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Human milk provides the best nutrition for the newborn. Nowadays, more and more women choose to collect
and freeze their own milk for later use. However, there has been no consensus on freezing conditions and no
standard criteria for thawing. This study aimed to evaluate the effect of different freeze-thaw processes (frozen at
− 18 ◦ C and − 60 ◦ C for 30 d, followed by placing in the air at 4 ◦ C for 10-h stationary, placing in the air at 25 ◦ C
for 1-h stationary and shaking in the tepid water at 45 ◦ C for 1 min, respectively) on the integrity and digestion
properties of human milk. The results showed that the content of fat, protein and bioactive proteins slightly
changed as a result of freeze-thaw processes; however, lipase activity and digestibility of lipids and proteins
changed significantly. For human milk frozen at − 18 ◦ C and thawed at 45 ◦ C, increased initial lipolysis, fusion of
human milk fat globules (HMFGs), and protein aggregation was observed, which impacted the digestion of lipids
and proteins. Human milk frozen at − 60 ◦ C and thawed at 45 ◦ C could maintain the original characteristics of
HMFGs and protein to the maximum extent, which provided the digestion characteristics most similar to fresh
human milk.

1. Introduction
Human milk (HM) is sometimes referred to as “white blood”, because
it contains a variety of essential nutrients for the growth and develop
ment of the newborn. Furthermore, HM also contains bioactive com
pounds, which can help the maturation of immune system (Lina Zhang,
de Waard, Verheijen, Boeren, Hageman, van Hooijdonk et al., 2016; L.
Zhang, van Dijk, & Hettinga, 2016) and gastrointestinal tract (Guo,
2014). In various situations, such as in the neonatal intensive care unit
(NICU) or due to work pressure, not all the mothers can breastfeed ba
bies and they start to express breast milk and freeze milk for later
feeding after thawing. Storing their own expressed breast milk for later
use has become more and more popular as an alternative to breast
feeding (Lacomba et al., 2012).
HM is usually frozen in two conditions: frozen at − 15 ◦ C to − 20 ◦ C in
household refrigerators, and frozen at − 70 ◦ C to − 80 ◦ C in ultra-freezer
(Watson, Grimble, Preedy, & Zibadi, 2013). Numerous studies indicated
that different freezing conditions may offer different safe storage

periods. Silvestre et al. (2010) recommended that HM should be stored
at − 80 ◦ C for a period of less than 30 days and a shorter time period at
− 20 ◦ C, based on findings that the glutathione peroxidase content of HM
remained stable for 30 days at − 80 ◦ C and malondialdehyde content
remained stable for 30 days during storage at − 20 ◦ C and − 80 ◦ C. Both
stabilities dropped during storage for an additional 30 days. Another
previous study reported that fat, protein, total solid (TS), energy and
IL-6 decreased from 72 h to 12 wk of frozen storage at 72 ◦ C, whereas
carbohydrates and sIgA also decreased from 4 to 8 wk of storage at this
temperature. However, fat, protein, TS, energy and IL-6 decreased after
24 w of storage at − 80 ◦ C (Zhai et al., 2015). Therefore, it is advisable to
choose frozen storage at − 80 ◦ C if storage for more than two months is
required. However, a − 80 ◦ C ultra-freezers are only available in labs and
hospitals and not at home. In recent years, it has been found that
cryopreservation technology at − 60 ◦ C can be used in household re
frigerators and help to maintain protein properties (Qu et al., 2021). To
our knowledge, there are no reports about digestibility of human milk
after freezing and thawing, let alone at − 60 ◦ C.
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With respect to thawing, there are no standard criteria for the
thawing method. Usually, mothers thaw milk by placing the container in
the refrigerator overnight, placing at room temperature, placing it under
running tepid water, heating in a waterless warmer or heating in a mi
crowave (Eglash, Bunik, Chantry, & Academy of Breastfeeding, 2010;
Handa, Ahrabi, Codipilly, Shah, Ruff, Potak, et al., 2014; Labiner-Wolfe
& Fein, 2013). Previous studies have shown that microwave heating is
fast and can inactivate bacteria, similar to pasteurization, but it also
induced uneven heating of milk, which is likely to decrease the activity
of immunologic factors due to local overheating (Ovesen, Jakobsen,
Leth, & Reinholdt, 1996; Quan et al., 1992). There is consensus that
expressed breast milk is not suitable for thawing in a microwave (Law
rence & Lawrence, 2011). Although fat, protein, lactoferrin (LTF) and
sIgA did not change after thawing, warming, refrigeration and keeping
at room temperature, pH and bacterial counts decreased and free fatty
acids increased with these four treatments (Handa et al., 2014).
Furthermore, the content of breast milk protein was related to the
thawing methods and it was recommended 4 ◦ C refrigeration is the best
for thawing human milk (Chen et al., 2016). The American College of
Obstetricians and Gynecologists (ACOG) suggested that both quickly
thawing under running water and gradually thawing in the refrigerator
are acceptable, whereas the American Academy of Pediatrics (AAP)
recommend to use a waterless warmer or hold milk under running tepid
(not hot) water (Schanler, 2013). However, which thawing manners has
less influence on the milk quality and bioactivity is still unknown.
Therefore, the aim of this study is to evaluate the effect of three
thawing processes on the integrity (nutrient contents and host defense
factors) and digestion properties of HM frozen at either − 18 ◦ C or
− 60 ◦ C, respectively. The results of this study provide useful information
and insights on how to freeze and thaw human milk scientifically, which
can benefit the growth and development of the neonates.

