturing proteins that provide protection from pathogens and toxins in infants 3,6. The 

major protective proteins such as sIgA is decreased along with other major proteins 

such as lactoferrin and lysozyme 3,6,30,61,70,129 leaving HM with lower retention 

compared to HTST (Table 1. 2). Further, Holder pasteurization destroys amylase, which 

is decreased to 15% of its original activity, and alkaline phosphatase and BSSL are 
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totally eliminated	  130,30,131. Lactose and HMOs are not affected by Holder pasteurization 
30,132. Thus Holder pasteurization achieves the goal of eliminating potential pathogens, 

along with beneficial bacteria, from donor milk, at the expense of reducing the 

bioactivity of the milk. There is a caveat that Holder pasteurization cannot destroy 

particular heat stable spore forming bacteria such as Bacillus spp. 133 or bacterial heat-

stable toxins that are resistant to high temperatures such as staphylococcal enterotoxin 
33. One might speculate that their presence in milk may put preterm infants in risk, 

particularly since their immune systems are immature and there is a marked reduction in 

the bioactivity of the milk. This is somewhat supported by evidence, albeit weak, that 

suggests detectable bacterial toxins might be involved in the development of sepsis and 

NEC in preterm infants 31,134. 

	  

1.4.2 Alternative treatment methods 

Alternative to pasteurization to remove pathogens from HM are rapidly being explored 

and employ different technologies. 	  

	  

1.4.2.1 Ultraviolet irradiation 

Ultraviolet (UV) can be used for liquid treatment as a method for microbial inactivation 

in liquids by damaging the microbial DNA and inhibiting the bacterial replication. UV 

irradiation is electromagnetic irradiation with a wavelength (100–400 nm). UV is 

subdivided according to its electromagnetic spectral areas into four types, UV-A (320-

400 nm), UV-B (280-320 nm), UV-C (200-280 nm) and Vacuum-UV (100-200 nm)	  135 

(Figure 1. 3). The most effective UV spectrum for germ elimination is the range 

between 250 - 270 nm. This is due to its strong absorbance by nucleic acids 136. 

Wavelengths of 250 - 270 nm lead to pyrimidine dimers formation, which deform the 

DNA helix and block cell replications	  137. Thus UV-C is considered the most lethal for 

microorganisms. UV-C irradiation has been demonstrated to be effective against E. coli 

O157:H in unpasteurized apple juice 138,139. Furthermore, UV-C has been successfully 

used to treat HM to eliminate bacteria and CMV in HM 35,140,141. Christen and 

colleagues have shown that a dosage of 4863J/L UV-C is required for the elimination of 

5-log10 bacteria in HM 37. In addition to UV-C’s ability to eliminate the microbial threat 

in HM, it also showed higher retention of sIgA, lactoferrin and lysozyme in treated HM 

compared to Holder pasteurized HM 61 and HTST 142 (Table 1. 2). 
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However, it has yet to be determined whether UV-C treatment of DHM causes bacterial 

toxin production during their bacterial inactivation or alternatively whether it actually 

inhibits the production of bacterial toxin by inhibiting the bacterial proliferation in HM. 

Furthermore, whether storage conditions of UV-C treated HM are capable of initiating 

enterotoxin production by bacteria. 

	  
Figure 1. 3 Ultraviolet electromagnetic spectral areas. 
	  

1.4.2.2 Ultrasonication 

Ultrasonication is a treatment method that uses a frequency between 20-100 kHz to 

pasteurize milk and fruit juice. The principle of this method is based on forming internal 

cavitation in the liquid by ultrasonic waves, resulting in the formation of microscopic 

bubbles that collapse, producing pressure waves and localized heating. The pressure and 

heat cause the disruption of the cell membrane and cell death	  143. It has been shown to 

decrease Listeria monocytogenes and Escherichia coli in liquids 144,145.	   Furthermore, 

ultrasonication combined with heat (50°C for 2.8 min.) decreased bacteria in HM such 

as E. coli and S. epidermidis by 3 log10, while retaining 91% of sIgA, 80%, lysozyme 

and 66% of lactoferrin	   146. Despite ultrasonication ability to eliminate bacteria, this 

method failed to eliminate non-enveloped viruses	  147. Ultrasonication still needs further 

evaluation and study, especially as studies have been limited to small volumes of milk. 

 

1.4.2.3 Other treatment methods 

Other HM treatment methods include High hydrostatic pressure (HHP). This method 

uses a very high pressure to compress the cell membrane causing disruption and 

ultimately cell death 148 thereby sterilizing fluids. This method showed higher 

lactoferrin retention (63%) under 600 megapascal compared to HP (40%) 149.  
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Pulsed electric field (PEF) is another method that operates on the principle of applying 

short pulses of high electrical current to food positioned between two electrodes for less 

than one second. This will kill bacteria through the formation of pores in the bacterial 

cell membrane (electroporation)	  150. This method is capable of eradicating E. coli from 

liquids 151. 

 

 
Table 1. 2 The effect of different treatment methods on HM immune-proteins 

* Significant  (treatment with 3474 and 4683 J/L) 

 

1.5 Factors impacting DHM composition 

1.5.1 Stage of lactation 

HM composition varies depending on the stage of lactation. Lactation can be divided 

into three stages depending on the milk type, colostrum (early), transitional milk and 

mature milk.  

In the first few days after birth, colostrum is secreted. It provides immunological 

support to infants, as it has high levels of immunoglobulin IgA, lactoferrin, leukocytes, 

and developmental factors. At the commencement of secretory activation, the volume of 

milk increases and thus the concentration of many components such as lysozyme, 

lactoferrin and leptin and sIgA decrease with lactation stage 155-158. In the period before 

full milk production (typically 14 days after delivery), transitional milk is produced. It 

is characterized by the presence of higher concentrations of macronutrients and 

micronutrients than mature milk, but less than that of colostrum 2,3.  

 Holder Pasteurization Effect of High Temp 

Short Time 

Effect of Ultraviolet-C 

irradiation 

 

Lactoferrin 

Reduction by 35-90% 

-Significant	  61 

-Non significant 152-154 

- No change 125, 126, 142  

 

- Reduction by 

         7.8-14.3%142 

Reduction by 5-11%* 61 

 

Lysozyme 

Reduction by 20-69% 

-Significant 61 

-Non significant 28, 152, 153 

- Significant Reduction by   

47.1-64.5% 142 
Reduction by 9-25%* 61 

 

sIgA 

Reduction by 20-50% 

-Significant 61 

-Non significant 28, 153 

- No change 125, 126 

 

-Significant Reduction by 

20 % 127, 128 

Reduction by 5-13%*	  61 
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1.5.2 Length of gestation 

Carbohydrate, lipids and proteins are significantly higher in preterm HM compared to 

term HM 13. The composition of HM varies with the length of gestation, for example 

preterm transitional milk, contains higher levels of protein with differences up to 35% 

(7 g/L) in colostrum, while the difference decreases by the 3rd day postpartum to 10% (2 

g/L) and micronutrients than mature breast milk	   159. This confers some benefit to the 

preterm infants as they require increased protein to meet their energy requirements160. 

However, it is unknown if this a consequence of interrupted development of the 

mammary gland as protein levels normalize to term milk levels over time. Preterm HM 

also has higher concentrations of lactoferrin in the first week post partum compared to 

term HM 157.  

Preterm HM has higher concentrations of immune-proteins compared to nutritional 

proteins	   51,161. Additionally, when a fetus is delivered extremely prematurely (<28 

weeks), the mother’s milk will have a higher content of epidermal growth factor and 
transforming growth factor-α which will increase support for the maturation of the 

gastrointestinal tract and the overall development of preterm infants	  162.  

 

1.5.3 Maternal characteristics 

Mothers with higher BMIs have been shown to have lower milk protein concentrations 
163 and higher leptin concentrations 164 with HM leptin being related to maternal plasma 

levels	  165. 

Furthermore, it has been demonstrated that the insulin level in HM is positively related 

with maternal BMI 166,167. HM insulin levels were higher than maternal plasma levels,  

milk lipids tend to decrease with increased parity 163, while adiponectin decreases with 

increased parity	   166. The milk of smoking mothers has also been reported to have a 

lower concentration of lipids, proteins and sIgA 163.  

Maternal diet also appears to impact the composition of HM. Milk lipids have been 

shown to increase with high maternal fat intake 168 and a high dairy diet	   169. 

Furthermore, high maternal protein intake is associated with increased total milk protein 
49.  Interestingly, it has been reported that mothers with high protein intake also showed 

higher lipid concentration in their milk 16 weeks postpartum	  170. 



	  	  
21	  

The reasons for variation in milk composition need further study with consideration 

being suggested for the recruitment of mothers to provide donor milk for preterm 

infants.  

 

1.5.4 DHM pooling 

The purpose of pooling DHM is to distribute the nutrients evenly 107. Some milk banks 

pool milk from one donor while others pool milk from multiple donors. Pooling the 

milk of a single donor allows simpler tracking of the milk and achieves consistent 

nutritive content, however, if the milk contains lower concentration of a particular 

component this may impact an infant when only fed milk from one donor. On the other 

hand, pooling milk of multiple donors can dilute the average composition of fat and 

protein especially if the donations are collected at a specific time: For example 

collecting low in fat milk when the breast was full early in the morning. Thus pooling 

milk from multiple donors provides a consistent HM composition particularly with 

respect protein and fat 171 which are important components to support preterm infant 

growth and development.  

 

1.5.5 DHM storage 

Another factor that can affect HM composition is storage. Although storage is an 

important step between collection and processing, it has a negative impact on HM lipid 

content as the milk’s lipid decreases significantly (8.2-9.4%) following the freezing and 

thawing process 172. This may also be due to factors such as adsorption of lipid to the 

walls of the container. HM antimicrobial components such as the milk fat globule 

membrane appear to also gradually decrease during storage at  -20°C 173. On the other 

hand, a previous study has suggested that freezing HM is preferable to refrigerating in 

order to maintain the milk bactericidal properties 174. 

 

1.5.6 DHM heat treatment 

In addition to storage, HM goes through Holder pasteurization in order to inactivate 

infectious agents. This process decreases the retention of HM proteins with 

antimicrobial properties (immune-proteins) such as lactoferrin, lysozyme and 

sIgA3,6,30,61,70,129 (Table 1. 3). Furthermore, BSSL activity is completely lost with heat 
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treatment 70. As such, alternative pasteurization treatments are being explored to 

improve the quality of donor milk and these are summarized in section 1.4.  

 
Table 1. 3 HM components and the effect of Holder pasteurization (adapted from 70,175-177) 

Component Retention 

Total lipids 94.5% 

Lactoferrin 10-65% 

Lysozyme 31-80% 

sIgA 50-80% 

BSSL 0% 

Carbohydrates 

Lactose 

HMOs 

 

100% 

100% 

Vitamins 

A 

B12  

D 

E 

B2 

B6 

B9 

 

100% 

100% 

100% 

100% 

100% 

85% 

69% 

 

1.6 HM bacterial content 

HM is not sterile and it represents a continuous source of commensal mutualistic and 

probiotic bacteria (microbiome) that modulates neonatal gut colonization early in life. 

The infant ingests approximately 1×105 to 1×107 bacteria/day based on the average 

daily breast milk intake of 800 mL	  71. The origin of these bacteria is still not clear, with 

several possibilities postulated. The strongest evidence is that maternal dendritic cells in 

the gut transport bacteria through the lymphatic system to the breast evidenced by a 70–

88% similarity of bacterial genera between human milk samples and infant’s faeces 
178,179 (Figure 1. 4).	  Other potential sources are maternal skin or the infant oral cavity 
180,181.  
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Figure 1. 4 Potential source of the bacteria present in human colostrum and milk 179. 

 
 

The most common bacteria found in HM include Bifidobacterium, Lactobacillus, 

Staphylococcus, Streptococcus, Bacteroides, Clostridium, Micrococcus, Enterococcus, 

and Escherichia (Table 1. 4). They protect the host gut by competing with pathogenic 

bacteria for nutrients and binding sites thus preventing colonization of pathogens. 

Further, they may destroy pathogens by producing hydrogen peroxide, bacteriocins or 

acid 11. The bacterial composition of HM is highly variable and diverse and there are 

complex interactions between bacteria in HM with other HM components and the infant 

gut. For example soluble factors in milk such as sIgA appear to influence the 

composition of the neonatal microbiota by enhancing biofilm formation of normal 

human gut flora and preventing their migration from the intestine	  182 . 

Whilst HM harbors its own microbial community the presence of potential pathogens is 

relatively common 183-186. This may represent contamination during the collection of the 

sample and sometimes may be indicative of subclinical or acute mastitis, but generally 

is not clinically significant 187,188. Contamination of DHM has been also identified 

during collection and processing of HM 181,189,190.  
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1.6.1 Commensal bacteria in HM 

1.6.1.1 Lactobacillus 

Lactobacillus is a genus of Gram positive, rod shaped, non-motile, non-spore forming 

bacteria that ferment lactose	  191. These bacteria can be found in the acidic environment 

of the intestine and are able to suppress pathogenic bacterial species	  192. They also play 

a role in enhancing the innate immunity in-vivo 193. Lactobacillus salivarius and 

Lactobacillus fermentum are able to activate macrophage production of Th1 cytokines, 

such as Interukin-2 (IL-2) and Interlukin-12 (IL-12) and the inflammatory mediator 

tumor necrosis factor alpha (TNF-α), in the absence of an inflammatory stimulus 194. In 

addition, Lactobacillus have the ability to neutralize cytotoxicity in epithelial cells that 

is produced by pathogenic bacteria such as Streptococcus pyogenes 195. It has been 

shown that formula enriched with Lactobacillus fermentum was associated with the 

prevention of community-acquired gastrointestinal infections by 46% and upper 

respiratory tract infections by 27% in 6 months old infants 196.  

	  

1.6.1.2 Bifidobacterium 

Bifidobacterium is a Gram positive, non-motile, non-spore forming, pleomorphic often 

branched anaerobic bacilli. It inhabits the intestinal tract of human and other mammals	  
197. Bifidobacteria have an immunological role as they activate immune responses such 

as inducing specific and nonspecific antibody production and nonspecific resistance to 

toxins. They have also been shown to suppress harmful bacteria and have demonstrated 

anti-tumor effects 198,199. Bifidobacteria also combine synergistically with Lactobacillus 

to suppress pathogenic organisms by secreting acetic acid. 

 

1.6.1.3 Staphylococcus 

Staphylococcus is Gram positive, round shaped, catalase-positive cocci, usually 

arranged in clusters. Coagulase-negative Staphylococci are present in HM as 

commensal bacteria. They help to resist the presence of pathogenic agents. For example, 

some strains of Staphylococcus epidermidis (S. epidermidis) antagonize in vivo 

colonization by Staphylococcus aureus (S. aureus) by inhibiting attachment to the 

mucosal surfaces 200. This effect is accomplished by secretion of Esp serine protease, 

which degrades the human protein receptors of S. aureus 201. However, S. epidermidis is 
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an opportunistic pathogen, thus it can be pathogenic for preterm infants and is one of 

the causative agents of device-related infections	  202. 

	  

1.6.1.4 Streptococcus 

Streptococcus is Gram-positive, oval shaped, coagulase-positive, usually arranged in 

chains. It has been shown that Streptococcus viridans inhibits oral colonization by 

methicillin-resistant S. aureus (MRSA) in newborns 203. In addition, the healthy infant 

gut is defined by the presence of Streptococcus viridans 179. In addition, it has been 

observed that milk may contain a non-haemolytic Streptococcus salivarius 181, which 

can produce salivaricin which eliminates pathogenic Streptococcus pyogenes in the oral 

cavity	   204. This evidence supports the practice of delivery of colostrum to preterm 

infants as soon as available (oral immune therapy)	  205. 

	  

1.6.2 Potential pathogenic bacteria in HM 

HM contaminated with infectious bacteria could potentially cause life threatening 

infections such as late-onset sepsis and NEC in preterm infants 31. The mode of 

transmission from HM to preterm infants is either direct or indirect.  

The direct route occurs by maternal transmission of pathogenic bacteria to her infant 

through direct feeding such as in the case of subclinical or acute mastitis where S. 

aureus has been identified as one of the major pathogens179. The milk can also be 

contaminated indirectly during or after the expression of the milk. Sources of indirect 

contamination include improper expression or storage practices (e.g. contaminated 

collecting equipment or contaminated containers). The method of expression may also 

increase contamination of the milk with the use of breast pumps being associated with 

higher rates of bacterial contamination compared with manual expression 206. 

Additionally, improper storage of milk, such as fluctuation in refrigeration temperature, 

can lead to proliferation of pathogenic, psychotrophic bacteria that can be found in 

hospital environment such as Pseudomonas and Alcaligenes, as cool 181. HM can also 

become contaminated with maternal skin flora, including coagulase-negative 

Staphylococcus and diphtheroids 207. In addition to S. aureus and group B streptococci, 

many other bacterial pathogens that can potentially be transmitted through expressed 

breast milk have been detected including Eschericia coli, Pseudomonas spp., Klebsiella 

spp., Salmonella spp. and Bacillus spp. 31,183-186,208-210. 
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1.6.2.1 Staphylococcus aureus 

S. aureus is a facultative anaerobic Gram-positive coccus bacterium. It inhabits the nose 

and can be found on the skin. This pathogenic agent is capable of a range of infections 

that vary from simple infections such as skin lesions to more serious infections such as 

bacteremia, scalded skin syndrome 183 in addition to NEC and late onset sepsis in 

preterm infants	  211 . More than half of S. aureus strains have the ability to produce heat 

stable enterotoxins, therefore heat treatment can kill the pathogen but can not destroy 

the toxin 33. The ingestion of this toxin may cause nausea, vomiting and diarrhoea 

within a few hours 212. However, the effect of enterotoxin on preterm babies is still 

unknown.  

