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Abstract: Milk supplied to neonates in neonatal units is kept at room temperature for some time,
which could influence microbial growth. This study aims to evaluate the growth of Escherichia coli
in HM and PIF under various treatments and conditions, as well as to determine the influence of
different thawing methods on microbial growth in HM. The number of E. coli generations appearing
over a 4 h period at 22 ◦C in HM (frozen; frozen and pasteurized; and frozen, pasteurized, and
fortified) and in PIF (four brands) was determined. E. coli counts in HM inoculated and thawed using
different methods were also compared. In frozen HM and in pasteurized and frozen HM, significant
differences were found after 2.5 h and 1.5 h, respectively. In PIF, differences were found between 1.5
and 3 h. With regard to the thawing process, the lowest microorganism counts were obtained at 4 ◦C
overnight; thus, it seems advisable to store milk at room temperature for a maximum of 1 h during
administration in neonatal units. Thawing HM at 4 ◦C overnight should be the method of choice.

Keywords: breastfeeding; human milk; milk banking; milk handling; neonatal units; Escherichia coli

1. Introduction

Human milk (HM) is the preferred food for infants, at least for the first six months of
life, since it is one of the most effective ways to ensure children’s health and survival [1]. In
addition to its optimal nutrient supply, HM transfers immune factors to protect newborns
during their first years of life. For this reason, breastfeeding is the preferred method for
feeding infants, including those who are preterm and hospitalized.

In the case of preterm infants admitted to neonatal intensive care units (NICUs), it
is often not possible to directly breastfeed the infant; therefore, bottle feeding or feeding
through an enteral feeding tube are used instead [2]. If the mother’s milk is insufficient
or unavailable, donated HM can be used; thus, many hospitals have incorporated human
milk banks (HMBs) in their facilities. In these facilities, milk usually undergoes different
processes that can vary between the different HMBs. In general, some steps are common
to all HMBs: freezing, thawing, and Holder pasteurization [3–5]. Lastly, before adminis-
tration, milk is fortified with proteins, fats, minerals, and vitamins that are necessary in
the case of preterm infants [6]. With regard to thawing, the recommended methods from
different organizations include carrying thawing out overnight under refrigeration, at room
temperature, or in a thermal bath [3,4]. In some of these methods, the milk remains at a
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temperature that could allow microbial growth for a considerable period of time; therefore,
it is necessary to evaluate the different methods in relation to this issue.

In addition, it must be considered that treatments such as freezing and pasteurization
can affect the antimicrobial capacity of milk [7–9]. Preterm infants are an extremely vul-
nerable population; therefore, it is essential to control hygiene during all treatments and
handling of HM, as well as powdered infant formula (PIF), which is used as an alternative
in some cases [8].

Finally, during the milk administration process (both HM and PIF) through an enteral
feeding tube in the NICU, milk is kept at room temperature for some time. Guidelines
from various countries [10,11] and several authors [5,12,13] recommend that milk delivered
through enteral feeding tubes should be kept for a maximum of 4 h and containers must
also be changed every 4 h. However, the United States Centers for Diseases Control and
Prevention [14] recommend keeping thawed HM at room temperature for a maximum of
1–2 h at 25 ◦C. These differences in recommendations justify the need to obtain experimental
information about the microbial growth in HM and PIF over time, under the conditions
of administration in NICUs, to rationalize these recommendations. The holding time
of milk at room temperatures is key, because if it exceeds the duration of the lag phase
of a microorganism, it can lead to undesirable microbial growth. Among the different
microorganisms that can contaminate milk, Escherichia coli is one of the most common
pathogens that causes neonatal infections [15,16], and is a cause of outbreaks due to the
consumption of unpasteurized human milk in NICUs [17,18]. The growth of E. coli in
HM and PIF and its handling practices have implications for neonatal health and the
management of neonatal units. Therefore, it is of interest to study the maximum time that
milk can be kept at room temperature during its administration in NICUs without posing a
risk of possible microbial growth.

Furthermore, evidence-based standards for recommending the optimal HM thawing
method and feeding temperature for infants are limited [19].

