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  ABSTRACT 

  An in vitro digestion model that simulated gastric 
and intestinal fasting conditions was used to monitor 
the physical, chemical, and structural changes of fat 
globules from raw bovine milk. During in vitro gas-
tric digestion, the fat globules were stable under low-
acidic conditions. Some peptides and β-lactoglobulin 
were resistant to proteolysis by pepsin. Phospholipids, 
proteins, and peptides stabilized the globules in the 
stomach model. During in vitro intestinal digestion, 
most of the β-lactoglobulin and residual peptides were 
hydrolyzed by trypsin and chymotrypsin, and the li-
polytic products, released from the hydrolysis of the 
triglyceride core of the globules, led to destabilization 
and coalescence of the globules. By accumulating at 
the surface of the fat globules, the lipolytic products 
formed a lamellar phase and their solubilization by bile 
salts resulted in the formation of disk-shaped micelles. 
This study brings new interesting insights on the diges-
tion of bovine milk. 
  Key words:    in vitro digestion ,  milk fat globule mem-
brane ,  confocal microscopy 

  INTRODUCTION 

  Milk is an oil-in-water emulsion. The structure of the 
bovine milk fat globule and its membrane in its native 
state was a subject of great interest in the 1970s (An-
derson and Brooker, 1975; Patton and Keenan, 1975), 
with a recent renewal of interest encouraged by new 
techniques of investigation (Gallier et al., 2010; Lopez 
et al., 2010; Vanderghem et al., 2011). Milk fat globules 
are kept in suspension in the milk serum phase because 
of the presence of a trilayer of phospholipids, which 
embeds proteins, glycoproteins, and cholesterol. This 
unique milk fat globule membrane (MFGM) presents 
a particular lateral phospholipid distribution with the 
coexistence of a liquid-ordered phase, rich in sphingo-
myelin and cholesterol, and a liquid-disordered phase, 
rich in unsaturated phospholipids (Gallier et al., 2010). 

This phase coexistence may play a role in the digestion 
of milk fat globules, as shown in a dipalmitoylphos-
phatidylcholine (DPPC) condensed monolayer system 
after the addition of bile salts; the pancreatic lipase-co-
lipase complex adsorbs only onto mixed bile salt-DPPC 
regions and not at all onto the DPPC condensed phase 
(Maldonado-Valderrama et al., 2011). Therefore, the 
presence of sphingomyelin- and cholesterol-rich liquid-
ordered domains may protect the milk fat globule from 
lipolysis. 

  Milk fat globule membrane proteins may also play 
a role in the digestion of milk fat globules. Many of 
the MFGM proteins, including butyrophilin, which ac-
counts for 40% of the MFGM proteins, are glycosylated 
(Singh, 2006). The degree of glycosylation of the mem-
brane proteins has a protective role against hydrolysis 
by pepsin and, therefore, the glycoproteins maintain 
their structure and function during the digestion of 
human milk fat globules (Hamosh et al., 1999). Thus, 
the glycocalyx, formed by the carbohydrate moieties 
of glycoproteins and gangliosides and surrounding the 
bovine milk fat globules, may influence the digestion 
of the milk fat globule and contribute to the protec-
tive role of the milk fat globule (Hamosh et al., 1999). 
Gallier et al. (2011) showed recently the interaction of 
β-CN with milk phospholipid monolayers. This model 
system revealed a possible clustering of liquid-ordered 
domains at the surface of the bovine milk fat globules 
that is caused by specific milk protein-phospholipid 
interactions. Therefore, the slow rate of digestion of 
MFGM proteins may prevent the loss of integrity of 
the MFGM during digestion and influence the lipolysis 
process by preventing gastric and pancreatic lipases 
from accessing the triglyceride core. 