 

It has been documented that S. aureus, either methicillin-susceptible (MSSA) or 

methicillin-resistant (MRSA) is a major colonizer of the intestine of sick term infants 

admitted to NICU 213,214. This pathogen can be transmitted during breastfeeding if the 

mother suffers from a breast abscess or mastitis 179. In the case of donated milk, studies 

have reported isolation of both MSSA and MRSA from donor milk 183,190. Further, a 

case report of late-onset sepsis (LOS) in a preterm infant identified the cause as a 

MSSA infection acquired through the ingestion of his mother’s own expressed milk 

while the mother was asymptomatic 215. 

	  

1.6.2.2  Group B Streptococcus 

Group B streptococcus (GBS) belongs to group B in Lancefield grouping system. The 

only pathogenic species in this group is Streptococcus agalactiae. It colonizes the 

colon, throat, and vagina in up to 40% of women. Some GBS serotypes are responsible 

for causing infection in neonates such as early onset sepsis (12 hours after birth) and 

late onset disease (7 days to 3 months after birth). Cases of early-onset sepsis are related 

to maternal vaginal bacteria transmission to the infant during birth. The incidence of 

late onset disease is higher among preterm infants 216, and can be transmitted by nursery 

personnel or via other nosocomial or community pathways 184. Expressed breast milk 

(mothers own milk or donor milk) has been identified as a potential transmission 

pathway, 184,186,217. 
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1.6.2.3 Klebsiella 

Klebsiella pneumoniae is a Gram-negative bacillus, colonizes the intestinal mucosa of 

the colon. It can also be found in nasopharynx and skin, and external sources include 

water and soil 218,219. It is responsible for hospital acquired infections such as 
septicemia, urinary tract infections, pneumonia, and soft tissue infections especially in 

immune-compromised patients 220. A case study showed that five NICU infants 

developed bacteremia after the ingestion of breast milk that was contaminated with 

Klebsiella. The source of this contamination was identified as a contaminated breast 

pump used for the expression of the milk 208. Another study showed one batch of 

expressed donor milk contaminated with Klebsiella fed to three preterm infants resulted 

in late onset sepsis 186. 

 

1.6.2.4 Pseudomonas aeruginosa 

Pseudomonas aeruginosa is an aerobic Gram-negative bacillus. It can be isolated from 

soil, water, and moist environments 221. It is one of the leading causes of nosocomial 

infections, representing 10% of all hospital-acquired infections	  222. These bacteria have 

a metabolic	   diversity, allowing them to colonize different parts of the body. 

Pseudomonas aureginosa is the most common species that causes opportunistic 

infections in human 221. These bacteria can cause complications for preterm infants such 

as intestinal tract colonization 223, respiratory infection 224, and endophthalmitis 225. It 

has been showed that Pseudomonas aeruginosa can be isolated from expressed HM and 

represents a major threat to preterm infants 190,223. 

	  

1.6.2.5 Bacillus cereus  

Bacillus cereus (B. cereus) is a Gram-positive bacillus. Some strains are able to grow in 

low temperatures 4 - 5 °C (psychotrophic), while other strains are mesophilic and can 

grow and survive in temperatures of 15 - 55 °C. They have the ability to produce two 

types of enterotoxins; a toxin causes diarrhoea (diarrheal toxin) and a toxin that causes 

vomiting (emetic toxin)	   226.	   The emetic toxin is heat-stable as it can resist high 

temperatures up to 126 °C for 90 minutes 34. Furthermore, Bacillus cereus can produce 

spores that are heat-resistant and may survive pasteurization 227. Bacillus poisoning 

usually occurs because heat-resistant endospores survive heating and due to rapid 

cooling to temperature between 10 - 50 °C they germinate and multiply, rendering heat 
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treatment ineffective 226,228. B. cereus is a potential threat to preterm infants because of 

their compromised immune systems and has been isolated from expressed HM 133,210. 

	  

1.6.2.6 Escherichia coli  

Escherichia coli (E. coli) is a Gram-negative bacillus. It is part of the commensal flora 

that inhabits the human intestine and can be pathogenic outside of the intestinal tract.. 

The presence of this bacterium in water or food indicates faecal contamination	  229. The 

types of E. coli that cause disease via transmission through contaminated water or food 

include septicemia and meningitis in infants 230. There are six pathotypes of E. coli. 

Enterotoxigenic E. coli (ETEC) or shiga toxin-producing E. coli (STEC) causes 

foodborne infection and produces shiga toxin CDC 231. There are two types of Shiga 

toxins produced by E. coli, shiga toxin 1 (Stx1) and shiga toxin 2 (Stx2). Stx1 is heat-

labile, while Stx2 is a heat-stable toxin that cannot be eliminated by pasteurization 

methods	   32 and therefore may cause infection 232. Another heat-stable toxin that is 

produced by ETEC is enterotoxin (ST). This toxin can still be active even after 

treatment at 95 °C for 60 minutes. It has two classes; STa, which is associated with 

human infection, and STb, which is associated with bovine infections 233.  All ETEC 

toxins can cause infections with symptoms that include diarrhoea, nausea, vomiting and 

abdominal cramps. E. coli has been isolated from raw donor milk and represents as high 

as 8.6% of the overall bacterial contaminants	  234. 
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Table 1. 4 The most common bacteria detected in human milk and their pathogenicity and toxin 
32-34,181,186,191,197,226,233 

Genera Species Pathogenicity Toxin 

Lactobacillus L. gasseri,  

L. fermentum, 

L. rhamnosus 

Low 
__ 

Bifidobacterium B. breve, 

 B. bifidum 

B. longum 

 

Low __ 

Staphylococcus  CoNS Low __ 

S. aureus High Enterotoxin (heat stable) 

α-haemolysin (heat labile) 

Streptococcus 
S. salivarius, S. 

mitis, S.australis,  

S. lactarius 

Low __ 

S. agalactiae (GBS) High  β-haemolysin (heat labile) 

Bacillus B. cereus High Emetic toxin (heat stable) 

Diarrheal toxin (heat labile) 

Escherichia ETEC  High Stx1 (heat labile), Stx2 (heat stable)  

Enterotoxin (heat stable) 

Pseudomonas P. aeruginosa High Endotoxin 

Klebsiella K. pneumoniae High Endotoxin 

CoNS: Coagulase negative Staphylococcus              GBS: Group B Streptococcus      

ETEC: Enterotoxigenic Escherichia coli                 Stx: Sihga-toxin 
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1.7 Bacterial heat-stable toxins 

Many bacteria are capable of producing toxins. Some bacteria secrete exotoxins which 

are highly potent and often have extreme neurological effects. Endotoxins are part of 

the Gram-negative bacterial outer membrane, and are produced during growth, but 

released in high concentrations upon bacterial death e.g. after treatment with antibiotics. 

An enterotoxin is exotoxin that that targets the intestinal mucosa, causing vomiting and 

diarrhoea. Bacterial species that produce enterotoxins and are also found in donor HM 

are Staphylococcus, Bacillus and Escherichia	  133,226,235,236. 

 

Staphylococcal enterotoxins (SE) are classified as superantigens that have the ability to 

stimulate a large numbers of T lymphocytes. Superantigen-mediated immune activation 

is responsible for symptoms associated with toxic shock syndrome and food poisoning 
237,238. Currently, about 23 enterotoxins have been identified as distinct serological 

enterotoxins. These include SEA, SEB, SEC, SED, and SEE	  239. The most common SEs 

are SEA and SEB. SEA is most frequently involved in food poisoning caused by 

Staphylococcus	   240. The enterotoxin has the ability to resist both heat and acid. 

Therefore, they are able to withstand cooking and heat treatment. Furthermore, the 

enterotoxins are resistant to proteolysis by gastrointestinal proteases including pepsin, 

trypsin, rennin and papain 33. Enterotoxins can therefore persist longer than the bacteria 

that produce them. The most common symptoms resulting from the ingestion of food 

contaminated by SEs are nausea, vomiting, diarrhea and abdominal cramps, which 

occur within 2–6 hours of ingestion	  241,242. 

 

Donor milk is almost universally screened for bacterial contaminants and pasteurized 

prior to provision to the infant. This ensures the absence of bacteria however as 

discussed heat-stable toxins may still be present in the milk. This raises two questions; 

1) Are heat-stable toxins produced in pasteurized milk and 2) under what conditions 

does this occur. An understanding of toxin production is necessary to design methods 

that can be employed to specifically avoid toxin presence in DHM. 

This matter is important to resolve as some studies have suggested that they may be a 

connection between HM toxins in DHM and NEC and sudden infant death syndrome 

(SIDS)	  134,211,243. Future studies are required to evaluate this risk.  
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1.8 Interaction between gut and bacterial toxin 

After birth, facultative anaerobic bacteria begin to inhabit the gut. However, the 

newborn gut cannot provide a completely oxygen free environment, resulting in the 

presence of some aerobic bacteria. The aerobic bacteria are balanced by the subsequent 

reduction in oxygen levels, allowing anaerobic species to colonize 244. This process 

called colonization resistance	  245.  

The intestinal mucosa can control the immune response against commensal and 

pathogenic bacteria, as it is immunologically programmed to tolerate commensal 

bacteria and activate a protective immune response against pathogens	   246,247. This is 

accomplished through cross talk between non-specific antimicrobial peptides (AMP) 

and the gut microbiota to maintain gut homeostasis 248. This regulatory task is crucial to 

prevent immune activation that could lead to chronic inflammation. 

The neonatal mucosal immune system is linked to maternal immunity through milk 

feeding as milk contains sIgA that restricts immune activation against microbiome. It 

has been shown that sIgA can support the growth of intestinal flora by enhancing 

biofilm formation, while it prevent them from leaving the colon	   182. This has been 

confirmed by immunofluorescent microscopy that has demonstrated an association 

between sIgA and biofilm formation	  249. In addition, it has been reported that HM can 

affect toll-like receptor (TLR) recognition of gut bacteria	  250, as TLR-2 in HM can limit 

the innate immune stimulation that is provoked by Gram-positive bacteria in the 

neonate gut	   251. Furthermore, CD14 and TLR-2 in HM work indirectly to initiate a 

suitable immunological response by tolerating commensal bacteria and attacking 

pathogenic ones 9.  

However, some pathogenic bacteria are capable of overcoming all these protective 

mechanisms by producing bacterial toxins that can interact with the human gut mucosa 

causing cellular damage. Some toxins are able to pass through the intestinal barrier to 

cause damage in other cells and organs, while others can cause physical changes on the 

intestinal cells.  An example of this is the enterotoxin secreted by ETEC as well as S. 

aureus, both of which have been found to contaminate HM. 

S. aureus enterotoxin A causes increases in cellular protein, particularly 

proinflammatory mediators. The toxin induces tyrosine phosphorylation of several host 

intracellular proteins, which will decrease the T cell receptor and enhance the 

production of the pathogenic cytokine, interferon γ (INF-γ) which is the cytokine 

responsible for pathogenesis of intestinal inflammatory and secretory processes 252. 
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Additionally, S. aureus enterotoxin B (SEB) causes reduction in the immune response 

by the non-specific stimulating of human T-cells, which results in cytokine 

overproduction (cytokine storm) causing bacterial recognition interruption, leading to 

enhance the proliferation of the toxin	  253.  

 

1.9 Biosensor 

A biosensor is an analytical device that uses biological elements such as single stranded 

DNA, phages, antibodies or living cells to produce physicochemical changes that 

include optical, thermometric or magnetic changes when interacting with the analyte 
254,255. These biological elements, which are attached to the sensor, produce detectable 

signals after reacting with the sample 256. Living cells were first used as biosensors in 

the 1980s 257,258. In the last 15 years, biosensors have become an important method for 

rapid diagnosis and detection of foodborne pathogens and toxins 256 and are used 

routinely.  

Conventional methods used to identify pathogenic agents historically used conventional 

culture and biochemical tests to detect pathogenic agents 259 and immunological assays 

for the detection of bacterial toxins 260. However, these methods are time consuming 

and delay diagnosis 259. Prokaryotic cells such as bacteria or eukaryotic mammalian 

cells have formed the basis for cell-based biosensors (CBBs). CBB principles depend 

on the change of cellular morphology or metabolism due reaction with the tested 

sample. These physiological and biological deviations from normal cellular status can 

produce a measurable analyte in the sample. CBB that are able to detect a wide 

spectrum of pathogens or toxins in one assay exist and are more desirable than those 

that detect specific agents 256,261-264. However, some bacterial toxins have a specific 

effect on cells that is different than the effect of other toxins mandating the detection of 

specific agent. 

 

The application of CBB will advance the study of bacterial pathogens, along with their 

toxins in pasteurized HM and their impact on intestinal cells in-vitro.  

These “biosensor” cell-based assays could also be optimized to rapidly assess HM 

samples for toxins and also assess the efficacy and safety of alternative non-heat based 

treatment options such as ultraviolet light. It is anticipated that the use of biosensor 

assessment methodologies will provide a more holistic measure of product safety. 
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1.9.1 CBB and bacterial toxin 

CBB could play a role in the detection of bacterial toxins in HM. Bacterial toxins use 

various strategies to cause cell death. For example, α toxin produced by Staphylococcus 

aureus, hemolysin by Escherichea coli, hemolysin II by Bacillus cereus and 

streptolysin O by Streptococcus pyogenes are capable destroying the cell membrane 

through the formation of pores resulting in cell death 255,265,266. Toxins can also activate 

the immune response, e.g. S. aureus enterotoxin can be cross-linked with MHC II 

molecules and T cell receptors causing partial activation of T cells leading to food 

poisoning 266,267. Some bacterial toxins can prevent cells from synthesizing proteins, e.g. 

shiga toxin, which is produced by Shigella dysentirae and Escherichia coli and exotoxin 

A by Pseudomonas aeruginosa 255,266.  

 

Several candidates in the literature may potentially be optimized to identify the presence 

of toxins in HM through cellular responses 255. Mammalian cells such as murine 

hybridoma B cells (Ped-2E9) were used as a biosensor for the rapid detection of 

different toxins including listeriolysin O (LLO) from Listeria monocytogenes, 

hemolysin from S. aureus, phospholipase C from Clostridium perfringens, and 

enterotoxin from Bacillus, detected as the release of alkaline phosphatase (ALP) 261.  

Human cells such as human epithelial colorectal adenocarcinoma (Caco-2) and cervical 

cancer cells (HeLa) have also been used to detect pathogenic agents and their toxins by 

exhibiting cytotoxic changes. Virulent pathogens or toxin may destroy the cell 

monolayer causing cell damage. Caco-2 cells were also used to demonstrate the impact 

of L. monocytogenes strains and S. aureus α-toxin, showing a reduction in cell viability 

and destruction of cell monolayer due to intracellular proliferation with L. 

monocytogenes and reduction transepithelial electrical resistance with S. aureus 268,269. 

HeLa cells have been employed to identify E. coli by exhibiting a cytopathic effect 

when infected with the pathogen 270. Moreover, human cells such as human colon 

colorectal adenocarcinoma (HT29) have been used to study the effects of human 

intestinal commensal bacteria, by the secretion of CCL20 chemokine	  271. 

 

Cell membrane integrity is a reflection of both cell health and the cytotoxic effect of 

toxins. Membrane integrity is determined by using vital dyes such as propidium iodine 

(PI) or trypan blue (TB), to distinguish dead cells (colored) from vital ones (colorless). 

Dead cells absorb the dye via the disrupted membrane whereas the intact cell membrane 
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is resistant to the dye 272. The integrity of cell membrane can also be determined by 

detection of biochemical substances normally present within the cells that are released 

with membrane damage. An example of such an indicator is lactate dehydrogenase 

(LDH), which is detected, for example, when mouse adipose cells L929 and human 

hepatocytes HepG2 have a damaged cell wall 272,273. Furthermore, the integrity of the 

cell membrane can also be evaluated by measuring transepithelial electrical resistance 

(TEER) using the Millicell Electrical Resistance System, which has been applied to 

Caco-2 cells 274.  

Cytotoxicity is measured by protease activity, as proteases are only active when viable 

cells have an intact cell membrane. Thus the deactivation of protease is an indicator of 

cell death 272. In addition, the absence of ATP can be used as an indicator of cell 

viability or an indication of cell apoptosis or necrosis 275.  

Another method to detect the effect of analayte is by measuring cytokine production by 

the affected cells 274,276. For instance, SEA interacts with monocytes and induces a 

cytokine response (TNF-α and IL-6) 277. Other methods to detect an analayte produced 

after interaction with a toxin is by combining two different cell lines (co-culture). For 

example a co-culture containing colon cells and macrophages can help to mimic the 

response to an analayte by the immune system via the stimulation of the intestinal 

epithelium 274. 

The applications of biosensors to detect bacterial toxins in HM are twofold. These 

sensors serve to elucidate the effects of HM toxin on intestinal cells and ultimately may 

assist in the determination of the dose of toxin that induces cell changes. Further, 

refinement of these tools may expedite clinical screening in the case of identification of 

contamination of donor milk or mother’s own milk provided to the most vulnerable 

preterm infants. 

 

1.10 Conclusion 

It is clear that human milk is the ideal source of nutrition for preterm infants. However, 

mothers of preterm infants face a number of barriers to providing sufficient milk 

volume for their infants, who are at risk of developing NEC and LOS. Donated milk, 

distributed through milk banks, is a desirable alternative to formula feeding, and is 

increasingly being sourced for hospitalized, preterm infants. Although many factors 

should be considered before providing DHM for premature infants, one of the 

regulatory aspects of donor milk is ensuring its safety. Holder pasteurization plays a 
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major role in eliminating infectious pathogens from donor milk. However, it partially or 

entirely deactivates a number of immune and bioactive components critical to support 

the preterm infant’s immature immune system. Additionally, heat-stable toxins that are 

able to endure high temperatures may still be present in treated milk and might increase 

the risk of cellular effects leading to disruption of the immune response and physical 

harm to the preterm infants, even when samples are culture negative. It is therefore 

critical that the conditions by which the bacteria are able to produce toxin in donor milk 

are investigated in a systematic manner and that biosensors are developed to detect 

potential harm from processed DHM.  This will further our understanding of the effects 

of bacterial toxins leading to the development of new milk treatments that retain 

bioactivity which may increase the quality of donor milk delivered to the infant.  