4 ◦ C. After that, the supernatant was collected and analyzed by ELISA for
concentrations of native immunoglobulins (IgA and IgG) and LTF
(ab137980, ab195215, and ab200015; Abcam, Cambridge, UK). Lipase
(LPS) activity was determined by Lipase assay kit (A054-1-1, Nanjing
Jiancheng Bioengineering Insititute, Nanjing, China). All measurements
were performed in triplicates as described in the protocol.
2.4. In vitro digestion
A volume of 25 mL fresh HM and HM subjected to different freezethaw processes was diluted to the same protein concentration with
deionized water (NW ultra-pure water system, Heal Force Co., Ltd.,
Shanghai, China). Afterwards, 1 M HCl was added to adjust the pH to
4.0, and samples were then warmed at 37 ◦ C. Subsequently, 25 mL of
simulated gastric fluid (227.5 U/mL pepsin, 80 U/mL LPS from Rhizopus
oryzae, 0.15 M NaCl, pH 4.0) was added to mimic gastric digestion of
infants (Dupont, Mandalari, Molle, Jardin, Leonil, Faulks, et al., 2010;
Lueamsaisuk, Lentle, MacGibbon, Matia-Merino, & Golding, 2014).
Gastric digesta were collected after 60 and 120 min of digestion. The pH
of each collected digestive fluid was adjusted to 7.0 with 1M NaOH to
stop the reaction.
After gastric digestion for 2h, the digestive fluids was adjusted to pH
6.5 by adding 1 M NaOH after 120 min digestion. An equal volume of
simulated intestinal fluids (1.6 mg/mL 8 × USP pancreatin, 2 mM bile
salt, 50 mM KH2PO4, pH 6.5) was added to mimic the intestinal diges
tion of infants (Dupont et al., 2010; Luo et al., 2020). Intestinal digestive
juice was collected after 120 min of digestion at 37 ◦ C. After sampling,
SIGMAFAST™ (10 × stock solution) was added at the ratio of 1:100
(v/v) to stop the reaction for particle size determination and confocal
laser scanning microscopy (CLSM) analysis.
2.5. Determination of particle size distribution

2. Materials and methods

Particle size distributions were determined using a Microtrac S3500
laser particle size analyzer (Microtrac Inc., Largo, FL, USA). An equal
volume of EDTA buffer (35 mM, pH 7.0) and SDS solution (1%) was
added to dissociate casein micelles and prevent fat globules from ag
gregation. The shape of the particles was set as spherical and the
refractive index was 1.460. The mean size distribution was quoted by
the volume-weighed mean diameter d4,3 (d4,3 = Σnidi4/Σnidi3). All
samples were analyzed in triplicates.

2.1. Human milk collection
Fresh HM was donated by 8 healthy women. The HM collection was
approved by the Medical Ethics Committee of Jiangnan University. All
engaged women signed informed consent. HM was collected between
9:00–11:00 a.m. with breast pump and stored in sterile milk collection
bags. All samples were transported to the laboratory on ice within 2 h,
for further treatment and analysis.

2.6. CLSM

2.2. Freezing and thawing

The microstructure of samples was observed using a Leica TCS SP8
confocal microscope (Leica Microsystems, Wetzlar, Germany). Nile red
was used at a concentration of 1 mg/mL at the ratio of 1:100 (v/v). After
samples were incubated for 20 min in the dark, 8 μL of sample was added
on a slide, and a coverslip was quickly applied. The resultant images
were photographed at 20 × magnification. All samples were analyzed in
triplicates.

All samples were mixed in a sterilized beaker after collection, and
then divided into 7 portions (30 mL each). A baseline (Fresh milk)
sample was analyzed immediately. Of the other 6 portions, 3 portions
were stored at − 18 ◦ C for 30 days and the other 3 portions were stored at
− 60 ◦ C for 30 days.
After frozen storage, samples were thawed in three different man
ners: (1) Slow thawing, by placing samples in air stationary at 4 ◦ C for
10 h; (2) Intermediate thawing, by placing samples in the air stationary
at 25 ◦ C for 1 h; (3) Rapid thawing, by shaking in the tepid water at 45 ◦ C
for 1 min. The measurement was performed after completely thawing.