This study aims to evaluate the growth of E. coli in HM and PIF under various
treatments and conditions, as well as to determine the influence of different thawing
methods on microbial growth in HM.

2. Materials and Methods
2.1. Sample Collection

For this research, HM samples donated to the HMB of the University and Polytechnic
Hospital La Fe, Valencia (Spain) were used. In this HMB, milk is donated by lactating moth-
ers voluntarily and altruistically, without any financial compensation [20]. The samples
were collected from January to April 2018. A total of 42 donors participated in this study.
All the participants gave their informed consent for their milk to be used in this study.
The study was conducted according to the guidelines of the Declaration of Helsinki [21]
and was approved by the Research and Ethics Committee of the Instituto de Investigación
Sanitaria La Fe.

In order to ensure sample homogeneity, inclusion criteria for the participants were
considered: lactating mothers of any age, with a lactation period not exceeding 30 days,
with healthy habits (Mediterranean diet, moderate physical activity of at least 30 min per
day), and negative results in the microbiological screening tests performed during the
donor selection process. Donors were excluded from the study if they met any of the
following criteria: currently under medical treatment, having restrictive diets or known
addictions (including smokers), having sleep-related disorders, or having a lactation period
shorter than 30 days.

Milk was expressed at home by the donors following a standardized protocol of ex-
traction and conservation, which included hand washing with soap and drying before
extraction. The milk was expressed with sterile material provided by the HMB, using
an electric (Lactina, Medela, Switzerland) or manual (Harmony, Medela, Switzerland)
breast pump with sterile parts attached to a sterile polypropylene container with a her-
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metic closure, thereby eliminating the risk of accidental contamination. After each use,
the extraction equipment was washed with water and detergent and disinfected in the
microwave, in sterilization bags (Quick Clean, Medela). The complete milk extraction from
one breast was always obtained to take advantage of all the properties of the milk, as its
composition varies throughout the extraction process. The frequency of donation was
weekly. The milk samples were immediately frozen at −20 ◦C for transport to the HMB.
Once there, the milk was stored at the same temperature until it was transported to the
laboratories for processing, always maintaining the cold chain and sterile conditions. Once
at the laboratories, the milk was kept under frozen conditions until analysis. No more than
24 h elapsed between the sample collection and the start of sample processing.

In the case of PIF, 5 containers of 4 different brands purchased at different pharmacies
were utilized. The brands were randomly chosen from among the most popular ones, and
all the brands complied with the regulations regarding nutritional composition [22] and
included docosahexaenoic acid and arachidonic acid. The bovine fortifier was provided by
the HMB.

The sample size was calculated based on a previous study, using mean and standard
deviation of the counts (CFU/mL) of an enterobacteria (Cronobacter sakazakii) reported from
inoculated HM and PIF (power = 95% and significance level = 0.05) [23].

2.2. Study of Growth of E. coli in HM and PIF Held at 22 ◦C for 4 h

For this study, a total of 12 mature HM samples of 60 mL from 12 participants were
used. A bovine fortifier (PreNAM-FM 85, Nestlé®, Vevey, Switzerland) was also used, with
an iron concentration of 26 mg/100 g, which was prepared and added in accordance with
the manufacturer’s specifications.

The same procedure was carried out for the PIF, for which 5 samples of 4 different
brands (A, B, C, and D) were used. All the brands studied contained docosahexaenoic
acid (DHA) and arachidonic acid (ARA). These samples were prepared with sterile water
following the manufacturer’s specifications, in a volume of 60 mL for each sample of
each brand.

Once in the laboratory, the HM samples were thawed in a refrigerator (12 h at 4 ◦C)
and all of them were divided into 3 aliquots of 20 mL to be used for each treatment: (A) milk
frozen for 3 months; (B) milk with Holder pasteurization (62 ◦C for 30 min) and frozen
for 3 months; (C) milk with Holder pasteurization, frozen for 3 months, and fortified by
adding bovine fortifier after thawing.