 

Aims 

The aim of this research is to describe the incidence of bacterial species present in 

donated HM and to identify potential pathogenic bacteria. This information will allow 

us to focus on the most common bacteria in terms of bacterial pathogenicity and the 

ability to produce a heat stable toxin in different conditions. These results will elucidate 

areas in which donor milk safety can be monitored and improved, thus lowering the risk 

of infection and disease in the preterm infant.  

 

The specific aims of this thesis are: 

1. To describe the incidence of bacterial species detected in DHM and to identify 

the most common potentially pathogenic bacteria. 

2. To assess the impact of different storage temperatures on the most common 

potential pathogenic bacteria and their ability to produce toxins in raw and 

Holder pasteurized donated HM.  

3. To assess the impact of different storage temperatures on the most common 

potential pathogenic bacteria detected in HM and test their ability to grow and 

produce toxins UV-C treated DHM.  

4. To detect the toxin of the most common potential pathogenic bacteria in HM 

using a cell-based method.  
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Chapter 2: A retrospective audit of bacterial culture results of donated 

human milk in Perth, Western Australia 

	  

(Abstract) 

	  

Introduction: The bacterial content of donated human milk is either endogenous or 

introduced via contamination. Defining milk bank bacterial content will allow 

researchers to devise appropriate tests for significant and commonly encountered 

organisms.  

Objective: A retrospective audit was conducted on data recorded from the Perron 

Rotary Express Milk Bank, King Edward Memorial Hospital, Subiaco, Western 

Australia. This aimed to describe the incidence of bacterial species detected in donated 

human milk and to identify potentially pathogenic bacteria. 

Material and Methods: The data consisted of 2890 batches donated by 448 women 

between 2007 and 2011.  

Results: Coagulase negative Staphylococcus (CoNS) represented the highest prevalence 

of bacteria in donated milk, isolated from 85.5% of batches (range: 20 to 650000 

CFU/mL) followed by Acinetobacter species in 8.1% of batches (range: 100 to 180000 

CFU/mL). Staphylococcus aureus was the most prevalent potentially pathogenic 

bacteria in 5% of batches (range: 40 to 100000 CFU/mL).  

Conclusion: Further investigation is warranted to better define the risks posed by the 

presence of toxin-producing S. aureus in raw and pasteurized human milk which may 

allow minimization of risk to the preterm infants. 
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2.1 Introduction 

The advantages of feeding preterm infants human milk instead of formula are well 

established. However, maternal milk cannot always be provided to these high-risk 

infants. This can be due to a mother’s inability to establish her milk supply after 

delivering prematurely or the infant’s inability to feed directly from the mother. For this 

reason, donor milk banks have been established in some hospitals to avoid risks 

associated with early formula feeds in vulnerable preterm infants 23. For the purpose of 

this paper we define a donor human milk (DHM) bank as a service that receives donated 

human milk (that is in excess of their baby’s needs) from eligible breastfeeding women.  

This donated milk is then pasteurized to ensure it does not contain any potentially 

pathogenic bacteria. It may then be dispensed only to premature infants whose own 

mothers have insufficient milk for their infant’s needs.  

 

Human milk often contains normal microbiota associated with the human gut and/or 

skin such as Bifidobacteria spp., Lactobacillus spp., coagulase-negative Staphylococcus 

(CoNS), diphtheroids, Acinetobacter spp. and viridans group streptococci 207,278-280. 

Other commensals, which can be potentially pathogenic such as Staphylococcus aureus, 

Group B Streptococcus (GBS), Escherichia coli, Pseudomonas spp., Klebsiella spp., 

Enterococcus spp., Enterobacter spp., Bacillus spp. and Moraxella spp., have also been 

detected in expressed milk 207,279,281,282.  Potentially pathogenic bacteria can be found 

endogenously in the mothers’ milk; for example by expressing milk while suffering 

from mastitis 188. Bacteria can also be introduced into donated milk through 

contamination during collection (using contaminated or improperly cleaned equipment), 

storage (delaying refrigeration) and processing (handling) of donated milk. Case reports 

suggest that the presence of bacteria or bacterial toxins in expressed milk that is fed to 

preterm infants may be associated with complications such as late-onset sepsis and 

necrotizing enterocolitis (NEC) 134,185,283,284.  

 

In order to address this issue, milk banks have established safety standards that define 

the acceptance or rejection criteria for donated milk. In Perth, Australia, at the Perron 

Rotary Express Milk Bank (PREM Bank, King Edward Memorial Hospital), each milk 

batch is tested microbiologically. Milk batches that contain confluent growth of 

organisms indicating a total count of >105 colony forming units per mL (CFU/mL) 

and/or potential pathogens that are capable of producing heat-stable enterotoxins, 
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endotoxins and spores pre-pasteurization are rejected, while any bacterial growth in the 

post-pasteurized batches is unacceptable 27. Other milk banks accept some potential 

pathogens e.g. ≤103 CFU/mL S. aureus, Pseudomonas spp., Streptococcus pyogenes or 

Enterococcus faecalis 285, and others do not assess bacteria in donated batches pre-

pasteurization 115. Post-pasteurization microbial testing is also variable; in some milk 

banks it is performed every month or every ten cycles (pasteurizations) 26. Differences 

in practice may impact the efficiency and availability of donor milk and expose preterm 

infants to different and currently undefined risks. Defining bacterial content will allow 

milk banks to devise technologies and practices to appropriately manage these hazards. 

This retrospective audit of the PREM Milk Bank from 2007 to 2011 was carried out to 

describe the bacterial content of donor breast milk. We hypothesized that CoNS would 

be the predominant bacteria in DHM while, S. aureus will be the predominant potential 

pathogen. 

 

2.2 Materials and Methods 

2.2.1 Study data and donation selection 

These data were collected during the normal operation of the PREM Milk Bank, King 

Edward Memorial Hospital, Subiaco, WA, Australia from 2007 to 2011. All donations 

were from registered donors. All donors completed a written health questionnaire about 

their medical history and lifestyle and submitted to serological screenings that are 

consistent with blood and tissue donation screenings in Australia. Written informed 

consent was given by all donors for the use of their milk for clinical and research 

purposes (Human research ethics committee; 2014127EW). Donors were either mothers 

who had an infant in the NICU or mothers of healthy term infants with excess milk 

supply. Serological screenings were repeated every 90 days for long-term donors.  

 

2.2.2 Milk collection and processing 

Before donation, donors were given instructions on breast milk collection techniques, 

including washing hands for 30 seconds, paying attention to under finger nails, use of a 

paper towel to turn off the tap, to dry the hands with a clean paper towel and the 

application of alcohol gel when handling the pump kit, attachment pieces and the breast. 

Mothers were also instructed to ensure that clean pump parts and milk collection bottles 

are kept away from clothing. All mothers collected milk, either at home or in the 

hospital, using a hospital grade breast pump and were advised to clean their expressing 
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kit according to the manufacturers recommendations by rinsing items coming into 

contact with the milk in cold water, then washing equipment in hot soapy water using a 

bottle brush and detergent, followed by a final rinse with hot water. All breast shields, 

bottles, valves and membranes were put in sterilizing bags (Medela AG) with 60 mL 

water and microwaved for 3 minutes. 

 

Expressed milk was placed in thermally disinfected plastic (High-density polyethylene 

or polypropylene) bottles and either frozen in the donor’s home freezer until 

transportation to the milk bank, or frozen in the milk bank freezer. Following PREM 

Milk Bank guidelines 27, milk donations were stored frozen (-20°C) for up to 90 days 

from the date of expression. Prior to pasteurization, a batch of milk (pooled donations 

from a single donor) was thawed rapidly in an orbital incubator (37°C) and pooled in a 

sterile flask under laminar flow. The pooled batches ranged in volume from 80 – 3000 

mL (approx.) and contained milk obtained from multiple expressions collected over an 

extended time period (up to 90 days) the expression dates were not available and the 

analysis was based on the date samples were processed.  Using an aseptic technique, 1 

mL from each batch was collected for pre-pasteurization microbiological testing. All 

batches were pasteurized at 63.5 ± 1.0 °C for 30 min. Three types of pasteurizers were 

used between 2007 – 2011. An independently calibrated temperature probe that logged 

time and temperature of the product during pasteurization was used to ensure accurate 

pasteurization. Once batches were pasteurized, 1 mL was collected for post-

pasteurization microbiological testing. Both pre and post-pasteurization samples were 

immediately frozen (-20 °C) before transfer to the microbiology laboratory. 

During 2007 - 2011 the batch volumes varied between 600 – 3100 mL due to the 

capacity of the different Holder pasteurizers used by the milk bank. The maximum 

capacity of the pasteurizer was 800 mL (Saurin Industries, Australia) in early 2007, and 

the purchase of a new pasteurizer allowed a maximum batch volume of 3000 mL 

(Sterifeed T30, Medicare Colgate Ltd, United Kingdom) from September 2007. In July 

2009 the pasteurizer capacity increased again to 9000 mL (Sterifeed S90, Medicare 

Colgate Ltd, United Kingdom). However, each 9000 ml cycle was made up of 4 batches 

and as such the highest batch volume processed during this period was 3100 mL.  
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2.2.3 Milk bacteriological screening, acceptance criteria and reporting  

A single 100 µL (pre-pasteurization) and 200 µL (post-pasteurization) sample from each 

batch was cultured on blood agar (5% horse blood) and CLED (Cystine-lactose-

electrolyte deficient) agar and incubated at 35 °C in 5% CO2 overnight (18–24 h). Any 

bacterial growth was quantified and identified through Gram staining, morphological 

structure, and conducting biochemical tests 27. The methods were the ones used in 

human milk bank guidelines that are followed by the external laboratory responsible for 

processing the samples (PathWest, KEMH, Subiaco, Western Australia). 

 

In order to meet the pre-pasteurization acceptance criteria, all batches containing any 

bacteria capable of producing harmful factors, such as heat-stable enterotoxins, 

endotoxins and spores, were considered potential pathogens and rejected even if no 

bacterial growth was detected post-pasteurization. Batches that contained other bacteria 

with a total colony count ≤ 105 (CFU/mL) of others such as CoNS, viridans group 

streptococci, diphtheroids and Acinetobacter spp. were considered probable 

commensals and accepted for pasteurization. Any bacterial growth in the post-

pasteurized batches was unacceptable and these batches were discarded. 

 

The primary aim of the microbiological reporting was to allow the PREM Milk Bank to 

assess the result in the context of the acceptance and rejection criteria. Consequently 

there was variability in the level of identification reported. Where possible reports 

identified bacteria to the genus or species level. However, where broader identification 

was sufficient to interpret the results, the genus and species where not always reported. 

For example lactose and non-lactose fermenting Gram-negative bacilli (LFGNB and 

NLFGNB) and coliforms were often reported as such. Positive cultures were expressed 

in quantitative colony counts from 1 to >100,000 CFU/mL. 

	  
	  
2.2.4 Statistical Analysis 

Descriptive analyses were performed using R 3.0.3 for Mac OSX 286.  Lattice package 
287 was used to create time series graphs. Monthly changes in numbers of batches, 

number of rejected batches, and proportion of batches rejected are presented graphically 

with LOESS (local regression) smoothing to show trend patterns. Descriptive statistics 

are presented as median and range or interquartile range as detailed in the results. 



	  	  
42	  

The frequencies of detection of potential pathogens and probable commensal bacteria 

were compared by year using Pearson’s Chi-squared test. Where this showed a 

significant difference, logistic regression was used to compare the years, with 2007 as 

the reference level. In order to allow for different patterns of change, the year of 

collection was treated as a categorical variable.  

 

2.4 Results 

A total of 2890 milk batches were donated by 448 donors between 2007 and 2011. Of 

these 2126  (73.6%) were accepted. 230 batches (7.95%) had no detectable growth of 

bacteria on cultures, while 2660 batches (92.05%) had some degree of bacterial growth.  

The majority of batches were colonized with probable commensals (97.9%), followed 

by potential pathogens (28.5%). CoNS was the most prevalent bacteria, in 85.5% of 

batches (range: 20 to 650000 CFU/mL), followed by Acinetobacter spp. in 8.1% of 

batches (range: 100 to 180000 CFU/mL), and then S. aureus in 5% of batches (range: 

40 to 100000 CFU/mL; Table 2. 1). S. aureus was the most prevalent potentially 

pathogenic bacteria in donated milk, followed by K. oxytoca in 4.4% and E. faecalis in 

4.3% of batches. E. coli was detected to the species level in 1.8% of batches. However, 

it is likely that E. coli was present in some batches reported to contain either mixed 

coliforms or LFGNB.  
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Table 2. 1 The frequency and colony count of detected bacteria in DHM (n= 2890) 

Category Bacteria 
Prevalence 

(%)* 

Colony count range 
(CFU/mL) 

Median  
(CFU/mL) 

1st quartile 
(CFU/mL) 

3rd quartile 
(CFU/mL) 

 

 

Probable 

commensals 

(98.3%) 

 

 
 

CoNS 

 
2470 (85.5) 

 
20 - 650000 

 
4000 

 
1100 

 
14000 

 
Acinetobacter spp. 

 
234 (8.1) 

 
100 - 180000 

 
2600 

 
825 

 
10000 

 
Viridans group 

Streptococci 

 
124 (4.3) 

 
100 - 100000 

 
3250 

 
450 

 
23500 

 
Diphtheroids 

 
4 (0.14) 100 - 100000 20050 100 55000 

 

 

 

 

 

 

 

 

 

 

 

 

 

Potential 

pathogens 

(28.5%) 

 
Staphylococcus 

aureus 

 
144 (5) 

 
40 - 100000 

 
1000 

 
400 

 
5250 

Klebsiella oxytoca 126 (4.4) 30 - 520000 850 200 4500 

Enterococcus 
faecalis 123 (4.3) 1 - 200000 4000 1100 14500 

 
Pseudomonas sp. 

 
108 (3.7) 

 
100 - 32750 

 
9000 

 
1800 

 
32750 

 
Enterobacter 

cloacae 
94 (3.3) 50 - 327000 1500 300 8750 

 
Mixed coliforms 

 
85 (2.9) 

 
600 - 1000000 

 
100000 

 
100000 

 
100000 

 
Escherichia coli 

 
53 (1.8) 

 
100 - 300000 

 
1800 

 
400 

 
11000 

 
Stenotrophomonas 

maltophilia 
31 (1.1) 300 - 1200000 14000 4200 33500 

 
Bacillus spp. 

 
25 (0.9) 

 
100 - 23000 

 
725 

 
300 

 
1100 

LFGNB & 
NLFGNB 22 (0.8) 20 - 45000 4150 1325 17500 

Streptococcus 
GBS) agalactiae (

 
4 (0.14) 100 - 5000 1500 - - 

Citrobacter spp. 3 (0.1) 100 - 13000 400 - - 
 

Group D 
Streptococcus 

(GDS) 
 

2 (0.07) 300 - 14000 7150 - - 

Proteus spp. 1 (0.03) 1000 1000 - - 
 

Chryseobacterium 
spp. 

 

1 (0.03) 3000 3000 - - 

Pantoea spp. 1 (0.03) 400 400 - - 
 

Ralstonia spp. 
 

1 (0.03) 1700 1700 - - 

* Some batches contained more than one organism 
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2.4.1 Temporal trends 

The highest number of batches was processed in 2009, followed by 2010 and 2011 

(Figure 2. 1a). Although the number of rejected batches did not decrease throughout the 

years (Figure 2. 1b), the proportion of rejected batches decreased after 2007, and then 

remained relatively constant (28% to 47.6%) over the period from 2008 to 2011 (Figure 

2. 1c). The highest rejection proportion was in March followed by December 2007. 

March also was the month with the highest rejection proportion in 2008 and 2011, while 

it was February in 2009. In contrast in 2010, the rejection proportion was higher in the 

coldest months of the year (June, July and August) 288 with June showing the highest 

proportion of rejection.  

Overall, the proportion of batches with potentially pathogenic bacteria present differed 

by year (p=0.004) with the lowest rate in 2007 (16.4%, p=<0.001). Rates were higher 

for 2009 (24.8%, p=0.002) and 2011 (22.3%, p=0.02) with no difference for 2008 

(18.4% p=0.4) and 2010 (18.8%, p=0.3).  
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Figure 2. 1 Number of processed and rejected batches with the proportion of batches rejected from 2007 
to 2011 (a) the number of processed batches (b) the number of rejected batches and (c) the proportion of 
batches rejected. In all graphs, the dark grey rectangle represents the time when a small capacity 
pasteurizer (800mL) was used. The light grey rectangle represents the time of processing with a larger 
capacity pasteurizer (3L) and the white area shows the time when a higher capacity pasteurizer (9L), was 
used. The bold black line is a LOESS smoother. Letters on the x-axis represents months J: January, M: 
May and S: September in years 2007-2011. Summer: December, January and February. 
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2.4.2 Post-pasteurization bacterial content 

Post-pasteurization, 97.6 % of pooled milk samples showed no growth on routine 

cultures. In those that were positive post-pasteurization, Bacillus sp. was the 

predominant contaminant (Table 2. 2). 

 

 

Table 2. 2 Detected bacteria in DHM batches pre and post-pasteurization (total batches 
processed was 2890) 

 

Bacteria 

No. of batches with 

bacteria detected 

pre-pasteurization 

(n=2495)* 

No. of batches with 

bacteria detected 

post-pasteurization 

(n=25) 

No. of batches with bacteria not 

detected pre-pasteurization 

and detected post-

pasteurization only (n=34) 

Bacillus spp. 25 10 33 

CoNS 2470 15^ 0 

Diphtheroids 4 0 1 

* The number of batches that contained Bacillus spp., CoNS and/or Diphtheroids pre and post-pasteurization. Some 

batches contained more than one organism 

^ There was no relationship between the number of CoNS (CFU/mL) pre-pasteurization and their presence post-

pasteurization 

 

 

2.5 Discussion 

Between 2007 and 2011 in Perth, Australia, (PREM Milk Bank, King Edward 

Memorial Hospital) CoNS was most frequently identified in donated milk (85.5% 

batches), with S. aureus the most prevalent potentially pathogenic bacteria (5% 

batches).  

