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Human Breast Milk (HBM) is widely acknowledged as the best nutritional source 
for neonates. Data indicates that, in 2019, 83.2% of infants in the United States 
received breast milk at birth, slightly reducing to 78.6% at 1 month. Despite 
these encouraging early figures, exclusive breastfeeding rates sharply declined, 
dropping to 24.9% by 6 months. This decline is particularly pronounced when 
direct breastfeeding is challenging, such as in Neonatal Intensive Care Units 
(NICU) and for working mothers. Given this, it is vital to explore alternative 
breast milk preservation methods. Technologies like Holder Pasteurization 
(HoP), High-Temperature Short-Time Pasteurization (HTST), High-Pressure 
Processing (HPP), UV radiation (UV), and Electric Pulses (PEF) have been 
introduced to conserve HBM. This review aims to enhance the understanding 
of preservation techniques for HBM, supporting the practice of extended 
exclusive breastfeeding. It explicitly addresses microbial concerns, focusing 
on critical pathogens like Staphylococcus aureus, Enterococcus, Escherichia 
coli, Listeria monocytogenes, and Cytomegalovirus, and explores how various 
preservation methods can mitigate these risks. Additionally, the review highlights 
the importance of retaining the functional elements of HBM, particularly its 
immunological components such as antibodies and enzymes like lysozyme 
and Bile Salt Stimulated Lipase (BSSL). The goal is to provide a comprehensive 
overview of the current state of HBM treatment, critically assess existing 
practices, identify areas needing improvement, and advocate for extended 
exclusive breastfeeding due to its vital role in ensuring optimal nutrition and 
overall health in infants.
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Introduction

While Human Breast Milk (HBM) is often endorsed as the gold 
standard for neonatal nutrition (1–4), the 2022 Breastfeeding Report 
Card from the Centers for Disease Control and Prevention (5) 
reported that the majority (83.2%) of infants born during 2019 in the 
US began receiving breast milk, and 78.6% were still receiving breast 
milk at 1 month; however, at 6 months, only 24.9% of infants were 
exclusively breastfed, while 55.8% occasionally drank breast milk 
(Figure 1). Also, data reported by UNICEF points out that, according 
to 2017 data, only 41%–64% of babies were still breastfed at 2 years old 
(6). These trends have diverse implications, ranging from an increased 
risk of obesity in the child to various physical and emotional 
challenges for the mother (7–9).

To address the decline in breastfeeding, it is crucial to comprehend 
the underlying reasons. While there are numerous factors at play, two 
prevalent situations arise where direct breastfeeding becomes 
challenging: (1) When a neonate born preterm requires being 
introduced to a Neonatal Intensive Care Unit (NICU) (10), (2) 
Working mothers (representing more than half of mothers, in the US), 
must go outside the home without their babies, to continue with their 
professional life (9).

In both scenarios, the core requirement remains consistent: since 
these babies cannot be  breastfed, alternatives must be  sought to 
provide them with HBM when their mothers are not present. 
Technologies like Holder Pasteurization (HoP), High-Temperature 
Short-Time (HTST) Pasteurization, High-Pressure Processing (HPP), 
Ultraviolet (UV) radiation, and Pulsed Electric Fields (PEF) emerge 
as viable milk preservation methods, each presenting its own set of 
benefits and limitations.

Considering these factors, this review delves into 
characterizing HBM as a living fluid, emphasizing its relevance for 
individual children and society at large. From this perspective, 
we review the effects of the preservation treatments on the milk’s 

microbiological, bioactive, and nutritional profiles. The aim is to 
identify viable alternatives that facilitate prolonged lactation, 
enabling newborns to be fed exclusively on high-quality HBM for 
the first 6 months and continue for 12 months, as recommended 
by major US medical organizations (11), ensuring that infants 
receive optimal nutrition even when not in immediate proximity 
to their mothers.

Breast milk

Generalities

Human Breast Milk is a complex fluid [sometimes called a 
biological system (12) and a living tissue], naturally produced by 
women (13). HBM comprises nutritional and bioactive components 
that constantly interact with each other (12). Such intricate 
composition ensures that infants receive optimal nourishment (14). 
Because of this, organizations like WHO advocate exclusive 
breastfeeding for at least the initial 6 months of newborns’ lives (15).

While the HBM concept may seem obvious, classifying it poses 
challenges. This is primarily because (1) its composition constantly 
adapts to meet the evolving needs of the newborn, and (2) the 
dynamics of its constituents are influenced by various factors 
related to the mother, the baby, and the environment, including 
variables like geographic location and the mother’s diet (12, 13). 
With these complexities in mind and with a degree of generalization, 
the primary phases of HBM can be  classified as colostrum, 
transitional milk, and mature milk, with their primary 
characteristics illustrated in Figure 2.

This classification offers an introductory insight into the 
complexity of HBM, to understand its significance in neonatal 
nutrition and (13) the indispensable role that this fluid plays in 
newborn feeding.
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FIGURE 1

Percentage of 2019-born children who received any or exclusive Human Breast Milk (HBM) for the first 12  months of their lives (5).
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Composition

Bioactive components in HBM
While inherent variability exists, bioactive compounds in HBM 

can be  generally categorized into (1) growth and immunological 
factors and (2) cellular components, which notably include beneficial 
bacteria, along with immune, epithelial, and stem cells (13). A 
summary of these components is shown in Figure 3.

The emphasis on immunological factors, specifically antibodies, 
is paramount within bioactive components. Immunoglobulins are 
prominent representatives of this category. They are present mainly 
in the form of secretory Immunoglobulin A (sIgA) (hypothesized as 
an essential protective agent in breast milk) and secretory 
Immunoglobulin G (sIgG). These components play a crucial role in 
safeguarding the infant from infections during the maturation of its 
immune system. Breastfeeding has been shown to reduce the 
incidence of respiratory tract infections by 63% (18, 19). Remarkably, 
the content of immunoglobulins decreases as the lactation progresses. 
This trend can be attributed to (1) the increased autonomy of the 
infant’s immune system, reducing the need for external support, and 
(2) a decline in the newborn’s ability to absorb whole proteins 
through the gut (18).

HBM comprises both immunological and non-immunological 
cells. Concerning the former, leucocytes represent less than 2% of 
all cell content in the mature milk of healthy mothers. Their role is 
to bestow immunocompetence upon the newborn, and some 
hypotheses suggest a role in protecting the mammary gland against 
infections (13).

Non-immunological cells in HBM can be classified as lactocytes 
(responsible for the secretion of milk), myoepithelial cells (coming 

from ducts and alveoli from the mammary gland), progenitor cells, 
and stem cells, present in a heterogeneous mixture (Figure 4). Notably, 
myoepithelial cells and their precursors constitute around 98% of the 
non-immune cell types in healthy HBM. Their predominance is owed 
to their fundamental role in building the smooth muscle fibers 
surrounding the alveoli. Their importance is further underscored by 
their specific function of facilitating milk flow into the milk ducts (13). 
While existing studies provide insights, it is pertinent to acknowledge 
the need for further research to elucidate the potential benefits of 
non-immune cells in infant health.

Nutritional components of HBM
As mentioned before, the nutrient profile of HBM can differ based 

on several factors, notably the duration post-birth. Figure 4 illustrates 
the classification of nutrients found in HBM. Subsequently, we delve 
into each nutrient cluster’s role in neonatal development.

Proteins
Proteins are integral components of HBM, highlighted by (1) the 

variety of their functions, since they play a role in stimulating the 
absorption of other nutrients, modulating the growth and body 
composition of newborns, promoting gut development, and in 
antimicrobial and immunomodulatory activities, among other 
purposes, and (2) for its broad types; it is reported that HBM can 
contain more than 400 types of proteins (18, 20).

Lactocytes synthesize between 80% and 90% of proteins in HBM, 
with the remainder sourced from maternal circulation via transcytosis, 
subsequently entering the breast duct lumen (18).

As outlined in Figure 4, proteins are primarily classified into (1) 
casein proteins, existing as α-, β- and κ-casein in micelles, forming a 

FIGURE 2

Stages of HBM in the function of periods (16, 17), created with BioRender.com.

https://doi.org/10.3389/fnut.2023.1325863
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
http://BioRender.com


Núñez-Delgado et al. 10.3389/fnut.2023.1325863

Frontiers in Nutrition 04 frontiersin.org

colloidal suspension with κ-casein acting as a stabilizer; (2) whey 
proteins, soluble in milk, prominently including α-lactalbumin, 
lactoferrin, immunoglobulin S (IgS), serum albumin and lysozyme, 
and (3) mucins proteins, localized in the membrane of the fat globules 
in milk (18).

It is essential to mention that whey proteins such as lactoferrin 
and lysozyme are bioactive proteins that protect the infant against 
pathogens. First, lactoferrin (a highly glycosylated protein) can 
affect iron-dependent microorganisms because of its ability to 
decrease iron availability and disrupt their membranes (21, 22) and 

has antiviral effects against diverse viruses, including SARS-CoV-2 
(23–25). As for Lysozyme, it also possesses an antimicrobial effect, 
but its range of action focuses on improving human-resident 
bifidobacteria by excluding the non-human types from the infant’s 
system (20, 26).

Non-protein nitrogen
This category, detailed in Figure 4, accounts for approximately 

25% of all the nitrogen present in HBM (18). Although this fraction 
has been little studied, research underscores its contributions to 

FIGURE 3

Cells found in HBM (13).

FIGURE 4

Nutrients found in HBM (20).
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metabolic mediation, enzymatic activity, and promoting gut and 
microbiota development (18).

Carbohydrates
Lactose, a disaccharide comprising glucose and galactose, 

dominates the carbohydrate content in HBM. HBM has the highest 
lactose concentration compared to other mammals, mainly attributed 
to the highest energy demand for human brain development (18). 
Furthermore, as a galactose source, lactose is pivotal for the 
maturation of the central nervous system (20).

Human Milk Oligosaccharides (HMOs) are another vital 
carbohydrate component in HBM. While not directly digested by 
newborns, they play an essential role in nourishing the gut 
microbiota (18).

Human Milk Oligosaccharides (HMOs)
HMOs are complex molecules composed of 3–22 monomeric 

units of saccharides per molecule. Their structural building blocks 
consist of five monomers: L-fucose, D-glucose, D-galactose, 
N-acetylglucosamine, and N-acetylneuraminic acid, which vary in 
orientation and sequence of bonding (18, 27).

Several unique properties distinguish HMOs from other 
carbohydrates. They are the third most abundant component in HBM, 
with concentrations reaching up to 12.9 g/L in mature milk (18). 
Functionally, HMOs are essential for developing the infant’s gut 
microbiota and encouraging the growth of beneficial gut bacteria 
(serving as growth substrates), such as Bifidobacterium infantis (28). 
This enhancement helps to mitigate the growth of pathogenic bacteria 
and establishes a protective barrier against neonatal diarrheal 
infections. This protective mechanism stems from HMOs’ ability to 
mimic intestinal cell carbohydrates, which some pathogens latch onto. 

HMOs intercept these pathogens by acting as decoys, preventing them 
from infecting epithelial cells (18, 29).

Lipids
These compounds represent the primary energy source in HBM, 

accounting for 40%–55% of its total energy, as shown in Table 1 (20). 
Notably, nearly 98% of the lipids in human milk are triacylglycerides 
(TAG). The remaining fractions include diacylglycerides, 
monoacylglycerides, free fatty acids, phospholipids, and cholesterol. 
These molecules can form emulsions, forming fat globules. Within 
this structure, phospholipids comprise the protective membrane 
encapsulating the TAG core, as shown in Figure 5 (18, 30).

Beyond their primary energy-providing role, lipids in HBM 
also play a vital role in infant development. The concentration of 
long-chain polyunsaturated fatty acids (LC-PUFAs) in breast milk, 
such as DHA and arachidonic acid (ARA), positively correlates with 
infants’ cognitive development and visual acuity. Also, they serve as 
a source of essential nutrients, such as lipid-soluble vitamins, 
polyunsaturated fatty acids, and complex lipids. Furthermore, they 
play a crucial role in the myelination of the central nervous system, 
foster the development of the gastrointestinal tract, and offer 
protection against infections on the mucosal surface (18, 20, 31).