Each aliquot of PIF and HM, once subjected to the indicated treatments, was inoculated
with a concentration of 104 CFU/mL of E. coli NCTC 9111 serovar 0111:K58 (B4):H. The
bacteria were cultured overnight on plate count agar (PCA) (Scharlab®, Barcelona, Spain).
After incubation, one or two colonies were selected and suspended in 0.1% peptone water
(Scharlab®, Barcelona, Spain), adjusting the concentration to an absorbance of 0.145 at
546 nm (approximately 3 × 108 CFU/mL) using a Jenway 7200 spectrophotometer (relia-
bility: ±0.005 A/h at 0.04 A; validity: ±0.01 A/h at 1.0 A). Three decimal dilutions were
made to reach a concentration of 3 × 105 CFU/mL. Finally, 0.7 mL and 2 mL of this dilution
were added to each aliquot of HM and PIF, respectively, to reach a final concentration
of 104 CFU/mL.

After inoculation, the samples were kept at 22 ◦C for 4 h, simulating one of the possible
conditions for the milk supply in neonatal units. During this period, E. coli counts were
carried out at 0 h, 0.5 h, 1 h, 1.5 h, 2 h, 2.5 h, 3 h, 3.5 h, and 4 h.

To obtain the E. coli counts in HM and PIF at different times, 1 mL was taken from
each milk sample. The corresponding decimal dilutions were made in 0.1% peptone broth
(Scharlab®, Barcelona, Spain) and the plates were seeded via duplication in violet red bile
agar (VRBA, Scharlab®, Barcelona, Spain), which was incubated at 37 ◦C for 24 h [24].
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2.3. Study of the Influence of Different Thawing Methods on the Growth of E. coli in HM

In this study, a total volume of 5000 mL of HM from 30 donors was used. Each donor
contributed about 150–200 mL of milk. The HM samples were thawed at 4 ◦C for 12 h. The
samples from three participants were mixed and 10 pools of 500 mL each were prepared.
Each pool was distributed in 4 aliquots of 125 mL. This is the common storing volume for
frozen milk in the HMB, which must be thawed later. Each aliquot was inoculated with
a concentration of 104 CFU/mL of E. coli NCTC 9111 serovar 0111:K58 (B4):H, obtained
as described above. Subsequently, all the aliquots were frozen at −20 ◦C for 7 days. Once
the 7 days had elapsed, the aliquots were thawed using four different methods: (A) room
temperature (22 ◦C) for 3 h; (B) thermostatic bath at 35 ◦C for 30 min; (C) thermostatic bath
at 25 ◦C for 40 min; and (D) refrigeration at 4 ◦C for 12 h. All four thawing methods were
applied at the same time on different aliquots of the same sample. After these treatments,
an E. coli count was performed.

The count of E. coli was carried out by taking 1 mL of each milk sample, performing
the corresponding decimal dilutions in 0.1% peptone broth (Scharlab®, Barcelona, Spain)
and plate seeding via duplication in violet red bile agar (VRBA, Scharlab®, Barcelona,
Spain), which was incubated at 37 ◦C for 24 h [24].

2.4. Data Analysis

In the study of the growth of E. coli in HM and PIF, after obtaining E. coli counts at each
time point, the number of E. coli generations (n) appearing at a given time was calculated in
the different sample types. One generation is considered a microorganism count doubling;
thus, the calculation was as follows: n = (log N − logN0)/0.301, where N is the count
(CFU/mL) at that given time and N0 is the baseline microorganism count. The generation
time (g), or the time it takes for a microbial population to double, was also calculated for
each type of milk: g = t/n, where t is the time elapsed (240 min in our study) and n is the
generation number that appeared during that time [25].

In the study of different thawing methods, E. coli counts were obtained for each of
the thawed samples according to the four methods used. The results were obtained in
CFU/mL and were transformed to log10 CFU/mL.

