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Impact: 

• Pasteurization of human breastmilk significantly decreases the levels of the 

bioactive protein osteopontin 
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• Use of both pasteurization and freezing techniques for breastmilk preservation 

results in greater loss of osteopontin 

• This study presents for the first time an analysis of osteopontin levels in single-

donor pasteurized milk samples 
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Abstract: 

Background: Osteopontin (OPN) is an important breastmilk protein involved in infant intestinal, 

immunological, and brain development. However, little is known about how common milk 

pasteurization and storage techniques affect this important bioactive protein. 

 

Methods: Human milk osteopontin concentration was measured in single-donor fresh or frozen 

breastmilk, pooled Holder-pasteurized donor breastmilk, and a shelf-stable (retort pasteurized) 

breastmilk product by ELISA. Breastmilk samples were pasteurized and/or frozen before 

measuring osteopontin concentrations. 

 

Results: Holder pasteurization of breastmilk resulted in an 50% decrease in osteopontin levels 

within single-donor samples, whereas pooled donor breastmilk had comparable osteopontin 

levels to non-pasteurized single-donor samples. Breastmilk from mothers of preterm infants 

trended toward higher osteopontin concentration than mothers of term infants; however, samples 

from preterm mothers experienced greater osteopontin degradation upon pasteurization. Finally, 

freezing breastmilk prior to Holder pasteurization resulted in less osteopontin degradation than 

Holder pasteurization prior to freezing. 

 

Conclusion: Commonly used breastmilk pasteurization and storage techniques, including 

freezing, Holder and retort pasteurization, decrease the levels of the bioactive protein osteopontin 

in human breastmilk.  
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Introduction: 

Preterm birth is the leading cause of neonatal morbidity and mortality worldwide.1  In the United 

States, about 10% of infants are born prematurely (<37 weeks gestation)2 and have increased 

susceptibility to infection,3 as well as complications including sepsis, retinopathy of prematurity, 

and necrotizing enterocolitis (NEC). It is well established that providing breastmilk is a 

preventative measure against the development of NEC and other complications in the premature 

infant.4,5,6,7 

 

The gold standard for premature infant nutrition is Mother’s own Milk (MoM), whose 

components fluctuate to meet the nutritional and immunological needs of the infant.  However, 

in many instances MoM is not available, and pooled donor breastmilk is commonly used as a 

substitute. Pooled donor breastmilk is a combination of milk from multiple donors that has been 

Holder pasteurized (30 minutes at 62.5C), and has been shown to improve outcomes in 

premature infants compared to infant formula.8 Another source of nutrition is shelf-stable donor 

breastmilk products, which are usually retort pasteurized, a harsher method of pasteurization 

(115-145C under high pressure for several minutes).  

 

Breastmilk contains many bioactive components including oligosaccharides, IgA, and 

proteins such as lactoferrin and lysozyme that play an important role in supporting infant 

immunity while the neonatal immune system begins to develop.9  However, pasteurization 

processes, including Holder, retort, and others (e.g. high-temperature short-time pasteurization 

and high pressure processing), subject breastmilk to conditions that have been shown to 

significantly affect the bioactivity of these components. For example, Holder pasteurization 
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decreases the activity of IgA, lactoferrin, and lysozyme.10,11,12  In addition, retort pasteurization 

has been shown to further decrease the bioactivity of these important milk components.13,14,15 

Although pasteurization is important to ensure breastmilk safety, discussion of the impacts of 

breastmilk sterilization has been on the rise.16,17,18  

 

Recently, attention has been drawn toward another bioactive milk component: 

osteopontin, which has been shown to play a role in infant immune and intestinal 

development.19,20,21 Osteopontin is a highly phosphorylated glycoprotein that plays pleiotropic 

roles, including in cell adhesion,22 immune cell modulation,23 and prevention of calcification.24 