  The bovine milk fat globules have a diameter between 
0.2 and 15 μm. A small globule size distribution results 
in slower gastric emptying (Michalski, 2009). Emulsions 
with small droplets are digested faster than emulsions 
with large droplets, as they provide a larger surface 
area for the binding of enzymes and lipolysis to occur 
(Singh et al., 2009). Therefore, bovine milk fat globules 
will be digested at different rates according to their ini-
tial size. Milk triglycerides are rich in SFA, short-chain 
FA (SCFA), and medium-chain FA (MCFA) (Jensen 
and Newburg, 1995). The sn-3 position on the triglyc-
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eride backbone contains SCFA, the saturated MCFA 
are located on the sn-2 and sn-1 positions, and the 
saturated long-chain FA (LCFA) are located on the 
sn-2 position (Jensen and Newburg, 1995). This, again, 
will affect the rate of lipolysis, as gastric lipase has a 
preference for the sn-3 position and MCFA (van Aken 
et al., 2011), whereas pancreatic lipase is sn-1 and sn-3 
specific and is more active on MCFA than on LCFA 
(Armand, 2007; N’Goma et al., 2012). Short-chain FA 
and MCFA have a high dispersibility in aqueous media 
and will, therefore, be solubilized easily into mixed bile 
salt-phospholipid micelles and further transported into 
the portal vein and through the liver to finally enter 
the systemic circulation. In contrast, LCFA tend to 
accumulate at the oil-water interface, inhibiting the 
action of lipases until they are precipitated by calcium 
ions into insoluble soaps. Long-chain FA are further as-
sembled into chylomicrons for their transport through 
the lymph system to reach the systemic circulation 
(McClements et al., 2008).

However, following lipolysis in vivo presents technical 
difficulties such as the use of cannulations. To overcome 
the cost and physiological variations occurring during 
in vivo studies, a simple model of in vitro digestion 
was chosen to monitor, in a reproducible manner, the 
gastric and intestinal digestion of native bovine milk fat 
globules. This study extends recent work by our group 
in which bovine milk fat globules were digested under 
gastric conditions only with a focus on MFGM proteins 
(Ye et al., 2011) and intestinal conditions without pre-
gastric digestion (Ye et al., 2010).

MATERIALS AND METHODS

Samples and Reagents

Fresh raw bovine milk from pasture-fed (with grass 
silage) Friesian cows was collected from the Massey 
University No. 1 Dairy Farm (Palmerston North, New 
Zealand). If not used the same day, sodium azide [Mer-
ck KGaA, Darmstadt, Germany; 0.02% (wt/vol)] was 
added and the milk was kept at 4°C for a maximum of 
2 d. Milk is often kept at 4°C before consumption and 
is slowly warmed up to 37°C upon passage through the 
gastrointestinal tract. However, it has to be kept in 
mind that cooling of the milk leads to a loss of MFGM 
phospholipids (Baumrucker and Keenan, 1973), defor-
mation of the MFGM (Lopez, 2011) due to protrud-
ing crystals (Michalski et al., 2004), and an increased 
amount of solid fat which is less digestible than liquid 
fat (Bonnaire et al., 2008).

Pepsin from porcine gastric mucosa (EC 3.4.23.1; 
catalog no. P7000; 800 to 2,500 U/mg of protein), por-
cine bile extract [B8631; including, as stated by the 

manufacturer, hyodeoxycholic acid (1 to 5%), deoxy-
cholic acid (0.5 to 7%), cholic acid (0.5 to 2%), glycode-
oxycholic acid (10 to 15%), and taurodeoxycholic acid 
(3 to 9%)], and porcine pancreatin (catalog no. P1750; 
4 × USP) were purchased from Sigma-Aldrich Corp. 
(St. Louis, MO). All other chemicals were of analytical 
grade and were purchased from Sigma-Aldrich Corp. 
unless specified otherwise.

In Vitro Gastric Digestion

The in vitro gastric digestion model simulated the 
fasted state in humans. Raw milk (20 mL) was mixed 
with 10 mL of simulated gastric fluid (SGF) containing 
2 g of NaCl/L and 7 mL of HCl/L at pH 1.2 (US Phar-
macopeia, 2000). The milk-SGF mixture was acidified 
to pH 1.5 with 6 M HCl and was incubated for 10 min 
at 37°C in a shaking water bath at 95 rpm. Pepsin (3.2 
mg/mL of SGF) was then added, and the temperature 
and agitation were maintained for 2 h. Samples were 
collected periodically for further characterization.

