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ABSTRACT

Objectives: Human milk (HM) feeding leads to improved outcome for
preterm infants. When mother’s milk is unavailable, pasteurized donor
HM (DHM) is the recommended alternative over formula. The Holder
pasteurization (HoP) method is universally performed in HM banks;
however, it is known to impair several functional HM components.
The aim of this study was to compare the efficacy of HoP with 2 innovative
processing methods (high-temperature short-time [HTST] pasteurization
and high-pressure processing [HPP]) in preserving some bioactive HM
protein components.

Methods: HM samples from donors of the Bologna HM bank were collected
and divided into 4 subsamples: 1 was kept raw, and each of the others was
processed using a different technique (HoP, HTST, and HPP at 600 MPa for
3 minutes). Total protein content, secretory immunoglobulin A (sIgA), and
lactoferrin contents were compared.

Results: Both HM lactoferrin and sIgA content were negatively affected, but
to a different extent, by each method: sIgA was preserved by HTST, with
only HPP leading to a significant reduction (—38.8%); lactoferrin content
was strongly reduced by HoP (—87.5%) and HTST (-83.5%), and preserved
by HPP. Variations in protein profile were seen for all processing methods,
being more relevant for HoP, followed by HTST and, finally, by HPP. All the
3 methods lowered the untreated HM microbial counts to undetectable
levels, in accordance with national guidelines.

Conclusions: Both HTST and HPP better preserved the original HM protein
profile, compared to HoP. They, however, affected differently some bio-
active HM components involved in immune response and antibacterial
activity.
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What Is Known

e Donor human milk represents the best alternative to
own mother’s milk for preterm infants.

* To comply with microbiological safety standards,
donor human milk is usually pasteurized in human
milk banks using the Holder pasteurization method,
which is known to impair several donor human milk
bioactive properties.

* Pasteurization methods alternative to Holder pasteuri-
zation such as high-temperature short-time and high-
pressure processing are currently under investigation.

What Is New

* High-temperature short-time and high-pressure pro-
cessing reduced microbiological counts to undetect-
able level.

¢ Secretory immunoglobulin A is better preserved by
high-temperature short-time; lactoferrin content is
strongly reduced by both Holder pasteurization and
high-temperature short-time and preserved by high-
pressure processing.

* The highest variations in protein profile are seen after
Holder pasteurization.

uman milk (HM) represents the optimal feeding for preterm
infants, especially for those born with a very low (<1500 g)
birth weight (1). Mother’s own milk is uniquely tailored for each
newborn, both in its nutritional composition and in the non-nutritive
bioactive factors that promote survival and healthy development
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(2). When mother’s own milk is unavailable or insufficient, the use
of donor HM (DHM) is recommended (3): recent studies have
shown that DHM feeding is associated with a reduction of neonatal
morbidities including necrotizing enterocolitis (4,5). Furthermore,
it has been documented that the availability of DHM has a para-
doxical beneficial effect in increasing the rates of breastfeeding
among mothers who deliver prematurely (4,6). To ensure its quality
and safety, DHM must be provided by an HM bank (HMB) (3):
specific recommendations for the preparation, pasteurization, and
distribution of DHM exist in many countries worldwide (7—12). As
for the process of pasteurization, the Holder pasteurization (HoP)
method is universally recommended by all HMBs, because, at
present, it is the only method for which validated devices are
commercially available, and for which an extensive amount of
evidence on safety and efficacy exists (8,13—15). It is, however,
well known that HoP, which is a thermal process performed on
bottled DHM at 62.5°C for 30 minutes, followed by fast cooling to a
temperature of 4°C, impairs several functional HM components,
including immunoglobulins (Igs), lactoferrin, lipases, as well as
other enzymatic activities, some cytokines, and some vitamins
(8,13—15). For this reason, further research is currently being aimed
at testing pasteurization methods alternative to HoP, which would
be capable of retaining the largest variety of HM bioactive proper-
ties to the highest extent, without affecting DHM microbiological
safety (8,13—16).