Osteopontin is expressed by many cell types, and is present in bodily fluids, including blood, 

urine, and milk. The concentration of osteopontin in human milk varies depending on the milk 

stage (18 to 322 mg/L), with higher levels in colostrum and transitional milk, and lower levels in 

mature milk.25 The concentration of breastmilk osteopontin fluctuates considerably among 

women; in a study performed across three different countries, Danish women presented the 

lowest levels of breastmilk-derived osteopontin (99.7 mg/L), while Japanese and Chinese women 

of similar socioeconomic status presented 185 and 266 mg/L, respectively.26  Milk-derived 

osteopontin has been shown to move intact through the gastrointestinal tract, and enter the 

infant’s circulation, suggesting a systemic role for this protein. Previous studies in human infants 

have demonstrated that milk osteopontin plays a role in infant immune development, 20,21,25 with 

further animal studies implicating additional roles in brain and intestinal development. 19,27  

 

Due to the potential importance of osteopontin, it is critical to determine how 

pasteurization affects its levels in breastmilk. It has been noted that Holder and retort 
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pasteurization affect the levels of osteopontin in pooled donor breastmilk.28  However, this report 

analyzed a single sample of previously-frozen pooled breastmilk, which may not fully represent 

the variance in other breastmilk sources. Thus, in this report, we investigated the levels of 

osteopontin in human breastmilk from different sources, and how pasteurization and freezing 

impact the concentration of this important bioactive component. 
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Methods: 

Sample acquisition: Deidentified human breastmilk samples were acquired from subjects at 

Vanderbilt University Medical Center in Nashville, Tennessee, U.S.A. This project was 

approved by the Institutional Review Board at Vanderbilt University and all participants gave 

informed consent for their samples to be used for research. Samples were divided into groups 

based on infant gestational age at birth: preterm (<37 weeks gestation) and term (>37 weeks 

gestation). Single-donor samples were stored at -80C until use. Samples of pooled donor 

breastmilk and retort pasteurized shelf-stable human breastmilk (Ni-Q HDM Plus, Ni-Q, 

Wilsonville, OR) were acquired from the milk feeding preparation room at Monroe Carrel Jr. 

Children’s Hospital at Vanderbilt in Nashville, Tennessee and stored at 4C or room 

temperature, respectively, until use. Frozen individual samples of donor breastmilk from mothers 

of preterm and term infants were thawed and subjected to Holder pasteurization. We measured 

osteopontin levels before and after freezing and pasteurization. Fresh breastmilk samples were 

stored at 4C until use. 

 

Milk Processing: Single-donor frozen milk samples were thawed in a room-temperature water 

bath. Samples were divided into two 5mL aliquots – one of which was subjected to Holder 

pasteurization in a 62.5C water bath for 30 minutes, and the other was left at 4C for 30 

minutes. Fresh donor milk was divided into 400 l aliquots before being subjected to Holder 

pasteurization and/or freezing. Frozen samples were thawed in a room-temperature water bath 

prior to analysis. 
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Determination of Protein Concentration: The concentration of osteopontin in human milk 

samples was determined in triplicate using the Human Osteopontin ELISA Kit (R&D Systems, 

Minneapolis, MN). Samples were diluted 1:100,000 in the provided buffer and analyzed 

following the manufacturer’s instructions.  

 

Statistical Analysis: Data were analyzed using Prism 9 (GraphPad, San Diego, CA) to determine 

significant (p < 0.05) differences between groups. Comparisons between two groups were made 

by Student’s t-test and comparisons between multiple groups were made using one-way analysis 

of variance (ANOVA) with post hoc Tukey’s test. Data are shown as average ± standard error of 

the mean. Comparisons between pre- and post-pasteurized samples were made using Student’s 

paired t-test. 
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Results: 

We investigated how Holder pasteurization affects the levels of osteopontin in human 

breastmilk. For this purpose, we obtained frozen breastmilk samples from different donors and 

observed that the levels of osteopontin were, as expected, variable among samples (Figure 1). 

While the average was 50 g/ml, some samples contained little to no osteopontin, and others 

had levels exceeding 100 g/ml. When the samples were Holder pasteurized, the average 

osteopontin concentration dropped by 50% to 25 g/ml, which is comparable to the decrease in 

other bioactive proteins reported in the literature.12 Of note, many samples had no detectable 

osteopontin after treatment. On the other hand, pooled pasteurized breastmilk had a similar 

average osteopontin level as single-donor breastmilk without pasteurization.  Interestingly, none 

of the pooled samples analyzed had osteopontin concentration below 25 g/ml. Shelf-stable 

breastmilk, which undergoes the more stringent retort pasteurization, presented very low levels 

of osteopontin.  