The statistical analysis of the results was performed using IBM SPSS software (Ver-
sion 27). The differences were considered statistically significant at p < 0.05. A mixed
analysis of variance (ANOVA) was used to study the effect of maintaining milk in the
neonatal room conditions on the generations that appeared at the different times, and to
determine whether any change in the number of E. coli generations was the result of the
interaction between the type of milk (different treatments or different brands) and time.
For HM, the two factors considered were the milk treatment (between-subjects factor), with
three levels for HM (frozen milk; pasteurized and frozen milk; pasteurized, frozen and
fortified milk), and the time (within-subjects factor), with eight levels (0 h, 0.5 h, 1 h, 1.5 h,
2 h, 2.5 h, 3 h, 3.5 h, and 4 h). For PIF, the two factors considered were the milk brand
(between-subjects factor), with four levels, and the time (within-subjects factor), with eight
levels (0 h, 0.5 h, 1 h, 1.5 h, 2 h, 2.5 h, 3 h, 3.5 h, and 4 h).

To compare the results of the number of generations obtained in HM to PIF, a mixed
ANOVA was also used. One factor was the milk type (between-subjects factor), with
two levels (powdered infant formula and human milk), and the other factor was time
(within-subjects factor), with eight levels (0 h, 0.5 h, 1 h, 1.5 h, 2 h, 2.5 h, 3 h, 3.5 h, and 4 h).

To determine the differences between the groups, a post hoc analysis was used with
the Bonferroni adjustment test. To verify the data normality, the Kolmogorov–Smirnov
test was used (p > 0.05). The homogeneity of the variance assumption within the subjects
and between the subjects was examined using Mauchly’s test of sphericity (p > 0.05) and
Levene’s test (p > 0.05), respectively. In the cases where the sphericity hypothesis was not
met, the multivariate adjustment was applied.
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For the comparison of E. coli generation times in the HM subjected to different treat-
ments, a one-way ANOVA was used. Similarly, a one-way ANOVA was performed to
compare the generation times obtained in the different brands of PIF.

To evaluate the thawing methods, a one-way repeated-measures ANOVA with four
levels (thawing at room temperature (20 ◦C) for 2 h; in a thermostatic bath at 35 ◦C for
30 min; in a thermostatic bath at 25 ◦C for 40 min; and refrigerated at 4 ◦C for 12 h)
was performed.

3. Results
3.1. Study of Growth of E. coli in HM and PIF Held at 22 ◦C for 4 h

The results of the growth of E. coli obtained after maintaining HM and PIF under
neonatal nursery conditions, at 22 ◦C for 4 h, are presented below.

Table 1 shows E. coli’s growth evolution in HM subjected to different treatments and
maintained at 22 ◦C for 4 h, expressed as the number of generations that appeared at each
time, and the generation time (time it takes for the E. coli population to double) for each
type of milk treated.

Table 1. Escherichia coli growth evolution in human milk (HM) maintained at 22 ◦C for 4 h, expressed
as number of generations at different times and generation times (mean ± standard deviation).

Number of Generations Generation Time 2

Treatment 1 0.5 h 1 h 1.5 h 2 h 2.5 h 3 h 3.5 h 4 h p (Minutes)

A (n = 12) −0.09 ± 0.15 −0.02 ± 0.16 0.14 ± 0.11 0.06 ± 0.13 0.39 ± 0.28 * 0.45 ± 0.22 0.75 ± 0.30 1.04 ± 0.19 0.013 229.72 ± 37.84 a

B (n = 12) −0.12 ± 0.49 0.13 ± 0.55 0.58 ± 0.46 * 0.71 ± 0.59 0.93 ± 0.62 1.20 ± 0.73 1.79 ± 0.79 1.89 ± 0.71 0.001 126.65 ± 53.32 b

C (n = 12) −0.17 ± 0.24 0.20 ± 0.44 0.15 ± 0.60 0.65 ± 0.69 * 0.73 ± 0.54 0.90 ± 0.63 1.30 ± 0.46 1.53 ± 0.58 0.001 157.05 ± 66.17 a,b

1 A = freezing at −20 ◦C for 3 months; B = pasteurization and freezing at −20 ◦C for 3 months; C = pasteurization,
freezing at −20 ◦C for 3 months, and fortification. 2 Different superscripts (a, b) in this column represent significant
differences between treatments (p = 0.007). * Indicates that from this time, significant differences were obtained
in the number of generations that appeared (p < 0.05). The p-values of these differences are shown in the
corresponding column.

