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and Duc Ninh Nguyen, PhD3

Abstract
Objectives: Human milk (HM) is the optimal diet for neonates, but it does not provide enough nutrients for preterm infants. HM
fortifiers based on highly processed mature bovine milk (BMFs) are routinely used for preterm infants despite risks of causing gut
dysfunction and systemic infection. Gently-processed bovine colostrum as a fortifier (BCF) may better protect against infection
and inflammation. We hypothesized that BCF-fortified HM has enhanced antimicrobial activity against pathogens that commonly
cause neonatal sepsis, relative to BMF-fortified HM.Methods:Holder-pasteurized HM samples (10 mothers) were aliquoted into 3
fractions: unfortifiedHMandHM fortified with either BMFor BCF. The samples were analyzed for pH, lactoferrin concentrations,
and antimicrobial activities against Staphylococcus epidermidis, Escherichia coli, and Enterococcus faecalis. Results: HM+BCF
had a lower pH and higher lactoferrin levels than HM+BMF, with HM being intermediate. Relative to infant formula, HM
decreased the growth of S epidermidis, E coli, and E faecalis, with no difference between preterm and term HM. Addition of
BMF abolished the antimicrobial effect of HM against S epidermidis and E faecalis but not E coli. By contrast, addition of BCF
into HM enhanced antimicrobial activity against S epidermidis and E coli, relative to unfortified HM. HM+BCF was superior to
HM+BMF in inhibiting growth of all tested bacteria.Conclusion:BMF fortification decreased whereas BCF fortification enhanced
in vitro antimicrobial activity of HM. This effect may partly be derived from the high levels of antimicrobial factors found in BCF,
including lactoferrin. BCF may be a better fortifier than BMF for preterm infants. (JPEN J Parenter Enteral Nutr. 2021;45:1417–
1424)
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Clinical Relevancy Statement

Human milk (HM) fortifiers are routinely supplemented
into HM to provide sufficient nutrients and to ensure
appropriate growth in preterm infants. Most of the com-
mercial fortifiers are based on mature bovine milk, and
they have been found to suppress antimicrobial activity of
HM. Bovine colostrum (BC) may be a better fortifier to
provide protection against infection and inflammation, as it

contains high levels of bioactive proteins and antimicrobial
factors. We now demonstrate that a BC fortifier, following
mild thermal processing, enhances the antimicrobial effect
of HM in vitro.

Introduction

Mother’s own milk (MOM) is the optimal nutrition source
for newborn infants, especially for preterm infants (born
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before completing 37 weeks of gestation) with high risks
of neonatal sepsis and necrotizing enterocolitis (NEC).1,2

The protective effects of MOM have been thought to be
derived from its multiple bioactive components, including
immune cells and antimicrobial proteins and peptides.3,4

Unfortunately, MOM for preterm infants is often delayed
or insufficient, especially during the first few weeks of life,
partly because mothers after preterm delivery have diffi-
culties in expressing milk or receive various medications.5

In such conditions, Holder-pasteurized human donor milk
(HDM) is suggested to be the best alternative.6 Evidenced
frommultiple previous clinical trials, exclusive HDMor any
use of HDM is more beneficial to preterm infants, relative
to exclusive preterm infant formula (IF), with regard to
decreased incidence of NEC, bronchopulmonary dysplasia,
late-onset sepsis (LOS), and death.7,8

HDM alone does not provide sufficient nutrition for
appropriate growth for preterm infants, and inadequate
nutrition and/or postnatal growth is associated with im-
paired neurodevelopment.6,9 Therefore, human milk (HM)
fortifiers are routinely added to HM to provide addi-
tional energy, protein, vitamins, and minerals.6 Most of
the currently available products are HM fortifiers based on
highly processed mature bovine milk (BMFs). Relative to
HM, bovine milk has a very different protein composition,
including lower levels of whey proteins and the presence
of β-lactoglobulin, a unique bovine milk factor that causes
food allergy.11 Several clinical trials have reported increased
incidence of NEC, mortality, and allergy in preterm infants
fed bovine milk-based formula or BMF.12–14 The reason for
these detrimental effects remains elusive, but it is possible
that the harsh thermal-processing conditions of BMF may
destroy its bioactive components and generate compounds
with inflammatory properties, including advanced glycation
end-products formed by reaction between reducing sugars
and free amino acid groups of proteins.15 Addition of BMF
into HM also affects the final product properties, such as
pH, osmolality, lipase activity, and antibacterial activity.16,17

