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A B S T R A C T   

The present study examined the microstructure as well as the physicochemical properties of human milk during 
the second year of lactation in an attempt to explore its applicability for the formulation of food products. It was 
observed that human milk fat globules (MFG) droplet size increased within 3 days of milk extraction due to 
coalescence, as evidenced by confocal microscopy. Furthermore, a gradual decrease of the average MFG size was 
noted from the sixteenth (16th) to twenty-fifth (25th) month of lactation. It was also found that the size of casein 
micellar structures increased upon acidification to pH 4.3 (isoelectric point of human caseins). In addition, 
human milk proteins enhanced the stability of oil-in-water emulsions against coalescence compared to cow, 
sheep, and goat milk proteins employed as macromolecular emulsifying ingredients. The cold-acid-gels of human 
milk proteins showed a less elastic behavior than the other milk samples, possibly due to the different structure, 
composition and size of human casein micelles. Furthermore, the DSC thermograms showed that human whey 
proteins are denatured in the same temperature range as do the cow whey proteins, but exhibit different thermal 
transition profiles. Overall, the findings of this research confirm that both the structure and the physicochemical 
properties of human milk are affected by the stage of lactation. Moreover, the particular composition and 
structure of human milk proteins seem to be responsible for the special functional characteristics of human milk 
that may lead towards the formulation of innovative products.   

1. Introduction 

Human breast milk is an extremely complex biological fluid that 
contains all the nutrients necessary for the survival and development of 
the infant. The World Health Organization (WHO) recommends 
breastfeeding exclusively for the first six months and, if possible, 
continuing until the second year of the child life (Eidelman and 
Schanler, 2012). Іn the first days postpartum, human’s colostrum is low 
in fat and lactose (Andreas et al., 2015), but rich in whey proteins such 
as immunoglobulins, lactoferrin and lysozyme (Neville et al., 2001). 
About 15 days postpartum, human breast milk is considered as mature 
and contains approximately 7.2% lactose, 3.6% fat and 0.9 % proteins 
(~ 0.37% caseins) (Ballard and Morrow, 2013). After the introduction of 
solid foods in the infant’s diet (about the sixth (6th) month postpartum), 
there is a gradual decrease in milk volume but no significant differences 
in milk composition (Mitoulas et al., 2002; Neville et al., 2001). How-
ever, it has been found that during the second year of lactation the fat 
content of human breast milk increases by up to 50%, when a not 

exclusive breastfeeding diet is employed (Mandel et al., 2005). Addi-
tionally, Kunz & Lönnerdal (1992) found that the concentration of whey 
proteins continues to lessen after the sixth (6th) month postpartum, 
resulting in a whey protein-to-casein ratio of about 50:50 in late lacta-
tion compared to a 90:10 ratio in the early lactation. 

There are limited data in the literature on the physical properties of 
human breast milk, especially during the second year of lactation. 
However, most researchers agree that human milk pH is slightly alkaline 
(Sunarić et al., 2017). Human milk lipids (triacylglycerols) are orga-
nized in colloidal structures; i.e. the milk fat globules (MFG) are sur-
rounded by a biological membrane, which is composed mainly of 
proteins, glycoproteins, enzymes, polar lipids and cholesterol (Lopez 
and Ménard, 2011). It has been found that the size of human milk fat 
globules is affected by the time postpartum (Michalski et al., 2005). 
Although the size of MFG in colostrum has been extensively studied, 
there is no relevant documentation on the size of human MFG (HMFG) 
during the second year of lactation. 

Casein micelles make up to 20–40% of total human breast milk 
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protein, in contrast to approximately 80% of cow’s milk protein (Liao 
et al., 2017). Human colostrum does not contain casein micelles. Casein 
micelles are observed in human breast milk after the third (3rd) day 
postpartum (Kunz and Lönnerdal, 1992). It is commonly accepted that 
human casein micelles contain only β- and κ-caseins (Kunz and 
Lönnerdal, 1990), although some research points to the presence of 
αS1-caseins in low concentrations (Altendorfer et al., 2015). It has been 
found that human casein micelles contain less CCP compared to cow 
casein micelles and only 15% of human’s milk calcium is bound to ca-
seins (Neville et al., 1994). Human casein micelles are considered to be 
much smaller than cow casein micelles (Carroll et al., 1985; Rüegg and 
Blanc, 1981). However, the research that has been carried out so far 
concerns only milk from the 1st year of lactation. 

Although human breast milk has about the same whey protein con-
tent as cow’s milk, there are significant differences in their protein 
composition. That is, β-lactoglobulin, the most abundant whey protein 
of cow’s milk, does not exist in human breast milk. In contrast, lacto-
ferrin, which is found only in traces in cow’s milk, is one of the pre-
dominant proteins in human breast milk. Specifically, human breast 
milk contains approximately 26% α-lactalbumin, 26% lactoferrin, 16% 
immunoglobulins (mainly IgA), 10% lysozyme, 10% serum albumin and 
12% other proteins (Guo and Hendricks, 2008). Moreover, unlike ca-
seins, which are stable at high temperatures, whey proteins are easily 
denatured by heating at temperatures above 60 ◦C (Dannenberg and 
Kessler, 1988; Nikolaidis et al., 2017; Nikolaidis & Moschakis, 2017, 
2018). At high temperatures, whey protein molecules unfold owing to 
the weakening of the bonds that stabilize their secondary, tertiary and 
quaternary structure (Wagner et al., 2020, 2021). Unfortunately, there is 
limited knowledge regarding the thermal stability of human whey pro-
teins and calorimetric studies have been only carried out on thermal 
denaturation of lactoferrin. In addition, there has been a lot of research 
regarding the ability of cow milk proteins and mainly caseins to stabilize 
oil-in-water emulsions, but the stabilizing properties of human milk 
proteins have not been studied so far. 