Another significant lipid fraction in HBM is glycolipids, which 
play a specific role in infant development. Recent studies indicate that 
gangliosides, a type of glycolipid, contribute to the maturation of the 
immune response and offer protection against allergies. They also have 
beneficial roles in antibacterial, anti-inflammatory, and prebiotic 
responses (32).

Significance of breastfeeding: implications 
for newborns, mothers, and public health

HBM has been frequently cited as: “the only food that meets all 
the nutritional requirements of infants and provides optimal 
adaptation, somatic growth, maturation, and development” (12, 33). 
The evidence highlights that the first one hundred days post-
conception is the most critical period for laying the foundation of 
lifelong health (34). This underlines the profound impact of 
breastfeeding on the health trajectories of infants and mothers, 
immediately and in the long run, and extends its significance to 
broader public health contexts.

For infants, the benefits are clear. In the immediate term, research 
suggests a discernible decrease in mortality rates during the initial 
years of life of breastfed newborns (34). Additionally, HBM has been 
highly effective in guarding against infectious gastroenteritis, 
particularly in developing countries, while bolstering immune system 
maturation (33). Over the long term, HBM plays dual roles: (1) 
fostering the growth and stability of the microbiome, which in turn 
may mitigate risks associated with chronic diseases like obesity, 
diabetes, heart disease, and cancer (34), and (2) facilitating the 
maturation of the central nervous system, which correlates with 
enhanced cognitive performance (studies have indicated a potential 
2%–3% increase in intelligence quotient and improved academic 
outcomes) (12, 35).

For mothers, breastfeeding offers protective benefits against 
certain cancers potentially due to its ovulation-suppressing effects (34, 
36). Moreover, research indicates that compared with their 

TABLE 1 Contribution to energy intake to 1  month of age newborns of 
compounds found in HBM, based on Mosca and Giannì (20).

Compound Energy intake (%)

Lipids 44.5 ± 5.2

Carbohydrates 43.9 ± 5.8

Proteins 8.4 ± 1.0

FIGURE 5

Conformation of a milk fat globule with a triacylglyceride (TAG) core, 
based on Brink and Lönnerdal (30), created with BioRender.com.
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non-lactating counterparts, breastfeeding mothers often require fewer 
medical consultations (23), a testament to the health benefits 
summarized in Table 2 (37).

Breastfeeding offers significant health benefits as a form of 
preventive medicine, nurturing a healthier population less prone to 
chronic diseases responsible for 60% of deaths globally (38). 
Emphasizing its health impact could revolutionize public health, akin 
to the transformative change seen almost 60 years ago regarding 
smoking, after the US Surgeon General’s report on smoking 
worldwide. Supporting every mother’s ability to breastfeed, as urged 
in 2011, the Surgeon General’s Call to Action is crucial for global 
health improvement (34, 39).

Why preserve Human Breast Milk?

In response to the US Surgeon General’s call, the treatment of 
HBM emerges as a pivotal alternative for mothers desiring to 
breastfeed but facing constraints. This article will delve into two 
primary scenarios underscoring this need.

First is the case of newborns, mainly preterm infants, temporarily 
deprived of direct maternal contact in the NICU. In such cases, 
Donated Breast Milk (DBM) would be the preferred option to meet 
the newborn’s nutritional needs (40). Given the vulnerable and 
underdeveloped immune systems of preterm infants, they are 
inherently at higher risk of infections (41). Therefore, to ensure its 
microbiological safety, DBM is typically processed in a Human Milk 
Bank (HMB), a specialized facility designed for this purpose. The 
Holder Pasteurization Process, endorsed by the Human Milk Banking 
Association of North America (HMBANA), defines the standard 
protocol (42). This method, while ensuring microbial safety, can 
compromise vital compounds like enzymes, immunoglobulins, and 
growth factors. Consequently, thermal and non-thermal techniques 
are being explored as alternatives for ensuring microbial safety and 
nutrient preservation in HBM.

The second scenario regards the challenge of nursing for working 
mothers. Data from 2011 (9, 43) indicates that a significant percentage 
(64%) of American women with children below 6 years and 56% with 
infants under 1 year were employed outside their homes. This pattern 
has persisted globally well into the last decade (9). Undoubtedly, this 
trend influences breastfeeding duration. Studies highlight a 
noteworthy difference in the rates of lactation continuation between 
working mothers and their stay-at-home counterparts, with the 

former group showing at least a 9% decline by the six-month mark (9, 
44). This disparity stems from several factors, including workplace 
conditions and lack of technology that supports milk extraction and 
preservation, leading many working mothers to preemptively view 
workplace breastfeeding as discouraging. Often, balancing workplace 
demands with maternal responsibilities becomes overwhelming, 
breastfeeding is the first thing they usually abandon, despite its 
benefits for both mother and newborn (9).

Given this context, devising solutions to aid mothers to continue 
breastfeeding comfortably and sustainably, without negatively 
affecting their employment, becomes highly relevant. Among the 
innovative avenues explored are emerging food preservation 
technologies like HPP, UV radiation, and PEF. Not only do these 
techniques ensure the microbiological safety of HBM until 
consumption, but they also ensure it retains essential nutrients and 
bioactive compounds pivotal for newborn development. The promise 
of these alternatives is further buoyed by findings suggesting extended 
lactation durations when workplaces provide suitable facilities for 
breast milk extraction and preservation technology (9).

In conclusion, exploring viable HBM preservation methods is 
fundamental for enhancing lactation duration for preterm and term 
newborns. Such advancements empower those mothers unable to 
breastfeed directly to persist with lactation, thereby bolstering the 
health of both mother and child and paving the way for a better-
nourished and healthier society. That is why, in the subsequent 
sections, we provide an overview of various technologies employed for 
HBM treatment. We will also discuss their impact on nutritional and 
functional properties and their relevance from a microbiological 
preservation perspective.

Thermal vs. non-thermal processes: a 
comparison of effects in breast milk

Even though several technologies could be  applied for HBM 
treatment, exploring which ones can make milk safe from the 
microbiological perspective is very important. It is necessary to 
completely inactivate microorganisms [that is, when viruses are 
inactivated, and bacterial reduction achieve 5-log reductions and 
levels below 10 CFU/mL (45, 46)] without compromising the content 
and activity of bioactive and nutritional compounds crucial for 
pre-term and term babies’ health. Considering this, a comparative 
analysis using Tables 3–6 is shown.

From a microbiological perspective, the most frequently reported 
microorganisms were Staphylococcus aureus (ATCC 6538), 
Staphylococcus aureus (ATCC 25923), Hepatitis A virus (HAV), 
Cytomegalovirus [in the form of Cytomegalovirus (CMV) and 
Cytomegalovirus (CMV) (AD169)], Enterococcus [in the form of 
Enterococcus faecalis (ATCC 29212), Enterococcus faecalis (PCM 896), 
Enterococcus faecium (ATCC 6057), Enterococcus faecium (ATCC 
8459) and Enterococcus spp.], as well as Escherichia coli [in the form of 
E. coli (ATCC 25922), E. coli (CIVO.B.0505) and E. coli (K-12)]. It is 
hypothesized that the study of these microorganisms is relevant 
because they are species commonly found in HBM as contaminants 
from the mother’s epidermis or frequent parasites of the milk.

On the other hand, the nutritional and bioactive compounds in 
HBM more frequently reported were: lactoferrin concentration, 
lysozyme concentration, lysozyme activity, immunoglobulin A (IgA), 

TABLE 2 Breastfeeding benefits for mothers, based on del Ciampo and 
del Ciampo (37).

Short-term benefits Long-term benefits

Reduced probabilities of: Reduced probabilities of:

Bleeding Cancer (endometrium, breast, and ovarian)

Infection Endometriosis

Adiposity and weight
Chronic diseases, such as diabetes, high blood 

pressure, and cardiovascular diseases

Postpartum depression Rheumatoid arthritis

Stress and anxiety Alzheimer disease

Get pregnant immediately –
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TABLE 3 Effect of thermal processes applied for pathogen population reduction on breast milk.

Applied 
treatment

Process conditions Microorganism Log10 
reductions

Initial 
load

UnitsA-E Reference

HoP 62.5°C, 30 min Bacillus cereus (CECT 131) 2.62 107 CFU/mL (47)

63 ± 0.5°C, 30 min Coagulase-negative staphylococci* Below detection limit 9.8×104 CFU/mL (48)

63°C, 30 min. After heating: 4°C Cytomegalovirus (CMV) >0.9 3.16×103 PFU/mL (49)

62.5°C, 30 min Cytomegalovirus (CMV) (AD169) Below detection limit 32 IEA (50)

62.5°C, 30 min Enveloped hepatitis E virus (eHEV) 1.1 6.31×104 FFU/mL (51)

62.5°C, 30 min Enterococcus faecalis (ATCC 29212) >5.1 1.16×105 CFU/mL (50)

62.5°C, 30 min. After heating: 

quickly cooled to 20°C

Enterococcus faecalis (PCM 896) 3.92 8.91×104 CFU/mL (52)

62.5°C, 30 min. After heating: 

quickly cooled to 20°C

Enterococcus faecium (ATCC 6057) 4.28 7.94×104 CFU/mL (52)

63 ± 0.5°C, 30 min Enterococcus species* Below detection limit 103 CFU/mL (48)

62.5°C, 30 min. After heating: 

cooled in ice slurry

Escherichia coli (ATCC 25922) ≥7 108 CFU/mL (53)

62.5°C, 30 min. After heating: 

quickly cooled to 20°C

Escherichia coli (K-12) Below detection limit 1.05×105 CFU/mL (52)

62.5°C, 30 min HCoV-229E 1.5 106 FFU/mL (51)

63°C, 30 min. After heating: 4°C Hepatitis A virus (HAV) 3.1 5.01×105 PFU/mL (49)

62.5°C, 30 min Klebsiella pneumoniae (ATCC 700603) >4.8 5.70×104 CFU/mL (50)

62.5°C, 30 min Klebsiella pneumoniae (Kpn 01605) >4.6 3.60×104 CFU/mL (50)

62.5°C, 30 min. After heating: 

cooled in ice slurry

Listeria monocytogenes (ATCC 19115) ≥7 108 CFU/mL (53)

62.5°C, 30 min Non-enveloped hepatitis E virus (neHEV) 1.2 5.01×105 FFU/mL (51)

62.5°C, 30 min Pseudomonas aeruginosa (ATCC 27853) 5 105 CFU/mL (50)

62.5°C, 30 min. After heating: 

cooled in ice slurry

SARS-CoV-2 6 107 TCID50 (54)

62.5°C, 30 min Serratia marcescens (Smarc 00697) >4.9 1.04×105 CFU/mL (50)

62.5°C, 30 min. After heating: 

cooled in ice slurry

Staphylococcus agalactiae (ATCC 12927) ≥7 108 CFU/mL (53)

62.5°C, 30 min. After heating: 

cooled in ice slurry

Staphylococcus aureus (ATCC 25923) ≥7 108 CFU/mL (53)

62.5°C, 30 min Staphylococcus aureus (ATCC 6538) >4.9 7.90×104 CFU/mL (50)

62.5°C, 30 min. After heating: 

cooled in ice slurry

Staphylococcus aureus (ATCC 6538) ≥7 108 CFU/mL (53)

62.5°C, 30 min. After heating: 

quickly cooled to 20°C

Staphylococcus aureus (PCM 2054) Below detection limit 1.20×105 CFU/mL (52)

62.5°C, 30 min Staphylococcus aureus sub. Aureus (CECT 976) 3.13 107 (47)

HTST 72°C, 16 s Bovine Viral Diarrhea Virus (BVDV) >5.84 6.31×107 TCID50 (55)

72°C, 15 s Chronobacter sakazakii (ATCC 51329) Below detection limit 1.60×106 CFU/mL (56)

62°C, 5 s Coagulase-negative staphylococci* 4.42 9.80×104 CFU/mL (48)

62°C, 5 s Cytomegalovirus (CMV) (AD169) Below detection limit 32 IEA (50)

62°C, 15 s Cytomegalovirus (CMV) (AD169) Below detection limit 32 IEA (50)

72°C, 5 s Cytomegalovirus (CMV) (AD169) Below detection limit 32 IEA (50)

72°C, 15 s Cytomegalovirus (CMV) (AD169) Below detection limit 32 IEA (50)