2.7. Sodium-dodecyl sulfate–polyacrylamide gel electrophoresis (SDSPAGE)
The undigested samples were diluted by 4 times, and the gastric
digestion samples were diluted 2 times. 200 μL sample solution was
prepared for SDS-PAGE by adding 95 μL of loading buffer (25 mM TrisHCl, 10% glycerol (v/v), 2% SDS (w/v), and 0.1% Bromophenol blue
(w/v)) and 5 μL β-mercaptoethanol to 100 μL sample. After preparing
the gel (12% acrylamide), 10 μL of solution was injected into sample
channels and separated at 40 V. All samples were analyzed in triplicates.

2.3. Determination of macronutrient and bioactive components
After thawing, total protein concentration was determined using
Pierce™ BCA protein assay kit (OB184645, Thermo Fisher Scientific,
Rockford, Illinois, USA). Fat content was tested using the Rose-Gottlieb
method. Non-esterified free fatty acids assay kit (A042-1-1, Nanjing
Jiancheng Bioengineering Insititute, Nanjing, China) was used to
determine the total content of non-esterified fatty acids (NEFA).
Thawed milk samples were centrifuged at 500×g for 15 min at 4 ◦ C.
The skim milk was taken and then centrifuged at 3000×g for 15 min at

2.8. Identification of proteins
Unknown gel bands (a-h) in SDS-PAGE gels were cut into small
2
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pieces of ca. 1 mm2 with a sharp clean scalpel, followed by transferring
to the low-banding micro centrifuge tubes. After adding 400 μL 100 mM
NH4HCO3/30% acetonitrile (ACN) for decolorization, the supernatant
was discarded and the gel pieces was freeze-dried. Then add 5 μL 10 ng/
μL trypsin solution and place the tubes at 4 ◦ C for 60 min. About 20 μL
25 mM NH4HCO3 buffer was then added to completely cover the gel
pieces. After 20 h of incubation at 37 ◦ C, the solution was transferred
into new tubes. A volume of 20% μL 60% ACN/0.1% tifluoroacetic acid
(TFA) was added into the original tubes, followed by ultrasonic for 15
min. Suck out the solution and merged into the previous solution for
lyophilization. The freeze-dried sample was dissolved by 10 μL 60%
ACN/0.1% TFA. A volume of 0.7 μL solution was spotted onto a ground
steel target and covered with an equal volume of matrix (0.7 mg/mL
HCCA, 85% ACN, 0.1% TFA). The mixture was air-dried at room tem
perature for further analysis.
The dried samples were detected by matrix assisted laser desorption
ionization-tandem time of flight mass spectrometry (MALDI-TOF/TOFMS, Bruker Daltonik, Bremen, Germany, nitrogen laser (337 nm)) ac
cording to Dalabasmaz, Dittrich, Kellner, Drewello, and Pischetsrieder
(2019) with some modifications. The parameters of primary mass
spectrometry were as follows: ion source 1 was set to 7.5 kV, ion source 2
was set to 6.75 kV; reflection voltage 1 was 29.5 kV, reflection voltage 2
was 13.95 kV. Mass range from 500 to 3500 was detected, and 500
spectra from different positions in the spot was collected. The mass
spectrum peaks were selected from the primary spectrogram for sec
ondary mass spectrometry analysis. The parameters of secondary mass
spectrometry were as follows: ion source 1was set to 25 kV, ion source 2
was set to 22.4 kV; reflection voltage 1 was 26.45 kV, reflection voltage
2 was 13.35 kV; LIFT1 was19 KV and LIFT2 was 3.7 kV. All samples were
analyzed in triplicates.

Table 1
Changes of fat, protein and bioactive compounds under different frozen-thaw
processes a.
Frezethaw
process

Macronutrients

Bioactive proteins

Fat
(mg/
mL)

Protein
(mg/
mL)

IgA
(μg/
mL)

IgG
(μg/
mL)

Lactoferrin
(mg/mL)

Lipase
(U/L)

Fresh

40.10
±
4.90a
36.86
±
3.25a
35.42
±
5.13a
33.63
±
2.07a
37.40
±
4.76a
35.20
±
4.70a
36.94
±
2.16a

9.99 ±
0.28cd

125.60
± 6.89a

1.96 ±
0.09a

137.69
± 1.46b

10.42 ±
0.37d

118.23
± 2.89a

1.84 ±
0.11a

181.08
± 35.77c

9.98 ±
0.44cd

1.79±0a

262.01
± 21.46d

9.85 ±
0.32bcd

118.68
±
12.19a
113.24
± 9.30a

1.79 ±
0.52a

43.50 ±
1.43a

9.35 ±
0.12ab

114.38
± 9.62a

1.83 ±
0.43a

9.53 ±
0.20abc

107.69
±
12.35a
112.00
±
10.42a

24.42
±
0.93a
23.44
±
0.28a
24.04
±
0.77a
24.46
±
1.76a
22.94
±
0.06a
23.80
±
0.43a
24.39
±
1.50a