Several alternative processing methods are being investi-
gated in recent years: these include thermal processes, such as high-
temperature short-time pasteurization (HTST), and nonthermal
methods, such as high-pressure processing (HPP) and ultraviolet
irradiation, and mixed techniques, such as (thermo-)ultrasonic
processing (8,13,15—17). HTST and HPP are considered as the
most promising alternatives to HoP for DHM (16,17), being the
most widely studied at present. The main limitation to their
applicability as routine pasteurization techniques in HMBs is the
lack of specific instrumentation, validated in relevant HMB envi-
ronment. This technical gap is being progressively filled, because
specific devices to be operated with small milk volumes have been
recently developed for the use in HMBs (18,19).

The aim of the present study is to contribute to the innovation
in the field by directly comparing the efficacy of the 2 most
promising techniques, HTST and HPP, to standard HoP. To this
aim, prototyped pasteurization equipment and commercial devices
are used. Changes in the protein profile of DHM, and specific HM
bioactive components (lactoferrin and secretory IgA content
[sIgA]), are addressed.

METHODS

Ethics

The study protocol was approved by the Ethical Committee
of Sant’Orsola-Malpighi Hospital, Bologna, Italy (study 165/2015/
U/Tess). HM samples were collected from donors of the Bologna
HMB, after signing an informed written consent.

Collection of Human Milk Samples

HM samples were collected, approximately 3 months after
delivery, from 5 HM donors following the requirements of the
Bologna HMB. Mothers were asked to express milk by a breast
pump after carefully washing their hands and breast. HM was
collected using sterile, single-use breast pump kits into sterile
polypropylene bottles. HM samples were stored at —20°C at the
HMB until processed, and then handled following the routine
protocol used for DHM (11): they were removed from the freezer
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several hours before the analyses and processed only when
completely thawed.

Human Milk Processing

HM pools (400 mL each) were obtained from individual
donors by collecting milk during few consecutive days. Each milk
pool was divided into 4 subsamples (100mL each): 1 sample was
not treated, 1 sample was pasteurized by HoP, 1 by HTST, and the
last by HPP. Each subsample was analyzed for selected indicators of
protein and microbial quality. HoP was performed at the Bologna
HMB, following the standard pasteurization procedure for DHM
which is used in our neonatal intensive care unit. Specifically, HoP
was performed by a standard HM Holder pasteurizer (S90 TES,
Medicare Colgate LTD, Cullompton, UK). DHM was pasteurized
using a temperature of 62.5°C for 30 minutes (tolerance & 0.5°C),
and then cooled to 4°C in 60 minutes (tolerance £ 0.5°C). HPP was
performed at HPP Italia, Traversetolo, Italy, using an industrial AV-
30 device produced by Avure Technologies, Inc (Middletown, OH);
HPP was performed by applying a 6000 bar pressure for 3 minutes
to bottled HM by using water at 4°C. Temperature increases to 19°C
during compression. Decompression time is about 30 seconds.
HTST pasteurization was performed as previously described
(19), using a patented proprietary device (Patent number: EP
15176792.8-1358), which is a benchtop device consisting in a
system of tubular heat exchangers for heating and for cooling.
The temperature was monitored along the pasteurization steps by
specific digital probes (tolerance & 0.5°C).

Human Milk Analyses

All analyses were performed separately on each individual
milk sample from different donor mothers. Processed (HoP, HPP,
and HTST) and untreated HM were assayed for total protein, sIgAs
and lactoferrin content, and for protein profile. sIgAs were mea-
sured on 1:10,000 diluted samples, using an ELISA kit (BioVendor,
Brno, Czech Republic) and following the manufacturer’s instruc-
tions, in triplicate. Lactoferrin quantity was determined in triplicate
on 1:20,000 diluted samples (1:40,000 for untreated HM), using an
ELISA kit (BioVendor) and following the manufacturer’s instruc-
tions. Total protein content (TPC) was determined on samples
skimmed by centrifugation at 2000 g at 4°C for 30 minutes, using
2DQuant kit (GE Healthcare Italia, Milan, Italy), in duplicate,
following the manufacturer’s instructions. The protein profile (in
nonreducing conditions, 5 g of proteins) was visualized by mono-
dimensional electrophoresis on a 10-well 12% Nu-PAGE precast
gel (Thermo Fisher Scientific, Waltham, MA) with MES (Thermo
Fisher Scientific) as running buffer, on a Novex Mini-cell (Thermo
Fisher Scientific) at 200 V. The gels were stained with Blue
Coomassie Colloidal stain, and band intensity was quantified by
densitometry following the protocol already described in a previous
study (20).