Recently, fortifier based on HM has become available, but
the product is very costly. Evidence from clinical trials is
also controversial, with a study showing that HM-based
fortifier is superior to BMF in protecting against NEC in
preterm infants,18 contrary to a conclusion from a cohort
of extremely low-birth-weight infants with no differences in
NEC incidence between HM-based fortifier–fed vs BMF-
fed groups.19

Bovine colostrum (BC) contains high levels of bioac-
tive and immune factors, including immunoglobulin G,
lactoferrin (LF), osteopontin, insulin-like growth factor,
and epidermal growth factor.20 BC consumption reduces
the frequency and relieves the symptoms of childhood
infectious diarrhea.21 A specific BC product with gentle
thermal processing (pasteurization) has been shown to stim-
ulate gut maturation and body growth and prevent NEC

development in the preterm piglet, which is widely accepted
as themost clinically relevantmodel for preterm infants.22–24

This BC product can also inhibit growth of pathogens and
stimulate intestinal epithelial cell proliferation in vitro.25

In an open-label, randomized, controlled pilot safety trial,
MOM supplementation with BC during the first weeks of
life appeared to be safe and reduced time to total enteral
feeding in preterm infants.26 This BC product is currently
tested as a fortifier (BCF) into HDM in a randomized
controlled trial.20 However, the protective mechanisms of
this fortifier remain elusive. With the above background,
we hypothesized in this study that BC with gentle thermal
processing used as a fortifier in HDM enhances levels
of bioactive proteins and antimicrobial activity against
pathogens that commonly cause neonatal sepsis (including
Staphylococcus epidermidis, Escherichia coli, and Entero-
coccus faecalis),27,28 relative to unfortified HDM or HDM
fortified with BMF.

Materials and Methods

Collection of HDM and Measurements of pH,
Osmolality, and LF Concentration

Frozen Holder-pasteurized HDM samples were obtained
anonymously from 10 Danish mothers at the National Hu-
man Milk Bank, Hvidovre Hospital, Denmark (5 preterm
and 5 term milk samples). Owing to anonymous sample
collection, ethical approval from the Danish National Com-
mittee on Health Research Ethics was not required for the
study. Each milk sample was aliquoted into 3 fractions: an
unfortified HM fraction, a fraction fortified with a commer-
cial BMF (HM+BMF), and a fraction fortified with gently
processed BCF (HM+BCF). The protein levels of each
group are shown in Table 1. To mimic the clinical practice,
4 g of powder of BMF (PreNAN FM 85, Nestlé, Vevey,
Switzerland) or 2.8 g of powder of BCF (ColoDan, Biofiber
Damino, Gesten, Denmark) was mixed with 100 mL of
HM to ensure a similar amount of protein of the added
fortifiers (1.4 g/100 mL). BCF was devoid of iron, whereas
BMF contained 0.45 mg of iron per gram of powder.
Preterm ready-to-feed IF (PreNAN partially hydrolyzed
preterm formula, Nestlé, Switzerland) was used as negative
control. All samples were then stored in aliquots of 1 mL at
−20 °C. In some experiments, HM+BCF was also sup-
plemented with iron, using ferrous sulfate heptahydrate
(SigmaAldrich, Copenhagen, Denmark) to reach iron levels
similar to those found in HM+BMF.

pH was measured by Mettler-Toledo GmbH instrument
(Griefensee, Switzerland). Osmolality was measured us-
ing cryoscopic osmometer (OSMOMAT, Gonotec, Berlin,
Germany). The concentration of LF was determined by
a sandwich enzyme-linked immunosorbent assay (ELISA)
method. The milk samples were centrifuged at 3000 g for

http://heptahydrate
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Table 1. Protein and Lactoferrin levels, pH, and Osmolality in Unfortified HM and HM Fortified with BMF and BCF.