Overall, it is clear from the above that the composition of human 
breast milk during the exclusive breastfeeding period (the first 6 months 
postpartum) has been extensively studied, but there is little information 
in the literature on the composition and structure of human breast milk 
during the late lactation. Furthermore, there has been little research on 
the physicochemical properties of human breast milk, while its func-
tional properties have not been studied so far. However, it is known that 
human breast milk is still nutritious after the 1sτ year of infancy. In this 
context, several mothers prepare homemade meals with their own 
breast milk, but no attempt has ever been made to create innovative food 
products with human breast milk. In addition, some mothers donate 
their breast milk to human milk banks, which can then be used by 
mothers that cannot feed their own breast milk to their children. Human 
breast milk from those banks can also be supplied to toddlers/infants 
with medical conditions. Moreover, the shelf-life of breast milk is rela-
tively short and extensive microbial analysis is required before 
providing it to children. The aim of the present study was a first 
approach to examine the microstructure as well as the physicochemical 
properties of human breast milk during the second year of lactation. In 
addition, the rheological behavior of human breast milk upon acidifi-
cation as well as the ability of human milk proteins to stabilize emul-
sions was also investigated in an attempt to explore their applicability 
for the formulation of food products. 

2. Materials and methods 

2.1. Reagents 

Trichloroacetic acid (TCA) (≥99%), calcium chloride (≥96%), 
glacial acetic acid (≥99.8%), imidazole (≥99%), D-(+)-gluconic acid 
δ-lactone (GDL) ≥99% and sodium azide (≥99,5%) were of analytical 
grade and purchased from Sigma-Aldrich (St. Louis, USA). Double 

distilled water was used for the preparation of all solutions. Kjeldahl 
reagents were obtained from Honeywell Riedel-de Haën (Sleeze, Ger-
many). Powdered whey protein (WPI Bipro ™, 92.08 % w/w protein, 
1.08 % w/w fat, 4.08 % w/w ash, and 1.08 % w/w lactose) was pur-
chased from Davisco Foods International, Inc. (Le Sueur, MN, USA). D- 
(+)-Lactose monohydrate (≥99%) was purchased from Honeywell 
Riedel-de Haën. Sunflower oil was obtained from a local supermarket 
and used without further purification. Nile red (0.01% w/v in acetone) 
and Nile blue (0.1% w/v in water) were purchased from Sigma–Aldrich 
(St Louis, USA). 

2.2. Human milk samples 

Human breast milk was donated by a healthy woman (28 years old, 
first birth, full term pregnancy) between the 16th and 20th month 
postpartum. She was an urban resident (Thessaloniki, Greece), well- 
nourished (non-vegetarian diet) and did not use any vitamin supple-
ments during lactation. Milk samples were collected every day at the 
same time by emptying both breasts, in order to minimize fat content 
variations. Most of the milk was defatted by centrifugal separation 
(6000 g, 4 ◦C, 15 min), freeze dried at -96 ◦C and 0.2 mbar for 48h 
(ScanVac Coolsafe 100-9 Pro freeze dryer, Labogene, Denmark) and 
subsequently stored at -20 ◦C until further use. Freeze-dried human 
breast milk was rehydrated by mixing it with appropriate quantities of 
double distilled water using a magnetic stirrer for at least 2 h at ambient 
temperature before usage. However, some experiments were carried out 
using fresh raw milk. In these cases, the samples were stored at 4 ◦C 
immediately after expression. Raw and dried human breast milk 
composition is shown in Table 1. 

2.3. Cow, goat and sheep milk samples 

Cow milk was supplied from the Farm of Aristotle University of 
Thessaloniki, whereas sheep and goat milk were obtained from other 
local farms. All types (species) of milk were defatted, freeze dried, stored 
and rehydrated as described above for the human breast milk. Cow, goat 
and sheep dried milk composition is shown in Table 1. 

2.4. Human milk protein concentrate (HMPC) 

Human milk protein was concentrated by using Amicon® Ultra 
Centrifugal Filters with a 3000 Da molecular weight cut-off (Merck 
KGaA, Darmstadt, Germany) by means of dilution and standardization 
purposes. After the recovery of the concentrate, HMPC was lyophilized 
and stored in the same way as the human breast milk. Lyophilized HMPC 
composition is shown in Table 1. 

2.5. Milk composition analysis 

The protein content of all collected milk samples (human, cow, goat, 
sheep) was determined using the Kjeldahl method (ISO 8968-1|IDF 
20–1:2001). The non-protein nitrogen (NPN) is higher in human breast 
milk compared to the milk of other species and a correction by the 
conversion factor of 6.38 leads to an overestimation of the protein 
content (Lönnerdal, 2003). Thus, the nitrogen content of the human 
breast milk was corrected for the NPN after its analysis by trichloro-
acetic acid precipitation (ISO 8968-4|IDF 20–4:2001). The corrected 
nitrogen content was then multiplied by 6.25. The determined nitrogen 
content of cow, goat and sheep milk samples was directly corrected by 
using a conversion factor of 6.38. The casein content was determined 
according to ISO 17997-1|IDF 29–1:2004 method with the differentia-
tion that casein precipitation in human milk was achieved by adjusting 
the pH to 4.3 (instead of 4.6) and adding 60 mM CaCl2 (Kunz and 
Lönnerdal, 1990). Fat content was measured using the Gerber method 
(ISO 2446|IDF 226:2008). Solids-not-fat (S.N.F.) content of milk was 
estimated by subtracting fat from total solids. Total solids were 
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determined gravimetrically as described in ISO 6731|IDF 21:2010. Ash 
content was estimated after incineration of the dried residue of milk in a 
muffle furnace at 530 ◦C. Finally, the carbohydrate content of milk was 
calculated by subtracting fat, protein and ash from the total solids. 

2.6. Physicochemical measurements 

The pH, water activity (aw), refractive index and freezing point of 
raw human breast milk were determined. The pH was measured by a 
glass electrode pH-meter (Hanna Instruments, Padova, Italy). The water 
activity was determined using the AquaLab Series 3 TE Water Activity 
Meter (Decagon Devices Inc., Washington, USA). The refractive index 
was measured using the Reichert Abbe Mark II Refractometer (Reichert 
Technologies, New York, USA). The freezing point was measured by a 
cryoscope (Advanced Milk Cryoscope 4L2, Advance Instruments Inc., 
Metuchen, NJ, USA). All measurements were performed in triplicate on 
fresh, undiluted samples at ambient temperature. 