Microbiological safety analyses were performed following
the Italian guidelines for HMBs (11), on both untreated and
processed HM samples, to verify the compliance of each processing
technique to the HMB requirements. Each HM sample was assessed
for total bacterial load (Plate Count Agar, Kima Meus, Piove di
Sacco, Italy), presence of enterobacteriaceae (Herellea Agar, Kima
Meus) and Staphylococcus aureus (Mannitol Salt Agar-Kima
Meus). Bacterial counts were reported as Colony Forming Units
(CFU)/mL. In order to comply with the standards required by HMB
guidelines (11), in raw HM total viable bacteria count must be
<10°CFU/mL, and both Enterobacteriaceaec and S aureus
<10* CFU/mL; after pasteurization, no bacteria should be detected.
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TABLE 1. Median (interquartile range) in total protein, lactoferrin, and secretory IgA content (g/L) of 5 human milk samples before and after
different pasteurization techniques: Holder (HoP), high pressure processing, and high-temperature short-time pasteurization

HM HoP HPP HTST P<0.05
Total proteins 7.2 (7.1-9.6) 7.6 (7.6-10.4) 7.5 (6.7-9.2) 7.4 (6.5-10) ns
Lactoferrin 0.82 (0.68—1.38)" 0.13 (0.09-0.15)" 0.62 (0.52-0.77)" 0.19 (0.11-0.19)" 0.002
Secretory IgAs 2.3 (2.3-2.8)" 1.7 (1.3-1.9)" 1.4 (1.3-1.8)' 1.8 (1.7-2.1)" 0.030

P values for significant analysis of variance comparisons are reported in the last column (ns = not significant).
HM = human milk; HoP = Holder pasteurization; HPP = high-pressure processing; HTST = high-temperature-short-time; IgA = immunoglobulin A.
*1 Different classes of homogeneity according to Tukey (secretory IgAs) and Steel-Dwass (lactoferrin) post-hoc test.

Statistical Analysis HoP having the greatest effect (—87.5% after HoP and —83.5%
after HTST). The difference between the 2 thermal methods was not
TPC, lactoferrin, and secretory IgA contents were reported as significant. On the contrary, HPP was found to preserve HM
median values and interquartile ranges. In order to evaluate differ- lactoferrin content. Secretory IgA content of untreated HM varied
ence among untreated HM and the 3 different processing methods, between 2.1 and 3g/L (median: 2.3g/L) and was negatively
I-way analysis of variance with Tukey post-hoc comparison was affected by all processing methods, but to a different extent. In
used for TPC and sIgA, and Kruskal-Wallis with Steel-Dwass post- particular, only HPP led to a significant reduction of sIgA content,
hoc comparison for lactoferrin. A P value <0.05 was considered as with an almost double reduction if compared to HTST (0.9 g/L with
statistically significant. respect to 0.5g/L).
In Figure 1, the protein profile of the 5 pooled HM sub-
RESULTS samples in nonreducing conditions is reported; for 1 sample, the
reducing protein profile is also displayed. For all the HM samples,
Protein Fraction Ana|ysis the reducing conditions were not suitable to visualize any difference
Results of protein fraction analyses are summarized in in protein band abundance. When nonreducing conditions were
Table 1. TPC of defatted HM was quantified before and after each used, variations on specific HM protein band abundance were seen.
processing method. TPC of the 5 analyzed HM samples before Moreover, these changes were common to all individuals, despite
processed varied between 5 and 12.1 g/L (median: 7.2 g/L); the total minor differences in the baseline HM profile. Variations seemed
amount of HM proteins was not affected significantly by any more relevant for HoP, followed by HTST and, finally, by HPP.
processing method. In Figure 2, 1 individual protein profile was magnified to