Only 10 to 30% of lipids are digested by gastric li-
pase (Hamosh, 1990). However, when food enters the 
stomach, only a low concentration of gastric lipase is 
present and will only gradually increase with increasing 
gastric secretion, while at the same time, gastric emp-
tying proceeds. Thus, the level of product inhibition 
of gastric lipase may not be reached in the stomach 
and gastric lipolysis may partly take place in the small 
intestine (van Aken, 2010). The gastric model chosen in 
this study did not include a gastric lipase, as it is dif-
ficult to obtain commercially. Thus, we focused on the 
effect of pepsin on the MFGM during gastric digestion 
and the lipolysis by pancreatic lipase under intestinal 
conditions. In addition, the activity of gastric lipase 
is reduced when phosphatidylethanolamine and sphin-
gomyelin, 2 major MFGM phospholipids, are present 
at the oil-water interface (Armand, 2008). Moreover, 
the optimal activity of human gastric lipase occurs at 
pH 5.4, and it was found that its activity was minimal 
at pH 3 (Gargouri et al., 1986). The chosen gastric 
model presents a very low acidic pH of 1.5, simulating 
fasting conditions, which is close to the optimal pH of 
pepsin activity of 2 (Boyer, 1971), but well below the 
optimal pH of gastric lipase activity. Thus, at this pH, 
the activity of gastric lipase on bovine milk fat globules 
can be considered insignificant.

In Vitro Intestinal Digestion and FFA Release

Simulated intestinal fluid (SIF) was prepared with 
6.8 g of K2HPO4/L and 190 mL 0.2 M NaOH/L and 
maintained at pH 7.5 (US Pharmacopeia, 1995). Simu-
lated intestinal fluid also included 150 mM NaCl to 
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simulate in vivo intestinal ionic strength. After 1 h of 
gastric digestion of milk as described above, the in vitro 
intestinal digestion, simulating intestinal fasting condi-
tions, was carried out by mixing the digested bovine 
milk with SIF (1:1) to a total volume of 30 mL, adjust-
ing the pH at 7, and adding bile extract (5 mg/mL) in 
a conical flask. The mixture was incubated at 37°C in 
a shaking water bath (95 rpm) for 10 min. Pancreatin 
(1.6 mg/mL) was added to the system, the pH was 
maintained at 7 with 1 M NaOH, and samples were 
taken periodically for characterization over 2 h.

Pancreatic lipase activity was measured over 2 h 
using a pH-stat titration method (TitraLab 856; Radi-
ometer Analytical, Villeurbanne, France) with 0.05 M 
NaOH and an endpoint of pH 7.0. The FFA released 
by pancreatic lipolysis were back titrated at the end of 
the 2 h of intestinal digestion by shifting the pH from 
7 to 9. A blank titration without any pancreatin was 
carried out.

Protein Hydrolysis

The protein composition of digested milk samples 
under gastric and intestinal conditions was determined 
by SDS-PAGE. Small aliquots (50 μL under gastric 
conditions and 100 μL under intestinal conditions) of 
samples were treated with 200 μL (under gastric condi-
tions) or 150 μL (under intestinal conditions) of tricine 
sample buffer [0.2 M Tris-HCl buffer pH 6.8, 40% glyc-
erol, 2% SDS, 0.04% Coomassie Brilliant Blue R-250, 
and β-mercaptoethanol (19:1, vol:vol)] and heated at 
95°C for 5 min. The samples were left to cool to room 
temperature (21 ± 1°C) and centrifuged for 5 min at 
1,000 × g, and then 10 μL of subnatant was loaded on 
to a precast Criterion 10 to 20% gradient tricine gel 
(Bio-Rad Laboratories Pty., Auckland, New Zealand). 
The gel was stained for 40 min with a solution of Coo-
massie Brilliant Blue R-250 [0.003% (wt/vol) in 10% 
acetic acid (BDH, Poole, UK) and 20% isopropanol 
(Merck KGaA, Darmstadt, Germany)]. The gel was 
destained with a solution of 10% acetic acid and 10% 
isopropanol and scanned using a Molecular Imager Gel 
Doc XR (Bio-Rad Laboratories Pty.). Precision Plus 
protein unstained standards (10 to 250 kDa) and poly-
peptide SDS-PAGE standards (1.4 to 26.6 kDa) were 
obtained from Bio-Rad Laboratories Pty.