2.7. Microstructural analysis of human milk 

The microstructure of raw human milk was captured by confocal 
laser scanning microscopy (CLSM) (Leica TCS SP5 CLSM, Leica Micro-
systems, Wetzlar, Germany). Confocal experiments were performed 
using an Argon laser operating at 488 nm excitation wavelength and an 
He–Ne laser operating at 633 nm. Fat globules were stained with Nile 
red, while proteins were stained with Nile blue. Human milk samples 
were observed after 3, 24, 72 and 120 h of expression and stored 
quiescently at 4 ◦C. About 0.02% sodium azide was added to the milk 
samples to prevent microbial growth. The microstructural analyses were 
performed at room temperature. 

2.8. Particle size measurements 

The fat globule size distribution of raw human milk was measured by 
laser light scattering using a Sald-7500nano (Shimadzu, Korneuburg, 
Austria). Size measurements were performed at most within 3 h after 
milk expression. The refractive index of human milk fat was taken to be 
1.460 (Michalski et al., 2005). Milk was diluted in the measurement cell 
of the apparatus with imidazole buffer (20 mM imidazole, 5 mM CaCl2, 
and 30 mM NaCl, pH 7.75). The size distributions of human milk fat 
globules were characterized by the following parameters: volume 
moment-weighted mean diameter or De Broukere mean, d43, defined as 
Σnidi

4/Σnidi
3, the volume surface-weighted mean diameter or Sauter 

mean, d32, defined as Σnidi
3/Σnidi

2 where ni is the number of fat globules 
of diameter di. The distribution span, which describes the particle size 
distribution width, was calculated as Span = (d0.9 – d0.1)/d0.5, where d0.9 
is the diameter below which lie 90% of the globule volume and, 
respectively, 10% for d0.1 and 50% for d0.5. Size measurements were 
repeated on the 16th, 20th, 24th and 25th month of lactation in order to 
investigate the effect of the lactation stage on the fat globule size. The 
experiments were performed in triplicate for each sample. 

2.9. Dynamic light scattering measurements 

Casein micelle size distribution of rehydrated freeze-dried human 
milk was determined by dynamic light scattering using a Zetasizer Nano 
(Malvern Instruments, Worcestershire, UK). The experiments were car-
ried out at 25 ◦C. Rehydrated freeze-dried human milk was centrifuged 
(10000 g, 4 ◦C, 10 min) and then diluted in a 1:20 ratio. Subsequently, 
the samples were micro-filtrated (25 mm Syringe filter, Material-Nylon, 
Pore size-0.45 μm, BGB, Rheinfelden, Germany) and placed in the 
measurement cell of the apparatus. The experiments were performed in 
triplicate for each sample. 

2.10. Oil-in water emulsions 

Oil-in-water emulsions were prepared by mixing appropriate quan-
tities of rehydrated freeze-dried milk (human, cow, goat and sheep) with 
1% protein and sunflower oil, in order to obtain emulsions with protein 
to oil ratios of 1:3, 1:5, 1:7, 1:10. Homogenization of the samples was 
performed with the Bandelin Sonoplus HD 3200 sonicator (Berlin, 
Germany, VS 70T probe, ~4200 kJ), for 1 min with a 30 s interval to 
avoid overheating of the samples. Immediately after homogenization, 
the size distribution of the emulsion droplets and their microstructure 
were determined. For macroscopic measurements, freshly prepared 
emulsions were poured into glass tubes (height 40 mm, diameter 16 
mm) and stored quiescently at room temperature. In order to prevent 
microbial growth during storage, 0.02% sodium azide was added to the 
emulsions. Each experiment was carried out at least in duplicate. 

2.11. Rheological behavior of human milk upon acidification 

The rheological behavior of human milk protein concentrate (HMPC) 
standardized to a 2% casein concentration was studied upon acidifica-
tion and compared to that of cow’s and sheep’s milk with the same 
casein concentration. HMPC was prepared by mixing appropriate 
quantities of lyophilized HMPC and double distilled water to obtain a 
sample with 2% casein concentration. The other milk samples were 
prepared in the same way, by mixing appropriate quantities of lyophi-
lized milk (cow and sheep milk), double distilled water, whey protein 
isolate (WPI) and lactose in order to obtain samples with approximately 
the same composition as that of the HMPC sample. Milk samples were 
heated to 40 ◦C and subsequently acidified by means of glucono- 
δ-lactone (GDL) at a concentration of 0.7g GDL/g of casein. Changes in 
pH during acidification were monitored continuously by the Bante 220 
Portable pH meter (Bante Instruments, Shanghai, China). Acidification 
was carried out in a circulating water bath (±0,5 ◦C) preset at 40 ◦C and 
the pH was recorded every 15 min for a time interval of 5h to reach a pH 
value of <4.3. Rheological measurements of the samples were per-
formed by a Physica MCR 300 rheometer (Physica Messtechnik GmbH, 
Stuttgart, Germany) using a concentric cylinder geometry (CC 27, cup 
and bob diameters 28.92 and 26.66 mm respectively). The preheated 
samples (40 ◦C) were placed in the rheometer immediately after the GDL 
addition. To avoid water evaporation, the samples were covered with a 
thin layer of paraffin oil. The gelation of the samples during acidification 

Table 1 
Chemical composition of raw human milk (mean ± standard deviation; n=5 independent milk samples) and average chemical composition of lyophilized human 
breast, cow, sheep and goat milk and lyophilized human milk protein concentrate (HMPC).  

Composition (%) Raw human milk Lyophilized human milk Lyophilized cow milk Lyophilized sheep milk Lyophilized Goat milk Lyophilized HMPC 

Fat 3.6–7.8a ≤0.5 ≤0.5 ≤0.5 ≤0.5 ≤0.5 
Solids-not-fat 8.6 ± 0.3 – – – – – 
Humidity – <4 <4 <4 <4 <4 
Proteins 1.1 ± 0.1 14.5 38.2 46.3 36.6 57.3 
Caseins 0.43 ± 0.07 5.8 30.7 37.5 31.2 22.9 
Ash 0.2 ± 0.1 1.7 7.7 8 7.3 nd 
Total sugars 6.8 ± 0.3 ~80 ~50 ~40 ~50 ~40  

a Minimum and maximum values of fat content. 
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was assessed by applying small deformation oscillatory rheological 
testing. Specifically, storage (G′), loss (G′ ′) moduli and loss tangent (tan 
δ = G′ ′/G′) were monitored at fixed strain (0.5%) and frequency (1 Hz) 
for a 5h time interval. The temperature of the experiment (40 ◦C) was 
regulated by a Paar Physica circulating bath and a controlled Peltier 
system (TEZ 150P/MCR) (±0.1 ◦C). The structure of the samples was 
characterized by the following rheological parameters: Gelation time 
(Gt) (min) was determined as the time that a sharp increase of the value 
of G′ was observed; Maximum storage modulus (G′ max) (Pa) was 
determined as the value of G′ at the end of the rheological observation 
(300 min, pH ~4.2); Minimum loss tangent (tan δmin) was the value of 
tan δ corresponding to pH ~4.2; Elasticity increment IE [(dlogG_/dt) 
max] defined as the slope of log G′(t) at the inflection point and is used 
as a measure of gelation rate. Finally, small deformation oscillatory 
measurements for evaluation of the viscoelastic properties (storage G′

and loss G′ ′ moduli) of the samples were performed over the frequency 
range of 0.1 – 10 Hz at 40 ◦C. Each experiment was carried out at least in 
duplicate. 