Lactoferrin content of untreated HM varied between 0.54 and highlight the bands accounting for visible changes. The identity of
1.59 g/L (median: 0.82 g/L) and was affected negatively by all the 3 the proteins contained in these bands was assessed by comparison

processing methods. A high reduction in HM lactoferrin content with previous publications by our group (19-21): protein aggre-
was observed following both thermal pasteurization methods, with gates (mainly lactoferrin) were increased by all processing methods,
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FIGURE 1. NuPAGE total protein profile of human milk (HM) after different pasteurization processes. Colloidal Coomassie brilliant blue stained.
Each image (sample) is representative of 1 pooled HM subsample. Std: mass markers Mark12 (Thermo Fisher Scientific). A: Unpasteurized HM; B:
holder pasteurized HM; C: high pressure processed HM; D: high-temperature short-time pasteurized HM. Sample 5 protein profile is represented
in both absence (nonreducing) and presence (reducing) of dithiothreitol.
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FIGURE 2. NuPAGE total protein profile of human milk (HM) after
different pasteurization methods. Colloidal Coomassie brilliant blue
stained. Std: mass markers (kDa) Mark12 (Thermo Fisher Scientific). A:
unpasteurized HM; B: holder pasteurized HM; C: high pressure pro-
cessed HM; D: high-temperature short-time pasteurized HM.

although to a different extent (+16% for HPP, >40% for both
thermal pasteurization—Supplementary Fig. 1, Supplemental Dig-
ital Content, http://links.lww.com/MPG/B760). As a consequence,
native lactoferrin band was decreased compared to raw HM, but the
variation was significant only for HoP (—35%—Supplementary
Fig. 1, Supplemental Digital Content, http://links.lww.com/MPG/
B760).

Microbiological Analyses

Each processing method proved to comply with safety
standards required by HMB guidelines. Specifically, total bacterial
count in all the raw HM samples was <10° CFU/mL and Enter-
obacteriaceae and S aureus count were lower than 10* CFU/mL.
Bacterial count was undetectable in all the processed HM samples,
treated by HoP, HTST, or HPP.

DISCUSSION

The availability of DHM provided by HMBs has been
recently included among the milestones for enteral nutrition of
preterm infants developed in the last century (22). Despite a huge
number of research efforts, current treatment of DHM is, however,
still unsatisfactory in terms of retention of those bioactive compo-
nents which are believed to mediate the beneficial clinical effects of
HM in preterm infants, such as the reduction of necrotizing
enterocolitis and the improvement of long-term neurocognitive
outcome (23,24). For this reason, current research is directed toward
the identification of novel pasteurization methods which would be
capable to preserve HM bioactive components without affecting

www.jpgn.org

microbiological safety. To date, a number of articles on the effects
of innovative processing techniques for DHM pasteurization have
been published and the results of these articles have been summa-
rized in recent reviews (13—16,25). Evidences on the impact of
innovative technologies are currently being evaluated by several
research groups (18,19,26—30). The assessment of new pasteuriza-
tion technologies is hampered by the increase in parameters to be
monitored, others than time and temperature, especially for HPP,
which is being tested in a high variety of pressure settings (26,27).
In an effort to elucidate the relative advantages of the most
promising innovative technologies over the traditional HoP method,
we designed a study to compare the effects of HoP, as performed in
HMBs, versus HTST, performed with a patented proprietary device
validated for treating HM, and continuous HPP on individual HM
samples. Most previous reports on the issue (28—30) were con-
ducted by simulating the processing treatments on small HM
volumes or even on single protein fractions, but no report to date
used real HMB conditions for processing whole individual HM
samples to compare the 3 methods. In the tested conditions, none of
the processing methods affected the total amount of proteins, thus
confirming previous observations (13—15).