2.03 ±
0.24a

140.62
±
15.74bc
177.04
± 7.15bc

1.71 ±
0.31a

29.34 ±
4.29a

− 18 ◦ C/
4 ◦C
− 18 ◦ C/
25 ◦ C
− 18 ◦ C/
45 ◦ C
− 60 ◦ C/
4 ◦C
− 60 ◦ C/
25 ◦ C
− 60 ◦ C/
45 ◦ C

9.20 ±
0.34a

Enzyme
activity

a

Different letters (superscripts) in the same column indicate significant dif
ferences between values (p < 0.05). “Fresh” means fresh human milk; in “X◦ C/
Y◦ C”, X means freezing temperature and Y means thawing temperature.

showed no significant effect on levels of fat, immunoglobulins (IgA and
IgG) and LTF; however, protein content showed significnatly differences
between − 18 ◦ C/4 ◦ C and − 60 ◦ C/45 ◦ C (Table 1). Handa et al. (2014)
reported that freezing and thawing process did not change total fat and
protein, and immune proteins, secretory IgA and LTF in human milk
stored at − 20 ◦ C for 7 days. However, another study reported that
human milk protein, fat, and lactose were changed significnatly frozen
at − 20 ◦ C for 1 week with bottle warmer thawing manners (20 ◦ C for 3
min) (Kim et al., 2019). The disparity in results may be related to the
analysis method, they used mid-infrared without much preparation
(Kim et al., 2019) and we used different methods for the measurement,
which have a bit higher variation amont each detection.
Different from micronutrients, LPS showed variation in activities
after different freeze-thaw processes. After the same thawing conditions,
the LPS activity at − 18 ◦ C was higher than that at − 60 ◦ C. After the same
freezing process, the activity of LPS as a function of thawing temperature
was in the order of 25 ◦ C > 4 ◦ C > 45 ◦ C. As LPS plays an important role
in lipolysis, the differences in the activity of LPS in HM after different
freeze-thaw processes may affect the overall integrity of HM, and cause
differences in digestibility.

2.9. Determination of peptide molecular weight
The solution after gastrointestinal digestion was centrifuged at 4 ◦ C
at 10,000×g for 30 min, the supernatant was taken and passed through
the 0.45 μm filter membrane. The molecular weight distribution of
peptides in the filtrate was analyzed by SEC through high performance
liquid chromatography (Waters 1525, equipped with 2487 UV detector
and GPC software of empower workstation). A TSK gel 2000 swxl (300
mm × 7.8 mm) was used and column temperature was set as 30 ◦ C.
Mobile phase was acetonitrile-water-trifluoroacetic acid at the ratio of
400: 600: 1 and flow rate was 0.5 mL/min. The detection was performed
at UV 220 nm. The standard products used for the correction curve were
cytochrome c (Mw 12384 Da), antibacterial peptide (Mw 6500 Da),
bacitracin (Mw 1422 Da), glycine-glycine-tyrosine-arginine (Mw 451
Da) and glycine-glycine-glycine (Mw 189 Da). All samples were
analyzed in triplicates.
2.10. Data analysis
Data are presented as mean values ± standard deviations. All sta
tistical analysis was performed using SPSS version 20.0. One-way
ANOVA was applied with statistically significant level at p < 0.05.

3.2. Non-esterified fatty acid concentrations
In addition to the above differences, the digestibility of HM also
differed among three thawing processes. Since fat accounts for a large
proportion in HM, and lipolysis is the most important manifestation of
lipid digestion, understanding the degree of lipolysis after freezing and
thawing and during digestion will contribute to the evaluation of freezethaw methods.
The initial NEFA content of fresh human milk was about 0.68 mmol/
L and it did not change significantly in the − 60 ◦ C/45 ◦ C sample (Fig. 1).
On the other hand, the NEFA content increased significantly in − 60 ◦ C/
25 ◦ C group (1.11 mmol/L) and − 60 ◦ C/4 ◦ C group (1.52 mmol/L). The
NEFA content of human milk frozen at − 18 ◦ C increased much more
than that of − 60 ◦ C (Fig. 1), which were 5.78, 7.11 and 11.23 mmol/L
for − 18 ◦ C/4 ◦ C, − 18 ◦ C/25 ◦ C and − 18 ◦ C/45 ◦ C samples, respectively.