2.12. Differential scanning calorimetry 

Thermal denaturation of human and cow whey proteins was studied 
by means of differential scanning calorimetry (DSC), using the PL DSC- 
Gold Calorimeter (Polymer Labs Ltd., Epsom, UK). Samples containing 
15% w/w human whey protein concentration were prepared from 
lyophilized HMPC and HPLC grade water. The cow whey protein sample 
was prepared by mixing appropriate quantities of WPI, HPLC grade 
water and lactose in order to obtain a sample with a composition similar 
to that of the human whey protein sample (15% w/w cow whey protein 
and 18,6% w/w lactose). Samples of 50 μl were sealed hermetically into 
120 μl DSC medium pressure stainless steel pans (ME-29990, Mettler, 
Toledo, SAE). Samples were scanned in the temperature range of about 
10 - 110 ◦C with a 5 ◦C/min heating rate, using 50 μl 18.6% w/w lactose 
solution as reference. Onset (To), endset (Te) and peak (Tp) tempera-
tures, i.e., the temperature values at which the denaturation starts, ends 
or gives the maximum signals, respectively, and the denaturation 
enthalpy, ΔНD (J/g of whey protein) were evaluated from the thermo-
grams. Reported values are means of triplicate measurements for each 
sample. 

2.13. Statistical analysis 

The data collected during measurements were analysed by ANOVA 
using the General Linear Model. Differences among different treatments 
were identified using Tukey’s test. All analyses were performed using 
the Minitab (Minitab Inc., USA) statistical software. 

3. Results and discussion 

3.1. Physical properties of human breast milk 

The physical parameters (pH, aw, refractive index and freezing point) 
of the examined human breast milk are shown in Table 2. Generally, the 
aw, refractive index and freezing point values are moderately similar to 
those of cow’s milk. On the contrary, the pH value of human milk is 

higher than that of cow’s milk. The slightly alkaline pH value of human 
breast milk may be attributed to its low protein, casein and phosphate 
salts content. It is noteworthy to mention that the pH value of the milk 
was higher than those reported in literature. This can be attributed to the 
late stage of lactation. Besides, Morriss et al. (1986) found that the pH 
value remained between 7.0 and 7.1 until 3 months postpartum and 
then increased gradually to 7.4 by 10 months. According to Morriss et al. 
(1986), hydrogen ions and citrate may be used for the synthesis of fatty 
acids more rapidly than they are metabolically generated; milk samples 
from ruminants are usually found to have concentrations of hydrogen 
ions and citrate that are greater than in human milk and thus pH is less 
for milk of ruminants. As the fat content of human breast milk increases 
during the course of lactation (Mandel et al., 2005), its pH value may 
also increase. Τhe refractive index of the examined human breast milk is 
slightly lower than that reported by (Sunarić et al., 2017), which may be 
due to the dissimilar stage of lactation. The refractive index is affected 
by casein micelles and the stage of lactation, which is known to affect 
both the casein content of human breast milk and the casein micelle size 
(Holt and Baird, 1978; Kunz and Lönnerdal, 1992). Finally, the freezing 
point of the examined samples was within the range reported in litera-
ture (Miller and Ellis, 1953). 

3.2. Microstructural analysis of human breast milk 

As expected and evidenced from CLSM (Fig. 1), lipids are present in 
human breast milk in the form of spherical emulsion droplets, the fat 
globules, with polydisperse sizes. Three (3) hours after the expression of 
milk, human breast milk fat globules (HMFG) were evenly dispersed in 
the milk plasma (Fig. 1a). After twenty-four (24) hours of refrigeration 
no marginal differences were detected (Fig. 1b). However, three days 
(72 h) after milk expression, HMFG seemed to become larger in droplet 
size (Fig. 1c), whereas after 5 days of refrigeration (120 h) the HMFG’s 
size was further increased (Fig. 1d). This increase in the HMFG’s size 
may be attributed to coalescence phenomena. Coalescence is rarely 
observed in milk because of the protective role of the biological mem-
brane, which covers the fat globules (Walstra, 1996). However, in some 
cases, partial coalescence may occur in unhomogenized milk due to the 
prolonged contact between fat globules during refrigeration (floccula-
tion and creaming) and the hydrolysis of the phospholipids in the milk 
fat globule membrane by endogenous phospholipases (Walstra et al., 
2005). As shown in Fig. 1, marginal flocculation did not occur after 5 
days of refrigeration (Fig. 1), indicating a lack of “cold agglutination”, i. 
e. the clustering of milk fat globules at low temperatures. Cold agglu-
tination phenomenon is mainly attributed to the interaction among 
immunoglobulin M (IgM), lipoprotein particles and fat globules and is 
usually encountered in unhomogenized raw cow milk (Euber and 
Brunner, 1984). Cold agglutination doesn’t occur or occurs to a 
considerably lower extent in goat, sheep and buffalo milk (Huppertz 
et al., 2020). A recent research on the creaming behavior of human milk 
(Meng et al., 2020) suggested that cold agglutination doesn’t occur in 
human milk, which is in agreement with our findings. On the other 
hand, phospholipases are enzymes usually of bacterial origin, mainly 
Gram- (Titball, 1998). Sodium azide, employed in this study as an 
antimicrobial agent, have inhibited the growth of Gram- bacteria and 
therefore, the samples probably did not contain considerable amount of 
phospholipases. However, raw human milk contains a lot of endogenous 
enzymes (Hamosh, 2001), such as lipases and proteases, which, upon 
storage, may have negatively contributed to the destabilization of the fat 
globule membrane. 