 

In alignment with previous literature,29 milk from mothers who gave birth to preterm 

infants trended toward higher levels of osteopontin than milk from mothers delivering term 

infants (Figure 2). However, the preterm samples had a greater reduction in osteopontin 

concentration post-pasteurization (Figure 3). 

 

 Freezing and pasteurization are procedures commonly used to preserve milk and ensure 

safety; however, how the combination of these procedures affects the levels of osteopontin in 

breastmilk is unknown. To address this issue, a single fresh breastmilk sample was acquired and 

subjected to combinations of freezing and Holder pasteurization (Figure 4a). Freezing or Holder 
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pasteurization alone resulted in a small decrease in detectable osteopontin, while freezing and 

pasteurization in combination decreased osteopontin levels by 35-58%. Pasteurization prior to 

freezing resulted in the lowest osteopontin levels (Figure 4b).  
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Discussion: 

 Because of varying circumstances, not all mothers are able to feed breastmilk to their 

infants, which has led to use of alternative nutritional sources. Formula has been a common 

substitute for breastmilk; however, infant formula lacks many bioactive molecules, including 

osteopontin. Because of these limitations, use of alternate breastmilk products besides MoM has 

been on the rise. However, it is of high priority to determine whether alternate breastmilk 

products confer equal nutritional and bioactive value as MoM. Though not recommended by the 

medical community, single-donor breastmilk is often acquired through personal connections, 

with a 2018 study demonstrating that approximately 7% of US infants receive donated milk.30 In 

these cases, the Academy of Breastfeeding Medicine advises caretakers to discuss pasteurizing 

donor milk before consumption.31  However, our data and and others28 have shown that 

pasteurization significantly decreases the levels of osteopontin present in milk, which may 

compromise the biological activities of this protein. 

 

 Although single donor breastmilk may be easier to acquire than pooled donor breastmilk, 

the levels of bioactive molecules present in an individual milk source may not be adequate for 

infant health, especially after pasteurization (Figure 1). The combination of breastmilk from 

different donors provides a better alternative to single-donor pasteurized milk because the 

variance in osteopontin levels among diverse donors “balances” the osteopontin concentration 

even after Holder pasteurization.  

  

To preserve donor milk for infant consumption, milk is frozen and/or pasteurized.  
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However, our data indicate that the order of these procedures is critical for maintaining “normal” 

levels of osteopontin. Here we present initial evidence indicating that pasteurization followed by 

freezing at -20C (the temperature of most household freezers) significantly depletes osteopontin 

levels. According to our data, a better alternative is to freeze milk prior to pasteurization, a 

strategy followed by most milk banks, but which may not be followed by parents at home.  

 

A significant limitation of this study is the lack of precise data about time of milk 

collection. Due to the deidentified status of the samples, little data was provided regarding at 

which postpartum stage milk was collected. Thus, we cannot be confident that comparisons 

between single donor groups are not an artifact of milk collected at different post-partum stages. 

We were also limited in our acquisition of fresh donor breastmilk samples, which hindered the 

analysis of osteopontin levels between fresh and frozen samples.  

 

Our data shows that milk pasteurization significantly impacts the concentrations of 

osteopontin, which may hinder the activity of this biofactor. The functions of milk-derived 

osteopontin are not clearly established, but the high levels of this protein in breastmilk clearly 

suggest a pivotal role for this molecule in infant development. Other groups have shown that 

osteopontin is important for the development of intestinal epithelial cells,32 while we have 

reported that osteopontin is needed for intraepithelial lymphocyte homeostasis.33 In addition, it is 

well known that osteopontin interacts with bacteria,34,35,36 which may indicate a role in the 

establishment of the nascent intestinal microbiota. Taken together, it is possible that milk-derived 

osteopontin is critical for the development and maturation of intestinal epithelial cells and the 

mucosal immune system.  
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Considering these potential functions, it is imperative to consider how donor breastmilk 

is treated. If freezing and pasteurization are essential for donor milk safety, then osteopontin 

supplementation might be considered as a potential remediation. In Europe, bovine osteopontin 