HM HM+BMF HM+BCF

Parameters Preterm (n = 5) Term (n = 5) Preterm (n = 5) Term (n = 5) Preterm (n = 5) Term (n = 5)

Protein, g/100 mL 1.6 ± 0.1 1.2 ± 0.03* 3.0 ± 0.1 2.6 ± 0.03* 3.0 ± 0.1 2.6 ± 0.03*

1.4 ± 0.1a 2.8 ± 0.1b 2.8 ± 0.1b

Lactoferrin, mg/L 175 ± 24 115 ± 22 154 ± 30 105 ± 8 225 ± 34 183 ± 20
145 ± 18ab 130 ± 17a 204 ± 20b

pH 6.89 ± 0.09 6.91 ± 0.11 6.99 ± 0.07 6.96 ± 0.08 6.73 ± 0.07 6.76 ± 0.09
6.90 ± 0.07 ab 6.98 ± 0.05a 6.75 ± 0.05b

Osmolality,
mOsm/kg H2O

307 ± 1.56 298 ± 0.74* 415 ± 3.01 410 ± 3.25 342 ± 2.54 337 ± 2.97
303 ± 1.65a 412.50 ± 2.22b 339.40 ± 1.98c

Values are mean ± SD; groups in the same row not sharing the same letters are significantly different (P < .05).
BCF, bovine colostrum processed by mild thermal treatment as a fortifier; BMF, HM fortifier based on highly processed mature bovine milk; HM,
human milk.
*P < .05, comparing preterm vs term milk samples, with or without fortification.

Figure 1. The growth curve of S epidermidis, E faecalis, and E coli. Pure bacterial stock was inoculated in fresh heart infusion
broth medium at OD = 0.05 and incubated at 37 °C overnight. Bacterial density was monitored every 1–2 hours by optical
density (OD) measurement.

15 minutes at 4 °C to remove milk fat, and skimmed
milk samples (100 μL) were diluted 5000 times prior to
ELISA measurement using rabbit anti-human LF antibody
(MyBioSource, San Diego, CA, USA).

Preparation of Bacterial Stocks

Three bacterial strains isolated from the blood culture
of septic patients were used for the antimicrobial assay,
including E coli, E faecalis (kindly provided by Dr Henrik
Westh, Hvidovre Hospital, Copenhagen, Denmark), and S
epidermidis (kindly provided by Dr Carina Mallard, Uni-
versity of Gothenburg, Gothenburg, Sweden). The frozen
stock of these bacteria was used to prepare mid-log stocks
as previously described.25,29 Briefly, each bacterium was
streaked out onto blood agar and incubated overnight at
37 °C; then, 1–2 pure bacterial colonies were transferred

into 10 mL of heart infusion broth medium and incu-
bated overnight with continuous shaking at 120 rpm at
37 °C. The overnight cultures were diluted with broth
media to reach optical density (OD) = 0.05 (measured at a
wavelength of 600 nm) and incubated for another 24 hours
with frequent OD measurement to determine the bacterial
growth curve (Figure 1). Bacterial cultures at mid-log phase
were then mixed with sterile glycerol (final concentration
of 15% [vol/vol] glycerol) and stored at −80 °C in 1-mL
aliquots. The concentration of bacterial stock was deter-
mined prior to storage to calculate the theoretical dose of
stimulation with milk samples following triplicated spotting
of 20-μL stock samples onto a blood agar with stock di-
lution of 100–106 times, overnight incubation at 37 °C, and
manual counting. The viability and actual concentrations of
mid-log stocks were assessed for each experiment by a
similar plating method.
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Antimicrobial Assays

Endogenous bacterial levels of individual HM samples
and IF were identified following serial dilution of samples
from 100 to 103 times in sterile saline, spotting onto blood
agar, and overnight incubation at 37 °C, as mentioned in
the previous section. Samples with endogenous bacterial
detection were excluded from the antibacterial assay.