3.3. Human milk particle size measurements 

Laser light scattering measurements showed a size distribution of the 
HMFGs of the examined human breast milk ranging from 0.5 to 25 μm 
with a characteristic first small peak in the size range ~ 0.4–2 μm 
(Fig. 2a). The size parameters d43, d32 and span are presented in Fig. 2b. 

Table 2 
Physical parameters of the examined human breast milk compared to cow’s 
milk.  

Parameter Human breast milk a Cow milka 

pH 7.74 ± 0.17 (22 ◦C) 6.6–6.75 (25 ◦C) 
Water activity (aw) 0.995 ± 0.001 (25 ◦C) ~0.993 
Refractive index 1,3465 ± 0.0005 (24 ◦C) 1.3440 - 1.3485 (20 ◦C) 
Freezing point -0.523 to -0.565 ◦C -0.525 to -0.565 ◦C  

a Mean ±standard deviation; n=3 independent milk samples. 
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De Brouckere mean diameter value (d43) indicates that the bulk of the 
milk fat was encompassed in HMFGs with a diameter ranging between 
4.7 and 5.9 μm. These values are slightly higher than those reported in 
literature and can be attributed to the prolonged lactation. In fact, 
Michalski et al. (2005) observed a significant increase of HMFG size 
between 2nd and 18th month of lactation. Besides, during the second 
year of lactation human breast milk has significantly higher fat content 
than during the exclusive breastfeeding period (Mandel et al., 2005), 
while an increase in fat content results in an increase in fat globule size 
(Wiking et al., 2004). 

Regarding the effect of the postpartum period on the HMFGs’ size, 
the range of the HMFG size distribution did not change substantially 
between the 16th and the 25th month of lactation (Fig. 2a), which is also 
evidenced from the relatively constant span value during this period 
(Fig. 2b). However, there was a slight shift of the second peak of the 
distribution (mode) from almost 7 μm during the 16th month of lacta-
tion to 6 μm during the 24th and 25th month of lactation (Fig. 2a). This 
gradual decrease in HMFGs’ size is also reflected with the decreased 
values of d43 and d32 (Fig. 2b). The size of cow’s milk fat globules’ was 
found to decrease during weaning (Walstra et al., 2005), which has also 
occurred in our human milk samples. 

3.4. Human milk casein micelle size measurements 

Dynamic light scattering measurements showed two modes of the 
casein micelles in physiological human breast milk pH (ca 7.75) with the 
first peak lying at ~ 35 nm and the second one at 220 nm (Fig. 3a). This 
type of casein micelle size distribution has also been observed in cow’s 
milk (Holt, 1985). The modal diameter of the second peak (220 nm) is 
much larger than the micelle sizes (≤50 nm) measured by electron mi-
croscopy (Carroll et al., 1985; Rüegg and Blanc, 1981) and the micelle 
size (~150 nm) reported in a more recent study (Inglingstad et al., 
2010). Such an apparent discrepancy between the findings may be 
attributed to several reasons, like: (a) the different measurement tech-
nique applied. Generally, measurements based on electron micrographs 
are considered to be more perturbative than the dynamic light scattering 
measurements because casein micelles’ structure may largely change 
during sample preparation (De Kruif and Holt, 2003). (b) the different 
stage of lactation. The size values reported in literature concern human 
milk of the 1st year of lactation, while in the present study the examined 
milk samples were collected during the second year of lactation. Ac-
cording to Holt and Baird (1978), the stage of lactation affects the size of 
the cow’s casein micelles and this may be the case for the human’s 
casein micelles, too; (c) The high pH value of the examined milk. It has 
been found that by increasing milk pH in the range of 6.6 to 8.5, the 

Fig. 1. Confocal micrographs of the human breast milk captured at: (a) 3; (b) 24; (c) 72; and (d) 120 h after expression. Fat globules are labeled with green color, 
while proteins on the fat globules’ surface are labeled with red color. Yellow color labels the overlay of fat globules and proteins together. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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casein micelles swell, probably due to the higher negative charges that 
strengthen the repulsive forces of the caseins chain and therefore prο-
duce more expanded structures in the micelles (higher hydrodymanic 
volume) (Sinaga et al., 2017); (d) the high lactoferrin content of human 
breast milk. According to Anema and De Kruif (2013) lactoferrin found 
in cow’s milk is partitioned between the casein micelles and the whey. 
Moreover, they have found that when extra lactoferrin was added to 

milk (up to 1.5%), the casein micelles tended to increase in size. Human 
breast milk is rich in lactoferrin (Guo and Hendricks, 2008) and maybe 
part of it is bound on the casein micelles’ surface. 

In addition, it should be noted that the size of the casein micelles is 
affected by the protein composition of the micelles. In this respect, it has 
been found (Pierre et al., 1995; Tziboula and Horne, 1999) that goat 
milk without or with low as1 protein content have larger casein micelles. 
This is may also be the case for our human breast milk samples. Human 
milk is known to contain no or very little as1 casein (Altendorfer et al., 
2015). However, it should not be overlooked that the size distribution 
(Fig. 3a) may also include lactoferrin tetramers (~16 nm) (Bennett et al., 
1981) and oligomers in the presence of calcium that are naturally found 
in human breast milk. Moreover, the positively charged lactoferrin may 
interact electrostatically with other milk proteins (e.g. caseins, β-lacto-
globulin) that are mostly negatively charged around neutral pH. 

Regarding the effect of pH on the size of the casein micelles, the 
findings are consistent with those of Sinaga et al. (2017) for cow milk; i. 
e. a slight increase in casein micelle average size is noted upon acidifi-
cation to the pI of caseins. As observed in Fig. 3a, lowering the pH from 
~ 7.7 to ~5.0 resulted in the disappearance of the first peak of the size 
distribution and the decrease of the modal diameter of the second peak 
from 220 nm to approx. 150 nm. This initial decrease in casein micelle 
size (modal diameter) can be attributed both to the dissolution of the 
CCP, release (dissociation) of caseins from the micelles and the disso-
ciation of the lactoferrin and lactoferrin-milk casein complexes. 