3. Results and discussion
3.1. Macronutrient and bioactive components
In this study, fat, protein and three bioactive components (immu
noglobulins, LTF, LPS were determined to characterize the effects of
freeze-thaw processing on macronutrients and biological activity in
human milk. Mcronutrients didn’t change significantly during frozen
storage (Table 1). deWaard, Mank, vanDijk, Schoonderwoerd, and
vanGoudoever (2018) also reported that the macronutrients, including
fat, protein, lactose had no significantly changes in human milk forzen at
− 20 ◦ C for 8 months. Futhermore, freezing and thawing processed
3
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first 60 min and did not proceed further in the later stage of gastric
digestion, because the NEFA did not increase between 60 and 120 min of
gastric digestion. This may be due to the action site of gastric lipase is the
TAG, which is located in the core of human milk fat globule (HMFG)
(Hamosh, 1983). The hydrolysis products (such as NEFA, MG) generated
in the early stage of gastric digestion gradually cover the oil-water
interface area with the progress of lipolysis, which hinders the further
contact between gastric lipase and TAG (Gallier et al., 2013).
In addition, sn position of the fatty acids also influenced the lipid
digestion rate. Human milk fat is rich in palmitic acid, which is pre
dominantly esterified at sn-2 position, whereas gastric lipase mainly
hydrolyzes fatty acids at the sn-3 position. Therefore, the substrate of
gastric lipase may affect the later lipolysis behavior. The content of
NEFA increased significantly after human milk entering intestine, which
indicated that the intestine is the main digestion site for lipid. The high
lipolysis level in the intestine is related to the synergistic effect of
various enzymes in the intestine, such as pancreatic lipase and pancre
atic lipase associated protein 2 (van Aken, 2010).
With respect to the digestion behavior of HM fat after different
freeze-thaw processed in comparison to fresh HM, fresh HM released the
most NEFA, reaching 135 mmol/L and the released NEFA from the
freeze-thawed human milk during the digestion decreased in the order
of 45 ◦ C > 25 ◦ C > 4 ◦ C. The opposite trend in the lipolysis among three
thawing methods before and after digestion may be related to the dif
ferences in the milk fat globule membrane (MFGM) structure as MFGM
aggregation was the most at slow thawing method (4 ◦ C, Fig. 2).
Thawing at 4 ◦ C released the most NEFA, which may inhibit gastric
lipase function on the core TAG or the formation of specific interaction
between MFGM phospholipids and gastric lipase, thus weakening the
digestion of TAG in the gastric phase (Michalski, 2009). Due to the
changes of gastric digestive characteristics of TAG, the hydrolysis of
TAG in the intestinal phase may also be affected, and thus result in
negatively correlation with the initial level of lipolysis.

Fig. 1. Non-esterified fatty acid concentration in different digestion stages
under different freeze-thaw processes. “Fresh” means fresh human milk; in
“X◦ C/Y◦ C”, “X” means freezing manner and “Y” means thawing manner.

The difference in the initial lipolysis of human milk is mainly due to the
freezing and thawing manners.
Several previous studies have shown the occurrence of lipolysis
during cold storage of HM (Ahrabi, Handa, Codipilly, Shah, Williams,
McGuire, et al., 2016; Bertino, Giribaldi, Baro, Giancotti, Pazzi, Peila,
et al., 2013). The formation of NEFA in HM mainly arises from the action
of two lipases, bile salt-stimulated lipase (BSSL) and lipoprotein lipase
(LPL) (Hbrnell & Olivecrona, 1974). Previous reports indicate that LPL is
related to the lipolysis in bovine and human milk, and clarified the
spontaneous and inducible roles of LPL in the bovine milk processing to
lipolysis (Deeth, 2006). Due to the lack of bile salts in HM required to
activate BSSL in human milk, the lipolysis may be attributed to the
function of LPL. Furthermore, the difference in lipolysis level between
samples frozen at − 18 ◦ C and − 60 ◦ C may be related to the difference in
freezing rate and temperature.
Slow freezing (− 18 ◦ C) is one of the most effective manners to induce
lipolysis because it leads to the crystallization of milk lipids and dam
ages the fat globule membrane (Deeth & Fitz-Gerald, 2006; Hung, Hsu,
Su, & Chang, 2018). On the other hand, the deep cryogenic temperature
(− 60 ◦ C) can inhibit the activity of LPS (Pons, Bargalló, & Sabater,
1998), thereby slowing down the degree of lipolysis. Interestingly,
although the activity of LPS in samples thawed at 4 ◦ C was lower than in
samples thawed at 25 ◦ C (Table 1), the degree of initial lipolysis of the
former was higher in the former. This may be due to the fact that the
thawing time of human milk at 4 ◦ C was significantly longer than that at
25 ◦ C, which may have more damage to fat globules. The increase of
NEFA may improve the bioavailability for infants as NEFA can be better
absorbed than that of esterified fatty acids when the bile salt in duo
denum is low (Hernell and Blckberg (1982). However, another study
reported that NEFA could form ionized fatty acids during storage and
combine with calcium or other components in milk, making it unable to
be absorbed (Patton & Carey, 1979). Therefore, the effect of increased
NEFA content on HM quality and digestion is still debatable, and needs
further investigation to confirm.
During digestion, human milk fat is mainly hydrolyzed in the
stomach (gastric lipase) and small intestine (a variety of enzymes,
mainly pancreatic lipase) to promote the hydrolysis of triglyceride
(TAG) producing NEFA and monoglyceride (MG), so as to achieve the
purpose of being absorbed by the infant (van Aken, 2010). Based on the
changes of NEFA during digestion, we learned that the lipolysis of
human milk fat during gastric digestion was mainly conducted in the