For the assay, the frozen bacterial stocks were thawed,
centrifuged at 3200 g for 10 minutes at room temperature,
and washed twice with sterile saline. The stock bacterial
concentrations were then adjusted, and 10 μL of bacteria
was added into 190 μL of milk samples in sterile 96-
well polypropylene plates to reach an inoculation level of
106 colony-forming units (CFU)/mL for S epidermidis, 104

CFU/mL for E faecalis, and 103 CFU/mL for E coli. IF
was used as negative control and run in duplicates. After
0, 2, 4, 6, and 24 hours of incubation at 37 °C, aliquots
of incubated samples were used to identify the bacterial
levels by using the plating methods on blood agar plates as
mentioned previously with bacterial stock.

Statistics

Data were analyzed using GraphPad Prism version 5.0 (San
Diego, CA, USA). pH, osmolality, and LF concentrations
were compared between preterm and term milk samples,
as well as among HM vs HM+BCF vs HM+BMF, using
analysis of variance (ANOVA) with post hoc Tukey test.
Differences in bacterial levels in the antimicrobial assays
were analyzed using 2-way ANOVAwith repeated measure-
ment (treatment and time of incubation as 2 main factors),
followed by Tukey multiple comparisons tests. A P-value
of <.05 was considered statistically significant.

Results

pH, Osmolality, and LF Content in HM and
Fortified HM

The concentration of LF and pH were similar in preterm
and termmilk, as well as in fortified preterm vs fortified term
milk. However, the total protein levels and osmolality were
higher in preterm milk than in term milk (P< .05, Table 1).
When pooling preterm and term milk for comparisons
among fortified groups, the pH of HM+BCF was signifi-
cantly lower than that of HM+BMF (P < .05), with HM
as the intermediate (Table 1). The osmolality of HM was
303 ± 2 mOsm/kg H2O, and after fortification with BMF
andBCF, it increased to 413± 2 and 339± 2mOsm/kgH2O,
respectively (P< .05). HM+BCFhad lower osmolality than
HM+BMF (P< .05, Table 1). The concentration of LFwas
higher inHM+BCF than inHM+BMF (P< .05), withHM
being intermediate (Table 1).

Bacterial Growth–Inhibitory Effects of HM
and Fortified HM

Endogenous bacteria were detected in 1 term HM sample,
and this sample was excluded from the assay. Over the
period of 24 hours, all 3 types of bacteria grew quickly
in both preterm and term HM, with concentration of S
epidermidis increasing 100-fold after 6 hours and 1000-fold
after 24 hours, E faecalis increasing 100-fold after 6 hours
and 105-fold for 24 hours, and E coli increasing 107-fold
after 6 hours and 109-fold after 24 hours (Figure 2A–C).
There were no differences in the growth of all 3 bacte-
ria after incubation with preterm vs term HM, although
each group of preterm or term HM showed overall lower
bacterial growth than did formula (Figure 2A–C). For all
remaining comparisons among fortified groups, we pooled
data from preterm and term milk samples to compare HM,
HM+BCF, and HM+BMF.

For S epidermidis, the concentration of bacteria fol-
lowing incubation with IF increased 2-fold after 2 hours,
100- to 200-fold after 4–6 hours, and drastically (∼105-
fold) after 24 hours (P < .01, Figure 3A). No effects
of HM, HM+BCF, or HM+BMF, relative to IF, were
observed against S epidermidis growth following 2–4 hours
of incubation. Only HM+BCF, not HM or HM+BMF,
showed inhibitory effects against S epidermidis after 6 hours
of incubation, relative to IF (P < .01, Figure 3A). After 24
hours of incubation, HM exerted better bacterial growth
inhibition than both HM+BCF and HM+BMF (P < .01),
but theHM+BCFgroupwas still more efficient at inhibiting
bacterial growth than HM+BMF (P < .001, Figure 3A).

For E faecalis, the concentration of bacteria increased
drastically following incubation with IF, ∼20 times after 2
hours and 104–106 times after 4–24 hours (P < .01, Fig-
ure 3B). AmongHM,HM+BCF, andHM+BMFproducts,
HM and HM+BCF showed similar capacity of bacterial
inhibition across 2–24 hours, and both groups were better
than the HM+BMF group (P < .001, Figure 3B). The
bacterial concentration in HM+BMF was similar to that
in IF at all incubation time points.