As known, CCP is essential for the stability of the casein micelle 
structure. Therefore, CCP depletion results in dissociation of the casein 
subunits from the micelles. The solubilization of CCP in cow milk rea-
ches a maximum rate at pH 5.5 (Lucey et al., 1997). Additionally, the 
former researchers observed a growth of particle size from pH 5.5 to 5.0 
due to the initiation of casein micelles aggregation. 

As expected, there was a moderate increase in particle size, espe-
cially of the modal diameter, from pH 5.0 to 4.3 (Fig. 3) because of the 
increasing aggregation of the milk proteins at pH values close to the pI. 
As mentioned above, the pI of human caseins is 4.3 and this explains 
why the average size of the particles was higher at this pH value. At pH 4 
the particle size was slightly lower as casein micelles started to disso-
ciate from the clusters. 

Fig. 2. Size distribution (a), volumic average diameter (d43), volume-surface average diameter (d32) and span (b) of the human milk fat globules (HMFGs) during the 
16th, 20th, 24th and 25th month postpartum. 
Means with different superscript letters are different (p < 0.05). 

Fig. 3. Size distribution (A) and average size diameter (B) of human casein 
micelles at different pH values. 
Means with different superscript letters are different (p < 0.05). 
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3.5. Oil-in water emulsions stabilized by different powdered milk species 

Laser light scattering measurements and confocal laser scanning 
microscopy showed that the emulsions prepared with human milk 
powder had relatively smaller droplet sizes compared to those prepared 
with cow, goat and sheep powdered milk (Fig. 4). Apart from the 
emulsions stabilized from sheep milk, the rest of the emulsions showed a 
bimodal size distribution with the first mode lying at around 0.24 μm 
and the second peak at ~1 μm Τhe emulsions prepared with human milk 
illustrated a higher percentage of small droplets of 0.24 μm and addi-
tionally, the second peak of the size distribution corresponded to <1 μm 
droplet size values. Regarding the sheep’s milk emulsion, while 
following the same homogenization procedure, larger emulsion droplets 
were noted, while droplet clusters were evidenced both by confocal 
microscopy and the laser diffraction technique. Visual assessment of the 
emulsions showed that the sample with the human’s milk proteins was 
as stable against creaming as the sample with the cow’s milk proteins, 
and with better stability upon storage than the goat’ and sheep’s milk 
samples (Fig. 5a). Creaming of the emulsions was observed about 14 
days after their preparation. In the case of the human protein stabilized 
emulsion, the cream phase was particularly indistinct (Fig. 5b). Overall, 

human milk proteins exhibited better ability to stabilize oil-in-water 
emulsions against coalescence compared to that of the other milk pro-
teins. Τhe above results were quite unexpected, in view of the low casein 
content of human breast milk. It is worth noting that for the preparation 
of the samples the same total protein was employed, but, with different 
casein to total protein ratios. In general, it is known that caseins are 
mainly adsorbed at the surface of the newly formed oil droplets rather 
than whey proteins. Specifically, it has been estimated that about the 
93% of the oil-water interface proteins are caseins (Walstra et al., 2005). 
Probably, the good stability of the human’s milk protein emulsions is 
due to the type of the caseins that make up the human casein micelles 
and / or the involvement of lactoferrin and whey proteins in the for-
mation of the protective layer surrounding the oil droplets. It is known 
that β-casein, the most abundant casein of human milk, is slightly more 
hydrophobic and surface-active than as1 casein (Dickinson, 1999) and 
for this reason it may be adsorbed more readily to the surface of the oil 
droplets. Moreover, it has been found that part of human’s β-caseins are 
soluble in whey (Greenberg et al., 1976), which may facilitate their 
interfacial adsorption. Finally, lactoferrin, an abundant whey protein of 
human milk, having a net positive charge at the normal pH of human 
milk, may be form complexes with the negatively charged β-caseins 

Fig. 4. Microstructure of emulsions made from human breast milk (a), cow’s milk (b), goat’s milk (c), sheep’s milk (d) and sunflower oil. Pictures were taken using a 
confocal laser scanning microscope (CLSM). Oil droplets size distribution was determined using a laser light scattering device. Oil droplets are labeled with green 
color, while proteins are labeled with red color. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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present at the oil-water interface (McCarthy, Kelly, O’Mahony and 
Fenelon, 2014), enhancing their steric stability (Zinoviadou, Scholten, 
Moschakis, & Biliaderis, 2012a, 2012b). 

3.6. Thermal denaturation of human whey proteins 

Fig. 6 (a) and (b) show denaturation thermograms of human and cow 
whey proteins, respectively. It should be noted, however, that the 
samples studied were not pure whey protein solutions–the human milk 
sample did also contain caseins–and the increased lactose content may 
also affect the protein denaturation (Boye and Alli, 2000). For this 
reason, a lactose solution was used as a reference instead of water. As 
can be seen from the Fig. 6a and b, the denaturation of both human and 
cow milk whey proteins started at 52–55 ◦C and ended at 94–95 ◦C. The 
first denaturation peak in both the cow protein and the human protein 
thermograms occurred at ~65 ◦C. At this temperature, bovine a-lactal-
bumin denaturation is usually observed (Boye and Alli, 2000; Nikolaidis 
and Moschakis, 2018; Rodríguez Arzuaga, Bosch, Añón and Abraham, 
2020). However, in the temperature range of 60–65 ◦C, both bovine and 
human serum albumin are also denatured (Kosa et al., 1997; Paulsson 
and Dejmek, 1990). About 10% of human whey proteins is serum al-
bumin (Guo and Hendricks, 2008). Therefore, the peak at 65 ◦C may be 

caused by the denaturation of α-lactalbumin and serum albumin 
(overlapping endotherm peaks). 