3.3. Size and microstructure of fat globules in human milk
In order to further understand the characteristics of lipid digestion
after different freeze-thaw processes, the initial particle size of HMFG
was determined. It can be seen from Fig. 2A that the main peak height of
− 18 ◦ C/4 ◦ C and − 18 ◦ C/25 ◦ C samples decreased and the peak width
extended to larger particle sizes compared to fresh HM. Besides, the
HMFG of fresh HM was dispersed uniformly, while the other groups had
different degrees of aggregation and fusion (Fig. 2A). In general, the
degree of fat globule aggregation and fusion at for samples frozen at
− 18 ◦ C was greater than for samples frozen at − 60 ◦ C. Under the same
freezing conditions, and the degree of aggregation with respect to
thawing conditions was 4 ◦ C > 25 ◦ C > 45 ◦ C.
HMFG changed during digestion in samples subjected to different
freeze-thaw processes. The microstructure of HMFG during the gastro
intestinal digestion stages is shown in Fig. 3A and the particle size were
calculated as shown in Fig. 3B. After gastric digestion for 60 min, there
were differences in the particle size between different frozen tempera
ture groups. For instance, large particles were present in − 18 ◦ C groups;
whereas the HM freeze at − 60 ◦ C had relatively small particles at G60,
especially for − 60 ◦ C/45 ◦ C group, which were similar to fresh HM
(Fig. 3). After intestinal digestion for 120 min, there were obvious dif
ferences in the particle size between different thawing manners. 45 ◦ C
thawing showed much smaller particle size in both − 18 ◦ C and − 60 ◦ C
groups than that of groups thawing at 4 ◦ C and 25 ◦ C (Fig. 3).
Large size of the Fresh and the − 60 ◦ C/45 ◦ C samples decreased and
still maintained at a relatively uniform dispersion state. A certain
amount of large particle HMFG appeared in other groups, of which
− 18 ◦ C/4 ◦ C samples had the most obvious aggregation phenomenon.
The similar trend of particle size distribution was also reflected in
Fig. 3B.
These results indicate that different initial particle sizes of HMFG
4
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Fig. 2. Size distribution (A) and microstructure (B) of HMFG after thawing under different freeze-thaw processes. “Fresh” means fresh human milk; in “X◦ C/Y◦ C”,
“X” means freezing manner and “Y” means thawing manner. 0 represents undigested after thawing, G60 represents gastric digestion for 60 min, G120 represents
gastric digestion for 120 min, I120 represents intestinal digestion for 60 min.

lead to different digestion behaviors. Firstly, the decrease of HMFG
particle size in − 60 ◦ C/45 ◦ C samples during gastric digestion was
similar to that of fresh HM (Fig. 3A), which was due to the effect of
gastric lipase on TAG. At this stage, TAG was hydrolyzed and generated
smaller molecules, such as NEFA and MG, which can be evenly
distributed in the emulsion system. However, the initial aggregation of
HMFG was intensified in other freeze-thaw groups, especially for
− 18 ◦ C/4 ◦ C samples (Fig. 2B), which would reduce the effective action
area of lipase, thereby affecting the efficiency of lipase (Berton et al.,
2012). Therefore, HMFG of these samples still had some large-sized
HMFG during gastric digestion (Fig. 3A).
After intestinal digestion, most HMFG particles decreased in size.
This may be related to the micelle formation between bile salts and
phospholipid. As bile salts have high surface activity and they can
replace some original interface components of MFGM, such as protein,
polypeptide and phospholipid, the bile salts can form micelles with
phospholipid through removing decomposition products at oil-water
interface, which can promote the anchoring of pancreatic lipase on
the MFGM interface for further digestion of HMFG (Singh & Gallier,
2017). However, some HMFG aggregation remained after intestinal
digestion in − 18 ◦ C/4 ◦ C samples (Fig. 3A). It is possible that the initial
aggregation of HMFG caused by freeze-thaw processes (Fig. 2B),
remained in the gastric digestion stage due to the induction of lipase
affinity (Luo et al., 2020). Alternatively bile salt-phospholipid micelles
formed in the early stage of digestion as discussed above, may also
decrease the digestion of lipase in the intestine. The results suggested
that the digestion behavior is associated with both the frozen tempera
ture and freeze-thaw manners. The large HMFG particle size in the initial
stage may result in the aggregation and fusion during digestion, which
may thus slow down the digestion.