87°C, 2 s Cytomegalovirus (CMV) (AD169) Below detection limit 32 IEA (50)

87°C, 5 s Cytomegalovirus (CMV) (AD169) Below detection limit 32 IEA (50)

(Continued)

https://doi.org/10.3389/fnut.2023.1325863
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Núñez-Delgado et al. 10.3389/fnut.2023.1325863

Frontiers in Nutrition 08 frontiersin.org

Applied 
treatment

Process conditions Microorganism Log10 
reductions

Initial 
load

UnitsA-E Reference

62°C, 5 s Enterococcus faecalis (ATCC 29212) 1.1 1.16×105 CFU/mL (50)

62°C, 15 s Enterococcus faecalis (ATCC 29212) 1.1 1.16×105 CFU/mL (50)

72°C, 5 s Enterococcus faecalis (ATCC 29212) 3.8 1.16×105 CFU/mL (50)

72°C, 15 s Enterococcus faecalis (ATCC 29212) 3.8 1.16×105 CFU/mL (50)

87°C, 2 s Enterococcus faecalis (ATCC 29212) >5.1 1.16×105 CFU/mL (50)

87°C, 5 s Enterococcus faecalis (ATCC 29212) >5.1 1.16×105 CFU/mL (50)

62°C, 5 s Enterococcus species* 0.92 103 CFU/mL (48)

71°C, 18.9 s, 5.9 mL/min Escherichia coli (ATCC 25922) >5.15 1.40×106 CFU/mL (57)

71°C, 9 s, 12.3 mL/min Escherichia coli (ATCC 25922) >5.15 1.40×106 CFU/mL (57)

71°C, 5.75 s, 18.9 mL/min Escherichia coli (ATCC 25922) >5.15 1.40×106 CFU/mL (57)

72°C, 16 s Escherichia coli (CIVO.B.0505) >32 2.10×108 CFU/mL (55)

72°C, 16 s Hepatitis A Virus (HAV) 2 2.45×107 TCID50 (55)

72°C, 16 s Human Immunodeficiency Virus (HIV) >7.27 2.24×108 TCID50 (55)

62°C, 15 s Klebsiella pneumoniae (ATCC 700603) 4.5 5.70×104 CFU/mL (50)

72°C, 5 s Klebsiella pneumoniae (ATCC 700603) >4.8 5.70×104 CFU/mL (50)

72°C, 15 s Klebsiella pneumoniae (ATCC 700603) >4.8 5.70×104 CFU/mL (50)

87°C, 2 s Klebsiella pneumoniae (ATCC 700603) >4.8 5.70×104 CFU/mL (50)

62°C, 15 s Klebsiella pneumoniae (Kpn 01605) 1.1 3.60×104 CFU/mL (50)

72°C, 5 s Klebsiella pneumoniae (Kpn 01605) >4.6 3.60×104 CFU/mL (50)

72°C, 15 s Klebsiella pneumoniae (Kpn 01605) >4.6 3.60×104 CFU/mL (50)

72°C, 16 s Porcine Parvovirus (PPV) 0.5 3.80×108 TCID50 (55)

62°C, 5 s Pseudomonas aeruginosa (ATCC 27853) 1.1 105 CFU/mL (50)

62°C, 15 s Pseudomonas aeruginosa (ATCC 27853) 3.7 105 CFU/mL (50)

72°C, 5 s Pseudomonas aeruginosa (ATCC 27853) 5 105 CFU/mL (50)

87°C, 5 s Pseudomonas aeruginosa (ATCC 27853) 5 105 CFU/mL (50)

72°C, 16 s Pseudorabies Virus (PRV) >7.68 4.37×108 TCID50 (55)

62°C, 5 s Serratia marcescens (Smarc 00697) 3.1 1.04×105 CFU/mL (50)

62°C, 15 s Serratia marcescens (Smarc 00697) >4.9 1.04×105 CFU/mL (50)

72°C, 5 s Serratia marcescens (Smarc 00697) >4.9 1.04×105 CFU/mL (50)

87°C, 5 s Serratia marcescens (Smarc 00697) >4.9 1.04×105 CFU/mL (50)

71°C, 18.9 s, 5.9 mL/min Staphylococcus aureus (ATCC 25923) >6.07 1.20×107 CFU/mL (57)

71°C, 9 s, 12.3 mL/min Staphylococcus aureus (ATCC 25923) >6.07 1.20×107 CFU/mL (57)

71°C, 5.75 s, 18.9 mL/min Staphylococcus aureus (ATCC 25923) >6.07 1.20×107 CFU/mL (57)

72°C, 15 s Staphylococcus aureus (ATCC 33862) 4.48 3.00×106 CFU/mL (56)

62°C, 5 s Staphylococcus aureus (ATCC 6538) 2.4 7.90×104 CFU/mL (50)

72°C, 5 s Staphylococcus aureus (ATCC 6538) 3.3 7.90×104 CFU/mL (50)

62°C, 15 s Staphylococcus aureus (ATCC 6538) 3.6 7.90×104 CFU/mL (50)

72°C, 15 s Staphylococcus aureus (ATCC 6538) 3.9 7.90×104 CFU/mL (50)

87°C, 2 s Staphylococcus aureus (ATCC 6538) >4.9 7.90×104 CFU/mL (50)

87°C, 5 s Staphylococcus aureus (ATCC 6538) >4.9 7.90×104 CFU/mL (50)

72°C, 16 s Staphylococcus aureus (NCCB70054/CIVO.B. 

1,245)

15 2.50×107 CFU/mL (55)

72°C, 16 s Streptococcus agalactiae (CIVO.B.0062) >26 3.80×106 CFU/mL (55)

Microorganisms marked with * were evaluated as native on HBM; the others were inoculated. HoP, Holder Pasteurization; HTST, High-Temperature Short-Time Pasteurization. ACFU, Colony 
Forming Unit; BPFU, Plaque Forming Unit; CIEA, Immediate Early Antigen; DFFU, Focus Forming Unit; ETCID50, 50% of the Tissue Culture Infectivity Dose.

TABLE 3 (Continued)
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immunoglobulin G (IgG), crude proteins content, carbohydrate 
content, and the bile salt stimulated lipase (BSSL) activity, which aids 
in the digestion of lipids by newborn babies (60). Almost all these 
components have effects in developing crucial characteristics and 
protecting infants against infection. Also, being predominantly 
proteins, they are sensitive to heat.

Thermal processes for breast milk 
preservation

Holder Pasteurization (HoP)

Holder Pasteurization (HoP) operates on the principle of 
heating at a moderate temperature over a sustained period (73). 
When applied to HBM, the milk is gently raised to about 62.5°C 
and maintained at that temperature for 30 min. The main aim of 
HoP is to eradicate harmful microorganisms while minimizing any 
detrimental impact on the vital nutritional and bioactive elements 
in breast milk (73); however, its prolonged duration could  
reduce heat-sensitive components, potentially altering milk’s 
nutritional composition.

Additionally, while HoP is effective against several pathogens, it 
might not match the inactivation level achieved by higher-
temperature methods. The milk’s initial microbial load is critical in 
determining HoP effectiveness, emphasizing the need for rigorous 
quality control measures (74).

Its foundational role in food, biotechnology, and infant care 
requires a comprehensive understanding of its benefits and challenges. 
Such insights inform the optimization of HoP and highlight its 
continued importance in infant nutrition and health (75).

High-Temperature Short-Time 
Pasteurization (HTST)

The High-Temperature Short-Time (HTST) method represents a 
transformative milestone in dairy processing. Introduced in the early 
20th century to address the constraints of traditional pasteurization, 
HTST employs higher temperatures for faster processing. It employs 
metal plates and hot water to elevate milk temperature quickly, 
followed by rapid cooling. This method has a crucial role in 
contemporary food preservation (76).

Central to HTST’s effectiveness is its use of elevated temperatures 
compared to HoP. Exposing HBM to approximately 72°C for about 
15 s swiftly eradicates pathogens without significantly altering its 
sensory and nutritional attributes.

The technique’s speed and ability to maintain the integrity of HBM 
are its distinct benefits, positioning it as ideal for large-scale 
production (77). The short heat exposure better preserves sensitive 
nutrients and bioactive compounds within HBM, retaining 
significantly higher levels of immunoglobulins and lactoferrin than 
traditional pasteurization (78, 79).

However, potential drawbacks include the possibility of protein 
denaturation, potentially affecting their nutritional quality. While 
effective against many pathogens, HTST may only comprehensively 
address some types. The swiftness of HTST might also pose 

concerns regarding its adaptability to varying microbial 
challenges (78).

Effect of thermal processes on breast milk 
microbiological load

According to Table 3 (47–50, 52, 53), HoP can decrease the load 
of Staphylococcus aureus (ATCC 6538) in at least 4.9 logarithmic 
(4.9-log10) cycles, achieving reductions even more significant than 
7-log10. For Staphylococcus aureus (ATCC 25923), HoP could reduce 
the microorganism charge by more than 7-log10. For Enterococcus in 
the form of Enterococcus faecalis (ATCC 29212), Enterococcus 
faecalis (PCM 896), Enterococcus faecium (ATCC 6057), and 
Enterococcus spp., this technique has shown a logarithmic reduction 
from 3.92-log10 up to total elimination, being Enterococcus faecalis 
(PCM 896) the most thermoresistant. After HoP, Escherichia coli has 
shown reductions higher than 7-log10. In terms of viral inactivation, 
HoP has shown to be  capable of decreasing from >0.9-log10 to 
completely inactivate Cytomegalovirus, while it has achieved a 
3.9-log10 decrease in Hepatitis A virus (HAV). Among the few 
studies evaluating HBM processing methods on spore-forming 
microorganisms, one significant is reference (47), which compares 
the effect of HPP and HoP on Bacillus cereus. The study found that 
while HoP achieved a 2.62 log CFU/mL reduction in B. cereus, HPP 
was more effective, yielding a 6.93 log CFU/mL reduction. This 
highlights HPP superior capability in mitigating spore-forming 
bacteria compared to HoP, which, altogether with HTST (thermal-
based treatments) struggle to effectively neutralize bacterial spores. 
These spores can survive thermal pasteurization and potentially 
grow at refrigeration temperatures, posing significant food safety 
concerns, especially in low-acid foods like milk in the context of 
HBM (47).

HTST has shown a reduction between 2.4 to more than 4.9-log10 
for Staphylococcus aureus (ATCC 6538) and an inactivation higher 
than 5.15-log10 for Staphylococcus aureus (ATCC 25923) at the 
conditions shown in Table 3. For Enterococcus faecalis (ATCC 29212), 
HTST can achieve an inactivation between 1.1 and higher than 
5.1-log10, depending on the conditions described in Table 3. After 
HTST, Escherichia coli (ATCC 25922) and Escherichia coli 
(CIVO.B.0505) decreased by 6.07 and 32-log10, respectively. HTST can 
also inactivate CMV and reduce it by more than 2-log10 at conditions 
specified in Table 3 (50, 55–57).

It can be concluded that Holder Pasteurization and HTST (48, 50, 
53, 55, 57) were able to achieve the previously mentioned required 
conditions for microbiological safety in HMB for Enterococcus faecalis 
(ATCC 29212), Enterococcus spp., Escherichia coli (ATCC 25922), 
Staphylococcus aureus (ATCC 25923), Staphylococcus aureus (ATCC 
6538), and Cytomegalovirus.

Effect of thermal processes on breast milk 
functional components

As shown in Table 4, HoP could only retain between 10% and 20% 
of lactoferrin’s content, offering high retention (40%–60%) in some 
cases. On the other hand, lysozyme concentration and activity showed 
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TABLE 4 Effect of thermal processes applied for breast milk preservation on bioactive and nutritional components.