Τhe second endotherm peak at ~80 ◦C observed in the cow’s whey 
protein (WPI) thermogram (Fig. 6b) could only be caused by the dena-
turation of β-lactoglobulin, the most abundant whey protein of cow’s 
milk. The denaturation temperature (TD) of this protein is highly 
dependent on pH; i.e., β-lactoglobulin seems to be thermally more stable 
at low pH, possibly due to extra hydrogen bonding (Boye and Alli, 2000; 
Kella and Kinsella, 1988). This fact can explain the differences between 
the β-lactoglobulin TD values found by various researchers. Іn the 
thermogram of human whey proteins (Fig. 6a), no endotherm peak was 
observed at 80 ◦C, which was to be expected since human breast milk 
does not contain β-lactoglobulin. The second peak at about 74 ◦C 
(Fig. 6a) may correspond to lactoferrin denaturation. It has been pre-
viously found that native human lactoferrin denatures at about 72 ◦C 
(Conesa et al., 2008; Franco et al., 2018). Unlike bovine, sheep and goat 
milk lactoferrin, human milk lactoferrin exhibits only one peak in its 
native form, which indicates that the latter is mainly iron desaturated 
(Conesa et al., 2008). In fact, it has been reported that the degree of iron 
saturation of human milk lactoferrin is low (about 12–25%) (Bezwoda 
and Mansoor, 1989). On the other hand, at ~71 ◦C bovine lysozyme is 
also denatured (Iucci et al., 2007). Although no calorimetric data on 

Fig. 5a. De Brouckere mean droplet diameter (d43), Sauter mean diameter (d32), and diameter d0.9 of the emulsions formed from different milk species. 
Means with different superscript letters are different (p < 0.05). 

Fig. 5b. Effect of powdered milk species (human, cow, goat, sheep) on the macroscopic phase separation (creaming) of the emulsion samples stored quiescently at 
ambient temperature for 14 days. 
Means with different superscript letters are different (p < 0.05). 
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human lysozyme denaturation have been found in literature, we can 
assume that the peak at 74 ◦C is the result of overlapping peaks caused 
by lactoferrin and lysozyme. Human breast milk also contains significant 
amounts of immunoglobulins, mainly IgA. There is limited knowledge 
about the denaturation profile of these proteins. The unfolding of im-
munoglobulins is a complex process in which the denatured state is 
obtained through several intermediate states. Ig A has been found to be 
less heat resistant than IgG and lysozyme (Vermeer and Norde, 2000). 

Regarding the origin of the endothermic peak at 84 ◦C (Fig. 6a), it 
can be attributed to monoferric and holo-saturated lactoferrin. It has 
been found that the position of the denaturation peak is affected by the 
iron saturation of lactoferrin and the 100% iron saturated form (holo- 
lactoferrin) is denatured at about 94 ◦C (Conesa et al., 2008; Franco 
et al., 2018). At this point it is worthy to mention that the presence of 
caseins in the HMPC samples may have also affected the temperature 
and the apparent enthalpy of the whey proteins denaturation. It is 
possible that part of lactoferrin and lysozyme may be bound to casein 
micelles (Anema and De Kruif, 2013), thus affecting their denaturation. 
Finally, the heating rate during thermal analysis can affect both the 
temperature and the enthalpy of lactoferrin and immunogobulins 
denaturation. 

3.7. Rheological behavior of human milk upon acidification 

According to some preliminary experiments, the casein content of 
human breast milk (~0.5%) was not sufficient to form a three- 
dimensional gel network upon acidification. Thus, HMPC standardized 

to a 2% casein concentration (see section 2.11), was employed to 
examine the rheological behavior of human caseins upon acidification. 
Τhe evolution of storage modulus (G′) and damping factor (tanδ =G′ ′/ 
G′) of the human, cow and sheep milk samples are shown in Fig. 7. At the 
onset of acidification, the G′ value was relatively high (~0.1 Pa) for milk 
samples and the tanδ value was close to 1 in all samples, indicating the 
existence of rather weak structured networks (Moschakis et al., 2017; 
Mourtzinos et al., 2018), as probed by the rheometer (small deformation 
mechanical tests). This is probably due to the increased solids in the 
samples. As the acidification proceeded further, an abrupt increase of G′

and a decrease of tanδ at <1 was noted, implying the establishment of a 
three-dimensional gel network (onset of gelation). Usually, gelation 
begins at pH 5.0–5.3 (Moschakis et al., 2018; Moschakis et al., 2017). In 
the present study, the gelation of all samples begun at pH ≤ 5.0 
(Table 3). This may be ascribed to the increased initial viscosity of the 
samples, which may delay the aggregation of the casein micelles. It must 
be noted that in the HMPC samples the gelation initiated at even lower 
pH (4.8), most likely due to the lower isoelectric point of human caseins 
(4.3 instead of 4.6). 

In the early stages of gelation, a local maximum in tanδ (tanδ peak) 
was noted in the sample of cow’s and sheep’s milk. However, there was 
not tanδ peak recorded in the HMPC sample. Since the samples in this 
study were not heat-treated, the tanδ peak is probably attributed to a 
loosening of the gel network structure as a result of solubilization of the 
colloidal calcium phosphate (CCP), causing partial micellar disintegra-
tion (Biliaderis et al., 1992; Moschakis et al., 2017; Mourtzinos et al., 
2018). However, the tanδ values noted are much smaller than that 
commonly observed in acidified milk gels, perhaps due to the low 

Fig. 6. DSC thermograms of 50 μl samples recorded at a heating rate of 5 ◦C/ 
min. Samples composition (%): (a) 15% w/w human whey proteins, 10% w/w 
caseins, 18.6 % w/w lactose; (b) 15% w/w cow whey proteins (WPI), 18.6% w/ 
w lactose. 

Fig. 7. (a) Time dependence of storage modulus (G′) and tanδ for acidified milk 
gels produced from HMPC (human milk protein concentrate), cow, sheep and 
goat milk with casein content 2%w/w, at a frequency of 1 Hz (γ=0.5%) at 40 
◦C. 
(b) Mechanical spectra (40 ◦C, γ=0.5%) of the gels at 4 ◦C. 
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amount of casein present in the samples. According to Lee and Lucey 
(2010), at pH ~5.0 almost all the CCP is solubilized. On the other hand, 
the absence of the tanδ peak from the gelation kinetic profile of the 
HMPC sample may be attributed to the very low content in CCP of 
human casein micelles; human breast milk has been found to contain 4-5 
times less calcium than cow’s milk (Picciano, 2000), out of which only 
15% is bound to human casein micelles, while the corresponding per-
centage for cow casein micelles is 65% (Neville et al., 1994). Moreover, 
at pH~5.0 the human casein micelle aggregation has been already 
initiated as can be deduced from the casein micelle size distribution 
(Fig. 3a). Consequently, at pH 4.8, when the gelation of the HMPC 
sample begins, the whole CCP is already solubilized and so an ‘unin-
terrupted’ process for the three-dimensional gel network structure for-
mation is continued. 