The mixed ANOVA showed that there were significant differences between the number
of generations obtained at different times and that these differences were not the same for
each type of HM treated. Regarding the generation number obtained at different times, for
the frozen milk (treatment A), significant differences were found after 2.5 h. In the case
of frozen and pasteurized milk (treatment B), and frozen, pasteurized, and fortified milk
(treatment C), differences in the generations were detected at 1.5 h and 2 h, respectively.

For the generation time, the one-way ANOVA showed that there were significant
differences between the generation times obtained in the HM subjected to the different
treatments (Table 1). Specifically, there were differences between frozen milk and frozen
and pasteurized milk, with the generation time being shorter in the case of frozen and
pasteurized milk (126.65 min).

Table 2 shows E. coli’s growth evolution in PIF maintained at 22 ◦C for 4 h, expressed
as the number of generations that appeared at each time and the generation time for
each brand.

The mixed ANOVA showed that there were significant differences between the number
of generations obtained at different times and that these differences were not the same for
each brand of PIF. The times from which significant differences in the number of generations
were obtained were 3 h for brands A, C, and D, and 1.5 h for brand B.

Regarding the generation times, the one-way ANOVA showed that there were signifi-
cant differences between the different milk brands, obtaining the greatest generation time
for brand A (313.61 min) and the shortest for brand D (179.24 min).
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Table 2. E. coli growth evolution in powdered infant formula (PIF) maintained at 22 ◦C during
4 h, expressed as number of generations at different times and generation times (mean ± standard
deviation).

Number of Generations Generation Time 1

Brand 0.5 h 1 h 1.5 h 2 h 2.5 h 3 h 3.5 h 4 h p (Minutes)

A (n = 5) −0.11 ± 0.26 0.19 ± 0.17 0.20 ± 0.13 0.07 ± 0.07 0.20 ± 0.17 0.47 ± 0.04 * 0.74 ± 0.04 0.77 ± 0.08 0.029 313.61 ± 33.16 a

B (n = 5) −0.17 ± 0.39 −0.08 ± 0.09 0.18 ± 0.19 * 0.30 ± 0.16 0.38 ± 0.16 0.67 ± 0.15 0.76 ± 0.13 0.98 ± 0.22 0.035 256.95 ± 61.34 a.b

C (n = 5) 0.16 ± 0.17 0.10 ± 0.09 0.31 ± 0.16 0.42 ± 0.20 0.58 ± 0.14 0.75 ± 0.14 * 0.78 ± 0.13 1.04 ± 0.30 0.002 244.94 ± 67.17 a.b

D (n = 5) 0.09 ± 0.08 0.16 ± 0.08 0.10 ± 0.08 0.19 ± 0.14 0.40 ± 0.11 0.71 ± 0.07 * 0.99 ± 0.38 1.39 ± 0.28 0.009 179.24 ± 40.18 b

1 Different superscripts (a, b) in this column represent significant differences between brands of PIF (p = 0.019).
* Indicates that from this time, significant differences were obtained in the number of generations that appeared
(p < 0.05). The p-values of these differences are shown in the corresponding column.

The comparative study between both milk types (HM and PIF) did not show significant
differences (p = 0.053) in the generations obtained at different times between the two milk
types studied (Table 3).

Table 3. E. coli growth evolution at 22 ◦C during 4 h in HM (n = 36), subjected to different treatments,
compared with PIF (n = 20), expressed as number of generations (mean ± standard deviation).