Applied 
treatment

Process conditions Bioactive or 
nutritional 
components

Initial content Percentage 
of retention

Reference

HoP 62.5°C, 30 min Adiponectin – 67.21 (58)

62.5°C, 30 min. After heating: placed in 

water at 4°C for 1 h

Ascorbic acid 14 ± 11.2 mg/L 38.57 (59)

62.5°C, 30 min Bile Salt Stimulated Lipase 

(BSSL) (activity)

145 ± 22 μmol/mL/min 0.06 (56)

63°C, 30 min. After heating: ice bath to 

quickly cool the milk to 4°C

Bile Salt Stimulated Lipase 

(BSSL) (activity)

9.4 U/mL 0.30 (60)

62.5°C, 30 min Bile Salt Stimulated Lipase 

(BSSL) (activity)

– 1.42 ± 0.68 (61)

63 ± 0.5°C, 30 min. After heating: cooled 

with water at 20°C

Bile Salt Stimulated Lipase 

(BSSL) (concentration)

1804.5 ± 581.7 U/L 0.40 (48)

62.5°C, 30 min. After heating: placed in 

water at 4°C for 1 h

Bile Salt Stimulated Lipase 

(BSSL) (concentration)

– <1 (59)

62.5°C, 30 min. After heating: placed in 

water at 4°C for 1 h

Carbohydrate 69 ± 3 g/L 100 (59)

63°C, 30 min. After heating: 4°C Carbohydrate 8.1 (8.0, 8.2) g/dL 101.23 (49)

62.5°C, 30 min Catalase (activity) 17.0 ± 1.56 nmol/ min mL ~43 (52)

64°C, 30 min. After heating: 4°C Crude protein 1.3 (0.9, 1.5) g/dL 100 (49)

62.5°C, 30 min. After heating: placed in 

water at 4°C for 1 h

Crude protein 10 ± 2 g/L 110 (59)

62.5°C, 30 min. After heating: submerged 

for 60 min in an ice-cold bath

Cytokine IL-8 (concentration) 119.0 (106.1–123.19) pg./mL 166.05 (62)

62.5°C, 30 min. After heating: submerged 

for 60 min in an ice-cold bath

Cytokine IP-10 (concentration) 30.9 (30.3–35.4) pg./mL 115.21 (62)

62.5°C, 30 min. After heating: submerged 

for 60 min in an ice-cold bath

Cytokine MCP-1 (concentration) 524.2 (410.9–688.0) pg./mL 82.88 (62)

62.5°C, 30 min. After heating: submerged 

for 60 min in an ice-cold bath

Cytokine MIG (concentration) 25.7 (19.4–29.3) pg./mL 114 (62)

62.5°C, 30 min. After heating: submerged 

for 60 min in an ice-cold bath

Cytokine TGF- β2 

(concentration)

844.7 (671.9–956.8) pg./mL 83.26 (62)

62.5°C, 30 min. After heating: placed in 

water at 4°C for 1 h

Energy 616 ± 72kcal/L 99.51 (59)

65°C, 30 min. After heating: 4°C Energy 67 (63, 64) Kcal/dL 100 (49)

66°C, 30 min. After heating: 4°C Fat 3.3 (2.8, 3.8) g/dL 93.93 (49)

62.5°C, 30 min. After heating: placed in 

water at 4°C for 1 h

Fat 31 ± 8 g/L 100 (59)

62.5°C, 30 min. After heating: placed in 

water at 4°C for 1 h

Folate (concentration) 191 ± 83 nmol/L 72.77 (59)

62.5°C, 30 min Hepatocyte growth factor (HGF) – 11.28 (58)

62.5°C, 30 min. After heating: cooled in 

ice slurry

Immunoglobulin A (IgA) 

(activity)

0.900 mg/mL 51.20 (63)

62.5°C, 30 min After heating: cooled 

immediately in an ice water bath

Immunoglobulin A (IgA) 

(concentration)

– 49 (65)

62.7–64.8°C, 42 min Immunoglobulin A (IgA) 

(concentration)

– 53.70 (66)

62.6–62.9°C, 31 min Immunoglobulin A (IgA) 

(concentration)

– 71.30 (66)
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Applied 
treatment

Process conditions Bioactive or 
nutritional 
components

Initial content Percentage 
of retention

Reference

62.5°C, 30 min. After heating: rapidly 

cooled in an ice bath

Immunoglobulin A (IgA) 

(concentration)

338.45 ± 27.03 μg/mL 72.05 (67)

63 ± 0.5°C, 30 min. After heating: cooled 

with water at 20°C

Immunoglobulin A (IgA) 

(concentration)

51.7 ± 28.3 mg/dL 83 (48)

62.5°C, 30 min Immunoglobulin A (IgA) 

(concentration)

– 48.5 ± 6.13 (61)

62.5°C, 30 min Immunoglobulin G (IgG) 

(concentration)

– 50.96 (58)

62.5°C, 30 min. After heating: submerged 

for 60 min in an ice-cold bath

Immunoglobulin G (IgG) 

(concentration)

21.2 μg/mL 67 (62)

62.5°C, 30 min Insulin – 67.60 (58)

62.5°C, 30 min. After heating: submerged 

for 60 min in an ice-cold bath

Lactoferrin (concentration) 2.4 mg/mL 15 (62)

62.7–64.8°C, 42 min Lactoferrin (concentration) – 16.00 (66)

62.5°C, 30 min. After heating: cooled 

immediately in an ice water bath

Lactoferrin (concentration) – 20 (65)

63 ± 0.5°C, 30 min. After heating: cooled 

with water at 20°C

Lactoferrin (concentration) 10.7 ± 15.1 mg/mL 20 (48)

62.6–62.9°C, 31 min Lactoferrin (concentration) – 21.60 (66)

62.5°C, 30 min Lactoferrin (concentration) – 39.69 (58)

67°C, 30 min. After heating: 4°C Lactoferrin (concentration) – 65 (49)

62.5°C, 30 min Lactoferrin (concentration) – 20.0 ± 4.34 (61)

62.5°C, 30 min. After heating: 

immediately cool down in an ice bath 

until the temperature reached 4°C.

Lactoferrin (concentration) 3.00 ± 0.83 g/L 9 ± 4 (68)

62.5°C, 30 min. After heating: cooled 

immediately in an ice water bath

Lactoperoxidase (LPO) (activity) – 6 (65)

62.5°C, 30 min Lactoperoxidase (LPO) (activity) – <20 (61)

62.5°C, 30 min Leptin – 22.14 (58)

62.5°C, 30 min. After heating: submerged 

for 60 min in an ice-cold bath

Lipase (concentration) – 47 (62)

62.5°C, 30 min Lipid peroxidase 26.7 ± 1.74 nM/mL 76 (52)

62.5°C, 30 min Lipoprotein lipase (LPL) 

(activity)

– 14.2 ± 2.69 (61)

62.5°C, 30 min. After heating: cooled 

immediately in an ice water bath

Lysozyme (activity) – 35 (65)

62.5°C, 30 min Lysozyme (activity) 7,969 ± 1,394 U/mL 54 (69)

62.5°C, 30 min.

After heating: cooled in ice slurry

Lysozyme (activity) – 60.50 (63)

62.5°C, 30 min.

After heating: submerged for 60 min in 

an ice-cold bath

Lysozyme (activity) – 63 (62)

62.5°C, 30 min Lysozyme (activity) 50.2 ± 0.2 U/μL 104.18 (56)

62.5°C, 30 min Lysozyme (activity) – 35.2 ± 2.95 (61)

63 ± 0.5°C, 30 min.

After heating: cooled with water at 20°C

Lysozyme (concentration) 59.5 ± 37.9 μg/mL 65 (48)

TABLE 4 (Continued)
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Applied 
treatment

Process conditions Bioactive or 
nutritional 
components

Initial content Percentage 
of retention

Reference

62.7–64.8°C, 42 min Lysozyme (concentration) – 74.40 (66)

62.6–62.9°C, 31 min Lysozyme (concentration) – 84.20 (66)

62.5°C, 30 min Lysozyme (concentration) 140.8 ± 9.46 μg/mL ~53 (52)

62.5°C, 30 min.

After heating: immediately cool down in 

an ice bath until the temperature reaches 

4°C.

Lysozyme (concentration) 0.024 ± 0.015 g/L 41 ± 14 (68)

62.5°C, 30 min Secretory IgA (sIgA) (activity) 1.04 ± 0.09 mg active sIgA/mL 87 (69)

62.5°C, 30 min Secretory IgA (sIgA) 

(concentration)

– 46.3 ± 13.2 (56)

62.5°C, 30 min.

After heating: immediately cool down in 

an ice bath until the temperature reaches 

4°C.

Secretory IgA (sIgA) 

(concentration)

3.45 ± 0.70 g/L 49 ± 3 (68)

62.5°C, 30 min Thiobarbituric acid reactive 

substances (TBARS)

35.8 ± 7.78 μg MDA/ 100 mL ~108.6 (52)

62.5°C, 30 min Total antioxidant capacity (TAC) 40.5 ± 5.44 mg TE/100 mL 95.80 (52)

62.5°C, 30 min.

After heating: placed in water at 4°C for 

1 h

Total vitamin C 15 ± 12 mg/L 36 (59)

68°C, 30 min.

After heating: 4°C

True Protein 1.0 (0.7, 1.2) g/dL 100 (49)

62.5°C, 30 min Vitamin C 53.1 ± 5.29 mg/L ~60 (52)

62.5°C, 30 min Xanthine oxidase (XO) (activity) – <20 (61)

HTST 72°C, 15 s Bile Salt Stimulated Lipase 

(BSSL) (activity)

145 ± 22 μmol/mL/min 0.17 (56)

62°C, 5 s.

After heating: rapidly cooled with water 

at 14°C

Bile Salt Stimulated Lipase 

(BSSL) (concentration)

1804.5 ± 581.7 U/L 0.80 (48)

71°C, 9 s, 12.3 mL/min Immunoglobulin A (IgA) 

(concentration)

– 74 (57)

71°C, 5.8 s, 18.9 mL/min Immunoglobulin A (IgA) 

(concentration)

– 82.80 (57)

62°C, 5 s.

After heating: rapidly cooled with water 

at 14°C

Immunoglobulin A (IgA) 

(concentration)

51.6 ± 28.3 mg/dL 95 (48)

72.8°C, 9 s Immunoglobulin G (IgG) 

(concentration)

– 57.30 (57)

71°C, 9 s, 12.3 mL/min Immunoglobulin G (IgG) 

(concentration)

– 75 (57)

71°C, 5.8 s, 18.9 mL/min Immunoglobulin G (IgG) 

(concentration)

– 79.10 (57)

72.8°C, 9 s Immunoglobulin M (IgM) 

(concentration)

– 52.20 (57)

71°C, 9 s, 12.3 mL/min Immunoglobulin M (IgM) 

(concentration)

– 68 (57)

71°C, 5.8 s, 18.9 mL/min Immunoglobulin M (IgM) 

(concentration)

– 72.06 (57)

TABLE 4 (Continued)
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retentions of between 35% and 85%, while Giribaldi et al. achieved 
complete retention (56). Other authors (Table 4) have reported a 66% 
mean retention of IgA content, and a similar retention, 61%, of IgG 
content. Crude protein and carbohydrate content were not affected 
after this treatment, while only 0%–1.5% of BSSL activity was retained 
after the HoP application (48, 49, 56, 58–63, 65–69).

Similarly, HTST could retain 32% of lactoferrin’s content, as 
shown in Table 4. Lysozyme concentration and activity were retained 
by 72% and 97%, respectively, while IgA and IgG content reported a 
mean of 84% and 70% of retention, respectively. The study did not 
report the crude protein and carbohydrate content. Like the results 
observed in HoP, almost none of the BSSL activity was retained, which 
confirms the thermosensitivity of this molecule (48, 56, 57). In 
contrast, another study indicated that gangliosides remain unaffected 
after HTST treatment. This suggests that gangliosides do not exhibit 
thermal lability (32).

In general, thermal technologies that use heat flow to increase 
temperature as a mechanism for microorganism inactivation show a 
very low ability to retain bioactive components, specifically proteins, 
such as lactoferrin, lysozyme, and BSSL.

Even though the data show that some improvements in 
methodology can increase the retention of relevant compounds in 
HBM, the conclusion is solid: the higher the temperature associated 
with more extensive time lapses, the lower the retention of bioactive 
components in HBM.

Non-thermal processes for breast milk 
treatment

High-Pressure Processing (HPP)

High-Pressure Processing (also known as ultrahigh-pressure 
processing and high hydrostatic pressure processing) is a novel 
technology that assures food safety and retains quality. As an 
alternative to traditional thermal food preservation methods, HPP 
can produce pasteurized products without the extensive loss of 
quality often associated with heating. The process uses high 
hydrostatic pressures, typically 100 to 1,000 MPa, and can 
be combined with heat for brief durations (80, 81). HPP can extend 
a product’s shelf life and guarantee its safety upon consumption by 

inactivating enzymes, pathogens, and spoilage organisms at room 
temperature (80, 81).