On the contrary, some differences were found in the quantity
of specific proteins, as assessed by ELISA and by protein electro-
phoresis: HTST was found to better preserve the original content of
sIgAs, in comparison to HPP, to a higher extent in comparison to the
standard processing method. These results are in contrast with
previous report (29), which found a double rate of degradation
of IgAs after HoP and HTST, as simulated on very low amounts
(40 L) of skimmed HM. It is to mention that one of the reasons for
this discrepancy is that, in our study, HTST is performed by a
prototyped continuous flow device, rather than in batch. Through
this technique, the damage caused by heat is minimized by forming
a thin layer of milk flowing in a continuous tube system, requiring
very short time to reach the operating temperature, and, equally
relevant, minimizing times for cooling down the milk, which is not
the case in batch processes. As reported previously (19), the whole
heating-pasteurizing-cooling time for the prototype required about
1.5 minutes, instead of typical cycle times of >1.5hours for batch
processes (15). The rate of retention of sIgAs in our study for HoP
and HPP was similar to that reported by Permanyer et al (30). We
can speculate that some sort of aggregation, or complexing, of
slgAs is induced by pressure, causing a similar reduction to that
caused by more extended thermal treatments, such as HoP. Because
HoP was found to decrease significantly more that HTST the
antiviral activity of HM, which is highly correlated to sIgAs content
(26), possible impact of HPP reduction of sIgAs content on antiviral
activity should be carefully evaluated in future research.

An opposite trend was found, in the tested conditions, for
another important antibacterial factor, lactoferrin. Lactoferrin con-
tent was strongly reduced by both thermal pasteurization techni-
ques, as measured by ELISA tests, whereas it was better preserved
by HPP. Recently, Wesolowska et al (27) found that HPP at
600 MPa for 10minutes allowed retaining 55% of the original
lactoferrin content. In the current study, HPP at same pressure
for 3 minutes was enough to bring microbial growth to undetectable
level, thus retaining almost 65% of the original lactoferrin content
inraw HM. The tendency of native HM lactoferrin to be denaturated
following processing was investigated (28), and the kinetics of HM
lactoferrin denaturation as a consequence of HPP reported in that
study are in accordance to our present data. Nevertheless, efficacy
of HPP for 3 minutes at 600 MPa in guaranteeing microbial safety
should be better confirmed in future by inoculation and validation
studies (31), such as those performed for the HTST prototype used
in the present study (19). Very recently, a validation study was
published for raw bovine milk (32), indicating that, in a 400 to
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600 MPa range, only 600 MPa pressure for 3 minutes was able to
provide a satisfactory reduction (above 4log CFU), for dangerous
pathogens such as Escherichia coli, Salmonella spp, and Listeria
monocytogenes, comparable to that required by legislation before
and after pasteurization of acceptable DHM samples.

When evaluating protein band intensity by protein electro-
phoresis under reducing conditions, the lactoferrin band intensity
was comparable among all the samples, including raw milk. When
running the tests in nonreducing conditions, as in other reports
(19,20,28), we observed that conformational changes of lactoferrin
occurred, driven by the thermal treatments, resulting in an increase
of high molecular weight aggregates, causing a decrease of the
original lactoferrin band. This phenomenon was significant only in
HoP-treated milk. This observation highlights the limits of techni-
ques based on antibody recognition to detect aggregated complexes
of lactoferrin, thus limiting the exact quantification of the absolute
lactoferrin content in HM treated by thermal methods. The effect of
conformational changes of lactoferrin on its bioavailability and
bioactivity remains to be assessed.

In conclusion, the results of the present study show that
HTST and HPP affect differently some of the bioactive HM
components involved in immune response and antibacterial activ-
ity. In addition, both methods demonstrate to better preserve the
original protein profile of raw milk, compared to standard HoP.
Further studies should be aimed at characterizing residual protein
bioactivity in HM treated with the 2 different processing methods.

Acknowledgments: The authors would like to thank Michele
Morbarigazzi at HPP Italia for performing High Pressure
Processing on donor human milk samples and Sara Antoniazzi at
the Institute of Sciences of Food Production of the Italian National
Research Council for helping in performing protein analyses.
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