(known as Lacprodan OPN-10), has been approved for formula supplementation, indicating that 

this protein is well tolerated by infants. Therefore, preterm and term infants that use 

frozen/pasteurized breastmilk as their main nutritional source may benefit from osteopontin 

supplementation.  
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Data Availability: 

The datasets generated during and/or analyzed during the current study are available from the 

corresponding author on reasonable request.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 26, 2023. ; https://doi.org/10.1101/2023.02.24.529945doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.24.529945
http://creativecommons.org/licenses/by-nc-nd/4.0/


References: 

1. Liu, L. et al. Articles Global, regional, and national causes of child mortality in 2000-13, 

with projections to inform post-2015 priorities: an updated systematic analysis. Lancet 

385, 430–440 (2015). 

2. Martin, J., Hamilton, B. & Osterman, M. Births in the United States, 2021. (2022) 

doi:10.15620/CDC:119632. 

3. Steiner, L., Diesner, S. C. & Voitl, P. Risk of infection in the first year of life in preterm 

children: An Austrian observational study. PLoS One 14, (2019). 

4. Manzoni, P. et al. Human milk feeding prevents retinopathy of prematurity (ROP) in 

preterm VLBW neonates. Early Hum. Dev. 89, S64–S68 (2013). 

5. Furman, L., Taylor, G., Minich, N. & Hack, M. The effect of maternal milk on neonatal 

morbidity of very low-birth-weight infants. Arch. Pediatr. Adolesc. Med. 157, 66–71 

(2003). 

6. Schanler, R. J., Shulman, R. J. & Lau, C. Feeding strategies for premature infants: 

Beneficial outcomes of feeding fortified human milk versus preterm formula. Pediatrics 

103, 1150–1157 (1999). 

7. Schanler, R. J. Outcomes of human milk-fed premature infants. Semin. Perinatol. 35, 29–

33 (2011). 

8. Quigley, M., Embleton, N. D. & McGuire, W. Formula versus donor breast milk for 

feeding preterm or low birth weight infants. Cochrane Database Syst. Rev. 2019, (2019). 

9. Ballard, O. & Morrow, A. L. Human Milk Composition: Nutrients and Bioactive Factors. 

Pediatr. Clin. North Am. 60, 49 (2013). 

10. Adhisivam, B. et al. Effect of Holder pasteurization on macronutrients and 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 26, 2023. ; https://doi.org/10.1101/2023.02.24.529945doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.24.529945
http://creativecommons.org/licenses/by-nc-nd/4.0/


immunoglobulin profile of pooled donor human milk. 

https://doi.org/10.1080/14767058.2018.1455089 32, 3016–3019 (2018). 

11. Paulaviciene, I. J. et al. The Effect of Prolonged Freezing and Holder Pasteurization on 

the Macronutrient and Bioactive Protein Compositions of Human Milk. Breastfeed. Med. 

15, 583–588 (2020). 

12. Peila, C. et al. The Effect of Holder Pasteurization on Nutrients and Biologically-Active 

Components in Donor Human Milk: A Review. Nutrients 8, (2016). 

13. Lima, H. K., Wagner-Gillespie, M., Perrin, M. T. & Fogleman, A. D. Bacteria and 

Bioactivity in Holder Pasteurized and Shelf-Stable Human Milk Products. Curr. Dev. 

Nutr. 1, (2017). 

14. Meredith-Dennis, L. et al. Composition and Variation of Macronutrients, Immune 

Proteins, and Human Milk Oligosaccharides in Human Milk From Nonprofit and 

Commercial Milk Banks. J. Hum. Lact. 34, 120–129 (2018). 

15. Lima, H. K. et al. Effect of Holder Pasteurization and Retort Processing on Bioactive 

Components and Nutritional Content of Human Milk. FASEB J. 31, 958.19-958.19. 

16. Wu, T. et al. Availability of donor milk improves enteral feeding but has limited effect on 

body growth of infants with very-low birthweight: Data from a historic cohort study. 

Matern. Child Nutr. 18, (2022). 

17. Li, Y. et al. Pasteurization Procedures for Donor Human Milk Affect Body Growth, 

Intestinal Structure, and Resistance against Bacterial Infections in Preterm Pigs. J. Nutr. 