Unlike thermal methods, foods treated with HPP often have 
superior acceptance rates and enhanced sensory quality. This is 
attributed mainly to HPP’s gentle nature (it primarily affects only weak 
chemical bonds, thereby preserving vital components related to color, 
flavor, and nutrition). Additionally, many proteins, vitamins, and 
bioactive compounds crucial for infants (providing vital properties, 
such as protection against pathogens, strengthening the microbiota, 
and fostering proper intestinal development) are barostable, thus 
unaffected by this process (63, 64, 80, 82).

This method consists, in general, of three steps: (1) the time 
required to reach the desired pressure (come-up time -CUT-), (2) 
the period while desired pressure is maintained, called holding 
time, and (3) the stage when pressure is withdrawn, called 
depressurization. This technique operates under the following 
guiding physical principles: (1) Le Chatelier’s principle, which states 
that if pressure undergoes any change, the process will turn its 
direction to minimize the effects in the equilibrium state, affecting 
volume; in practical terms, increasing pressure intensifies any 
processes associated with volume reduction, (2) the isostatic 
principle that postulates that pressure acts equally in all directions 
when it is uniformly applied, meaning that pressure and its effect is 
immediately and homogenously distributed independently of the 
size and shape of the sample, (3) the principle of microscopic 
ordering, which says that the degree of molecular organization of a 
given substance rises with increasing pressure at constant 
temperature; as a result, pressure and temperature could have 
antagonistic effects in food treatment (83), and (4) the Arrhenius 
relationship, which, similar to thermal processing, states that some 
reaction speeds during HPP are also influenced by thermal effects. 
The overall pressure-thermal effects may be additive, antagonistic, 
or synergistic. It becomes relevant to recognize that hydrostatic 
pressure modifies interatomic distances, impacting interactions 
contingent on bond lengths (80, 81).

UV radiation

UV radiation offers a non-thermal alternative for pasteurization, 
particularly suitable for HBM. This method uses wavelengths between 

Applied 
treatment

Process conditions Bioactive or 
nutritional 
components

Initial content Percentage 
of retention

Reference

62°C, 5 s.

After heating: rapidly cooled with water 

at 14°C

Lactoferrin (concentration) 10.7 ± 15.1 mg/mL 32 (48)

72°C, 15 s Lysozyme (activity) 50.2 ± 0.2 U/μL 97.21 (56)

62°C, 5 s.

After heating: rapidly cooled with water 

at 14°C

Lysozyme (concentration) 59.5 ± 37.9 μg/mL 72 (48)

72°C, 15 s Secretory IgA (sIgA) 

(concentration)

– 78.9 ± 2.4 (56)

HoP, Holder Pasteurization; HTST, High-Temperature Short-Time Pasteurization.
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TABLE 5 Effect of non-thermal processes applied for pathogen reduction on breast milk.

Applied 
treatment

Process conditions Microorganism or pathogen Log10 
reductions

Initial 
load

UnitsA-D Reference

HPP 593.96 MPa, 233 s, 24.8°C Bacillus cereus (vegetative) 6.93 107 CFU/mL (47)

350 MPa, 5 min, 4 cycles, 38°C Bacillus cereus spores (ATCC 14579) 4.9 7.94×104 CFU/mL (70)

350 MPa, 8 min, 16.5°C Cytomegalovirus (CMV) >0.9 3.16×103 PFU/mL (49)

350 MPa, 10 min, 16.5°C Cytomegalovirus (CMV) >0.9 3.16×103 PFU/mL (49)

500 MPa, 8 min, 18.8°C Cytomegalovirus (CMV) >0.9 3.16×103 PFU/mL (49)

500 MPa, 10 min, 18.8°C Cytomegalovirus (CMV) >0.9 3.16×103 PFU/mL (49)

600 MPa, 8 min, 21.5°C Cytomegalovirus (CMV) >0.9 3.16×103 PFU/mL (49)

600 MPa, 10 min, 21.5°C Cytomegalovirus (CMV) >0.9 3.16×103 PFU/mL (49)

600 MPa, 5 min, 20°C Enveloped hepatitis E virus (eHEV) 1.6 3.16×104 FFU/mL (51)

350 MPa, 5 min, 4 cycles, 38°C Enveloped hepatitis E virus (eHEV) 0 3.16×104 FFU/mL (51)

400 MPa, 5 min, 12°C Enterobacteriaceae* 0.48 3.00×101 CFU/mL (67)

500 MPa, 5 min, 12°C Enterobacteriaceae* 0.48 3.00×101 CFU/mL (67)

600 MPa, 5 min, 12°C Enterobacteriaceae* 0.48 3.00×101 CFU/mL (67)

400 MPa, 30 min, 21 to 31°C Escherichia coli (ATCC 25922) 6 108 CFU/mL (53)

350 MPa, 5 min, 4 cycles, 38°C HCoV-229E 1.4 106 TCID50/mL (51)

600 MPa, 5 min, 20°C HCoV-229E 1 106 TCID50/mL (51)

350 MPa, 8 min, 16.5°C Hepatitis A virus (HAV) >4 5.01×105 (49)

350 MPa, 10 min, 16.5°C Hepatitis A virus (HAV) >4 5.01×105 (49)

500 MPa, 8 min, 18.8°C Hepatitis A virus (HAV) >4 5.01×105 (49)

500 MPa, 10 min, 18.8°C Hepatitis A virus (HAV) >4 5.01×105 (49)

600 MPa, 8 min, 21.5°C Hepatitis A virus (HAV) >4 5.01×105 (49)

600 MPa, 10 min, 21.5°C Hepatitis A virus (HAV) >4 5.01×105 (49)

400 MPa, 2 min, 21 to 31°C Listeria monocytogenes (ATCC 19115) 8 108 CFU/mL (53)

600 MPa, 5 min, 20°C Non-enveloped hepatitis E virus (neHEV) 2.7 2.51×106 FFU/mL (51)

350 MPa, 5 min, 4 cycles, 38°C Non-enveloped hepatitis E virus (neHEV) 0.3 2.51×106 FFU/mL (51)

400 MPa, 30 min, 21 to 31°C Staphylococcus aureus (ATCC 25923) 8 108 CFU/mL (53)

350 MPa, 5 min, 4 cycles, 38°C Staphylococcus aureus (ATCC 6538) 5.7 5.01×105 CFU/mL (70)

400 MPa, 30 min, 21 to 31°C Staphylococcus aureus (ATCC 6538) 6 108 CFU/mL (53)

500 MPa, 10 min, 50°C Staphylococcus aureus (ATCC 6538) 6.6 108 CFU/mL (71)

500 MPa, 15 min, 50°C Staphylococcus aureus (ATCC 6538) 8 108 CFU/mL (71)

500 MPa, 15 min, 4°C Staphylococcus aureus (ATCC 6538) ~5 108 CFU/mL (71)

500 MPa, 15 min, 20°C Staphylococcus aureus (ATCC 6538) ~5 108 CFU/mL (71)

593.96 MPa, 233 s, 24.8°C Staphylococcus aureus sub. Aureus 5.81 107 CFU/mL (47)

400 MPa, 4 min, 21 to 31°C Streptococcus agalactiae (ATCC 12927) 8 108 CFU/mL (53)

400 MPa, 5 min, 12°C Total bacteria population* 3.46 2.90×104 CFU/mL (67)

500 MPa, 5 min, 12°C Total bacteria population* 3.46 2.90×104 CFU/mL (67)

600 MPa, 5 min, 12°C Total bacteria population* 3.46 2.90×104 CFU/mL (67)

500 MPa, 10 min, 20°C Total microbial count* 4.88 7.50×104 (71)

UV radiation 1.1 W, 253.7 nm, 8.3 min, 

105 g/L of total solid

Bacillus cereus (ATCC 10702) 5 105 CFU/mL (68)

1.1 W, 253.7 nm, 14.8 min, 

125 g/L of total solid

Bacillus cereus (ATCC 10702) 5 105 CFU/mL (68)

1.1 W, 253.7 nm, 26.5 min, 

145 g/L of total solid

Bacillus cereus (ATCC 10702) 5 105 CFU/mL (68)

(Continued)

https://doi.org/10.3389/fnut.2023.1325863
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Núñez-Delgado et al. 10.3389/fnut.2023.1325863

Frontiers in Nutrition 15 frontiersin.org

Applied 
treatment

Process conditions Microorganism or pathogen Log10 
reductions

Initial 
load

UnitsA-D Reference

254 nm, 400 rpm, 2,750 J/L Bacillus subtilis spores (NRRL B-354, 356) 2.75 108 CFU/mL (60)

254 nm, 400 rpm, 550 J/L Bacillus subtilis spores (NRRL B-354, 356) <1.0 108 CFU/mL (60)

254 nm, 400 rpm, 8,250 J/L Bacillus subtilis spores (NRRL B-354, 356) >5 108 CFU/mL (60)

254 nm, 400 rpm, 33,000 J/L Bacillus subtilis spores (NRRL B-354, 356) Below detection 

limit

108 CFU/mL (60)

254 nm, 400 rpm, 550 J/L Cronobacter sakazakii (ATCC BAA-894) <1.0 108 CFU/mL (60)

254 nm, 400 rpm, 8,250 J/L Cronobacter sakazakii (ATCC BAA-894) >5 108 CFU/mL (60)

254 nm, 400 rpm, 2,750 J/L Cronobacter sakazakii (ATCC BAA-894) 3.64 to 4.82 108 CFU/mL (60)

254 nm, 400 rpm, 33,000 J/L Cronobacter sakazakii (ATCC BAA-894) Below detection 

limit

108 CFU/mL (60)

1.1 W, 253.7 nm, 8.3 min, 

105 g/L of total solid

Enterobacter cloacae (ATCC 27508) 5 105 CFU/mL (68)

1.1 W, 253.7 nm, 14.8 min, 

125 g/L of total solid

Enterobacter cloacae (ATCC 27508) 5 105 CFU/mL (68)

1.1 W, 253.7 nm, 26.5 min, 

145 g/L of total solid

Enterobacter cloacae (ATCC 27508) 5 105 CFU/mL (68)

254 nm, 40 min, 740 J/L Enterococcus faecalis (PCM 896) 2.9 105 CFU/mL (52)

254 nm, 40 min, 740 J/L Enterococcus faecium (ATCC 6057) 3.95 105 CFU/mL (52)

254 nm, 400 rpm, 550 J/L Enterococcus faecium (ATCC 8459) <1.0 108 CFU/mL (60)

254 nm, 400 rpm, 8,250 J/L Enterococcus faecium (ATCC 8459) >5 108 CFU/mL (60)

254 nm, 400 rpm, 2,750 J/L Enterococcus faecium (ATCC 8459) 3.64 to 4.82 108 CFU/mL (60)

254 nm, 400 rpm, 33,000 J/L Enterococcus faecium (ATCC 8459) Below detection 

limit

108 CFU/mL (60)

254 nm, 400 J/L Escherichia coli (K-12) Below detection 

limit

105 CFU/mL (52)

254 nm, 700 J/L Escherichia coli (K-12) Below detection 

limit

105 CFU/mL (52)

1.1 W, 253.7 nm, 8.3 min, 

105 g/L of total solid

Escherichia coli K 12 (ATCC1498) 5 105 CFU/mL (68)

1.1 W, 253.7 nm, 14.8 min, 

125 g/L of total solid

Escherichia coli K 12 (ATCC1498) 5 105 CFU/mL (68)

1.1 W, 253.7 nm, 26.5 min, 

145 g/L of total solid

Escherichia coli K 12 (ATCC1498) 5 105 CFU/mL (68)

254 nm, 400 rpm, 550 J/L Listeria monocytogenes (ScottA, OSY-428, 

Ohio, California, ATCC 19115)

<1.0 108 CFU/mL (60)

254 nm, 400 rpm, 8,250 J/L Listeria monocytogenes (ScottA, OSY-428, 

Ohio, California, ATCC 19115)

>5 108 CFU/mL (60)