 

S. aureus was the predominant potential pathogen detected in DHM in this audit and is 

consistent with previous findings 120,187,279,281 although others found it to be second to 

Gram-negative bacilli 289,290. Contamination of DHM with S. aureus is common because 

it is ubiquitously present on the skin and oropharynx 188. The 5% prevalence of S. 

aureus (Table 2. 1) is low, particularly compared to 55% documented in 6 major French 

milk banks 120.  Our low rates may be due to the strict guidelines for the PREM milk 

bank, in that any batch in which potentially pathogenic bacteria is detected pre-

pasteurization is discarded. In France the microbiological criteria are more lenient with 

banks accepting milk containing <104 CFU/mL S. aureus pre-pasteurization 120. In the 

UK, a S. aureus frequency of 1.9% (December 1975 to January 1978) was reported 291 
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and is likely due to the short period of the milk collection, lower number of donors 

and/or more hygienic milk collection. Milk banks may also choose not to process milk 

based on previous microbiological results of donations thus true prevalence of 

organisms in the donor population is likely to be biased.  

 

The presence of S. aureus in DHM is of concern due to its ability to produce heat stable 

enterotoxins that survive pasteurization 33. Acceptance criteria differs globally for the 

acceptance of S. aureus in donor milk ranging from <103 CFU/mL285, <104 CFU/mL 
116,117,120 to <105 CFU/mL 26,113 and some milk banks reject DHM that contains any S. 

aureus 27,292. The presence of bacterial toxin in DHM has been related to NEC 134 and 

therefore issues of safety must temper provision of donor milk. Further, it is unclear 

what concentration of S. aureus is required to produce detectable enterotoxin in DHM 

and there is no defined safe enterotoxin dose for preterm infants despite S. aureus 

enterotoxin in pasteurized cow’s milk being known to cause gastroenteritis 293,294. 

Future research is required to assess the enterotoxigenic capacity of S. aureus isolated 

from DHM to evaluate its safety. 

 

Our finding that CoNS was the most frequent bacteria detected in DHM (85.5%; Table 

2. 1) is consistent with many previous similar studies 207,234,281,289, whilst a lower 

prevalence was demonstrated in Taiwan (64.3%) 289 and the UK (48.9% 234 and 38.9% 
291). CoNS, along with other bacteria that are considered commensals according to milk 

bank criteria, may cause nosocomial infection in preterm infants. However, these 

bacteria will be eliminated by pasteurization. 

 

The second most prevalent potential pathogen detected in DHM in this study was K. 

oxytoca (4.4%; Table 2. 1) with similar rates to those that have been reported previously 

(6.7% 280 and 1.6% 281) and lower than others (40% 295 and 14.7% 234). E. coli had a 

very low prevalence (1.8%; Table 2. 1) consistent with others (1.6% 281 and 0.45% 279) 

or lower (15.7% 280, 6.9% 296, 5% 291). However, the exact number of batches containing 

E. coli is likely to have been underestimated due to the non-specific nature of some 

reporting.  

 

Bacillus spp. was detected in 25 batches pre-pasteurization and, of these, it was also 

present in 10 post-pasteurized samples (Table 2. 2). Further 33 batches with no Bacillus 
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spp.  present pre-pasteurization were positive post-pasteurization. This is due to the 

germination of dormant spores into vegetative cells following pasteurization 297-300. 

CoNS persisted in 15 samples post-pasteurization, likely due to the heavy growth of 

CoNS pre-pasteurization. However, post-processing contamination was suspected, as 

some batches with low numbers of CoNS pre-pasteurization were not eliminated post-

pasteurization. Similarly diphtheroids was detected in only one batch post-

pasteurization suggesting post processing contamination. These results emphasize the 

importance of testing DHM post-pasteurization, particularly as some Bacillus spp. are 

toxigenic.  

 

In 2007, the rejection rate was the highest compared to the following years, due to a 

heavy contamination of commensal bacteria (>105 CFU/mL) (Figure 2. 2). The 

incidence of potentially pathogenic bacteria differed by year with higher rates in 2009 

and 2011 contributing to batch rejection. The number of batches rejected over time 

displayed a rapid reduction from 2007 to 2008 from 47.6% to 32.8% and then remained 

relatively consistent (Figure 2. 1 b and c). However, more batches are above the LOESS 

in 2009 and there is a subtle upturn in 2011. This likely coincided with the change from 

a smaller to a larger pasteurizer in the third quarter of 2007.  

 

It is of interest that the proportion of rejected batches was higher in the hotter months 

such that March showed the highest rejection proportion in 2007, 2008 and 2011, and 

February in 2009. This suggests a potential influence of seasonal temperature on the 

contamination of expressed milk collected for the donor milk bank as batches are stored  

for up to 3 months prior to processing coinciding with the summer months. Indeed an 

increase in bacterial content in bovine milk collected during summer months has been 

attributed to increased temperature 301,302. Further, an increase in contaminated 

expressed breast milk has been shown during summer months 280. Increased 

temperatures during the summer months likely enhance the bacterial proliferation in 

expressed milk not immediately refrigerated or frozen and/or contaminated breast 

pumps as would the location of pumping such as the NICU where milk collection is 

supervised and guidelines are closely followed more than collection at home. Unusually 

2010 had the highest batch rejection proportion in the winter (June, July and August) 

however, this coincides with collection time around April which has an average 

temperature of 25.9°C 288. Interpretation of this data is limited as the date of expression 
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of the DHM batch was not documented therefore temporal changes in rejection rates 

associated with climatic temperature required analysis based on expression date. 

 

 

	  
Figure 2. 2 Proportion of rejected batches and the criteria of rejection from 2007 to 2011. 

 

2.6 Conclusion 

The most prevalent bacteria in DHM were CoNS followed by Acinetobacter spp. The 

most prevalent potentially pathogenic bacterial isolates were S. aureus. Further 

investigation is warranted to better define the risks posed by the presence of toxin-

producing S. aureus in raw and pasteurized human milk which may allow minimization 

of risk to the preterm infants. 
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Chapter 3: Staphylococcus aureus enterotoxin production in raw and 

pasteurized human milk 
	  

(Abstract) 

	  

Introduction: S. aureus is one of the most prevalent potential pathogenic bacteria 

found in donor human milk (DHM). Some strains produce heat stable enterotoxins that 

are able to survive pasteurization. These enterotoxins have been associated with gastritis 

and potentially necrotizing enterocolitis in preterm infants.  

Objectives: To assess the impact of different storage temperatures on S. aureus growth 

and enterotoxin A and B production in raw and Holder pasteurized DHM.  

Materials and Methods: Raw and pasteurized DHM were inoculated with enterotoxin 

A and B producing S. aureus. Samples were incubated at 4°C (10 days), 21°C and 37°C 

(18 hours). Bacterial growth and enterotoxin A and B were quantified.  

Results: S. aureus count increased in pasteurized DHM. Bacterial count decreased in 

the raw milk when incubated at 21°C and 4°C, and slightly increased when incubated at 

37 °C. Enterotoxin A and B were only detected in pasteurized DHM at 37°C from 9 

hours onward.  

Conclusion: This study showed that raw milk is capable of suppressing S. aureus 

growth compared to pasteurized DHM. It also provides a measure of assurance of the 

safety of raw and pasteurized DHM when refrigerated or left at room temperature for a 

few hours. 
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3.1 Introduction 

Donor human milk (DHM), prior to pasteurization, is not sterile and is populated with 

many different types of bacteria. Most of these bacteria are commensal and have 

different origins such as the gut and skin. Several commensal bacteria are potentially 

pathogenic such as S. aureus, E. coli, group B Streptococcus (GBS), Pseudomonas, 

Klebsiella, Enterococcus, Enterobacter, Bacillus and Moraxella species 207,234,289.  

 

Many studies have shown S. aureus to be the most prevalent potential pathogen 

detected in DHM 120,133,187,279,281. Its presence in milk is usually due to contamination 

during the expression, handling and storage of milk or sometimes from mastitis 187,188. 

Some strains of this bacterium can produce heat stable enterotoxins that are not 

inactivated at high temperatures303. These enterotoxins are known to cause food 

poisoning and gastroenteritis when ingested. Staphylococcal enterotoxin A (SEA) and 

Staphylococcal enterotoxin B (SEB) are the most common and most well characterized 

heat stable staphylococcal enterotoxins 304.  

 

Holder pasteurization has proved to be an effective method to eliminate bacteria from 

DHM. However, heat treatment also partially or entirely reduces most of the major 

immune-proteins in DHM 29-31,153,305,306. Further, heat treatment is incapable of 

destroying heat-stable enterotoxins. Thus, toxins may remain in the milk matrix after 

processing and may represent a potential hazard to the preterm recipient. This 

speculation is supported by evidence of bacterial toxins being detected concomitant 

with the development of sepsis and necrotizing enterocolitis (NEC) in preterm infants 

and sudden infant death syndrome in term infants 31,134,211. A contamination event after 

pasteurization of human milk may result in different bacterial growth and potential 

toxin production than seen in raw human milk.  It is concerning that there is little 

understanding of the level at which bacterial toxin is harmful to the infant and under 

what growth conditions the bacteria produce enterotoxin.  

 

Currently there is no universal agreement on the safe upper limit of bacterial load or 

species in DHM, necessitating the establishment of individual microbiological 

guidelines used by milk banks to accept and reject DHM. For example, many milk 

banks reject any batch of DHM that contains S. aureus or any other toxin-producing 

bacteria pre-pasteurization 26,27,115,117,292,307. Some milk banks however accept milk for 
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pasteurization that contains different viable counts of S. aureus such as <103 CFU/mL 
307, <104 CFU/mL 116,117,120 or <105 CFU/mL 26,113. Whereas others do not perform 

bacterial screening on the donated milk 113. Accepting DHM that contains S. aureus 

increases the risk of infants ingesting milk that may potentially contain heat-stable 

enterotoxins. Increased enterotoxin concentrations via increased bacterial number could 

arise from inappropriate milk temperature during storage and thawing of raw HM or 

after pasteurization if a contamination event occurs during processing and delivery of 

the milk by the milk bank staff and handling in the nursery 183. 

The aim of this study was to determine if different storage temperatures impact the 

growth and enterotoxin production of S. aureus.  

We hypothesized that the count of S. aureus would be reduced in raw milk compared to 

pasteurized milk as heat treatment damages most of immune-proteins in HM.  

  

3.2 Materials and Methods 

3.2.1 Sample source 

Milk samples were obtained from four donors who donated milk to the Perron Rotary 

Express Milk Bank (PREM Bank), King Edward Memorial Hospital for Women, 

Subiaco, Western Australia. The samples were divided in half and one of each pair was 

Holder Pasteurized (4 raw and 4 Holder pasteurized). Milk samples (10 mL; n= 4) were 

pasteurized using the Perron Rotary Express Milk Bank (PREM) pasteurizer (Sterifeed 

S90, Medicare Colgate Ltd., United Kingdom) according to the PREM Milk Bank 

guidelines. The milk achieved a temperature of 63°C +/-0.5°C for 30 (-0/+7) minutes 

and the temperature profile was recorded using a thermocouple to confirm the heating 

profile. 

All pasteurized samples were tested by standard culture methods and were shown to be 

free of bacteria before inoculation. Raw sample number one, two and four contained 

coagulase negative Staphylococcus (CNS) (<105), while sample three contained 

Enterococcus faecalis (<105). Mothers had given prior consent for their milk to be used 

in research (Western Australian Health Human Research Ethics Committee; 

2014127EW).  
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3.2.2 Inoculum preparation 

Enterotoxin A and B producing S. aureus (2484) were kindly provided by Microbiology 

from the School of Biomedical Sciences, The University of Western Australia. The 

bacteria were grown on blood agar (BA) plates (PathWest media, Perth, Western 

Australia) overnight at 37°C. Several distinct colonies were transferred to 10 mL sterile 

Luria-Bertani (LB) broth prepared using the manufacturer’s recommendations (Sigma, 

UK). The suspension was measured in a spectrophotometric plate reader at O.D.450 

(SPECTRmax PLUS 384, CA, USA). The culture was diluted with sterile LB broth to 

give a concentration of 106 CFU/mL, and inocula were confirmed by duplicate plate 

spreading of 100 µL of culture.   

 
3.2.3 Inoculation and incubation 

The diluted inoculum was added to each milk sample (raw and pasteurized) at a volume 

ratio of 1:1000 (bacterial broth: milk) resulting in an inoculum of approximately 103 

CFU/mL. The bacterial inoculum was also inoculated in LB broth at 1:1000 and used as 

a growth control. 

 
3.2.4 Sample testing 

Bacterial number and toxin production was measured in LB broth, raw milk (<105 

commensal flora) and pasteurized HM. The samples were stored at 37 °C and 21°C 

(room temperature) for 18 h, and at 4 °C (refrigerator) for 10 days. Two samples were 

collected every 3h of incubation from the milk incubated at 21°C and 37°C, and every 

48 h from milk incubated at 4°C.  Bacterial identification and count was determined 

using plate culture (CFU/mL), and toxin measured using Staphylococcal enterotoxin 

reversed passive latex agglutination (SET-RPLA) (Oxoid, UK). 

 

3.2.5 Bacterial counts  

S. aureus growth kinetics were determined using the spread plate method and all 

dilutions (neat to 10-8) were assessed in duplicate on BA plates. A 100 µl of each 

dilution was spread on duplicate BA plates and incubated overnight at 37°C. Bacterial 

colony counts were determined in duplicate then averaged and transformed to a base 10 

logarithm. 
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3.2.6 Enterotoxin standard curves 

A standard curve was prepared from enterotoxin (Sigma Aldrich, USA) to make a series 

of enterotoxin concentrations (100000 to 0.5 ng/mL).  

 
3.2.7 Enterotoxin detection 

Assays for enterotoxins A and B were carried out with a SET-RPLA TD900 kit (Oxoid, 

UK) according to the manufacturer’s instructions.  

Results were scanned by a document scanner (Epson V700, Japan). The images were 

used to acquire semi-quantitative results using Image J software 308 by measuring the 

pixels in comparison to negative controls and standard curve toxin results to determine 

the amount of toxin present.  

 
3.2.8 Statistical analysis 

The growth of S. aureus in raw or pasteurized milk between 0 to 18 hours was 

visualised graphically.  

A logistic growth model was used to explore the relationship between bacterial count 

(log base ten) and incubation time. Segmented regression was used to explore the 

relationship between bacterial count (log base ten) and the concentration of SEA and 

SEB. Significance was set at the 5% level and data were analyzed using the R 

environment 286 for statistical computing with the package segmented using for fitting 

the segmented regression models.  

  

3.4 Results 

	  

3.4.1 Bacterial growth  

3.4.1.1 Raw HM samples 

In the raw HM the colony count of S. aureus slightly increased when incubated at 37°C 

in three samples and slightly decreased in one, while at 21°C colony counts were 

stationary or slightly decreased in all samples (Figure 3. 1a and 3. 1b).  At 4°C colony 

counts decreased until no bacterial colonies were detected between the 8th and 10th days 

(Figure 3. 1c).  
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3.4.1.2 Pasteurized HM samples 

S. aureus inoculated in pasteurized HM and incubated at 37 °C showed an increase in 

number over time until it reached the stationary phase after 9 hours, which was 

equivalent to the bacterial number seen in the LB broth control (Figure 3. 1a).  

At 21°C, S. aureus in pasteurized HM increased from 104 CFU/mL to 106 CFU/mL 

within 12 hours, with similar kinetics to the LB broth control. In contrast, S. aureus 

decreased slightly in the raw HM over 12 hours (Figure 3. 1b). 

S. aureus in the pasteurized milk samples incubated at 4°C showed a decrease in the 

bacterial number, which was notable by the 96th hour (Figure 3. 1c). 
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(a) 

  
(b) 

  
(c) 

  
Figure 3. 1 The growth of S. aureus in raw and pasteurized HM. (a) S. aureus in raw and 
pasteurized HM incubated at 37 °C. (b) S. aureus in raw and pasteurized HM at 21°C. (c) S. 
aureus in raw and pasteurized HM incubated at 4°C; LB: Luria-Bertani broth. P: pasteurized 
HM and R: raw HM. 
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3.4.2 Enterotoxin in HM 

SEA and SEB could not be detected from most samples (limit of detection of 

enterotoxin was 0.5 ng/mL) with the exception of the pasteurized HM samples stored at 

37°C. Therefore, the Enterotoxin analysis considered pasteurized milk samples 

incubated at 37°C only.  

 

SEA and SEB were detected in pasteurized HM at 37°C from the 9th hour onward. At 

this point the bacteria were entering stationary growth phase and colony counts 

approached 108 CFU/ml (Figure 3. 2). The concentration of SEA increased with the 

increase of time with a significant increase in the rate of production after 13.3 hours (p-

value <0.001). Likewise, there was a positive relationship between the concentration of 

SEB and time with a significant increase in the rate of production after 13.1 hours (p-

value = 0.002). 
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Figure 3. 2 S. aureus growth and staphylococcal enterotoxin production in milk incubated at of 
37° C. (a) The growth of S. aureus in pasteurized HM at 37°C (circles) with the logistic growth 
curve in red. SEA production (squares) with segmented linear regression fit in blue.   (b) The 
growth of S. aureus in pasteurized HM at 37°C (circles) with the logistic growth curve in red. 
SEB production (squares) with segmented linear regression fit in blue.    
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3.5 Discussion 

S. aureus is a common pathogenic contaminant of DHM. S. aureus enterotoxin is of 

concern in DHM due to the enterotoxin’s ability to withstand the combination of 

pasteurization time and temperature commonly used to eliminate potential bacterial risk 

for the preterm infant 33.  