As the isoelectric point is approached, the electrostatic repulsions 
between casein micelles decrease and the hydrophobic interactions are 
enhanced (Moschakis et al., 2010). As a result, more and more casein 
micelles participate in the gel network structure. This leads to a further 
increase of the G′ value until it reaches to a “pseudo plateau” value; the 
higher the G′max value, the stronger the three-dimensional gel network. 
As can be seen from the Fig. 7a and Table 3, the sheep’s milk sample 
produced firmer gels, than the cow’s milk and the HMPC samples. 
However, none of the samples exhibited an ‘ideal’ gel behavior (Fig. 7b). 
As is well known, for an ideal gel which behaves elastically, the G′ value 
is independent of frequency and much higher than G′ ′ value (i.e. 
G′>10G′ ′). According to Fig. 7b in all samples G′ was slightly higher than 
G′ ′ and a moderate frequency dependence was also observed, indicating 
a rather weak gel structure of the samples. It should be also noted that 
that the HMPC samples showed the lowest tanδmin value, indicating a 
stronger elastic response of the HMPC gels. 

Since all samples had the same casein concentration and were pro-
duced under the same experimental conditions, the differences in 
rheological behavior can be attributed to the structure, composition and 
size of the casein micelles among the different milk samples. Obviously, 
the β-caseins present in human breast milk are not able to form a strong 
three-dimensional gel network but, however, a more elastic network 
was measured. А similar conclusion was reached by Domagała (2009) by 
studying the microstructure of goat’s yogurt compared to that of cow’s 
and sheep’s yogurt. In particular, they observed that the 
three-dimensional gel network of goat yogurt was less compact than that 
of cow’s and sheep’s yogurt and therefore more susceptible to defor-
mation. In fact, sheep’s and cow’s milk have a high content of aS1 caseins 
(≥35% of all caseins) (Bramanti et al., 2003), which are responsible for 
the consistency and compact structure of yogurt. In contrast, goat’s milk, 
depending on the genotype of the animal, may contain 0–25% aS1 ca-
seins (Bramanti et al., 2003), while the β caseins constitute the most 
abundant casein fraction of goat milk. This may also be the case for 
human breast milk, which in the prevailing opinion does not contain or 
contain very little aS1 casein but it is abundant in β caseins (Altendorfer 

et al., 2015; Kunz and Lönnerdal, 1990). Generally, in milks with a low 
percentage of as-caseins (e.g. goat milk), the gels formed upon acidifi-
cation are relatively weak. However, many models have been proposed 
for acidified milk gels, but none has explained in an explicit manner the 
kinetics of network formation and growth (Horne, 2002; Lucey, 2002). 

Moreover, the gelation rate, which is reflected by the Ie, is more 
rapid in human milk (Table 3). This parameter is a measure of the 
gelation rate; i.e., a high Ie value indicates a rapid gelation. The rapid 
gelation of human milk upon acidification may be assigned to the most 
abundant casein in human milk, the hydrophobic β-casein. Moreover, 
human milk has a lower buffering capacity, resulting in a faster reduc-
tion of pH upon acidification. 

4. Conclusions 

In the present study, the structure as well as the physicochemical and 
functional properties of human breast milk during the second year of 
lactation were examined in an attempt to explore its applicability for the 
formulation of food products. Physicochemical measurements showed 
that the water activity (aw), refractive index and freezing point values of 
the examined human breast milk were within the same range as those of 
cow’s milk. The pH value was slightly higher compared to values re-
ported in the literature, probably due to the late stage of lactation. 
Microstructural analysis of human milk fat globules (HMFGs) using a 
CLSM showed that HMFGs remained dispersed after 24 h of refrigeration 
and no flocculation events were detected. On the other hand, merging of 
HMFGs was observed 3 days after milk extraction. The size of HMFGs 
was slightly higher compared to the literature, maybe due to the late 
stage of lactation. However, there was a gradual decrease in the average 
size of HMFGs during the period from the 16th to the 25th month of 
lactation. Human milk proteins also exhibited a better ability to stabilize 
oil-in-water emulsions against coalescence compared to that of cow’s, 
goat’s and sheep’s milk proteins, as evidenced by the smaller average 
size of oil droplets and the lower creaming rates upon storage. Addi-
tionally, HMPC formed a weaker but more elastic gel network compared 
to that of cow’s and sheep’s milk, obviously due to the different struc-
ture, composition and size distribution of human casein micelles. Calo-
rimetric measurements of human and cow whey proteins showed that 
human whey proteins were denatured in the same temperature range as 
the cow whey proteins, but exhibited a different denaturation profile 
with multiplicity of endothermic transitions. 

Overall, the findings of the present research confirm that composi-
tion, structure and physicochemical properties of human breast milk 
change during lactation in order to meet the nutritional needs of the 
infant. The dynamic composition of human breast milk makes it a 
unique and irreplaceable nutritional supplement even after the intro-
duction of solid foods in infant nutrition. Furthermore, the interesting 
emulsifying and thermal properties of human milk proteins as well as 
their special rheological behavior upon acidification could be studied 
further in order to formulate novel food products based on human milk, 
especially at late lactation. 
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Table 3 
Effect of animal origin of milk caseins on the rheological parameters of acid- 
coagulated milk gel products.   

HMPC Cow milk Sheep milk 

Gt (min) 40±2b 50±3a 45±2ab 

pH (at Gt) 4.8 ± 0.05b 4.9 ± 0.06ab 5.0 ± 0.04a 

G′
max (Pa) (300 min) 8.2 ± 2.1c 12.2 ± 3.2b 41.2 ± 9.4a 

tanδmin 0.18 ± 0.01c 0.29 ± 0.02b 0.33 ± 0.02a 

IЕ (min− 1) 0.21 ± 0.1a 0.07 ± 0.09c 0.10 ± 0.12b 

Gt (Gelation time): time at which there was an abrupt increase of G′. 
pH (at Gt): pH value at which gelation begun. 
G′

max: Maximum of G′ value (t = 300min). 
tanδmin: Minimum tanδ value (pH ~4,2). 
IЕ(Elasticity increment): [(dlogG′/dt)max]. 
Means within the same raw with different superscript letters are different (p <
0.05). 
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