254 nm, 400 rpm, 2,750 J/L Listeria monocytogenes (ScottA, OSY-428, 

Ohio, California, ATCC 19115)

3.64 to 4.82 108 CFU/mL (60)

254 nm, 400 rpm, 33,000 J/L Listeria monocytogenes (ScottA, OSY-428, 

Ohio, California, ATCC 19115)

Below detection 

limit

108 CFU/mL (60)

254 nm, 400 rpm, 2,750 J/L Paenibacillus macerans spores (NRRL 

B-14029)

2.75 108 CFU/mL (60)

254 nm, 400 rpm, 550 J/L Paenibacillus macerans spores (NRRL 

B-14029)

<1.0 108 CFU/mL (60)

254 nm, 400 rpm, 8,250 J/L Paenibacillus macerans spores (NRRL 

B-14029)

>5 108 CFU/mL (60)

TABLE 5 (Continued)
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Applied 
treatment

Process conditions Microorganism or pathogen Log10 
reductions

Initial 
load

UnitsA-D Reference

254 nm, 400 rpm, 33,000 J/L Paenibacillus macerans spores (NRRL 

B-14029)

Below detection 

limit

108 CFU/mL (60)

254 nm, 400 rpm, 2,750 J/L Paenibacillus polymyxa spores (NRRL 

B-510)

2.75 108 CFU/mL (60)

254 nm, 400 rpm, 550 J/L Paenibacillus polymyxa spores (NRRL 

B-510)

<1.0 108 CFU/mL (60)

254 nm, 400 rpm, 8,250 J/L Paenibacillus polymyxa spores (NRRL 

B-510)

>5 108 CFU/mL (60)

254 nm, 400 rpm, 33,000 J/L Paenibacillus polymyxa spores (NRRL 

B-510)

Below detection 

limit

108 CFU/mL (60)

254 nm, 400 rpm, 550 J/L Staphylococcus aureus (138-CPS and 

146-CPS)

<1.0 108 CFU/mL (60)

254 nm, 400 rpm, 8,250 J/L Staphylococcus aureus (138-CPS and 

146-CPS)

>5 108 CFU/mL (60)

254 nm, 400 rpm, 2,750 J/L Staphylococcus aureus (138-CPS and 

146-CPS)

3.64 to 4.82 108 CFU/mL (60)

254 nm, 400 rpm, 33,000 J/L Staphylococcus aureus (138-CPS and 

146-CPS)

Below detection 

limit

108 CFU/mL (60)

1.1 W, 253.7 nm, 8.3 min, 

105 g/L of total solid

Staphylococcus aureus (ATCC 6538) 5 105 CFU/mL (68)

1.1 W, 253.7 nm, 14.8 min, 

125 g/L of total solid

Staphylococcus aureus (ATCC 6538) 5 105 CFU/mL (68)

1.1 W, 253.7 nm, 26.5 min, 

145 g/L of total solid

Staphylococcus aureus (ATCC 6538) 5 105 CFU/mL (68)

254 nm, 400 J/L Staphylococcus aureus (PCM 2054) Below detection 

limit

105 CFU/mL (52)

254 nm, 700 J/L Staphylococcus aureus (PCM 2054) Below detection 

limit

105 CFU/mL (52)

1.1 W, 253.7 nm, 8.3 min, 

105 g/L of total solid

Staphylococcus epidermidis (ATCC 12228) 5 105 CFU/mL (68)

1.1 W, 253.7 nm, 14.8 min, 

125 g/L of total solid

Staphylococcus epidermidis (ATCC 12228) 5 105 CFU/mL (68)

1.1 W, 253.7 nm, 26.5 min, 

145 g/L of total solid

Staphylococcus epidermidis (ATCC 12228) 5 105 CFU/mL (68)

PEF 7 kV, 1,500 pulses, 10 Hz, 30 J Endogenous bacteria* 0.42 3.16×107 CFU/mL (65)

7 kV, 1,500 pulses, 10 Hz, 37.5 J Endogenous bacteria* 0.46 3.16×107 CFU/mL (65)

7 kV, 3,750 pulses, 20 Hz, 93.75 J Endogenous bacteria* 0.5 3.16×107 CFU/mL (65)

7 kV, 1,500 pulses, 50 Hz, 37.5 J Endogenous bacteria* 0.5 3.16×107 CFU/mL (65)

7 kV, 6,000 pulses, 20 Hz, 150 J Endogenous bacteria* 0.57 3.16×107 CFU/mL (65)

7 kV, 6,000 pulses, 50 Hz, 180 J Endogenous bacteria* 0.58 3.16×107 CFU/mL (65)

15 kV, 1,500 pulses, 50 Hz, 210 J Endogenous bacteria* 0.59 3.16×107 CFU/mL (65)

7 kV, 1,500 pulses, 20 Hz, 30 J Endogenous bacteria* 0.59 3.16×107 CFU/mL (65)

11 kV, 6,000 pulses, 10 Hz, 360 J Endogenous bacteria* 0.61 3.16×107 CFU/mL (65)

11 kV, 3,750 pulses, 50 Hz, 225 J Endogenous bacteria* 0.67 3.16×107 CFU/mL (65)

11 kV, 1,500 pulses, 20 Hz, 85.5 J Endogenous bacteria* 0.7 3.16×107 CFU/mL (65)

7 kV, 6,000 pulses, 10 Hz, 120 J Endogenous bacteria* 0.7 3.16×107 CFU/mL (65)

15 kV, 1,500 Pulses, 10 Hz, 165 J Endogenous bacteria* 0.8 3.16×107 CFU/mL (65)
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100 and 400 nm, divided into three categories based on their 
physicochemical attributes and biological impacts: UV-A (315 nm to 
400 nm), UV-B (280 nm to 315 nm), and UV-C (200 nm to 280 nm) 
(84). The principle behind this cost-effective process is the germicidal 
effectiveness of ultraviolet light, which when applied appropriately can 
penetrate the fluid. The key factors influencing its efficiency are power, 
wavelength and treatment duration. Although UV-C has limited 
ability to penetrate dense and opaque liquids, adjusting the flow rate 
can enhance the process in terms of deactivating microorganisms. 
Furthermore, creating turbulent flow can result in reduced microbial 
load (85). Its application aids in extending the shelf life of perishable 
foods, with UV-C predominantly utilized in food and medical 
industries due to its pronounced disinfecting properties (72).

Thus, while UV-C radiation has established its relevance in food 
and medicine, its application to HBM necessitates a thorough 
evaluation. Striking the right balance between disinfection and 
nutrient preservation is pivotal for optimizing both the safety and 
nutritional value intended for infant nutrition (86).

Pulsed Electric Fields (PEF)

PEF technology presents a novel non-thermal technique for 
pasteurization with specific implications for HBM. By applying short, 
high-intensity electric pulses to the targeted sample, PEF alters the 
permeability of microorganisms’ cell membranes, effectively leading 
to their inactivation (87).

One of its notable strengths is in preserving the milk’s sensory 
properties of color and flavor, as well as its nutritional composition 
(88), which is attributed mainly to its reduced reliance on heat 
compared to traditional pasteurization techniques.

However, a pertinent consideration with PEF is the potential and 
inadvertent temperature increases within the milk due to potential 
ohmic heating effects. While PEF is fundamentally a non-thermal 
process, incidental ohmic heating effects could trigger lipid oxidation, 
undermining milk quality and nutritional value (87). Furthermore, PEF 
has been observed to affect the structure of proteins and amino acids, 
particularly those linked by weaker bonds, such as disulfide bonds, 
hydrogen bonds, and hydrophobic interactions (89). More specifically, 
PEF tends to promote the formation of disulfide bonds, the primary 
covalent linkages appearing in protein aggregates as an outcome of this 
treatment. PEF can influence protein structures through hydrophobic 
interactions and thiol or disulfide reactions, altering protein thermal 
stability and susceptibility to enzymatic degradation (90).

Effect of non-thermal processes on breast 
milk microbiological load

HPP has shown the ability to decrease by 5-log to 8.1-log the 
species of Staphylococcus aureus (ATCC 25923), Staphylococcus 
aureus (ATCC 6538), and Staphylococcus aureus sub. aureus. 
Escherichia coli (ATCC 25922) showed reductions by 6-log according 
to data reported in Table 5 (47, 53, 70, 71). HPP can also decrease 
virus amounts, with Cytomegalovirus and Hepatitis A dropping by 
0.9-log and 4-log, respectively (49).

The effect of UV-radiation has been studied on bacteria like 
Staphylococcus (in the forms of Staphylococcus aureus (138-CPS and 
146-CPS), Staphylococcus aureus (ATCC 6538), Staphylococcus aureus 
(PCM 2054), Staphylococcus epidermis (ATCC 12228)), achieving 
reductions between 5-log to complete inactivation under the 
conditions shown on Table 5 (52, 60, 68, 72). Enterococcus faecium 
(ATCC 6057) has been studied for this technology, showing a decrease 
of 3.95-log. Also, UV radiation has shown the ability to decrease levels 
of Escherichia coli (K-12) to below-detection. No data about virus 
inactivation was found for UV-radiation technology (52, 72).

Even though research regarding PEF as a treatment for 
microorganism inactivation in HBM is scarce, according to data 
reported in Table  5 (65), this technology can reduce endogenous 
bacteria in HBM from 0.42-log to 4.67-log at the specified conditions 
in the previously mentioned table.

It can be concluded that HPP (49, 53, 70, 71) was able to achieve 
the previously mentioned required conditions for microbiological 
safety of HBM for Hepatitis A virus, Listeria monocytogenes (ATCC 
19115), Staphylococcus aureus (ATCC 25923), and Staphylococcus 
aureus (ATCC 6538). Similarly, UV radiation (52, 60, 72), according 
to the reviewed data, could achieve these conditions for Escherichia 
coli K 12 (ATCC1498), Listeria monocytogenes (ScottA, OSY-428, 
Ohio, California, ATCC 19115), Staphylococcus aureus (138-CPS and 
146-CPS), Staphylococcus aureus (ATCC 6538), Staphylococcus aureus 
(PCM 2054), Staphylococcus epidermis (ATCC 12228).

Even though PEF showed the potential to reduce endogenous 
bacterial load on HBM, not enough reported data were found to 
conclude definitively about the effect of this technology on 
microorganism inactivation.

Regarding the effect of non-thermal treatments on spore-forming 
bacteria, there are several works included in Table 5, mainly evaluating 
the effect of HPP, and UV radiation on B. cereus, Paenibacillus 
macerans and Panibacillus polymixa spores. In (47) and (70), authors 
describe HPP as more effective than HoP on B. cereus. Particularly 

Applied 
treatment

Process conditions Microorganism or pathogen Log10 
reductions

Initial 
load

UnitsA-D Reference

11 kV, 6,000 pulses, 20 Hz, 360 J Endogenous bacteria* 0.82 3.16×107 CFU/mL (65)

15 kV, 1,500 pulses, 20 Hz, 165 J Endogenous bacteria* 1.37 3.16×107 CFU/mL (65)

15 kV, 3,750 pulses, 10 Hz, 450 J Endogenous bacteria* 2.27 3.16×107 CFU/mL (65)

15 kV, 6,000 pulses, 10 Hz, 660 J Endogenous bacteria* 2.3 3.16×107 CFU/mL (65)

15 kV, 3,750 pulses, 20 Hz, 450 J Endogenous bacteria* 3.19 3.16×107 CFU/mL (65)

15 kV, 6,000 pulses, 20 Hz, 780 J Endogenous bacteria* 3.94 3.16×107 CFU/mL (65)

15 kV, 6,000 pulses, 50 Hz, 720 J Endogenous bacteria* 4.67 3.16×107 CFU/mL (65)

Microorganisms marked with * were evaluated as native on HBM, the others were inoculated. HPP, High-Pressure Processing; PEF, Pulsed Electric Fields. ACFU, Colony Forming Unit; BPFU, 
Plaque Forming Unit; CFFU, Focus Forming Unit; DTCID50, 50% of the Tissue Culture Infectivity Dose.
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TABLE 6 Effect of non-thermal processes applied for breast milk preservation on bioactive and nutritional components.