Temperature plays an essential role in bacterial growth kinetics. However, we have 

demonstrated that in raw human milk S. aureus number decreased when incubated at 

4°C for 10 days and did not increase when incubated for 18 hours at 21°C (Figure 3. 1 b 

and c).  These findings are consistent with the International Commission of 

Microbiological Specification for Foods who state the optimum growth temperature for 

S. aureus is 37°C 309.  This may indicate that storage recommendations for raw human 

milk are in some respects a special case with regard to microbiological growth, when 

compared to traditional foodstuffs.  However, for pasteurized human milk our findings 

are consistent with the International Commission of Microbiological Specification for 

Foods recommendations.  We demonstrated that S. aureus number in pasteurized HM 

increased more rapidly when incubated at 37°C (Figure 3. 1a) compared to when 

incubated at 21°C (Figure 3. 1b). We found an increase in S. aureus count in 

pasteurized HM after 9 hours when incubated at 21°C. Similarly another study showed 

an increase of bacterial numbers in pasteurized HM after 9 hours of incubation at 24°C 
310.  

The role of temperature in the inhibition of bacterial proliferation in HM (and 

particularly the bactericidal property of raw human milk) was clear when milk was 

stored at 4°C with a reduction of S. aureus in raw and pasteurized milk throughout the 

storage period of 10 days (Figure 3. 1c). This has been demonstrated in previous studies 

showing that refrigeration inhibited bacterial growth in raw HM over 5 days 311 and 8 312 

days and pasteurized HM over 7 days 310.  

In this study there was a rapid decline of S. aureus in CFU/mL in raw milk stored at 

4°C compared to the decline of the same inoculum in pasteurized milk. The difference 

in bacterial growth kinetics between pasteurized and raw may be attributed to the loss of 

bioactivity after heat treatment 313 which has also been shown previously 29,153,306. This 

loss of bioactivity results in low retention of major antimicrobial proteins such as 

lactoferrin, lysozyme and secretory IgA in pasteurized HM after heat treatment 
153,313,314. Further, raw HM harbors its own microbiome 179 and these bacteria may also 

contribute to the reduction of S. aureus through competitive interaction as suggested in 
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a previous study 313.  Unfortunately, this study did not characterise the growth of the 

endogenous bacteria in these samples during the incubations and we cannot comment 

on the comparative growth of these bacteria in relation to the growth of S. aureus 

reported here.  This would certainly be of interest for future research. 

 

The potential presence of enterotoxin in pasteurized human milk is of concern in the 

context of possible detrimental effects for the preterm infant recipient. If S. aureus was 

in a mother’s own milk and it was improperly stored, bacteria may replicate resulting in 

some potential enterotoxin production. If this occurred in milk that was subsequently 

donated to a milk bank, this product might contain heat-stable enterotoxin that resisted 

the pasteurization exposing a preterm recipient to risk. Our findings somewhat allay 

these concerns as S. aureus in both raw and pasteurized milk did not produce any 

detectable concentration of toxins when stored at 21 and 4 °C (although we note that the 

detection limit 0.5 ng/mL in this study has actually been associated with illness 

associated with SEA contamination of milk products 294).  A limitation of our study is 

that it does not inform us of the potential enterotoxin content of milk collected from a 

mother experiencing mastitis (nor was it designed to as symptomatic mothers are 

usually deferred from donation).  In this scenario a pooled expression may contain milk 

collected from an infected lobe of the breast ‘diluted’ with milk form uninfected lobes.  

It is impossible to extrapolate from bacterial counts in our bulk-spiked sample and a 

mixed sample collected from a mastitic mother.  

 

Previously S. aureus enterotoxin was not detected in raw bovine milk stored at 20, 25 

and 10 °C when inoculated with 104 CFU/mL of S. aureus for 3 days 315 and we have 

now extended this with HM to 4°C. Whilst there was a positive relationship between the 

bacterial load and the production of SEA and SEB it is unlikely that raw HM would be 

stored for longer than 24 hours in the refrigerator or at room temperature and be fed to a 

preterm infant. In the event that raw HM stored in the refrigerator for 10 days was fed to 

the infant it would appear to pose no measurable S. aureus enterotoxin using the 

methods of this study. The caveat however, for this scenario would be that there was not 

high bacterial load (>106) or that other harmful enterotoxins bacteria were not present 
315.  
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However, S. aureus in pasteurized HM that was incubated at 37°C produced a 

detectable amount of enterotoxin (limit of detection 0.5ng/mL), when entering 

stationary growth phase reaching count of 108 CFU/ mL, after 9 hours of incubation 

(Figure 3. 2). SEA was detected earlier than in a previous study where SEA was 

detected in the 15th hour when inoculated pasteurized cow’s milk with S. aureus (104 

CFU/mL) and incubated at 35°C (limit of detection of enterotoxin 1 ng/mL) 315. This 

variation is likely due to the difference in SEA detection limit, in addition to the 

incubation temperature. This was demonstrated when another study detected SEA in 

cow’s milk earlier (8th hour) after inoculating cow’s milk with 103 CFU/mL and 

incubating it at 32°C with a lower detection limit (limit of detection 0.1 ng/mL) 316. 

 

The intention of this study was to establish the conditions under which S. aureus 

produced enterotoxin in raw and pasteurized DHM milk.  Raw DHM when pasteurized 

may remain unsafe due to enterotoxin production prior to pasteurization. However in 

this study, no combination of time and temperature of storage resulted in detectable 

enterotoxin production in raw milk. However, future research should establish whether 

enterotoxin production patterns are similar to naturally contaminated/colonized versus 

spiked raw HM samples.  This is particularly clinically relevant as S. aureus is one of 

the most common pathogens identified in women with mastitis 317.   

 

3.6 Conclusion 

The study demonstrates that the risk associated with the production of S. aureus 

enterotoxin in DHM is minimal with appropriate screening and storage. Future studies 

may determine the lowest minimal pathogenic dose of enterotoxin for preterm infants 

and explore the production of enterotoxins with alternative pasteurization methods. 

These results provide a measure of assurance of the safety of expressed, untreated breast 

milk remaining free of any enterotoxin presence when refrigerated or left at room 

temperature for a few hours. 
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Chapter 4: Staphylococcus aureus enterotoxin production in raw, 

Holder pasteurized and Ultraviolet-C treated human milk 
	  

(Abstract) 

Background: Some strains of Staphylococcus aureus can produce heat-stable 

enterotoxins that have been associated with gastritis and potentially necrotizing 

enterocolitis in preterm infants. 

Objectives/ Hypothesis: To assess the impact of different storage temperatures on S. 

aureus growth and enterotoxin production in raw, Holder pasteurized (HP) and 

Ultraviolet-C (UV-C) treated donated human milk (DHM).  

Materials and Methods: The milk samples from individual donors were pooled and 

divided into four equal portions. One portion was Holder pasteurized (HP) the second 

was UV-C treated, the third was not treated (all were spiked wit S. aureus after 

treatment) and the fourth was UV-C treated after being spiked with S. aureus. All 

samples were incubated at 37°C (18 hours) and 4°C (14 days). Bacterial colony count, 

enterotoxin A and B and immune-proteins were quantified.  

Results: At 37°C, the colony count increased in HP DHM and decreased in raw and 

UV-C treated DHM. At 4°C, colony counts in HP-DHM reduced and were not detected 

in raw and UV-C DHM from day 8 of incubation. No bacteria were detected in samples 

that were inoculated prior to UV-C treatment. Enterotoxin A was only detected in HP-

DHM at 37°C from the 9th hour onward. Enterotoxin B was detected in one sample at 

the 15th hour. Immune-protein concentrations were similar in raw and UV-C DHM, and 

were reduced in the HP DHM  

Conclusion: UV-C treated milk reduces S. aureus growth with similar kinetics to raw 

milk making it a promising emerging technique to eliminate bacteria while retaining 

essential immune-proteins in DHM. 
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4.1 Introduction 

Mothers own milk is the preferred nutrition for preterm infants due to its rich content of 

nutritional and immune proteins that may help to protect them against infectious agents 

as well as developing intestinal adaptation and maturation 318. Depending on the energy 

requirements of the infant, human milk (HM) is often fortified to facilitate growth. 

When mothers do not have sufficient milk, donor human milk (DHM) is considered the 

next best alternative for preterm infants 319. However, DHM may contain potential 

pathogens that increase the risk of harm to preterm infants. Many milk banks reduce 

these risks by heat-treating DHM in order to minimize the risk of transmitting infections 

from DHM to preterm infants.  

 

Many milk banks are currently using Holder pasteurization to eliminate bacteria in 

DHM, which is performed by heating the milk for 30 minutes at 62.5°C	   27,111. This 

mode of pasteurization is capable of eliminating most bacteria from DHM. However, it 

leads to a significant loss of the immune protective components in DHM 70,153. 

Furthermore, Holder pasteurization is incapable of eliminating heat stable enterotoxins 

that are produced by some strains of S. aureus 33. 

 

S. aureus is one of the most common potential pathogenic bacteria species found in 

DHM 120,133,279,281. Certain strains of S. aureus produce heat stable enterotoxin such as 

Staphylococcal enterotoxin A (SEA) and Staphylococcal enterotoxin B (SEB), and 

these are considered the most common enterotoxins capable of causing food poisoning 

and gastroenteritis 304.  

 

Studies have shown that S. aureus does not produce a detectable enterotoxin in milk 

until it reaches a density of  >106 CFU/mL	   315,316. In addition, we have previously 

shown that, Holder pasteurized DHM inoculated with S. aureus post treatment produces 

enterotoxin only after 9 hours of incubation at 37°C, whereas no enterotoxin is 

produced in raw milk. These results highlight the importance of the role played by the 

immune components in raw DHM in impeding proliferation of S. aureus and 

subsequently production of enterotoxin. Typically there is a significant reduction in 

immune proteins in Holder pasteurized DHM compared to both raw milk and UV-C 

treated DHM 61.	   
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Ultraviolet (UV) radiation is regarded as a non-thermal method of pasteurization as no 

high temperature is required 320. UV-C radiation has a wavelength between 200 to 280 

nm 321 and is effective at eliminating bacteria, viruses and fungi due to the germicidal 

affect between 250 and 260 nm, with the maximum effect occurring at a wavelength of 

254 nm 321. The germicidal effect is due to cellular damage caused by alteration of the 

DNA structure 322. The pyrimidine and purine bases of DNA absorb the UV-C energy 

which results in photoproducts such as pyrimidine hydrates and dimers as well as 

protein cross-linkage 323. This cellular inactivation and malfunction results in inhibition 

of bacterial proliferation and cell death. 

 

UV-C is a treatment commonly used by the food industry 324. However, the 

effectiveness of using UV-C to treat milk has been limited due to the opaque nature of 

milk; its absorption coefficient is high (300 cm-1) compared to water (0.1 cm-1) 323 or 

pineapple juice which has the highest absorption coefficient of all juices of 73 cm-1	  325. 

Furthermore, the HM absorption coefficient also increases with an increasing total 

solids concentration, which is variable in HM, further limiting UV-C penetration	   35. 

Thus treating HM with UV-C requires special equipment to allow adequate application 

of UV light to a volume of milk. This can be achieved using equipment producing a low 

vortex in the milk forming a thin film on a transparent surface allowing UV-C exposure 

to all parts of the milk. As such UV-C has been used to successfully eliminate bacteria 

in HM 35,140.  

 

For UV-C to be seriously considered as an alternative treatment option for HMBs, it is 

important to determine whether UV-C treatment of HM induces increased bacterial 

toxin production during the inactivation process, or alternatively, whether it inhibits the 

production of bacterial toxin by inhibiting the bacterial proliferation in HM.	   

 

The aim of this study was to investigate the ability of S. aureus to produce enterotoxin 

in DHM treated with UV-C compared to HP DHM and raw milk. We hypothesize that 

UV-C treated DHM will inhibit bacterial proliferation due to the higher retention of HM 

bactericidal immune-proteins and therefore enterotoxin production will be minimal. 
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4.2 Materials and Methods 

 

4.2.1 Sample source 

Milk samples were obtained from four donors who donated milk to the Perron Rotary 

Express Milk Bank (PREM Bank), King Edward Memorial Hospital for Women, 

Subiaco, and Western Australia. All donors had given prior consent for their milk to be 

used in research	   (Western Australian Health Human Research Ethics Committee; 

2014127EW).  

 

The milk samples from individual donors were pooled and divided into four equal 

portions. One portion was Holder pasteurized (HP) the second was UV-C treated, the 

third was not treated and the fourth was UV-C treated after being spiked with S. aureus. 

 

4.2.2 Holder pasteurization 

Milk samples (400 mL; n= 4) were pasteurized using the Perron Rotary Express Milk 

Bank (PREM) pasteurizer (Sterifeed S90, Medicare Colgate Ltd., United Kingdom) 

according to the PREM Milk Bank guidelines. The milk achieved a temperature of 63°C 

+/-0.5°C for 30 (-0/+7) minutes and the temperature profile was recorded using a 

thermocouple (NATA) to confirm the heating profile. 

 

4.2.3 Ultraviolet-C treatment 

Each pooled milk sample (400mL; n=4) was transferred into a 600 mL PYREX glass 

beaker. A germicidal UV-C lamp (GPH287T5L, Infralight Pty Ltd, Helensburgh, NSW, 

Australia) was placed diagonally in the beaker. The part of the lamp that was in contact 

with the milk was not covered (65 mm/211 mm), resulting in a UV output of 

approximately 3.68 Watts. The milk was stirred with a 8 x 40 mm magnetic stirrer bar 

at 600 rpm (IEC CH2090-001, Australia) during the treatment to create vertical flow in 

order to expose all milk evenly to the UV-C. Dosage was measured using a UV meter 

(Gigahertz optic x911, Germany) as the meter was hanging over the top of the beaker (5 

cm away). The treatment duration was 15 minutes, which equals a dosage of 1510 J/L. 

The dosage was calculated as the product of treatment time (seconds) and UV-C power 

(Watt) divided by the treated volume (Litre), and was 2259 J/L. A sample was taken 

after treatment for bacterial analysis to ensure no bacteria were present in the treated 

milk. 
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4.2.4 Milk bacterial content pre and post treatment 

Standard assessment for bacteria was conducted on all milk samples from untreated and 

treated groups prior to inoculation with S. aureus. 

All raw milk samples had ≤ 103 colony forming units per mL (CFU/mL) coagulase 

negative Staphylococcus. 

All HP and UV-C treated samples were confirmed to be free of bacteria before 

inoculation.  

	  

4.2.5 Spiked milk followed by Ultraviolet-C treatment 

Each raw milk sample (400mL; n=4) was transferred into a 600 mL PYREX glass 

beaker inoculated with 103 CFU/mL of enterotoxin A and B producing S. aureus and 

treated as mentioned previously. 

 

4.2.6 Inoculum preparation 

Enterotoxin A and B producing S. aureus (UWA culture collection 2484) were kindly 

provided by Microbiology within the School of Biomedical Sciences, The University of 

Western Australia. The bacteria were grown on blood agar (BA) plates (PathWest 

media, Perth, Western Australia) overnight at 37°C. Several distinct colonies were 

transferred to 5 mL sterile Luria-Bertani (LB) broth. The suspension was measured in a 

spectrophotometric plate reader at O.D.450 (EnSpire 2300 PerkinElmer, MA, USA). The 

culture was diluted with sterile LB broth to have a density of 106 CFU/mL and this was 

confirmed by duplicate plate counts (spreading 100 µL of culture).   

 
4.2.7 Inoculation and incubation 

The diluted inoculum was added to each milk sample (raw, HP and UV-C treated) at a 

volume ratio of 1:1000 (bacterial broth: milk) resulting in an inoculum of approximately 

103 CFU/mL. The bacterial inoculum was also inoculated in LB broth at 1:1000 and 

used as a growth control. 

 

4.2.8 Sample testing 

Bacterial growth and toxin production were measured in LB broth, raw milk (with ≤ 103 

coagulase negative staphylococcus) and HP DHM (62.5°C for 30 min), UV-C treated 

and spiked DHM then UV-C treated. The samples were incubated at 37°C for 18 h or at 

4°C (refrigerator) for 14 days. An aliquot was collected every 3h of incubation from the 
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milk samples incubated at 37°C, and every 24 h from milk samples incubated at 4°C.  

Bacterial identification and growth was determined using plate culture (CFU/mL), and 

toxin was detected using a Staphylococcal enterotoxin reversed passive latex 

agglutination test (SET-RPLA) (Oxoid, UK). 

 

4.2.9 Bacterial colony counts  

S. aureus growth kinetics were determined using the single plate serial dilution spotted 

(SP-SDS) method and all dilutions (neat to 10-8) were assessed in duplicate on BA 

plates. 10 µl	  of each dilution was spotted in triplicate spots on a duplicate BA plate and 

incubated overnight at 37°C. The number of bacterial colonies present was determined 

and averaged then multiplied by the dilution factor to calculate the number of viable 

cells then transformed to a base 10 logarithm. In order to accurately verify the numbers 

of viable bacteria in the samples incubated more than 5 days at 4°C and 6 hours at 37°C 

which were expected to have lower viable counts (<100 CFU/mL), 100 µL of each 

sample was spread plated on BA plates in duplicate, and incubated overnight at 37°C.  

The number of the colonies was averaged and multiplied by the dilution factor to 

calculate the number of viable bacteria in each sample, then transformed to base 10 

logarithm. The limit of detection for this assay was 10 CFU/mL. 

 

4.2.10 Enterotoxin standard curves 

A standard curve was prepared from SEA and SEB (Sigma Aldrich, USA) to make a 

series of enterotoxin concentrations from 0.5 to 100000 ng/mL.  

 

4.2.11 Enterotoxin detection 

Assays for enterotoxins A and B were carried out with a SET-RPLA TD900 kit (Oxoid, 

UK) according to the manufacturer’s instructions.  

Results were scanned using a document scanner (Epson V700, Japan). Image J software 
308 was used to evaluate the generated images and semi-quantitative results were 

acquired by measuring the pixels for each result in comparison to negative controls and 

standard curve toxin results to determine the amount of toxin present. Enterotoxin 

measurements from all raw samples and UV-treated samples were below the limit of 

detection; therefore the toxin comparison was only performed with the Holder 

pasteurized milk samples. 
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4.2.12 Measurement of lactoferrin and sIgA 

The lactoferrin content of DHM samples was quantified for all samples incubated at 

37°C by the sandwich Enzyme-linked immunosorbent assay (ELISA) method as 

previously described by Czank et al.	  153. All antibodies and standards were purchased 

from MP Biomedicals Australasia (New South Wales, Australia). The recovery assay 

for lactoferrin was 100.5 ± 3% (n=6) and for sIgA was 101 ± 4% (n=7). 