Similar to E faecalis, E coli grew very quickly in IF, 10
times after 2 hours and 104–1011 times after 4–24 hours,
with a higher concentration than that in the remaining 3
groups at all time points (P < .01, Figure 3C, except 2–4
hours vs BMF). The bacterial growth significantly differed
in HM, HM+BCF, and HM+BMF after 2–4 hours of in-
cubation, with the lowest concentration being inHM+BCF,
followed by HM, and the highest being in HM+BMF
(P< .01, Figure 3C). At 6 hours of incubation, the bacterial
concentration was still lowest in HM+BCF and higher in
HM vs HM+BMF (P < .001, Figure 3C). No difference
in bacterial levels at 24 hours was detected among HM,
HM+BCF, and HM+BMF.
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Figure 2. S epidermidis (A), E faecalis (B), and E coli (C) growth over time following incubation with preterm and term HM (n =
5 and 4, respectively). The inoculated concentrations were 106, 104, and 103 CFU/mL for S epidermidis, E faecalis, and E coli,
respectively. Values are mean ± SD. Values at the same incubation time point that do not share the same letters are significantly
different (P < .05). CFU, colony-forming units; HM, human milk; IF, infant formula.

Figure 3. S epidermidis (A), E faecalis (B), and E coli (C) growth over time following incubation with infant formula (IF, n = 2),
unfortified donor human milk (HM, n = 9), HM fortified with a bovine milk–based fortifier (HM+BMF, n = 9), or HM fortified
with bovine colostrum (HM+BCF, n = 9). The inoculated concentrations were 106, 104, and 103 CFU/mL for S epidermidis, E
faecalis, and E coli, respectively. Values are mean ± SD. Values at each incubation time point that do not share the same letters
are significantly different (P < .05). CFU, colony-forming units.

Effects of Iron on the Antimicrobial Activity
of BCF

BCF did not contain iron, which is an important factor
in facilitating bacterial growth30 and affecting antimicro-
bial activity of LF, the protein with the highest levels
in HM+BCF.31 In this follow-up experiment, we added

iron in the form of ferrous sulfate in BCF to reach
the levels in BMF and compare bacterial growth inhibi-
tion among HM+BMF, HM+BCF, and HM+BCF+iron.
After 4 hours of incubation with E coli, the bacte-
rial levels in HM+BCF were 1.5 times lower than in
HM+BMF (P < .05, Figure 4) but not different from
those in HM+BCF+iron. This suggests that the bacterial
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Figure 4. E coli growth following 4 hours of incubation with
human milk fortified with either a bovine milk–based fortifier
(HM+BMF, n = 9) or bovine colostrum without (HM+BCF,
n = 9) or with iron supplementation (HM+BCF+IRON, n =
9). Values are means ± SD. Groups not sharing the same
letters are significantly different (P < .05). CFU,
colony-forming units.

growth–inhibitory effects of BCF are partly independent of
its iron levels and probably derived frommultiple antimicro-
bial proteins and peptides rather than only LF.

Discussion

Following years of preclinical investigations using the
preterm piglet model, BC processed by mild thermal treat-
ment has been suggested as a novel alternative to bovine
milk–based formula to be supplemented into HM during
the first few days of life or to be used as an HM fortifier for
preterm infants.20,23,26 The detailed mechanistic protective
effects of BC, however, have remained elusive. Now, based
on in vitro assays in the current study, we have provided
evidence for plausible protective effects of BC against gut
dysfunction and gut-derived systemic infection/sepsis via
its bioactive components with inhibitory effects against gut
bacterial overgrowth.