Applied 
treatment

Process conditions Bioactive or 
nutritional 
components

Initial content Percentage 
of retention

Reference

HPP 600 MPa, 10 min, 19–21°C Adiponectin – 2.01 (58)

200 MPa, 10 min; interval, 10 min; 600 MPa, 

10 min, 19–21°C

Adiponectin – 4.09 (58)

100 MPa, 10 min; interval 10 min; 600 MPa, 

10 min, 19–21°C

Adiponectin – 10.73 (58)

200 MPa, 10 min; interval 10 min; 400 MPa, 

10 min, 19–21°C

Adiponectin – 38.55 (58)

500 MPa, 8 min, 4°C Ascorbic acid 14 ± 11.2 mg/L 23.57 (59)

550 MPa, 5 min Bile Salt Stimulated Lipase 

(BSSL) (activity)

9.4 U/mL 61.60 (60)

500 MPa, 8 min, 4°C Bile Salt Stimulated Lipase 

(BSSL) (activity)

– 100 (59)

400 MPa, 5 min, 25°C Bile Salt Stimulated Lipase 

(BSSL) (activity)

– 110 ± 6.53 (61)

500 MPa, 8 min, 4°C Carbohydrate 69 ± 3 g/L 97.10 (59)

350 MPa, 8 min, 16.5°C Carbohydrate 8.1 (8.0, 8.2) g/dL 100 (49)

350 MPa, 10 min, 16.5°C Carbohydrate 8.1 (8.0, 8.2) g/dL 100 (49)

500 MPa, 8 min, 18.8°C Carbohydrate 8.1 (8.0, 8.2) g/dL 100 (49)

500 MPa, 10 min, 18.8°C Carbohydrate 8.1 (8.0, 8.2) g/dL 100 (49)

600 MPa, 8 min, 21.5°C Carbohydrate 8.1 (8.0, 8.2) g/dL 100 (49)

600 MPa, 10 min, 21.5°C Carbohydrate 8.1 (8.0, 8.2) g/dL 100 (49)

350 MPa, 8 min, 16.5°C Crude protein 1.3 (0.9, 1.5) g/dL 100 (49)

350 MPa, 10 min, 16.5°C Crude protein 1.3 (0.9, 1.5) g/dL 100 (49)

500 MPa, 8 min, 18.8°C Crude protein 1.3 (0.9, 1.5) g/dL 100 (49)

500 MPa, 10 min, 18.8°C Crude protein 1.3 (0.9, 1.5) g/dL 100 (49)

600 MPa, 8 min, 21.5°C Crude protein 1.3 (0.9, 1.5) g/dL 100 (49)

600 MPa, 10 min, 21.5°C Crude protein 1.3 (0.9, 1.5) g/dL 100 (49)

425 MPa, 4 cycles, 6 min each, 4°C Cytokine IL-8 (concentration) 119.0 (106.1–123.1) pg./mL 70.00 (62)

425 MPa, 4 cycles, 6 min each, 37°C Cytokine IL-8 (concentration) 119.0 (106.1–123.1) pg./mL 88.32 (62)

425 MPa, 4 cycles, 6 min each, 4°C Cytokine IP-10 (concentration) 30.9 (30.3–35.4) pg./mL 60.84 (62)

425 MPa, 4 cycles, 6 min each, 37°C Cytokine IP-10 (concentration) 30.9 (30.3–35.4) pg./mL 88.67 (62)

425 MPa, 4 cycles, 6 min each, 37°C Cytokine MCP-1 

(concentration)

524.2 (410.9–688.0) pg./mL 69.42 (62)

425 MPa, 4 cycles, 6 min each, 4°C Cytokine MCP-1 

(concentration)

524.2 (410.9–688.0) pg./mL 87.77 (62)

425 MPa, 4 cycles, 6 min each, 37°C Cytokine MIG (concentration) 25.7 (19.4–29.3) pg./mL 61.87 (62)

425 MPa, 4 cycles, 6 min each, 4°C Cytokine MIG (concentration) 25.7 (19.4–29.3) pg./mL 71.60 (62)

425 MPa, 4 cycles, 6 min each, 4°C Cytokine TGF-β2 

(concentration)

844.7 (671.9–956.8) pg./mL 71.63 (62)

425 MPa, 4 cycles, 6 min each, 37°C Cytokine TGF-β2 

(concentration)

844.7 (671.9–956.8) pg./mL 90.81 (62)

500 MPa, 8 min, 4°C Energy 616 ± 72 kcal/L 95.94 (59)

350 MPa, 8 min, 16.5°C Energy 67 (63, 74) Kcal/dL 97.01 (49)

350 MPa, 10 min, 16.5°C Energy 67 (63, 74) Kcal/dL 97.01 (49)
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Applied 
treatment

Process conditions Bioactive or 
nutritional 
components

Initial content Percentage 
of retention

Reference

600 MPa, 10 min, 21.5°C Energy 67 (63, 74) Kcal/dL 97.01 (49)

500 MPa, 8 min, 18.8°C Energy 67 (63, 74) Kcal/dL 98.51 (49)

500 MPa, 10 min, 18.8°C Energy 67 (63, 74) Kcal/dL 98.51 (49)

600 MPa, 8 min, 21.5°C Energy 67 (63, 74) Kcal/dL 98.51 (49)

350 MPa, 8 min, 16.5°C Fat 3.3 (2.8, 3.8) g/dL 87.88 (49)

350 MPa, 10 min, 16.5°C Fat 3.3 (2.8, 3.8) g/dL 87.88 (49)

500 MPa, 8 min, 18.8°C Fat 3.3 (2.8, 3.8) g/dL 90.91 (49)

500 MPa, 10 min, 18.8°C Fat 3.3 (2.8, 3.8) g/dL 90.91 (49)

600 MPa, 8 min, 21.5°C Fat 3.3 (2.8, 3.8) g/dL 90.91 (49)

600 MPa, 10 min, 21.5°C Fat 3.3 (2.8, 3.8) g/dL 90.91 (49)

500 MPa, 8 min, 4°C Fat 31 ± 8 g/L 93.55 (59)

500 MPa, 8 min, 4°C Folate (concentration) 191 ± 83 nmol/L 92.67 (59)

600 MPa, 10 min, 19–21°C Hepatocyte growth factor 

(HGF)

– 36.15 (58)

100 MPa, 10 min; interval 10 min; 600 MPa, 

10 min, 19–21°C

Hepatocyte growth factor 

(HGF)

– 38.81 (58)

200 MPa, 10 min; interval, 10 min; 600 MPa, 

10 min, 19–21°C

Hepatocyte growth factor 

(HGF)

– 43.02 (58)

200 MPa, 10 min; interval 10 min; 400 MPa, 

10 min, 19–21°C

Hepatocyte growth factor 

(HGF)

– 97.15 (58)

400 MPa, 120 min Immunoglobulin A (IgA) 

(activity)

0.900 ± 0.035 mg/mL 75.40 (63)

400 MPa, 90 min Immunoglobulin A (IgA) 

(activity)

0.900 ± 0.035 mg/mL 80.60 (63)

400 MPa, 30 min Immunoglobulin A (IgA) 

(activity)

0.900 ± 0.035 mg/mL 85.60 (63)

400 MPa, 60 min Immunoglobulin A (IgA) 

(activity)

0.900 ± 0.035 mg/mL 87.10 (63)

600 MPa, 5 min, 12°C Immunoglobulin A (IgA) 

(concentration)

367.6 ± 38.18 μg/mL 69.31 (67)

500 MPa, 5 min, 12°C Immunoglobulin A (IgA) 

(concentration)

367.6 ± 38.18 μg/mL 87.93 (67)

400 MPa, 5 min, 12°C Immunoglobulin A (IgA) 

(concentration)

367.6 ± 38.18 μg/mL ~100 (67)

400 MPa, 5 min, 25°C Immunoglobulin A (IgA) 

(concentration)

– 97.8 ± 8.74 (61)

600 MPa, 10 min, 19–21°C Immunoglobulin G (IgG) 

(concentration)

– 30.32 (58)

100 MPa, 10 min; interval 10 min; 600 MPa, 

10 min, 19–21°C

Immunoglobulin G (IgG) 

(concentration)

– 30.84 (58)

200 MPa, 10 min; interval, 10 min; 600 MPa, 

10 min, 19–21°C

Immunoglobulin G (IgG) 

(concentration)

– 31.54 (58)

200 MPa, 10 min; interval 10 min; 400 MPa, 

10 min, 19–21°C

Immunoglobulin G (IgG) 

(concentration)

– 82.24 (58)

100 MPa, 10 min; interval 10 min; 600 MPa, 

10 min, 19–21°C

Insulin – 81.98 (58)
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Applied 
treatment

Process conditions Bioactive or 
nutritional 
components

Initial content Percentage 
of retention

Reference

600 MPa, 10 min, 19–21°C Insulin – 88.20 (58)

200 MPa, 10 min; interval, 10 min; 600 MPa, 

10 min, 19–21°C

Insulin – 90.31 (58)

200 MPa, 10 min; interval 10 min; 400 MPa, 

10 min, 19–21°C

Insulin – 94.76 (58)

600 MPa, 10 min, 19–21°C Lactoferrin (concentration) – 55.78 (58)

100 MPa, 10 min; interval 10 min; 600 MPa, 

10 min, 19–21°C

Lactoferrin (concentration) – 57.63 (58)

200 MPa, 10 min; interval, 10 min; 600 MPa, 

10 min, 19–21°C

Lactoferrin (concentration) – 64.75 (58)

425 MPa, 4 cycles, 6 min each, 4°C Lactoferrin (concentration) 2.4 mg/mL 66.67 (62)

200 MPa, 10 min; interval 10 min; 400 MPa, 

10 min, 19–21°C

Lactoferrin (concentration) – 78.77 (58)

425 MPa, 4 cycles, 6 min each, 37°C Lactoferrin (concentration) 2.4 mg/mL 83.33 (62)

400 MPa, 5 min, 25°C Lactoferrin (concentration) – 86.8 ± 10.3 (61)

400 MPa, 5 min, 25°C Lactoperoxidase (LPO) 

(activity)

– 91.4 ± 6.02 (61)

425 MPa, 4 cycles, 6 min each, 37°C Lipase (concentration) – 65 (62)

400 MPa, 5 min, 25°C Lipoprotein lipase (LPL) 

(activity)

– 103 ± 4.76 (61)

425 MPa, 4 cycles, 6 min each, 4°C Lysozyme (activity) – 94 (62)

400 MPa, 120 min Lysozyme (activity) 2254.7 ± 207.9 units/mg solid 95.80 (63)

400 MPa, 60 min Lysozyme (activity) 2254.7 ± 207.9 units/mg solid 96.30 (63)

400 MPa, 90 min Lysozyme (activity) 2254.7 ± 207.9 units/mg solid 96.30 (63)

425 MPa, 4 cycles, 6 min each, 37°C Lysozyme (activity) – 98 (62)

400 MPa, 30 min Lysozyme (activity) 2254.7 ± 207.9 units/mg solid 106.90 (63)

400 MPa, 5 min, 25°C Lysozyme (activity) – 119 ± 8.86 (61)

500 MPa, 8 min, 4°C Total vitamin C 15 ± 12 mg/L 24.67 (59)

350 MPa, 8 min, 16.5°C True protein 1.0 (0.7, 1.2) g/dL 100 (49)

350 MPa, 10 min, 16.5°C True protein 1.0 (0.7, 1.2) g/dL 100 (49)

500 MPa, 8 min, 18.8°C True protein 1.0 (0.7, 1.2) g/dL 100 (49)

500 MPa, 10 min, 18.8°C True protein 1.0 (0.7, 1.2) g/dL 100 (49)

600 MPa, 8 min, 21.5°C True protein 1.0 (0.7, 1.2) g/dL 100 (49)

600 MPa, 10 min, 21.5°C True protein 1.0 (0.7, 1.2) g/dL 100 (49)

UV radiation 254 nm, 40 min, 740 J/L Vitamin C 34.5 ± 3.67 mg/L 64.60 (52)

253.7 nm, 1.1 W, 2084 J/L Alkaline Phosphatase (ALP) 

(activity)

0.200 ± 0.050 U/mL 99.50 (72)

253.7 nm, 1.1 W, 3474 J/L Alkaline Phosphatase (ALP) 

(activity)

0.200 ± 0.050 U/mL 99.50 (72)