 

4.2.13 Measurement of lysozyme 

Determination of lysozyme concentration for all samples incubated at 37°C was carried 

out using a modified turbidimetric assay	   326. Standards were prepared by diluting hen 

egg white lysozyme (Sigma, St. Louis, MA, USA) 0.0005–0.01 mg/mL. Skim milk 

samples were diluted 10-fold in 0.1 M Na2 HPO4 /1.1 mM citric acid (pH 5.8) buffer. 

25 µL of standards or diluted skim milk samples were placed into the wells of a 96 well 

plate (Greiner Bio-One, Frickenhausen, Germany). 175 µL of Micrococcus lysodeiltikus 

suspension (0.075% w/v, ATCC No. 4698, Sigma, St. Louis, MA, USA) was added into 

each well and the plate was incubated with shaking at RT for 1 h. The absorbance was 

measured at 450 nm. Recovery of lysozyme was 102 % ±2.5% (n  = 6). 

 

4.2.14 Statistical analysis 

Statistical analysis was carried out using R Studio 0.99.896 with package nlme for using 

liner mixed effect modelling and package multcomp for Tukey Post-hoc comparison 
286,327,328.  The results were expressed as mean ± SD unless stated otherwise. Differences 

were considered to be significant if p < 0.05.	  	  

	  

4.4 Results 

	  
4.4.1 Bacterial growth at 37°C incubation 

DHM from four women was treated by Holder pasteurization, UV-C treatment or was 

left untreated. A 103 CFU/mL of S.aureus was added and the growth was assessed every 

3 hours for 18 hours. 

	  
	  
4.4.1.1 Holder pasteurized HM samples 

The colony count of S. aureus in the Holder pasteurized HM consistently increased until 

it reached the stationary phase after 9 hours when incubated at 37 °C.  The growth rate 
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was similar to the growth of S. aureus in the LB broth (positive control) (Figure 4. 1a). 

The colony count of S. aureus was significantly higher than that in raw (p=0.001) and 

UV-C treated HM (p=0.001).  

 

4.4.1.2 Raw HM samples 

The colony count of S. aureus in raw HM decreased by 1 fold when incubated in 37 °C 

(Figure 4. 1b). 

 

4.4.1.3 UV-C treated samples 

The colony count of S. aureus in the UV-C treated HM remain stable or slightly 

decreased when incubated in 37 °C (Figure 4. 1c)  

 

4.4.1.4 Spiked then UV-C treated samples 

No bacterial colonies were detected after UV-C treatment and until the end of 

incubation after 18 hours at 37 °C (Figure 4. 1d). 

 

4.4.2 Bacterial growth at 4°C incubation 

DHM from four women was treated by Holder pasteurization, UV-C treatment or was 

left untreated. A 103 CFU/mL of S. aureus was added and the growth was assessed 

every 24h for 14 days at 4°C 

 

4.4.2.1 Holder pasteurized HM samples 

S. aureus in the Holder pasteurized milk samples incubated at 4°C showed a significant 

decrease in the bacterial number by 3 fold within 14 days of incubation (Figure 4. 2a). 

 

4.4.2.2 Raw HM samples 

The colonies count of S. aureus in raw HM decreased by 3 fold between the 8th and 10th 

days incubation (Figure 4. 2b).  
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4.4.2.3 UV-C treated samples 

The colony count of S. aureus in the UV-C treated HM decreased significantly until 

they were below the detection limit between the 8th and 10th days of incubation (Figure 

4. 2c).  

 

4.4.2.4 Spiked then UV-C treated samples 

No bacterial colonies were detected after UV-C treatment and until the end of 

incubation after 14 days at 4 °C (Figure 4. 2d). 
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(a)  

 
(b) 

 

(c) 

	  

(d) 

 
Figure 4. 1 Growth of S. aureus in Holder pasteurized, raw and UV-C treated HM incubated at 
37 for 18 hours. (a) S. aureus colonies in Holder pasteurized HM increased within 18 hours at 
37 °C incubation. (b and c) there was a slight  decrease in in S. aureus colonies count in raw and 
UV-C treated HM at 37 °C after 18 hours of incubation. (d) no bacterial growth was detected 
after treatment and even after incubation for 18h, LB: Luria-Bertani broth. P: Holder 
pasteurized HM, R: raw HM, UV: UV-C treated HM and SUV: raw HM spiked S. aureus then 
treated with UV-C. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
Figure 4. 2 The growth curve of S. aureus in Holder pasteurized, raw and UV-C treated HM 
incubated at 4°C for 14 days. (a) S. aureus in Holder pasteurized HM showed a decrease in 
bacterial colony count. (b and c) raw and UV-C treated HM incubated at 4°C. (d) no bacterial 
growth was detected after treatment and even after incubation for, S. aureus diminished after 8 
to 10 days, LB: Luria-Bertani broth. P: Holder pasteurized HM, R: raw HM, UV: UV-C treated 
HM and SUV: raw HM spiked S. aureus then treated with UV-C. 
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4.4.2 Lactoferrin, sIgA and lysozyme retention in HM samples 

Protein levels remained constant over the incubation time at 37°C for all three proteins  

(Figure 4. 3).  

The levels varied by sample (all p-values < 0.001) and treatment (all p-values < 0.001). 

HP DHM had a significantly lower concentration of lactoferrin, lysozyme, and sIgA 

compared to raw milk and UV-C (all p-values < 0.001) (Table 4. 1).  

There was no significant difference in sIgA, lactoferrin and lysozyme variation between 

samples. Bacterial proliferation rate per hour was lower with higher concentration of 

lactoferrin lysozyme and sIgA (all p-values < 0.001) when HM incubated at 37°C 

(Figure 4. 4).  
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Figure 4. 3 Proteins change in raw, HP and UV-C treated DHM during 18 hours of incubation 
at 37°C (mean ±SD, n=4). 
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Table 4. 1 Concentrations and retentions of immunological Proteins in raw, Holder pasteurized 
and UV-C treated HM  

 
Treatment 

Lysozyme Lactoferrin sIgA 

Concentration 

(mg/mL) 

Retention 

(%) 

Concentration 

(mg/mL) 

Retention 

(%) 

Concentration 

(mg/mL) 

Retention 

(%) 

Raw 0.23 ± 0.01 100 7.3 ± 1.98 100 2.7 ± 1.4 100 

 

Holder  0.18 ± 0.01* 78.3 ±5.4 2.2 ± 1.9* 32.1± 6.8 1.9 ± 1.3* 76.8± 9.7 

UV-C 0.22 ± 0.01 95.7 ±0.1 6.7 ± 0.41 91.8± 4.2 2.5 ± 0.9 91.5± 4.8 

   * p-value < 0.001 
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(a) 

 
(b)) 

 
(c) 

 
Figure 4. 4 Relationship between S. aureus proliferation rate per hour and concentration of  (a) 
lysozyme, (b) lactoferrin and (c) sIgA in DHM samples. 
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4.4.3 Enterotoxin in HM 

SEA was only detected in HP DHM inoculated with S. aureus and incubated at 37°C 

from the 9th hour of incubation onward. At this point the growth was nearing stationary 

phase and viable counts were approaching 108 CFU/ml. The concentration of SEA 

increased with increasing time and a significant increase in the rate of production was 

observed after 11.2 hours (p-value <0.001), (Figure 4. 5). Only one sample of HP DHM 

inoculated with S. aureus and incubated at 37°C showed enterotoxin B at the 18th hour 

of incubation. 

 

 
Figure 4. 5 S. aureus growth and SEA production in milk incubated at 37° C (circles) with the 
logistic growth curve in red. SEA production (squares) with segmented linear regression fit in 
blue.  
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4.5 Discussion 

S. aureus is the most common potential pathogen detected in DHM and is capable of 

producing enterotoxins that may be harmful to the infant. This study aimed to determine 

if enterotoxin was produced in HP DHM, UV-C treated DHM or inoculated then UV-C 

treated DHM. We detected S. aureus enterotoxin in HP DHM samples inoculated with 

S. aureus after 9 hours of incubation at 37°C, and this was likely due to the reduction in 

immunological milk proteins that occurred as a result of the Holder pasteurization 

process. 

 

Proliferation of S. aureus in HP DHM samples was responsible for the production of 

enterotoxin. Our study showed that SEA production was positively related to bacterial 

density in all HP samples incubated at 37°C (Figure 4. 5). This is consistent with a 

previous study that showed a correlation between the production of enterotoxin in 

pasteurized cow milk and staphylococcal colony counts	  315. The bacterial colony counts 

increased in HP HM incubated at 37°C over time until they reached a stationary phase 

at the 15th hours of incubation (Figure 4. 1a). However, production of enterotoxin B 

occurred with different kinetics, being detected at the 12th hour in LB broth incubated at 

37°C and only at the 18th hour in a single HP DHM sample. The limited detection of 

SEB can be attributed to its sensitivity to culture conditions while SEA production is 

more closely related to the growth kinetics of S. aureus 329. Furthermore, SEA has been 

shown to be produced throughout the log phase of S. aureus growth, while SEB is 

produced during the transition from the log phase to the stationary phase	   330. Our 

findings are consistent with the literature as we detected SEB at the 12th hour between 

log and stationary phase (Figure 4. 1a).  

 

In contrast to HP DHM, no enterotoxin production was detected UV-C treated and raw 

DHM when incubated at 37°C, presumably due to the lower bacterial growth kinetics 

(Figure 4. 1b and 4. 1c). The reduced bacterial colony count in the UV-C treated and 

raw DHM was expected, due to the preservation of immune proteins in UV-C and raw 

DHM. The HM immune proteins lysozyme, sIgA and lactoferrin are the most abundant 

proteins exerting the majority of antimicrobial activity in HM	   38,157,331. Commensurate 

with previous studies 61,140, we measured significantly lower concentrations of 

lactoferrin, lysozyme, and sIgA in HP DHM compared to raw and UV-C treated DHM. 

The retention of three major proteins is likely contributing to the higher anti-bacterial 
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activity and suppression of the bacterial growth in UVC-treated DHM (Table 4. 1). This 

assumption is further supported by the inverse correlation between the bacterial growth 

rate and the concentration of lactoferrin, lysozyme and sIgA (Figure 4. 4). Furthermore, 

an optimum condition for S. aureus growth is a lack of bacterial competition. The 

presence of bacterial competition will result in lower bacterial proliferation and 

consequently minimal amounts or no enterotoxin production. This has been shown in 

raw or fermented foods and raw cow milk 315,332. Such an environment (without 

competing microorganism) was produced in the HP DHM and UV-C treated HM 

(treated pre inoculation). However, UV-C HM showed a similar colony count to raw 

HM while the colony count increased in HP DHM indicating the importance of HM 

immune-proteins as bactericidal agents. 

 

HP DHM samples did not produce detectable enterotoxin when incubated at 4 °C. The 

absence of enterotoxin can be attributed to the decreasing bacterial load in the samples, 

which was in the order of 1 to 2 fold over the 14 days of incubation (Figure 4. 2a).  

Enterotoxin was not detected in UV-C treated DHM or raw milk. The decrease in 

colony count by 3 fold by the 10th day of incubation (Figure 4. 2c) in UV-C treated 

DHM and the complete absence of bacterial colonies by day 9 (Figure 4. 2b) in raw 

milk explains the lack of enterotoxin production. This observation was consistent with 

previous studies that showed bacterial levels in raw and leftover HP DHM samples that 

were contaminated with commensal bacteria, reduced significantly when stored in the 

refrigerator (4°C) for 4 to 6 days	   310,333. In addition, the rapid decline of S. aureus in 

CFU/mL in UV-C treated raw DHM stored at 4°C compared to the less pronounced 

decline of the same inoculum in HP DHM may be due to the loss of immune-proteins 

after heat treatment in the latter samples 313, which has also been shown in  previous 

studies 29,153,306.  

 

The experiment to determine if S. aureus is able to proliferate or produce enterotoxin 

after treatment of inoculated milk with UV-C was reassuring; the spiked bacteria were 

unable to proliferate after treatment (Figure 4. 2d). Thus no enterotoxin production was 

detected during incubation in at both 37 and 4°C. This somewhat allays the concern that 

bacteria damaged by UV-C may still be able to produce enterotoxin where treatment 

protocols are able to inactivate all viable bacteria. UV-C treatment of DHM is therefore 

an attractive alternative to heat pasteurization. 
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The limitations of this study are the detection limit of the enterotoxin assay (detection 

limit 0.5 ng/mL), which raises the slim possibility that enterotoxin, might be produced 

below the level of detection. However, Evenson et al, showed that the dose of 

enterotoxin to produce gastroenteritis school aged children is 0.5 ng/mL 294. The dosage 

required to cause complications in preterm infants remains unknown.  

 

4.6 Conclusion 

This study has shown that pasteurizing DHM with UV-C has potential as an alternative 

method to Holder pasteurization to provide safe, high quality HM for preterm infants. 

We have shown that enterotoxin was only detected in HP DHM samples by the 9th hour 

of incubation at 37°C. Enterotoxin was not detected in UV-C, raw and inoculated then 

UV-C treated DHM at all 37 or 4°C. Enterotoxin production was related to bacterial 

growth, which was restricted by the high level of immune-protein bioactivity in UV-C 

treated milk. 
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Chapter 5: Establishing a cell-based biosensor to detect S. aureus 

enterotoxin in human Milk 
 

(Abstract) 

Introduction: Some strains of Staphylococcus aureus (S. aureus) can produce heat 

stable enterotoxins that cannot be destroyed by Holder pasteurization. Such bacteria can 

be transferred to donor human milk (DHM) during processing, storage or from a donor 

carrying the bacteria as commensal or from donors with mastitis. The presence of these 

enterotoxins in DHM exposes preterm babies to a poorly defined risk.  

Objective: We aimed to detect the presence of S. aureus enterotoxin A (SEA) and 

enterotoxin B (SEB) in human milk (HM) using a cell-based biosensor. We 

hypothesized that enterotoxin will induce macrophage cell (RAW264.7) activation, 

which is quantifiable by the induction of inflammatory cytokines; tumor necrosis factor 

alpha (TNF-α) and interleukin-6 (IL-6).  

Materials and Methods: Four milk samples were divided into three groups; untreated 

(raw), Holder pasteurized (HP) and UV-C treated. Each sample was then divided into 

three subsamples, one was directly spiked with commercially obtained SEA and SEB 

(commercial), another was spiked with SEA and SEB that were prepared after 

incubating enterotoxin A and B producing S. aureus at 37°C for 18 hours (in-house 

enterotoxin) and the third was enterotoxin free. The milk samples were added directly to 

cultured macrophages (RAW246.7) and also the apical side of a co-culture of Cac-2 

cells and RAW246.7 macrophages (Caco-2 cells (apical side) and RAW246.7 

(basolateral side)). After six hours of incubation at 37°C, culture supernatants were 

collected to quantify TNF-α and IL-6 by ELISA.  

Results: HP DHM samples containing commercial and in-house enterotoxin 

demonstrated a significant increase in TNF-α and IL-6 concentrations when applied 

directly to macrophages compared to the raw and UV-C treated HM. No differences in 

TNF-α and IL-6 production were seen in the co-culture method. 

Conclusion: Direct testing of macrophages is a promising potential method for 

enterotoxin detection in DHM. HP DHM with enterotoxin had the greatest effect on the 

cells compared to raw and UV-C DHM spiked with the same concentration of 

enterotoxin. Responses were not improved by using the co-culture method. These 

results provide direction for future development of cell-based method to detect 

enterotoxin in DHM.  
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5.1 Introduction 

Staphylococcus aureus (S. aureus) is a significant human pathogen, as well as one of 

the most frequently detected pathogenic bacteria in donated human milk (DHM) 
120,133,279,281.  Some strains of S. aureus are able to produce enterotoxins that cause food 

poisoning. Staphylococcal enterotoxin A (SEA) and B (SEB) are the most common 

enterotoxins causing staphylococcal food poisoning globally 334. These bacteria can be 

transferred to food during preparation, storage and even after heat treatment 335. The 

usual occurrence of these bacteria is attributed to its commensal colonization of 

approximately 30% of the human population 336. In the case of DHM, S. aureus is the 

most common cause of infective mastitis, and can be transferred from a donor188. Other 

potential scenarios include contamination by staff during collection and processing. 

Indeed, a previous study showed that more than 75% of samples from healthy 

individuals contained enterotoxin A and B producing S. aureus 337.  

 

S. aureus enterotoxins (SE) belong to the family of superantigens that cause toxic shock 

and infection. These enterotoxins are able to activate immune responses after 

penetrating the intestinal lining 334.  The immune response is initiated through a non-

specific activation of T cells leading to the release of proinflammatory cytokines and 

systemic shock 253,338. This immune response can cause gastrointestinal damage caused 

by inflammatory changes in multiple regions of the gastrointestinal tract, especially the 

small intestine 339,340.  

 

Whilst some milk banks reject DHM that contains S. aureus for pasteurization 
26,113,117,307 others do not. Acceptable viable counts of S. aureus vary from <103 

CFU/mL 307 to <104 CFU/mL 116,117,120 to <105 CFU/mL 26,113. Although growth of 

toxigenic S. aureus at these colony forming units did not show detectable enterotoxin 

production (as shown in previous chapter), proper storage and process is important to 

avoid bacterial proliferation that can result in enterotoxin production in DHM. Further, 

whilst pasteurization of DHM eliminates S. aureus, their enterotoxins will remain 

present in the processed product as they are heat resistant toxins 33. This raises concerns 

that the absence of S. aureus does not necessarily mean the absence of enterotoxin. 

Preterm infants have very immature gastrointestinal tract and immune systems12,341,342. 