The ζ-potential of the raw bovine milk fat globules 
and digested samples was measured by a laser Doppler 
velocimetry and phase analysis light-scattering tech-
nique using a Malvern Zetasizer Nano ZS instrument 
(Malvern Instruments Ltd., Worcestershire, UK). The 

raw milk was diluted 100-fold in Milli-Q water (Mil-
lipore Corp., Billerica, MA), gastric digested samples 
were diluted 100-fold in a 10 mM citrate buffer (pH 
2.5), and intestinal digested samples were diluted 100-
fold in PBS solution (pH 7.2). The temperature was 
equilibrated at 25°C by a Peltier system. The refractive 
index of milk fat is 1.456 with an absorbance of 0.001, 
and the refractive index of the aqueous phase is 1.33 
(Ye et al., 2010). The Smoluchowski approximation was 
applied to calculate the ζ-potential from the electro-
phoretic mobility measurement (Michalski et al., 2002). 
Ten readings from an individual sample were collected 
and the triplicate measurements were repeated at least 
on 3 individual digestion experiments.

Particle Size Distribution

A Malvern MasterSizer MSE (Malvern Instruments 
Ltd., Worcestershire, UK) was used to determine the 
average particle size of raw milk fat globules and digest-
ed samples. The samples were diluted in water in the 
measurement cell of the equipment until 15% obscura-
tion was reached. The Sauter average diameter (d32) 
and the volume mean diameter (d43) of the samples 
were measured, as d43 is more sensitive to large par-
ticles, whereas d32 is more sensitive to small particles 
(Mun et al., 2007). Mean particle diameters were calcu-
lated as the average of duplicate measurements and the 
measurements were run in triplicate on different milk 
samples and digested milk samples.

Confocal Laser Scanning Microscopy

The microstructure of raw bovine milk fat globules 
and digested milk samples was studied using a confo-
cal laser scanning microscope (Leica DM6000B; Leica 
Microsystems, Heidelberg, Germany) with a 63-mm oil 
immersion objective lens. Agarose [50 μL, 0.5% (wt/
vol) in deionized water] was used to fix the sample (25 
μL) on the slide. Nile Red [9-diethylamino-5H-benzo[α]
phenoxazine-5-one, 1 mg/mL in dimethyl sulfoxide, 
1:100 (vol/vol)] was used to stain the triglycerides, Fast 
Green FCF [disodium2-[[4-[ethyl-[(3-sulfonatophenyl)
methyl]amino]phenyl]-[4-[ethyl-[(3-sulfonatophenyl)
methyl]azaniumylidene]cyclohexa-2,5-dien-1-ylidene]
methyl]-5-hydroxybenzenesulfonate, 1 mg/mL in Milli-
Q water, 1:100 (vol/vol)] was used to stain the proteins, 
and the Alexa Fluor 488 conjugate of wheat germ ag-
glutinin [1 mg/mL in 0.2 M PBS (pH 7.4); Invitrogen 
Corp., Carlsbad, CA; 1:30 (vol/vol)] was used to stain 
the glycoproteins and glycolipids. The fluorescent 
head-group-labeled phospholipid analog Lissamine 
rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phos-
phoethanolamine, triethylammonium salt [Rd-DHPE; 
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1 mg/mL in chloroform; Invitrogen Corp.; 1:60 (vol/
vol)] was used to investigate the lateral distribution of 
the phospholipids on the surface of the fat globules. For 
intestinal digested samples, images were acquired using 
the scan differential interference contrast-polarization 
(DIC-Pol) mode in combination with fluorescent im-
ages. Differential interference contrast microscopy is 
used to observe motion and structure of a sample, and 
polarized light microscopy is a contrast-enhancing tech-
nique used to observe birefringent samples visible due 
to their optically anisotropic character (Shribak et al., 
2007).

RESULTS AND DISCUSSION

Gastric Digestion

Protein Hydrolysis. Figure 1 shows the SDS-PAGE 
patterns of fresh bovine milk mixed with SGF and the 
digested milk samples at different times of pepsinolysis 
under gastric conditions. The main proteins present in 
the milk-SGF mixture were caseins and whey proteins. 
Few MFGM proteins were detected (Figure 1). The 
pepsinolysis of MFGM proteins was recently studied in 
our laboratory (Ye et al., 2011); butyrophilin was found 
to be more resistant than xanthine oxidase and periodic 
acid-Schiff (PAS) 6 and PAS 7 to pepsin. Shimizu et 
al. (1982) and Hamosh et al. (1999) obtained similar 
results on the resistance of certain MFGM proteins to 
hydrolysis by physiological proteases, and associated 
this resistance with the high degree of glycosylation 
of some MFGM proteins. β-Casein and κ-CN were di-
gested within 10 min, whereas αs1-CN and αs2-CN were 
still slightly detected in the SDS-PAGE patterns after 