Prior to antimicrobial assays, we performed physio-
chemical analyses of the fortified products to evaluate the
appropriate product osmolality and pH for preterm infants.
We observed that the pH of HM was slightly acidic, similar
to previous studies,32 and HM+BCF showed lower pH
than HM+BMF. This may be due to the low pH of the

original fortifier BCF, being ∼6.0.16 It has been shown
that highly acidified fortifiers, designed by artificial pH
adjustment (pH 4.5–5.0), may cause metabolic acidosis,33

but from our ongoing clinical trials, preterm infants fed
HM+BCF during the first 10 days of life did not have
adverse effects,20,26,34–36 indicating the safety of this slightly
acidic colostrum fortifier. Further, we examined the osmo-
lality of HM after fortification because hyperosmolar IF
may be a risk factor for NEC and because preterm IF
has been recommended with osmolality not exceeding 400
mOsm/L.37 We found that HM fortified with BMF or BCF
showed increased osmolality from 302 to 330–412mOsm/kg
H2O, though still in a safe range, as previously suggested.38

It is commonly thought that the antimicrobial activity
of a milk product and its protective effects against gut and
systemic infection are mainly derived from their bioactive
components, including LF.3 LF is an iron-binding globular
glycoprotein that is present in various secretory fluids, such
as milk, tears, and saliva. Its concentration in postpartum
bovine milk and HM declines over time,39,40 with levels
lower in mature milk than in colostrum.3,40–42 This natural
decline explains the highest levels of LF in HM+BCF
among the 3 groups in this study. The effects of BMF
fortification on the antimicrobial activity of HM have
been investigated,17,43 but the antimicrobial effects of BCF
fortification have remained unclear. Now in the present
study, we compared HM with HM+BCF and HM+BMF
for their inhibitory effects against the growth of S epider-
midis, E faecalis, and E coli, the common pathogens found
in the blood cultures of infants with LOS. Similar to a
previous study,17 addition of BMF into HM decreased the
antibacterial activity against all 3 tested bacteria but did
not alter levels of LF. Low levels of bioactive components
but enriched nutrition contents in BMFmay facilitate faster
bacterial growth when incubated with HM+BMF vs HM,
leading to decreased antimicrobial activity of HM+BMF.17

By contrast, BCF addition to HM markedly increased
antimicrobial activity for all 3 tested bacteria. Unlike BMF,
BCF contains high levels of bioactive and antimicrobial fac-
tors such as LF, osteopontin, insulin-like growth factor, and
epidermal growth factor. We speculate that the enhanced
antimicrobial activity via these bioactive components, es-
pecially LF, was much more significant than the effects of
increased nutrition content in facilitating bacterial growth
following BCF fortification. Collectively, the antimicrobial
effects of BCF may directly or indirectly modulate gut
microbial composition and strengthen gut barrier function,
thereby preventing bacterial gut translocation and reducing
systemic infection in preterm infants fed HM fortified with
BCF.

It is noteworthy that the antimicrobial activity of LF is
dependent on iron levels of the products, as iron chelation
turns LF from apo (no iron binding) into holo form (iron
binding) and reduces the capacity of LF to interact with
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and kill bacteria.29 In the current study, BMF and BCF
supplemented HM with 1.8 mg20 and 0 mg of iron per 100
mL, respectively, as BCF was completely devoid of iron.
The iron content may have contributed to the decreased
antibacterial activity in HM+BMF.17 Thus, we attempted
to investigate whether HM+BCF with iron levels similar
to those of HM+BMF would still have better bacterial
growth–inhibitory effects. Interestingly, E coli growth in
HM+BCF with iron addition was similar to the prod-
uct without iron addition and still lower than that in
HM+BMF. This suggests that BCF is indeed superior to
BMF with regard to the antimicrobial activity, independent
of iron levels, probably because of the contributing effects
from other bioactive factors in BCF, such as immunoglob-
ulins or osteopontin.

In conclusion, to our knowledge, this was the first study
investigating the antibacterial effect of HM fortified with
BCF. It appeared that BCF addition to HM modulated
physicochemical properties and prevented in vitro over-
growth of bacteria involved in neonatal sepsis, and there-
fore, BCF may be a superior fortifier for preterm infants.
It remains to be elucidated whether similar effects can be
observed in freshMOM fortified with BCF. The clinical im-
plication of enhanced in vitro antibacterial activity of BCF
requires careful consideration, and in vivo efficacy of BCF
as a nutrient fortifier to tackle other gut pathogens involved
in LOS and to modulate gut microbiome in preterm infants
requires further investigation.
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