Therefore, the presence of enterotoxin in DHM represents a potential risk as the preterm 

gastrointestinal tract is more susceptible to GIT insults 343.  
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UV-C treated DHM showed promising potential in eliminating viable bacteria from 

DHM, further preserved immune proteins (lysozyme, sIgA and lactoferrin) in UV-C 

treated DHM while they severely decreased in the HP DHM (chapter 4). The 

preservation of lysozyme, sIgA and lactoferrin in UV-C treated DHM helped to stop 

bacterial proliferation by exerting antimicrobial activity in milk	  38,157,331.	  This resulted in 

no detection of enterotoxin (detection limit 0.5 ng/mL) after 18 hours of incubation at 

37°C.  

 

However, even though no enterotoxin was detected, the concentration of enterotoxin 

produced in these conditions may be under the detection limit. To more clearly define 

the biological significance of enterotoxin in breast milk, detection methods such as 

biosensors can be established.  A biosensor is defined as an analytical device that uses 

biological elements such as single stranded DNA, phages, antibodies or living cells to 

produce physicochemical changes that include optical, thermometric or magnetic 

changes 254. These biological elements, which are attached to the sensor, produce 

detectable signals after reacting with a specific biological element 256. To be able to 

detect enterotoxin in DHM and get an insight into the physiological effect of 

enterotoxin on the preterm baby gastrointestinal tract, it is useful to establish a cell-

based biosensor incorporating mammalian cells that respond to the contaminant in a 

manner that mimics the human system.	   In this manuscript, we investigated using 

growing cells submerged in culture media in dishes or wells as a biosensor. When a 

DHM sample containing enterotoxin is placed on the cells, they can respond by 

changing of cellular activity, by secretion of cytokines, by changes in cellular 

morphology, increases in cellular apoptosis or necrosis or by changes in transcription of 

inflammation 255,262,263. As SEs are known to act as a superantigen 32, it is practical to 

measure inflammatory cytokine secretion by tested cells in reaction to SE. 

 

In this study we attempted to design a cell-based biosensor for the detection of 

enterotoxins in DHM. Two systems were tested; one a macrophage monolayer, the 

other a co-culture consisting of Caco-2 cells (apical side) and RAW246.7 macrophages 

(basolateral side) to mimic the interface between the intestine and the immune system, 

which the enterotoxin targets. Response to the toxin was assessed by the detection of 

the inflammatory cytokines TNF-α and IL-6. These cytokines have an essential role in 
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both innate and acquired immune responses and are involved in the acute infection 

response, triggered by infection and inflammation 344,345. 

We hypothesize that enterotoxin transcytose across the intestinal epithelial cells (Caco-

2) and penetrate the semipermeable membrane inducing RAW264.7 activation denoted 

by an increased production of proinflammatory cytokines TNF-α and IL-6. 

 

5.2 Materials and Methods 

5.2.1 Samples Preparation 

Milk samples (n=4) were obtained from four donors who donated milk to the Perron 

Rotary Express Milk Bank (PREM Bank), King Edward Memorial Hospital for 

Women, Subiaco, Western Australia. Mothers had given prior consent for their milk to 

be used in research (Western Australian Health Human Research Ethics Committee; 

2014127EW).  

The samples were aliquotted into 12 samples (4 raw, 4 UV-C treated and 4 HP) (Figure 

5. 1). Holder pasteurization and UV-C treatment was carried out as described in the 

previous chapter. Mothers had given prior consent for their milk to be used in research 

(Western Australian Human Research Ethics Committee; 2014127EW). 

 

5.2.2 Enterotoxin preparation 

Based on the previous chapter, we have determined that S. aureus produces SEA and 

SEB in DHM when incubated at 37°C for 18 hours.  Thus enterotoxin A and B 

producing S. aureus were spiked in Luria-Bertani (LB) broth and incubated at 37°C for 

18 hours. S. aureus was removed from the culture by filtration with a syringe filter with 

pore size of 0.45 µm (Pall, USA). This gave an enterotoxin concentration of 8 ng/mL 

SEA and 4 ng/mL SEB.  

	  

5.2.2.1 In-house enterotoxin 

Based on the previous chapter, we have determined the phase where S. aureus produce 

enterotoxin A and B in human milk (HM), Thus milk samples were spiked with 

enterotoxin A and B producing S. aureus and incubated at 37°C for 18 hours which 

gave an enterotoxin concentration of 4-6 ng/mL enterotoxin A and 0.7-0.9 ng/mL 

enterotoxin B.  

Other milk samples were spiked with pure enterotoxin (10 ng/mL enterotoxin A and B). 
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The milk samples were used to test the cells along with a culture media (negative 

control).  

	  

5.2.2.2 Commercial enterotoxin 

Commercially obtained enterotoxin (Sigma Aldrich, UK) has been diluted to give a 

concentration of 20 ng/mL SEA and SEB. 

 

5.2.3 Enterotoxin spiking 

DHM samples were spiked with in-house SEA and SEB in 1:1 ratio to give an 

enterotoxin concentration of 4 ng/mL SEA and 2 ng/mL SEB.  

Other DHM samples were spiked with the commercially obtained enterotoxin in 1:1 

ratio produce a concentration of 10 ng/mL SEA and SEB.  

 

 

	  
 Figure 5. 1 A schematic representation of DHM samples preparation and enterotoxin spiking. 
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5.2.4 Cell culture 

Human intestinal epithelial cell line, Caco-2 (ATCC HTB-37, USA), cells were cultured 

in DMEM 100 U/ml penicillin, 100 µg/ml streptomycin, and 20% FBS.  

Murine macrophage cell line, RAW 264.7 (ECACC 91062702, UK), cells were cultured 

in DMEM supplemented with 10% (v/v) heat-inactivated FBS, 100 U/ml penicillin, and 

100 µg/ml streptomycin. Cell cultures were incubated in a humidified 5% CO2 

incubator at 37 °C. 

Caco-2 cells were seeded at 104 cells/well onto transwell insert plates (4.67 cm2, 0.4 µm 

pore size) (Costar, USA). The cell culture medium was changed every 3 days until the 

cells were fully confluent (16 days).  

RAW264.7 cells were seeded at 105 cells/well into the 24-well tissue culture plate and 

incubated overnight to ensure complete adherence to the well. After replacing all media 

with RPMI 1640 media, the transwell insert on which Caco-2 cells had been cultured 

was added into multiple plate wells preloaded with RAW264.7 cells. 

The Caco-2 monolayer integrity was evaluated by measuring transepithelial electrical 

resistance (TEER) using the Millicell Electrical Resistance System (Millipore Corp., 

Bedford, MA) along with visual control of the cell layer integrity using an inverted 

microscope. Cells became confluent after 16 days, when the TEER exceeded 650 

Ω/cm2. 

 

5.2.5 Testing DHM with cell-based biosensor 

Direct testing was performed by adding DHM (raw, HP and UV-C treated) containing 

commercial enterotoxin, DHM with in-house enterotoxin and DHM without enterotoxin 

directly onto RAW264.7 cells (Figure 5. 2a). DHM samples with and without 

commercial enterotoxin were also added to the apical side of the co-culture (Figure 5. 

2b). After addition of DHM, all cultures were incubated at 37°C for 6 h. After 

incubation, culture supernatant from RAW264.7 cultures and the apical and basolateral 

sides of the co-cultures were collected and TNF-α and IL-6 were quantified by ELISA. 

Along with DHM samples, culture media was also used to test the cells (negative 

control). 
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a 

 

b 

 
Figure 5. 2 A schematic representation of the cell culture testing system. (a) Raw264.7 cells 
were cultured on 24 well culture plates and samples were added directly to the cells. (b) Caco-2 
cells were cultured on transwell inserts with semipermeable layer. Raw264.7 cells were cultured 
on 24 well culture plates then cell culture inserts on which Caco-2 were cultured were placed in 
these wells and samples were added to the apical side.  

 

 

5.2.6 Measuring enterotoxin in co-culture 

Supernatants from apical and basolateral sides of the co-culture were used to detect the 

presence of enterotoxin using assays for SEA and SEB with a SET-RPLA TD900 kit 

(Oxoid, UK), that was used according to the manufacturer’s instructions.  

Results were scanned using a document scanner (Epson V700, Japan). The images were 

used to acquire semi-quantitative results using Image J software 308 by measuring the 

pixels in comparison to negative controls and standard curve toxin results to determine 

the amount of toxin present.  

 

5.2.7 ELISA for TNF-α and IL-6 measurement 

All collected culture media were used for the quantification of TNF-α and IL-6 using a 

commercially available ELISA kit (ELISAkit.com, Caribben Park, Scoresby, VIC, 

Australia) following the manufacturer’s instructions. 

 

5.2.8 Measurement of lactoferrin and secretory Immunoglobulin A (sIgA) 

The lactoferrin content of DHM samples was quantified for all samples incubated at 

37°C by the sandwich Enzyme-linked immunosorbent assay (ELISA) method as 

previously described by Czank et al.	  153. All antibodies and standards were purchased 

from MP Biomedicals Australasia (New South Wales, Australia). The recovery assay 

for lactoferrin was 100.5 ±3% (n=6) and for sIgA was 101 ±4 (n=7). 
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5.2.9 Measurement of lysozyme 

Determination of lysozyme concentration for all samples incubated at 37°C was carried 

out using a modified turbidimetric assay	   326. Standards were prepared by diluting hen 

egg white lysozyme (Sigma, St. Louis, MA, USA) 0.0005–0.01 mg/mL. Skim milk 

samples were diluted 10-fold in 0.1 M Na2 HPO4 /1.1 mM citric acid (pH 5.8) buffer. 

25µL of standards or diluted skim milk samples were placed into the wells of a 96 well 

plate (Greiner Bio-One, Frickenhausen, Germany).  175 µL of Micrococcus 

lysodeiltikus suspension (0.075% w/v, ATCC No. 4698, Sigma, St. Louis, MA, USA) 

was added into each well and the plate was incubated with shaking at RT for 1 h. The 

absorbance was measured at 450 nm. Recovery of lysozyme was 102 % ±2.5% (n  = 6). 

 

5.2.10 Statistical Analysis 

The concentration of cytokines, TNF-α and IL-6, was modeled using a three-way 

ANOVA with interactions. The three explanatory variables considered were culture 

type (co-culture apical, co-culture basolateral, direct commercial enterotoxin and direct 

in-house enterotoxin), DHM treatment method (raw, HP and UV-C) and enterotoxin 

presence (yes or no).  

The association between the concentration of two cytokines TNF-α and IL-6, and DHM 

immune-proteins of interest, lactoferrin, sIgA, and lysozyme was modeled using a four-

way ANOVA with interactions. The four explanatory variables considered were the 

immune-protein of interest (lactoferrin, lysozyme or sIgA), culture type (co-culture 

apical, co-culture basolateral, direct commercial and direct in-house), DHM treatment 

method (raw, HP and UV-C) and enterotoxin presence (yes or no).  

Post hoc analysis was carried out using estimated marginal means to investigate if the 

presences of enterotoxin led to increase production of TNF-α and IL-6 and if the culture 

types differed within HP DHM.  

Linear regression was used to explore the relationship between observed protein levels 

and time of incubation, treatment and sample.  

Significance was set at the 5% level and data were analyzed using the R environment 

for statistical computing 286. 

The variability due to sample was considered and if significant a linear mixed model 

was used to account for the variability with a random effect of sample ID.  
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5.4 Results 

	  
5.4.1 Cytokines production 

All milk samples containing in-house enterotoxin and added directly to macrophages 

showed higher production of TNF-α and IL-6 compared to samples that were 

enterotoxin free (Figure 5. 3a) except for UV-C and IL-6. All milk containing 

commercial enterotoxin showed higher production of TNF-α and IL-6 compared to the 

ones without enterotoxin (Figure 5. 3b).  

The highest concentration of TNF-α and IL-6 was observed with the addition of HP 

DHM containing commercial enterotoxin to macrophages (direct culture) (Figure 5. 3b).  

For both TNF-α and IL-6 the three-way interaction with DHM treatment, culture type 

and enterotoxin presence was significant (p<0.001 and p=0.005 respectively). 

For TNF-α when comparing HP DHM with and without enterotoxin showed statistically 

significant difference (p <0.001). Likewise for IL-6 the only statistically significant 

difference was HP DHM with enterotoxin (p <0.001).  

 

Direct cell testing with HP DHM containing commercial enterotoxin showed a 

significant difference between co-culture (apical and basolateral sides) and direct cell 

testing with HP DHM containing in-house enterotoxin (p<0.001). In co-culture, apical 

was not different from basolateral (p=0.567) and basolateral is not different from direct 

in-house (p=0.142) for TNF-α. For IL-6 apical was not different from basolateral 

(p=0.8). 
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(a) 

	    

(b) 

	  

 

Figure 5. 3 The average of TNF-α and IL-6 production by macrophage (RAW264.7) when 
adding (a) raw, HP and UV-C treated DHM with and without in-house enterotoxin (b) raw, HP 
and UV-C treated DHM with and without commercial enterotoxin (n=4). 
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(a) 

	    
(b) 

	    
Figure 5. 4 The average of TNF-α and IL-6 production from the apical and basolateral sides of 
the co-culture when adding raw, HP and UV-C treated DHM (n=4). (a) No difference was 
detected in the TNF-α production between all types of DHM when added to co-culture, (b) 
Apical and basolateral sides of co-culture showed a slight increase in IL-6 production when 
reacting to HP milk containing enterotoxin compared to other types of DHM. *: HM with 10 
ng/mL SEA and SEB. 
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5.4.2 Lactoferrin, sIgA and lysozyme retention in DHM samples 

HP DHM had lower concentrations of lactoferrin, lysozyme, and sIgA compared to raw 

milk and UV-C (Table 5. 1).  

 
 

Table 5. 1 Concentration of immunological proteins in raw, Holder pasteurized and UV-C 
treated DHM samples (mean ±SD, n=4).  

 
Treatment 

Lysozyme Lactoferrin sIgA 

Concentration 

(mg/mL) 

Retention 

(%) 

Concentration 

(mg/mL) 

Retention 

(%) 

Concentration 

(mg/mL) 

Retention 

(%) 

Raw 0.23 ± 0.01 100 7.3 ± 1.98 100 2.7 ± 1.4 100 

 

Holder  0.18 ± 0.01* 78.3 ±5.4 2.2 ± 1.9* 32.1± 6.8 1.9 ± 1.3* 76.8± 9.7 

UV-C 0.22 ± 0.01 95.7 ±0.1 6.7 ± 0.41 91.8± 4.2 2.5 ± 0.9 91.5± 4.8 

* p-value < 0.001  

 

5.4.3 Associations between DHM immune-proteins and cytokines concentration  

5.4.3.1 Lactoferrin  

The four-way interaction between lactoferrin, culture type, DHM treatment and 

enterotoxin regarding TNF-α was significant (p=0.047, Figure 5. 5).  

The four-way interaction between lactoferrin, culture type, DHM treatment and 

enterotoxin regarding IL-6 was significant (p <0.001, Figure 5. 6).  

Commercial enterotoxin in HP DHM made the largest difference showing the highest 

production of cytokines when directly added to macrophages (RAW264.7) (Figure 5. 5a 

pasteurized direct commercial), showing a negative association between lactoferrin and 

TNF-α and IL-6 production and positive association without enterotoxin (Figure 5. 6a) 

 

5.4.3.2 SIgA 

The four-way interaction between sIgA, culture type, DHM treatment and enterotoxin 

was significant (p=0.006). Commercial enterotoxin in HP DHM made the largest 

difference when added to macrophages (RAW264.7) (Figure 5. 5c pasteurized direct 

commercial), showing a negative association between sIgA and TNF-α production 

(p=0.006).  
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5.4.3.3 Lysozyme 

The only significant three-way interaction was enterotoxin with DHM treatment and 

culture type (p<0.001). Lysozyme was not related to TNF-α (p=0.089) (Figure 5. 5b). 

The only significant three-way interaction was enterotoxin with DHM treatment and 

culture type (p=0.005). Lysozyme was not related to IL-6 (p= 0.113) (Figure 5. 6b).  
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Figure 5. 5 Association between (a) lactoferrin (b) lysozyme and (c) sIgA with TNF-α 
concentration accounting for culture type, DHM treatment and enterotoxin presence. 
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Figure 5. 6 Association between (a) lactoferrin (b) lysozyme and (c) sIgA with IL-6 
concentration accounting for culture type, DHM treatment and enterotoxin presence. 
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5.4.4 Co-culture integrity measurement 

Enterotoxin in DHM caused transcytosis in Caco-2 cells after 6 hours incubation at 

37°C as the TER dropped from >650 Ω/cm2  to <150 Ω/cm2 and was confirmed by the 

presence of enterotoxin in the basolateral side of the co-culture. Not all of the 

enterotoxin passed through to the apical side of the culture (Table 5.2). 

 

 
Table 5. 2 Enterotoxin concentrations that were detected in media supernatant collected from 
apical and basolateral sides of the co-culture after 6 hours (mean ± SD, n=4) 

DHM 

Enterotoxin 

applied 

(ng/mL) 

Co-culture  

side 

SEA   

(ng/mL) 

SEB  

(ng/mL) 

Raw 10 
Apical 3.7±2.5 3.3±1.9 

Basolateral 5.4±2.3 4.8±1.8 

Holder 

Pasteurized  
10 

Apical 1.9±1.0 2.1±0.8 

Basolateral 5.6±0.5 5.7±1.0 

UVC treated 10 
Apical 3.8±0.40 3.3±0.7 

Basolateral 4.3±0.95 4.1±0.8 

 

 

5.5 Discussion 

This study aimed to develop a cell-based method to detect SE in DHM. We were able to 

detect significant differences in inflammatory cytokine (TNF-α and IL-6) production 

when DHM containing enterotoxin was applied to macrophages compared with DHM 

without enterotoxin. HP of DHM increase the response of the macrophage only 

biosensor compared to raw and UV-C treated milk confirming bioactive immune 

proteins play a role in the control of SE. This was also shown in co-culture, as HP DHM 

with enterotoxin showed higher cytokine production by macrophages (basolateral side) 

than HP DHM without enterotoxin, however this difference was not significant. 