Time at 22 ◦C

0.5 h 1 h 1.5 h 2 h 2.5 h 3 h 3.5 h 4 h p

HM 1 −0.12 ± 0.2 0.10 ± 0.41 0.29 ± 0.49 0.47 ± 0.59 0.68 ± 0.54 0.85 ± 0.64 1.28 ± 0.69 1.48 ± 0.75
0.054

PIF 2 −0.001 ± 0.27 0.09 ± 0.15 0.20 ± 0.15 0.24 ± 0.20 0.39 ± 0.21 0.65 ± 0.15 0.82 ± 0.22 1.05 ± 0.32

1 Data obtained in HM subjected to different treatments (freezing at −20 ◦C for 3 months; pasteurization and
freezing at −20 ◦C for 3 months; pasteurization, freezing at −20 ◦C for 3 months, and fortification; n = 12 for each
treatment). 2 Data obtained from four brands of powdered infant milk (n = 5 for each brand).

3.2. Influence of Different Thawing Methods on the Development of E. coli in HM

The analysis of variance for E. coli counts obtained after the different thawing methods
of inoculated HM indicates that there were significant differences between the different
methods evaluated (Figure 1). The lowest counts were obtained when thawing at 4 ◦C for
12 h, with significant differences (p = 0.03) being obtained compared to all the other studied
thawing methods.
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4. Discussion

Various guidelines [10,11] and authors [5,12,13,26] recommend that the maximum
residence time of milk administered to infants under nursery conditions (20–22 ◦C) should
be 4 h. However, the results obtained in the present study showed that under conditions of
E. coli contamination of 104 CFU/mL, there were differences in the counts at earlier time
points. In the case of frozen HM, count differences were obtained after 2.5 h, and for frozen
and pasteurized milk, the times were reduced to 1.5 h. It must be considered that authors
such as Lemons [26], who is used as a bibliographic reference in some guides, such as the
British Dietetic Association [10], carried out a study with fresh HM and frozen HM for six
weeks and their counts were only performed from natural contamination. However, in
the present study, for frozen HM, the count differences were obtained after 2.5 h, but the
freezing time was longer (3 months), and E. coli inoculation was also performed to obtain
homogeneity in the contamination of the samples. In addition, it was of interest to study
the microbial behavior in milk under conditions of potential contamination.

The obtained results are consistent with the United States CDC recommendation [14],
which states that HM should not be kept thawed for more than 1–2 h at a temperature
of 25 ◦C. Otherwise, Handa [27] found a significant increase in the bacterial count of HM
that was frozen for 7 d at −20 ◦C, thawed, refrigerated for 24 h, heated, and kept at room
temperature for 4 h; thus, these authors propose reducing this time to 3 h and recommend
re-evaluating the possibility of keeping milk at room temperature. This is consistent with
the results obtained in the present study, as we also obtained increases in the milk counts
before 4 h.

Moreover, it is important to consider the freezing time, as longer times (3 months)
affect the antimicrobial capacity of the HM [8] and could allow for faster microbial growth
under NICU conditions.

Gao [6] also obtained a significant increase in E. coli counts in HM that was previously
frozen and maintained at 37 ◦C for 24 h. At 6 h and 24 h, E. coli increased its number
107-fold and 109-fold, respectively. In this case, microbial growth was very high at 6 h, but
it must be taken into account that the holding temperature was 37 ◦C.

In HMBs, milk is frozen for long periods for a maximum of two times (before and
after pasteurization), but it is also pasteurized. According to the results of the present
work, the E. coli generation times were significantly reduced (p = 0.012) when the milk was
frozen and pasteurized; thus, the time at which the differences in the counts were obtained
was reduced to 1.5 h. Various authors [7,8] have shown that pasteurization significantly
reduces the bactericidal capacity of HM, and according to the studies by Paulaviciene [28]
and Arroyo [29], pasteurization and freezing/thawing processes cause a significant loss
of lactoferrin, lysozyme, IgG, and IgA, components with important antibacterial activity,
which could explain the reduction of this capacity in HM subjected to these treatments. It
is evident that the pasteurization process ensures the absence of pathogenic microorgan-
isms in the milk that is supplied to the infant, but if milk contamination occurs during
subsequent handling, microorganisms could multiply when the milk supply is kept at
room temperature. In addition, feeding tubes can contain high amounts of potentially
pathogenic and antibiotic-resistant bacteria, which could develop under NICU feeding con-
ditions [2,30]. It is important, therefore, to maximize hygiene conditions throughout milk
processing and administration and to re-evaluate the timing of the milk supply. It seems
key, therefore, to reduce the time of milk administration to less than the 4 h recommended
in several guidelines.