253.7 nm, 1.1 W, 4863 J/L Alkaline Phosphatase (ALP) 

(activity)

0.200 ± 0.050 U/mL 102.00 (72)

250 nm, 25 min Ascorbic acid 14 ± 11.2 mg/L 20.71 (59)

254 nm, 1.1 W, 33,000 J/L Bile Salt Stimulated Lipase 

(BSSL) (activity)

9.4 U/mL 20 (60)
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Applied 
treatment

Process conditions Bioactive or 
nutritional 
components

Initial content Percentage 
of retention

Reference

254 nm, 1.1 W, 16,500 J/L Bile Salt Stimulated Lipase 

(BSSL) (activity)

9.4 U/mL 35.50 (60)

254 nm, 1.1 W, 5,500 J/L Bile Salt Stimulated Lipase 

(BSSL) (activity)

9.4 U/mL 69.15 (60)

254 nm, 1.1 W, 1,100 J/L Bile Salt Stimulated Lipase 

(BSSL) (activity)

9.4 U/mL 88.30 (60)

253.7 nm, 1.1 W, 2084 J/L Bile Salt Stimulated Lipase 

(BSSL) (activity)

116.5 ± 36.6 U/mL 96.74 (72)

253.7 nm, 1.1 W, 3474 J/L Bile Salt Stimulated Lipase 

(BSSL) (activity)

116.5 ± 36.6 U/mL 97.51 (72)

253.7 nm, 1.1 W, 4863 J/L Bile Salt Stimulated Lipase 

(BSSL) (activity)

116.5 ± 36.6 U/mL 98.97 (72)

250 nm, 25 min Carbohydrate 69 ± 3 g/L 100 (59)

254 nm, 30 min, 544 J/L Catalase (activity) 18.4 ± 1.17 nmol/ min mL 85.30 (52)

254 nm, 5 min, 85 J/L Catalase (activity) 18.4 ± 1.17 nmol/ min mL 96.80 (52)

250 nm, 25 min Crude protein 10 ± 2 g/L 110.00 (59)

250 nm, 25 min Energy 616 ± 72 kcal/L 99.03 (59)

250 nm, 25 min Fat 31 ± 8 g/L 100 (59)

250 nm, 25 min Folate (concentration) 191 ± 83 nmol/L 74.87 (59)

253.7 nm, 1.1 W, 4683 J/L Lactoferrin (concentration) – 87 ± 11 (68)

253.7 nm, 1.1 W, 3474 J/L Lactoferrin (concentration) – 93 ± 10 (68)

253.7 nm, 1.1 W, 2084 J/L Lactoferrin (concentration) – 95 ± 6 (68)

254 nm, 5 min, 85 J/L Lipid peroxidase 10.8 ± 1.25 nM/mL 99.10 (52)

254 nm, 40 min, 740 J/L Lysozyme (concentration) 152.9 ± 14.89 μg/ mL 59.10 (52)

254 nm, 30 min, 544 J/L Lysozyme (concentration) 152.9 ± 14.89 μ/mL 61.00 (52)

254 nm, 20 min, 355 J/L Lysozyme (concentration) 152.9 ± 14.89 μg/mL 70.20 (52)

254 nm, 10 min, 173 J/L Lysozyme (concentration) 152.9 ± 14.89 μg/mL 91.60 (52)

254 nm, 5 min, 85 J/L Lysozyme (concentration) 152.9 ± 14.89 μg/mL 105.80 (52)

253.7 nm, 1.1 W, 4683 J/L Lysozyme (concentration) – 75 ± 9 (68)

253.7 nm, 1.1 W, 3474 J/L Lysozyme (concentration) – 84 ± 10 (68)

253.7 nm, 1.1 W, 2084 J/L Lysozyme (concentration) – 91 ± 7 (68)

253.7 nm, 1.1 W, 4683 J/L Secretory IgA (sIgA) 

(concentration)

– 89 ± 4 (68)

253.7 nm, 1.1 W, 3474 J/L Secretory IgA (sIgA) 

(concentration)

– 94 ± 4 (68)

253.7 nm, 1.1 W, 2084 J/L Secretory IgA (sIgA) 

(concentration)

– 95 ± 5 (68)

254 nm, 5 min, 85 J/L Thiobarbituric acid reactive 

substances (TBARS)

37.1 ± 4.60 μg MDA/ 100 mL 102.70 (52)

254 nm, 10 min, 173 J/L Thiobarbituric acid reactive 

substances (TBARS)

37.1 ± 4.60 μg MDA/ 100 mL 109.20 (52)

254 nm, 20 min, 355 J/L Thiobarbituric acid reactive 

substances (TBARS)

37.1 ± 4.60 μg MDA/ 100 mL 112.40 (52)

254 nm, 30 min, 544 J/L Thiobarbituric acid reactive 

substances (TBARS)

37.1 ± 4.60 μg MDA/ 100 mL 125.30 (52)
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(47) reported 593.96 MPa for 233 s as the best process conditions. The 
effect of UV-C treatment is described in (60), achieving a 5-log10 
reduction in B. subtilis, Paenibacillus macerans, and Paenibacillus 
polymyxa spores, preserving BSSL activity (Table  6). UV-C’s 
effectiveness against B. cereus spores, maintaining BSSL and fatty acid 
profiles is described by Christen et al. (68).

Effect of non-thermal processes on breast 
milk functional components

Regarding non-thermal technologies, HPP has shown an 
average of 98% retention of lysozyme activity, achieving complete 
retention (100%) at 400 MPa, 5 min, 25°C, and 400 MPa, 30 min. 
The lactoferrin retention varied from 55% to 87%, achieving higher 
retention at 400 MPa, 5 min, 25°C. IgA content was retained 

between 70% and 98%, showing a higher retention at 400 MPa, 
5 min, 25°C. On the other hand, an average pressure of 600 MPa 
showed a decrease of IgG by 70%, but preserving ~80% of IgG 
content at 200 MPa, 10 min; interval 10 min; 400 MPa, 10 min, 
19–21°C. The carbohydrate and crude protein did not change after 
any reported treatment condition. Bile Salt Stimulated Lipase 
(BSSL) activity showed a 100% retention at 500 MPa, 8 min, 4°C and 
400 MPa, 5 min, 25°C conditions, but showing a reduction of almost 
40% at 550 MPa, 5 min, according to data shown in Table 6 (49, 
58–63, 67).

On the other hand, applying UV radiation to HBM requires 
careful consideration due to its potential impact on the nutritional 
composition of the milk. Prolonged UV exposure has diminished vital 
components like vitamin C, lysozyme, and other essential bioactive 
compounds and nutrients essential for infant well-being (52). For 
example, Table 6 shows that BSSL activity had retention levels from 

Applied 
treatment

Process conditions Bioactive or 
nutritional 
components

Initial content Percentage 
of retention

Reference

254 nm, 40 min, 740 J/L Thiobarbituric acid reactive 

substances (TBARS)

37.1 ± 4.60 μg MDA/ 100 mL 135.30 (52)

254 nm, 40 min, 740 J/L Total antioxidant capacity 

(TAC)

23.1 ± 2.81 mg TE/ 100 mL 100.90 (52)

254 nm, 30 min, 544 J/L Total antioxidant capacity 

(TAC)

23.1 ± 2.81 mg TE/ 100 mL 102.20 (52)

254 nm, 5 min, 85 J/L Total antioxidant capacity 

(TAC)

23.1 ± 2.81 mg TE/ 100 mL 103.90 (52)

254 nm, 10 min, 173 J/L Total antioxidant capacity 

(TAC)

23.1 ± 2.81 mg TE/ 100 mL 106.10 (52)

254 nm, 20 min, 355 J/L Total antioxidant capacity 

(TAC)

23.1 ± 2.81 mg TE/ 100 mL 106.50 (52)

250 nm, 25 min Total vitamin C 15 ± 12 mg/L 28.00 (59)

254 nm, 30 min, 544 J/L Vitamin C 34.5 ± 3.67 mg/L 73.60 (52)

254 nm, 20 min, 355 J/L Vitamin C 34.5 ± 3.67 mg/L 77.10 (52)

254 nm, 10 min, 173 J/L Vitamin C 34.5 ± 3.67 mg/L 85.20 (52)

254 nm, 5 min, 85 J/L Vitamin C 34.5 ± 3.67 mg/L 94.80 (52)

PEF 15 kV, 6,000 pulses, 50 Hz (PEF-50) Immunoglobulin A (IgA) 

(concentration)

– 68 (65)

15 kV, 6,000 pulses, 20 Hz (PEF-20) Immunoglobulin A (IgA) 

(concentration)

– 108 (65)

15 kV, 6,000 pulses, 50 Hz (PEF-50) Lactoferrin (concentration) – 52 (65)

15 kV, 6,000 pulses, 20 Hz (PEF-20) Lactoferrin (concentration) – 74 (65)

15 kV, 6,000 pulses, 20 Hz (PEF-20) Lactoperoxidase (LPO) 

(activity)

– >60 (65)

15 kV, 6,000 pulses, 50 Hz (PEF-50) Lactoperoxidase (LPO) 

(activity)

– >60 (65)

15 kV, 6,000 pulses, 20 Hz (PEF-20) Lysozyme (activity) – 76 (65)

15 kV, 6,000 pulses, 50 Hz (PEF-50) Lysozyme (activity) – 80 (65)

15 kV, 6,000 pulses, 20 Hz (PEF-20) Xanthine oxidase (activity) – 100 (65)

15 kV, 6,000 pulses, 50 Hz (PEF-50) Xanthine oxidase (activity) – 100 (65)

HPP, High-Pressure Processing; PEF, Pulsed Electric Fields.
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20% to almost 100%, with higher conservation levels at lower radiation 
doses (253.7 nm, 1.1 W, 4863 J/L, for example) (60, 72).

For PEF, the highest retention levels of IgA and lactoferrin content 
reported were achieved at 15 kV, 6,000 pulses, and 20 Hz. It is relevant 
to mention that an area of opportunity to investigate this technology 
applied to the treatment of HBM was detected (65).

To summarize, the most studied non-thermal technology for 
Breast Milk treatment, according to reviewed data, is HPP, which has 
shown promising conservation levels (reaching even 100%) of 
bioactive and nutritional components in HBM. On the other hand, an 
opportunity area for research was detected based on the need for more 
data regarding UV radiation and PEF technologies for HBM treatment.

Conclusion

Human Breast Milk (HBM) is universally acknowledged as the 
optimal source of nutrition for neonates due to its rich nutritional 
content and potential therapeutic properties. However, despite 
universal endorsement, breastfeeding rates in the US show a decline 
during an infant’s initial 6 months. This trend highlights the urgent 
need for reliable methods to provide HBM to infants consistently. 
Emerging research focuses on preserving techniques that maintain 
the nutritional richness of HBM without compromising its bioactive 
components. We described in detail the cutting-edge applications of 
thermal and non-thermal processes for HBM preservation, 
emphasizing their impact on reducing pathogenic microorganisms 
while retaining essential nutrients, enzymes, and immunity 
properties. Data pointed out that, as expected, thermal technologies 
such as HoP and HTST can efficiently inactivate common bacteria 
and microorganisms in HBM but compromise the content and 
activity of bioactive and nutritional compounds, leading to an 
opportunity for non-thermal technologies, such as HPP and UV 
radiation which, according to analyzed data, showed the capacity to 
achieve conditions for microbiological safety established for HMB 
while preserving relevant components for newborns. Still, certain 
areas need further research. The effects of preservation treatments on 
the carbohydrate composition, especially HMOs and lipids, a vital 
newborn energy source, are still underexplored. Additionally, the 
combined use of non-thermal and thermal preservation techniques 
presents a promising area of study, particularly in terms of their 
effects on the nutritional and bioactive components of 
HBM. Understanding how these combined methods can optimize the 
preservation of HBM while maintaining its essential components is 
vital, Furthermore, there are significant challenges in determining the 
post-preservation shelf life of HBM and the effects of preservation on 
protein denaturation and digestibility. These aspects are critical for 
newborn gut development and overall health. Ultimately, 
advancements in HBM preservation serve a twofold purpose: they 
prioritize infant health and well-being while empowering mothers 

throughout their lactation journey, regardless of external challenges, 
for a healthier society where every newborn has access to 
proper nutrition.
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