 

Direct application of DHM containing commercial SE (10 ng/mL SEA and SEB) to the 

single layer macrophages showed a significant response by cytokines production 

compared to direct application of DHM containing in-house enterotoxin (4 ng/mL SEA 

and 2 ng/mL SEB) and commercial enterotoxin to co-culture (Figure 5. 3 and 5. 4). This 

result is attributed to the higher concentration of the commercial enterotoxin, which was 
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able to activate the macrophages (RAW264.7) compared to the in-house enterotoxin. In 

addition to the concentration of the enterotoxin, the type of enterotoxin might have 

played an important role in activating the macrophages (RAW264.7) as in-house 

enterotoxin was not only lower in total concentration of enterotoxin, it also contained a 

lower concentration of SEB. A study has shown that SEB accelerates the effect of S. 

aureus compared to SEA. This was based on working hypothesis stating that SEB 

enterogenic activity may facilitate transcytosis, thus enabling the toxin to interact with 

immune cells in the bloodstream, leading to superantigenic activity faster than other 

enterotoxins 277.  

 

HP DHM containing enterotoxin initiated more cytokine production than the raw and 

UV-C treated DHM containing enterotoxin with the macrophage culture (Figure 5. 3 

and 5. 4). This result indicates that raw and UV-C DHM likely retains more bioactive 

components capable of neutralizing the enterotoxin, which are not present or greatly 

diminished in the HP DHM. We tested retention of the 3 major immune proteins in 

DHM; sIgA, lactoferrin and lysozyme. Whilst we found no relationships with lysozyme 

with TNF-α and IL-6 concentrations, we did find a negative relationship between TNF-

α and lactoferrin and sIgA concentrations. Higher concentrations of lactoferrin and sIgA 

were associated with lower concentrations of TNF-α. In addition higher concentrations 

of lactoferrin were associated with lower IL-6 production. However, raw milk with 

enterotoxin did not show a difference from raw milk without enterotoxin regarding 

TNF-α production. This might be due to the presence of a microbiome that could play 

role in activating caco-2 cells and consequently the macrophages. We propose that for 

the same reason we found that IL-6 showed higher levels on the apical side (Caco-2) 

than basolateral side (macrophages) when tested with raw milk without enterotoxin. 

Indeed epithelial cells (Caco-2) have the ability to produce IL-6 when coming in contact 

with non-pathogenic bacteria 276 in addition to probiotic bacteria (Lactobacillus spp.)346, 

which might be present in raw DHM. While UV-C treated DHM did not show high 

levels of IL-6 on the apical side, as it was free of bacteria. That was also shown in a 

previous study with a similar experimental set up showing increasing IL-6 and TNF-α 

concentrations when Caco-2 cells at the apical side were inoculated with E. coli in the 

presence of leukocytes at the basolateral side, while there was not a significant increase 

when Caco-2 cells were inoculated with E. coli without leukocytes at the basolateral 

side 347. 
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Nevertheless, HM has a complex nature containing cells and other components that can 

play a role in the cellular activation and reaction with the tested cell culture. 

A previous study has demonstrated activation of macrophages by the direct application 

of lactoferrin resulting in TNF-α production 348. However, the activation occurred when 

the lactoferrin dose reached 10 µg/ml in bovine milk while no activation occurred when 

the dose was 1 µg/mL. Our results did not concur; raw and UV-C treated DHM had 

higher concentrations of lactoferrin (7.3 ± 1.98 and 6.8±0.41 mg /mL respectively) 

compared to HP DHM (2.2±1.9 mg/mL) and TNF-α production was similar in all DHM 

types in all cultures with the exception of HP DHM containing commercial enterotoxin, 

which showed a significant increase in cytokine production. However, HM has complex 

composition that may play a role in the cytokines release and inhibition.   

 The lower production of TNF-α in UV-C and raw DHM suggests that lactoferrin plays 

a role in reducing the effect of enterotoxin on the macrophages. Since UV-C treated and 

raw DHM had greater concentrations of lactoferrin compared to HP DHM, they caused 

lower activation of the macrophages whereas the HP DHM showed higher activation 

with more cytokines production. This was stated in a previous study when lactoferrin 

participated in inhibiting SEA effect leads to decrease TNF-α synthesis in mucosal 

pulmonary infection in mice 349.  

 

Unexpectedly we found a relationship between sIgA and TNF-α. This could be 

attributed to the ability of sIgA to neutralize the enterotoxin in DHM thus reducing 

activation of the macrophages.  A similar mechanism was described in a previous study 

stating that sIgA antibody neutralizes E. coli enterotoxin in the breast milk of normal 

mothers, which prevents E. coli diarrhoea in the neonate 350.  

 

The production of TNF-α after adding DHM with enterotoxin to the co-culture was 

consistent with previous findings that showed in vitro penetration of the gut lining by 

enterotoxin with subsequent activation immune responses 351,253.  

 On the other hand no difference in IL-6 production was detected. We demonstrated that 

the dosage of enterotoxin was related to cytokine response with direct testing of the 

macrophages. This was consistent with Ortega and colleagues who stated that epithelial 

cells (Caco-2) facilitate transcytosis in a dose dependent which, enables the enterotoxin 

to interact with immune cells 277. This has been addressed in this study as the integrity 
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of the Caco-2 cell layers decreased indicating that transcytosis took place with HM 

containing enterotoxin in comparison with enterotoxin free HM. Furthermore, we have 

detected the presence of enterotoxin in the basolateral side of the co-culture and the 

amount of detected enterotoxin was lower than the initial dosage (Table 5. 2). 

 

In co-culture tested with DHM containing commercial enterotoxin, we were not able to 

detect as high a concentration of TNF-α and IL-6 compared to macrophages that were 

directly inoculated with the same enterotoxin. This may have occurred because the 

macrophages were not fully activated to allow high concentration of cytokines to be 

produced as the enterotoxin was not able to completely pass through the epithelial layer 

of Caco-2 cells, hence they were not exposed to the full-dose. Thus enterotoxin might 

need a longer time (>6 hours) to fully reach macrophages or potentially some 

enterotoxin amount was absorbed by the Caco-2 cells or was trapped in the 

semipermeable membrane of the transwell assembly.  
 

This study shows that there is the potential for the development of a successful cell-

based biosensor to detect enterotoxin in DHM. This may be useful in the assurance of 

the safety of human milk and to understand the potential physiological effect of feeding 

raw or HP DHM that contains S. aureus enterotoxin to preterm infants. However, more 

studies to understand the activity of S. aureus enterotoxin and the mechanism by which 

it causes intoxication in the gut tissues are required. Moreover, understanding the 

mechanisms of the immune response by S. aureus enterotoxin will not only lead to new 

insights into the pathophysiology of infection and to new antimicrobial strategies, but 

could also provide the platform for the design of a more reliable method for detection of 

their presence in donated human milk. 

 

5.6 Conclusion 

DHM containing enterotoxin showed a higher production of cytokines in macrophage 

DHM without enterotoxin. HP DHM with enterotoxin showed significantly higher 

production of cytokines than raw and UV-C treated DHM. The application of 

enterotoxin in the co-culture method did not show significant differences in the 

production of cytokines on either the apical and basolateral sides. The results provide a 

direction for future development of cell-based methods to detect enterotoxin in donated 

human milk.  
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Chapter 6: General Discussion 
	  
Our audit of the microbiological samples from the PREM milk bank has highlighted the 

presence of endogenous bacteria as well as external contamination of donor milk. 

Coagulase-negative staphylococcus (CoNS) was the most frequent bacteria detected in 

DHM while, S. aureus was the predominant potential pathogen detected (Chapter 2).  

The prevalence of CoNS in DHM was not surprising due to its nature as a skin 

commensal and it was likely introduced into DHM by either the donor mothers or by 

processing staff in the milk bank. Many previous studies have also shown CoNS to be 

the most prevalent bacteria in DHM	   207,279,289,352. Due to its nature as a human skin 

colonizer, it has generally been considered to be harmless commensal 353. However, 

CoNS is the predominant bacteria causing sepsis in preterm infants in NICU 354. 

Therefore most milk banks discard milk that contains CoNS post-pasteurization, as it 

will be consumed by vulnerable preterm infants.  

  

The importance of microbiological testing of DHM pre and post pasteurization was 

highlighted with the detection of Bacillus spp. CoNS and diphtheroids post-

pasteurization (Chapter 2). Bacillus spp. produces bacterial spores that are often not 

detectable in the pre-pasteurized milk samples. These spores are activated by heat 

treatment (pasteurization) to produce vegetative bacterial cells 355 that are detectable 

post-pasteurization. In addition to Bacillus spp., CoNS and diphtheroids were detected 

post-pasteurization (Chapter 2 Table 2. 2). Such bacteria are commensal bacteria and 

will not survive pasteurization unless the DHM contained a high bacterial load (>105 

CFU/mL), which is higher than the pasteurization elimination capacity. The PREM 

Milk Bank does not accept milk for pasteurization if it contains more than 105 CFU/mL 

commensal bacteria 27. However, some batches with a low CoNS colony count pre-

pasteurization showed CoNS post-pasteurization. Likewise, diphtheroids was detected 

in one batch post-pasteurization. This suggests that DHM was contaminated with these 

bacteria during processing and sampling. The incidence of HM contamination post-

pasteurization in our study was 2.4% while previous studies reported an incidence from 

3.3% to 50.3% of batches	  207,281,296.  

 

We found the potentially pathogenic bacteria S. aureus in 5% of DHM batches. This 

bacterium is a commensal colonizer of approximately 30% of human population 336. 

Thus contamination with S. aureus may be a result of transmission from the donor’s 
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skin or oropharynx or might be present in the milk in the case of mastitis. Many 

mothers are asymptomatic prior to the onset of acute mastitis, which is often sudden and 

dramatic thus they may unintentionally donate milk that contains high levels of the most 

common pathogen for mastitis; S. aureus 188. Furthermore, a previous descriptive study 

has shown that 31% of healthy women had S. aureus in their milk 356. 

 

S. aureus may present a threat to preterm infants if ingested with DHM. The risk would 

be higher in milk banks that do not pasteurize milk or in mother’s own milk as 

pasteurization eliminates S. aureus from DHM. Nevertheless, some strains of this 

bacteria can produce heat stable enterotoxins that are resistant to pasteurization 33. S. 

aureus’s ability to produce heat stable enterotoxins is the reason that many milk banks 

to discard DHM that contains S. aureus if detected pre-pasteurization despite lack of 

evidence to determine actual risk to the preterm infant.  

 

Milk banks may also bias their recorded incidence of S. aureus by the decision to not 

process donated milk based if previous microbiological results of previous donations 

have indicated S. aureus contamination 133,357. In contrast, some milk banks accept milk 

for pasteurization that contains different viable counts of S. aureus such as <103 

CFU/mL 307, <104 CFU/mL 116,117,120 or <105 CFU/mL 26,113. Whereas, others do not 

perform bacterial screening on the donated milk at all 113. Even when S. aureus is 

present in DHM, it is not known under what conditions they produce their enterotoxin 

in DHM. We have demonstrated that the level of proliferation of S. aureus in DHM is 

directly related to enterotoxin production (Chapter 3 Figure 3. 2 and Chapter 4 Figure 4. 

5) and this has not been shown before in HM. Specifically we have shown that S. 

aureus began to produce enterotoxin when their viable population increased from 

inoculation (103 CFU/mL) to 107-108 CFU/mL after 9 hours of incubation at 37°C in 

Holder pasteurized DHM. No enterotoxin production was detected in DHM at lower 

temperatures (21 and 4°C). More concerning was that this proliferation and enterotoxin 

production occurred only in Holder pasteurized (HP) DHM and not in raw milk, 

indicating that contamination of HP DHM during post-pasteurization processing might 

be problematic. However, it is unlikely milk would be warmed for 9 hours prior to 

feeding the infant. Of greater concern is the presence of enterotoxin in DHM pre-

pasteurization, as it will not be destroyed by pasteurization’s heat. Further experiments 
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on a large number of milk samples to determine the incidence of enterotoxin would be 

informative as to whether this presents a risk post-pasteurization. 

 

Clearly Holder pasteurization is not the ideal method in terms of preserving the 

bioactivity of milk and we have shown these factors are important in the suppression of 

both the growth of S. aureus and enterotoxin production. Indeed, we were able to show 

that bacterial growth rates were slower with increased concentrations of the most 

abundant immune-proteins (lactoferrin, lysozyme and sIgA). As such the UV-C 

processing method retained a higher proportion of these 3 proteins and closely 

mimicked the activity of raw milk and both S. aureus growth and enterotoxin 

production despite some loss in milk bioactivity (Chapter 4 Figure 4. 1). Pervious 

studies have shown that high temperature short time (HTST) also preserves major 

immune-proteins in milk	  125,126 and therefore retains a level of bioactivity. Furthermore, 

HTST has been successful in eliminating bacterial and viral threats in DHM	   124 

presenting another option for donor milk pasteurization. 

 

UV-C treatment of DHM has been shown to eliminate bacteria such as S. aureus, E. 

coli, Bacillus cereus	   35 and viruses such as CMV	   141. Further investigation of the 

efficacy of UV-C for other viruses such as HBV, HCV, HTLV I and II and HIV as well 

as potential bacterial pathogens such as Klebsiella, group B Streptococcus and 

Pseudomonas remain to be carried out. Further, UV-C and HTST methods are research 

based and are not optimized for the processing of large quantities of milk in the milk 

bank environment. 

 

One of the postulated concerns with UV-C processing is whether bacteria damaged by 

UV-C may still be able to produce enterotoxin where treatment protocols are able to 

inactivate all viable bacteria. We were able to answer this question (Chapter 4) as we 

found that S. aureus (103 CFU/mL) is not able to proliferate or produce enterotoxin after 

treatment with UV-C (2259 J/L). Further, spiking with bacteria after treatment to mimic 

contamination did not result in proliferation of S. aureus or detectable enterotoxin 

(Chapter 4 Figure 4. 1d and 4. 2d) at both 37 and 4°C. We recognize a major limitation 

in that we have not recreated that scenario where a mother experiencing mastitis or pre 

symptomatic mastitis (where bacteria is increased but has not caused symptoms) might 

donate milk or for that matter collect it for her own preterm infant. Currently, the risk of 



	  	  
107	  

feeding subclinical mastitic milk is minimized by pooling expressed milk to ‘dilute’ the 

milk from infected lobe/s. Given the incidence of mastitis in lactating women ranges 

from 2.6 to 33% 358 screening of large number of donor milk samples may serve to 

inform the incidence in milk donations. 

 

The advantages of the UV-C method as an alternative method to Holder pasteurization, 

is the shorter time which is 15 minutes at a dosage of 2259 J/L, compared to HP (30 

minutes). Whilst HTST is rapid; 15 seconds, retention of proteins appear to be 

inconsistent ranging from no change in some studies125,126,142 and with significant 

reduction in others127,128218, and is likely due to difficulties with the accuracy of the control 

of temperature and time in HTST.  

 

To further extend the findings of this study we aimed to develop a cell-based method to 

better understand cellular interactions with DHM containing enterotoxin and potentially 

to improve the detection of milk that might be harmful to preterm infants. To do this we 

took 2 different approaches; a single layer of macrophages and a bilayer of Caco-2 cells 

and macrophages. The single layer macrophages produced the most vigorous response 

to the application of DHM spiked with enterotoxin. Production of the pro-inflammatory 

cytokines TNF-α and IL-6 increased with the application of DHM containing 

enterotoxin compared with DHM without enterotoxin (Chapter 5). Further, consistent 

with our previous results, HP DHM with enterotoxin had the greatest effect on the cells 

compared to raw and UV-C treated DHM spiked with the same concentration of 

enterotoxin. This further emphasizes the importance of retention of bioactive proteins in 

the suppression of bacterial growth and potentially in enterotoxin production.  

 

We were unsuccessful in optimizing the bilayer culture. However, this method is 

attractive as it uses an intestinal cell line to mimic the intestinal immune responses. 

However, we found no differences in the responses between DHM with enterotoxin and 

without enterotoxin in the co-culture, which was unexpected. This may be due to the 

enterotoxin dose not being high enough in this model. However, further optimization 

and testing of this co-culture with other intestinal cells such as the fetal intestinal cell 

line and the IPEC (piglet) cell lines might demonstrate a better outcome. Further, the 

use of an in-vivo method e.g. animal model such as preterm piglet 359,360	  is required in 
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order to answer questions about enterotoxin dose would be useful to enhance our 

understanding of the results.  

 

Our studies support the potential for the development of a successful cell-based 

biosensor to detect enterotoxin in DHM. The sensor could potentially detect enterotoxin 

in donor milk or mother’s own milk in the clinical setting and also allow exploration of 

the potential physiological effects of feeding raw or HP DHM that contains S. aureus 

enterotoxin to preterm infants. If achievable, the increased understanding of the 

mechanisms of the gut immune response to exposure to S. aureus enterotoxin will not 

only lead to new insights into the pathophysiology of infection and to new antimicrobial 

strategies, but could also provide the platform for the design of a more reliable method 

for detection of their presence in donated human milk. 

 

Conclusion 

We have demonstrated the greatest prevalence of bacteria found in DHM to be CoNS 

(85.5%). S. aureus was the most prevalent potentially pathogenic bacteria (5%). 

Furthermore, we have also shown the significance of post-pasteurization 

microbiological testing and how it contributes to providing a safer product to preterm 

infants. We have also demonstrated the impact of different storage temperatures on S. 

aureus growth and enterotoxin A and B production in raw, Holder pasteurized and UV-

C treated donated human milk and showed that the increase in S. aureus count within 9 

hours of incubation at 37°C resulted in the production of detectable enterotoxin. 

Further, the bacterial kinetics was lower in the raw and UV-C treated milk, which, 

resulted in no enterotoxin detection. We have also established a base for further 

development of a cell-based biosensor to detect Staphylococcal enterotoxin in donated 

human milk, demonstrating a significant increase in TNF-α and IL-6 concentrations 

with HP DHM containing enterotoxin when applied directly to macrophages compared 

to the raw and UV-C treated HM. Development of such a method is required to further 

understand the effects of Staphylococcal enterotoxin to ensure the safety of donor milk 

for the preterm infant. 
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