Regarding fortification, in the present study, no significant differences were found
in the E. coli generation time between HM with and without fortifier. These results are
consistent with those of Telang [31], who found no differences in microbial growth at 22 ◦C
for 6 h between fortified milk (with iron-rich and iron-poor fortifiers) and unfortified milk.
However, these authors did not observe significant microbial growth during those 6 h in
any of the milk types studied. This difference, as compared to our results, may be due to
the fact that the HM used was fresh, not frozen or pasteurized, and they also inoculated
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another microorganism (Cronobacter sakazakii). As indicated above, milk treatments seem to
be determinants of possible microbial growth.

Different results were obtained by Lenati [23], who investigated the growth of different
strains of C. sakazakii in HM previously frozen at −80 ◦C, fortified (1.44 mg of iron/100 mL),
and unfortified, kept at 23 ◦C for 24 h. In this case, the obtained results differed depending
on the investigated strain; therefore, differences in growth were obtained for some strains
but not for others. This indicates that the type of microorganism also plays a role, which may
justify the differences compared to this study, since in the present study, E. coli was used.
In addition, recent studies have shown that lactoferrin’s antibacterial capacity is not totally
dependent on its iron saturation. This capacity is rather related to direct interaction between
lactoferrin and bacteria [32]. In addition, in HM, there are many other components with
antimicrobial capacity, such as oligosaccharides, lipids (e.g., glycerol monolaurate), other
proteins (casein201), peptides, and enzymes (e.g., lysozymes, peroxidases, and xanthine
oxidase) [33–37].

For PIF and with regard to the time at which differences appear in E. coli generations,
variable results were obtained; these times ranged between 1.5 and 3 h, depending on the
milk brand. Gao [6] obtained similar results in PIF with 103 CFU/mL of E. coli added,
although in this study, the incubation temperature was 37 ◦C. At this temperature, the
authors detected rapid microorganism growth, whose number was 10 times and 104 times
greater at 2 h and at 4 h, respectively. In our case, the microbial growth was not as fast, but
the holding temperature was also lower (22 ◦C).

If the generation times obtained in PIF are compared with those of HM, it can be
observed that there are no significant differences between them. This is a possible conse-
quence of human milk antimicrobial capacity loss due to the applied treatments. Otherwise,
Gao [6] observed significant differences in the E. coli counts obtained in PIF and HM main-
tained at 37 ◦C for 24 h at all the evaluated time points. In this case, the HM used was
frozen at −20 ◦C (no freezing time was indicated) but not pasteurized, which, as shown
above, seems to affect the HM antimicrobial capacity.

In summary, in both the treated HM and PIF, the results obtained show that differences
in E. coli counts are obtained before 4 h. Consequently, new studies are needed to evaluate
microbial growth in milk under NICU administration conditions, considering different
microbial loads and with other microorganisms of interest in this food, such as C. sakazakii.
This bacterium has posed an emerging danger in recent years in the feeding of infants, both
in PIF and improperly handled HM [38,39].