3.4. SDS-PAGE analysis
In addition to lipids, the degree of protein hydrolysis is also an
important indicator of human milk digestion. In order to investigate the
digestion characteristics of human milk protein under different freezethaw manners, SDS-PAGE was performed, as shown in Fig. 4. No dif
ferences were found in protein patterns between fresh HM and freezethaw HM before digestion, as shown in Lane 1 and Lane 2 of
Fig. 4A–G. LTF, serum albumin (ALB), casein (CNs, including β-casein
and κ-casein), lysozyme (LYZ) and α-lactalbumin (LALBA) were the most
abundant proteins in all the samples. However, the protein band
changed during digestion. Caseins were digested the most in the gastric
phase and very weak band could be seen after digestion for 120min in
fresh HM (Fig. 4A). Caseins in freeze-thaw HM were digested even faster
than fresh HM, there were almost no band for β-casein after gastric
digestion for 60min (Fig. 4B, C, 4D, 4E, 4F). The LTF and ALB were
digested much slower than caseins in all the sample, whereas fresh HM
showed the higher digestion rate than freeze-thaw groups (Fig. 4). For
fresh HM, there was one unknown band labelled as “a” in fresh HM and
some new bands appeared during gastric digestion, which were labelled
as b-h (Fig. 4A). In order to know which protein did these band belong
to, these bands (a-h, Fig. 4A) were digested and further analyzed by
MALDI-TOF/TOF-MS, which were shown in Table 2.
Bile salt-stimulated lipase (band “a”) was completely hydrolyzed at
time point G60 in both fresh HM and freeze-thaw HM. The hydrolysis of
serum albumin (band “b”) was the most in fresh HM compared with in
freeze-thaw HM. Moreover, band “b” was not found in the − 18 ◦ C/4 ◦ C
sample at G60, but appeared at G120 stage, suggesting serum albumin
started to digest since 60 min in gastric phase. Lysozyme were digested
gradually during gastric digestion in all the samples as shown in the
5
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Fig. 3. Microstructure (A) and size distribution (B) and of HMFG in different digestion stages under different freeze-thaw processes. “Fresh” means fresh human milk;
in “X◦ C/Y◦ C”, “X” means freezing manner and “Y” means thawing manner. 0 represents undigested after thawing, G60 represents gastric digestian for 60 min, G120
represents gastric digestion for 120 min, I120 represents intestinal digestion for 60 min.

constant intensity of band “g”. Unlike lysozyme, LALBA (band “h”) was
hydrolyzed significantly in fresh HM than freeze-th aw HM as the band
was much weaker in fresh HM than freeze-thaw HM G60. After 120 min
of intestinal digestion, almost all the proteins were completely hydro
lyzed. Only a small number of light-colored bands appeared between 25
and 50 kDa in fresh HM and in the − 60 ◦ C/45 ◦ C sample, and bands
between 50 and 100 kDa could be observed in the − 18 ◦ C/4 ◦ C and the
− 60 ◦ C/4 ◦ C samples.
It is noteworthy that β-casein bands (band “c”, “d” and “e”) were
more intensive in fresh HM than for the other six samples during gastric
digestion. β-Casein is highly phosphorylated and mostly present in the
interior of casein micelles, binds to the micelle skeleton through hy
drophobic interaction (McMahon & Oommen, 2013). Low temperature
could weak the hydrophobic interaction and cause the release of
β-casein from the casein micelles, which has been confirmed in bovine
milk cooling process (Yahimi Yazdi, Corredig, & Dalgleish, 2014; Y.
Zhang, Liu, Liu, Hang, Zhou, Zhao, et al., 2017). Similarly, β-casein of
HM may also dissociate from casein micelles after freezing and thawing

processing (Sood, Herbert, & Slatter, 1997), making it easier to contact
with pepsin than fresh HM. In addition, we also found some peptides
matching with Bos taurus proteins (Table 2), which may come from the
absorption and secretion of dietary bovine proteins (Dekker et al.,
2020).
The differences in the digestion rate between different frozen HM
groups may be due to the liquid flow, which generated by the ice crystals
during the melting process. This liquid flow will form a corresponding
shear force, cause protein instability and form different degrees of large
molecular weight protein aggregates (Arsiccio & Pisano, 2020; Authelin
et al., 2020). However, even the use of 45 ◦ C water bath shaking thawing
manner was not enough to completely depolymerize these protein ag
gregates (García-Lara et al., 2012). Therefore, the six freeze-thawed
samples showed a certain reduction of hydrolysis compared with the
fresh HM, especially for frozen HM at − 18 ◦ C, which may be due to the
relatively strong ice-induced instability under this slow freezing
manner.
The differences in the digestion rate between different thawing
6
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Fig. 4. SDS-PAGE of human milk protein profiles in different digestion stages under different freeze-thaw processes. “Fresh” means fresh human milk; in “X◦ C/Y◦ C”,
“X” means freezing manner and “Y” means thawing manner. 0 represents undigested after thawing, G60 represents gastric digestion for 60 min, G120 represents
gastric digestion for 120 min, I120 represents intestinal digestion for 60 min.
Table 2
MALDI-TOF/TOF-MS identification results of unknown bands.
Band code