147, 1121–1130 (2017). 

18. Binte Abu Bakar, S. Y., Salim, M., Clulow, A. J., Nicholas, K. R. & Boyd, B. J. Human 

milk composition and the effects of pasteurisation on the activity of its components. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 26, 2023. ; https://doi.org/10.1101/2023.02.24.529945doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.24.529945
http://creativecommons.org/licenses/by-nc-nd/4.0/


Trends Food Sci. Technol. 111, 166–174 (2021). 

19. Donovan, S. M. et al. Bovine Osteopontin Modifies the Intestinal Transcriptome of 

Formula-Fed Infant Rhesus Monkeys to Be More Similar to Those That Were Breastfed. 

J. Nutr. (2014) doi:10.3945/jn.114.197558. 

20. West, C. E. et al. Effects of osteopontin-enriched formula on lymphocyte subsets in the 

first 6 months of life: A randomized controlled trial. Pediatr. Res. (2017) 

doi:10.1038/pr.2017.77. 

21. Lonnerdal, B., Kvistgaard, A. S., Peerson, J. M., Donovan, S. M. & Peng, Y. M. Growth, 

nutrition, and cytokine response of breast-fed infants and infants fed formula with added 

bovine osteopontin. J. Pediatr. Gastroenterol. Nutr. 62, 650–657 (2016). 

22. Standal, T., Børset, M. & Sundan, A. Role of osteopontin in adhesion, migration, cell 

survival and bone remodeling. Exp. Oncol. (2004). 

23. Lund, S. A., Giachelli, C. M. & Scatena, M. The role of osteopontin in inflammatory 

processes. J. Cell Commun. Signal. 3, 311–322 (2009). 

24. Hunter, G. K., Kyle, C. L. & Goldberg, H. A. Modulation of crystal formation by bone 

phosphoproteins: structural specificity of the osteopontin-mediated inhibition of 

hydroxyapatite formation. Biochem. J. 300, 723–728 (1994). 

25. Jiang, R. & Lönnerdal, B. Osteopontin in human milk and infant formula affects infant 

plasma osteopontin concentrations. Pediatr. Res. 85, 502–505 (2019). 

26. Bruun, S. et al. Osteopontin levels in human milk vary across countries and within 

lactation period: Data from a multicenter study. J. Pediatr. Gastroenterol. Nutr. 67, 250–

256 (2018). 

27. Jiang, R., Prell, C. & Lönnerdal, B. Milk osteopontin promotes brain development by up-

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 26, 2023. ; https://doi.org/10.1101/2023.02.24.529945doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.24.529945
http://creativecommons.org/licenses/by-nc-nd/4.0/


regulating osteopontin in the brain in early life. FASEB J. (2019) 

doi:10.1096/fj.201701290RR. 

28. Liang, N. et al. Structural and functional changes of bioactive proteins in donor human 

milk treated by vat-pasteurization, retort sterilization, ultra-high-temperature sterilization, 

freeze-thawing and homogenization. Front. Nutr. 9, (2022). 

29. Zhu, J. et al. Longitudinal changes of lactopontin (milk osteopontin) in term and preterm 

human milk. Front. Nutr. 9, 1738 (2022). 

30. O’Sullivan, E. J., Geraghty, S. R. & Rasmussen, K. M. Awareness and prevalence of 

human milk sharing and selling in the United States. Matern. Child Nutr. 14, (2018). 

31. Sriraman, N. K., Evans, A. E., Lawrence, R. & Noble, L. Academy of Breastfeeding 

Medicine’s 2017 Position Statement on Informal Breast Milk Sharing for the Term 

Healthy Infant. doi:10.1089/bfm.2017.29064.nks. 

32. Liu, L., Jiang, R. & Lönnerdal, B. Assessment of bioactivities of the human milk 

lactoferrin–osteopontin complex in vitro. J. Nutr. Biochem. 69, 10–18 (2019). 

33. Nazmi, A. et al. Osteopontin and iCD8α Cells Promote Intestinal Intraepithelial 

Lymphocyte Homeostasis. J. Immunol. 204, 1968–1981 (2020). 