The thawing process is also an important phase of HM processing before neonate
administration, as it provides another opportunity for contamination or microbial growth.
The obtained results showed that there were significant differences between the evaluated
thawing methods, obtaining the smallest count increase for thawing at 4 ◦C for 12 h.
Of the studied methods, it was the only one in which the milk remained at refrigeration
temperatures that inhibit microbial growth throughout. No differences were found between
the other three studied methods (room temperature and warm baths at 25 ◦C and 37 ◦C),
which is consistent with other studies. For example, Handa [27] found no differences
between the total bacterial counts obtained in thawed HM via two different thawing
methods (tepid water at 37 ◦C for 20 min and a waterless warmer at 37 ◦C for the required
time depending on milk volume). It should be considered that treatments involving a rapid
rise in temperature in the outer layer of the milk could favor microbial growth in the area
where the temperature rises faster and is maintained until the inside thaws. Moreover,
Li [19] investigated the effect on the presence of immunoglobulin A and lysozyme of
thawing HM in a refrigerator at 4 ◦C for 12 h and using warm water at 25 ◦C and 37 ◦C for
15 min. As a result, they obtained greater IgA and lysozyme preservation when thawing
HM at 4 ◦C than thawing in warm water at 37 ◦C, while thawing in warm water at 25 ◦C
is the method that produced a greater reduction in both biocomponent levels. In light of
this, it seems that the thawing method can affect different milk components that provide
its antibacterial capacity. Likewise, Arroyo [29] studied the effect of HM processing on
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its IgA, IgM, and lactoferrin concentrations. Specifically, they applied the treatments
used in the HMB to HM, namely, initial freezing/thawing, pasteurization, and second
freezing/thawing, and found significant differences in the amount of IgM after the second
HM freezing/thawing. These authors did not indicate the thawing method used, but
these results indicate that freezing/thawing processes affect various biocomponents of HM
that provide its antimicrobial capacity and, therefore, can affect microorganism growth in
the product.

To summarize, it seems necessary to re-evaluate the timings of milk administration to
infants through an enteral feeding tube in the NICU, considering the previous treatments
that have been performed on the milk. It would also be of interest to test the behavior
of other pathogenic microorganisms of interest in HM, such as C. sakazakki, and to use
different levels of contamination. A relatively high level of contamination (104 CFU/mL)
was chosen in this study, but it would be interesting to study what happens at lower levels
(10–100 CFU/mL). Finally, future research on HM and PIF without inoculation and with
other types of HM (colostrum and transition) are needed.

4.1. Significance and Practical Application of Results

This study has attempted to simulate the possible contamination of milk with the
microorganism E. coli, which is widely used in food as an indicator microorganism and
is among the most frequent contaminants of food. The treatments to which the HM was
subjected for the present study are those normally used in HMBs, and allow us to evaluate
the effect of possible contamination on the type of milk that is administered to the newborn.

This study warns of the risk to neonatal health posed by certain practices carried out
during feeding in NICUs. Limited studies have been published that discuss the influence
of milk holding times under NICU conditions (temperature and holding time) on microbial
growth. The present study provides information on the growth of E. coli under certain
conditions (22 ◦C during 4 h) in HM subjected to various treatments, which may help to re-
evaluate milk holding times. It also demonstrates the importance of avoiding contamination
of milk during handling, since microorganisms such as E. coli easily develop in milk. These
conclusions allow for immediate clinical application.

4.2. Limitations

The results obtained in this study must be interpreted in the context of the limitations
they present. These results can only be applied to HM obtained from a certain profile of
participants as described above. The conclusions are valid only for one microorganism
(E. coli) and under the specified conditions. Milk inoculation with E. coli was carried out in
a specified amount (104 CFU/mL), and the growth of this microorganism could be different
according to different inoculation doses or without inoculation. Moreover, this study was
carried out with mature HM; therefore, we cannot draw conclusions about the evolution of
E. coli growth in transition milk or colostrum. Finally, only four PIF brands were evaluated,
and differences were found between them. Microorganism growth in other brands could
be different.

5. Conclusions

According to the obtained results, it does not seem advisable to keep milk at room
temperature for 4 h during its enteral feeding tube administration in the NICU. The
maximum holding times for milk in these conditions seem to be conditioned by the previous
treatment performed on the HM and the infant formula brand. It would be advisable to
avoid keeping milk to be administered to neonates in the NICU for more than 1 h at room
temperature, since microbial growth could be present after that time. However, to avoid
having to discard a product of such high value, the volume of the milk doses should be
adapted to the timing of the milk supply. Hygienic conditions during milk handling are
essential because if milk is contaminated, microbial growth under NICU conditions could
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pose a risk. As for milk thawing, we feel that it might be wise to perform this process in the
refrigerator at 4 ◦C overnight.
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