Protein names

Gene name

Organism

Mass

Score

Unique peptides

A
B

Bile salt- stimulated lipase
Serum albumin

CEL
ALB

Homo sapiens
Homo sapiens

78984
71317

63
79

C

Beta-casein

CSN2

Homo sapiens

25423

97

D
E

Beta-casein
Beta-casein
Alpha-S1-casein
Alpha-S1-casein

CSN2
CSN2
CSN1S1
CSN1S1

Homo sapiens
Homo sapiens
Homo sapiens
Bos taurus

25423
25423
21886
24570

52
51
38
176

Beta-casein
Lysozyme C
Alpha-lactalbumin
Lysozyme C

CSN2
LYZ
LALBA
LYZ

Bos taurus
Homo sapiens
Homo sapiens
Homo sapiens

25148
16982
16670
16982

98
38
36
30

TVVDFETDVLFLVPTEIALAQHR
YLYEIAR
RHPDYSVVLLLR
DVFLGMFLYEYAR
VFDEFKPLVEEPQNLIK
SPTIPFFDPQIPK
VLPIPQQVVPYPQR
SPTIPFFDPQIPK
SPTIPFFDPQIPK
LNEYNQLQLQAAHAQEQIR
YLGYLEQLLR
HQGLPQEVLNENLLR
EPMIGVNQELAYFYPELFR
DMPIQAFLLYQEPVLGPVR
STDYGIFQINSR
GIDYWLAHK
STDYGIFQINSR

F

G
H

manners may be related to the thawing rate. For one thing, during the
thawing process, the composition of the solution after thawing is
different from that of the original human milk. Part of the solute remains
in the unthawed part, which may make the protein in the non-optimal
solution environment and ice-water interface, resulting in uneven dis
tribution and changed original stable state (Authelin et al., 2020).
Furthermore, slow thawing will promote ice recrystallization, increase
the unwanted interfacial stress or shear stress of protein on the ice-water
interface, thereby changing the stability of protein (Cao, Chen, Cui, &
Foster, 2003). In this study, the thawing processing of 4 ◦ C air standing
thawing was slow, and thus the ice crystals melt slowly. Under this
manner, the stability of protein was greatly reduced, which was easy to
form large protein aggregates and reduction of hydrolysis. Overall,
although 45 ◦ C water bath shaking cannot completely keep the native
properties of proteins during freezing, it could minimize the changes of

protein during thawing, and thus kept the closet digestion characteris
tics to that of fresh breast milk.
3.5. Molecular weight distribution of peptides
In addition to the changes of proteins during digestion through SDSPAGE, the molecular weight distribution of the peptides was determined
to further characterize the digestion differences of each group. As shown
in Fig. 5A, in the molecular weight range of <500 Da, the fresh and
− 60 ◦ C/45 ◦ C samples accounted for the largest proportion, reaching
78.8%, which was also close to fresh group as shown in Fig. 5B. The
− 18 ◦ C/4 ◦ C and − 18 ◦ C/25 ◦ C sample accounted for the lowest pro
portion, which was about 76.8%. In the molecular weight range of
>5000 Da, the proportion of fresh HM samples and 45 ◦ C thawing
groups was the least, about 3.6%, while the 5.8% abundance of − 18 ◦ C/
7
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Fig. 5. Molecular weight distribution (A) and PCA assay (B) of peptides after digestion under freeze-thaw processes. “Fresh” means fresh human milk; in “X◦ C/Y◦ C”,
“X” means freezing manner and “Y” means thawing manner.

4 ◦ C group was the largest. PCA assay results also showed 45 ◦ C thawing
was more close to fresh than that of 4 ◦ C thawing methods (Fig. 5B). The
results were consistent with the SDS-PAGE results.
The main difference was observed in the fraction of peptides with a
molecular weight greater than 5000 Da (Fig. 5A), which further
confirmed the retention of large molecular weight peptides in − 18 ◦ C/
4 ◦ C samples, as shown in PCA assay (Fig. 5B). To some extent, the
retention of this kind of protein indicates the incomplete digestion of
protein, which may affect the utilization efficiency of amino acids for
protein synthesis in infants. In addition, low digestibility may reduce the
release of bioactive peptide fragments. Incompletely digested proteins in
the intestine may enter the distal colon for bacterial fermentation, which
may form potentially undesirable metabolites, such as ammonia, amine,
N-nitroso compounds, phenol and sulfide (Windey, De Preter, & Ver
beke, 2012). Besides, if there were some intact protein in the retained
peptides, some infants may have allergic reactions or diarrhea symptoms
after intact (Dallas, Underwood, Zivkovic, & German, 2012). However,
incomplete digestion could be beneficial if bioactive proteins or protein
fragments are left intact. These components may have biological func
tions in the intestinal tract or be absorbed and act on other organs,
resulting in an array of biological effects in behavior, gastrointestinal,
immune, neural and nutritional reactions (Newburg & Walker, 2007). In
conclusion, the use of rapid freeze-thaw process can maximize the sta
bility of milk protein, maintain the original protein digestion charac
teristics as much as possible, and improve the absorption and utilization
of protein in infants. In the future, the composition of free amino acids
and milk peptides can be further explored, so as to better evaluate the
digestion characteristics and related biological effects of frozen milk.
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