34. Kristensen, M. F. et al. Osteopontin adsorption to Gram-positive cells reduces adhesion 

forces and attachment to surfaces under flow. J. Oral Microbiol. (2017) 

doi:10.1080/20002297.2017.1379826. 

35. Schlafer, S., Meyer, R. L., Sutherland, D. S. & Städler, B. Effect of osteopontin on the 

initial adhesion of dental bacteria. J. Nat. Prod. (2012) doi:10.1021/np300514z. 

36. Kristensen, M. F., Sørensen, E. S., Del Rey, Y. C. & Schlafer, S. Prevention of Initial 

Bacterial Attachment by Osteopontin and Other Bioactive Milk Proteins. Biomedicines 10, 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 26, 2023. ; https://doi.org/10.1101/2023.02.24.529945doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.24.529945
http://creativecommons.org/licenses/by-nc-nd/4.0/


(2022). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 26, 2023. ; https://doi.org/10.1101/2023.02.24.529945doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.24.529945
http://creativecommons.org/licenses/by-nc-nd/4.0/


Acknowledgements 

We thank Josh McCrary (Monroe Carell Jr. Children’s Hospital at Vanderbilt) for providing 

pooled donor breastmilk and retort-pasteurized breastmilk samples. Cartoons in Figure 4 were 

created with BioRender.com. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 26, 2023. ; https://doi.org/10.1101/2023.02.24.529945doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.24.529945
http://creativecommons.org/licenses/by-nc-nd/4.0/


Funding 

This material is based upon work supported by the National Science Foundation Graduate 

Research Fellowship under Grant No. 1937963 (K.G.M.), as well as NIH grant R01DK111671 

(D.O-V.); Vanderbilt Training in Cellular, Biochemical and Molecular Sciences Training 

Program, T32GM008554-25 (K.G.M.); and the Vanderbilt Institute for Clinical and 

Translational Research (VICTR) grant VR62082.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 26, 2023. ; https://doi.org/10.1101/2023.02.24.529945doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.24.529945
http://creativecommons.org/licenses/by-nc-nd/4.0/


Author contributions 

K.M., J.R., and J.W., conceived the project idea; J.W. provided samples; K.M. performed data 

acquisition and analysis; K.M. and D.O-V. wrote the manuscript; J.R., J.W., K.M., and D. O-V. 

revised and approved the final article. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 26, 2023. ; https://doi.org/10.1101/2023.02.24.529945doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.24.529945
http://creativecommons.org/licenses/by-nc-nd/4.0/


Competing interests 

The authors have no conflicts of interest to disclose.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 26, 2023. ; https://doi.org/10.1101/2023.02.24.529945doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.24.529945
http://creativecommons.org/licenses/by-nc-nd/4.0/


Consent Statement 

All samples were acquired from patients who had given informed consent for their samples to be 

used for research. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 26, 2023. ; https://doi.org/10.1101/2023.02.24.529945doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.24.529945
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure legends 

Figure 1: Osteopontin levels in the indicated breastmilk products. Human milk osteopontin 

concentrations were measured using a human osteopontin ELISA (R&D Systems). Each dot 

represents an individual sample. Results are shown as means  SEM, n=2-20. *p<0.05, 

**p<0.01; One-Way ANOVA with post-hoc Tukey’s test 

 

Figure 2: Osteopontin levels in breastmilk from mothers of preterm and term infants. Human 

milk osteopontin concentrations were measured using a human osteopontin ELISA (R&D 

Systems). Each dot represents an individual sample. Results are shown as means  SEM, n=13 

preterm, n=7 term.  

 

Figure 3: Osteopontin levels in single-donor breastmilk from mothers of preterm and term 

infants, before and after Holder pasteurization. Samples were pasteurized for 30 minutes at 

62.5C. Human milk osteopontin concentrations were measured using a human osteopontin 

ELISA (R&D Systems). Each dot represents an individual sample. Results are shown as means  

SEM, n=20. ****p<0.001; Student’s paired t-test. 

 

Figure 4: Osteopontin levels in fresh and processed breastmilk. (a) Schematic of breastmilk 

processing. Breastmilk was aliquoted and subjected to combinations of freezing and Holder 

pasteurization prior to analysis. (b) Osteopontin concentration in fresh and processed breastmilk. 
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