45 min of gastric digestion (Figure 1). The hydrolysis of 
the milk proteins resulted in the formation of peptides 
of between 15 and 20 kDa and smaller than 10 kDa. 
β-Lactoglobulin was fairly resistant to pepsinolysis 
(Figure 1). Sarkar et al. (2009) studied the digestion 
of β-LG solutions and β-LG-stabilized emulsions, and 
reported that β-LG was resistant to pepsin in its native 
form but was partially hydrolyzed when adsorbed at 
the oil droplet surface. In this study, β-LG was not 
adsorbed at the surface of the milk fat globules, as the 
milk was not processed. After 2 h of digestion, β-LG 
and other milk proteins and peptic products were still 
detected, suggesting a resistance to further pepsinolysis 
(Figure 1).

Particle Size Distribution. The particle size 
distribution and the volume mean and surface mean 
diameters of bovine milk fat globules during gastric 
digestion were studied (Figures 2 and 3). The native 
bovine milk fat globules presented a bimodal distribu-
tion (Figure 2). The particle size distribution of the 
milk fat globules remained bimodal during in vitro 
gastric digestion; however, upon mixing with SGF, the 
particle size increased dramatically, with a large popu-
lation of particles between 20 and 160 μm in size and a 
small population of particles of less than 15 μm in size. 
The ratio between the 2 populations decreased over 2 
h of gastric digestion, with the population of smaller 
particles becoming more numerous than the population 
of large particles. This translated into decreases in d43 
and d32 over the time of digestion (Figure 3). Upon 
mixing bovine milk with SGF, d43 and d32 increased by 
factors of 25 and 10, respectively. Both particle diam-
eters decreased over the time of digestion, suggesting 
a breakdown of aggregates as a result of pepsinolysis.

Figure 1. Reducing tricine-SDS-PAGE patterns of bovine milk and digested samples under gastric conditions over 120 min (t0 to t120). 
PAS = periodic acid-Schiff.
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Figure 2. Particle size distribution of bovine milk (native) and digested samples [from 0 (t0g) to 120 (t120g) min of gastric digestion with 
pepsin]. Color version in the online PDF.

Figure 3. Volume mean (D [4, 3]) and surface mean (D [3, 2]) diameters of bovine milk (native) and digested samples [from 0 (t0g) to 120 
(t120g) min of gastric digestion with pepsin].
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Microstructural Changes. The gastric digestion 
of bovine milk was followed with confocal laser scan-
ning microscopy (CLSM) (Figure 4). Caseins and 
whey proteins aggregated under low-acidic conditions 
(Figures 4A, 4C, 4E, 4F, 4G, and 4H). Some milk fat 
globules were trapped inside the aggregates (Figures 
4E and 4H). No coalescence of the fat globules was ob-
served, meaning that the MFGM stabilized the globules 
throughout digestion. The d43 and d32 values (Figure 3) 
were, thus, sensitive to the presence of protein aggre-
gates. Ye et al. (2011) showed that peptides, resulting 
from the proteolysis of MFGM proteins by pepsin, re-
mained attached to the surface of the milk fat globules 
throughout gastric digestion. The lateral distribution 
of the phospholipids at the surface of the fat globules 
did not seem to be altered by the low-acidic pH and the 
hydrolysis of the MFGM proteins by pepsin, as MFGM 
phospholipids were still present at the interface after 
120 min of gastric digestion and liquid-ordered domains 
were still observed during digestion (Figures 4B, 4D, 
and 4I).

Gallier (2010) observed a change in the shape and 
size of the liquid-ordered domains upon heating or 
cooling of the milk fat globules. Indeed, temperature 
has been shown to influence the shape, number and 
size of the liquid-ordered domains in model membrane 
systems (Dietrich et al., 2001; de la Serna et al., 2004). 
Therefore, as the presence of liquid-ordered domains 
may influence the binding of enzymes as stated earlier, 
the increased number of liquid-ordered domains upon 
heating of the milk from 4°C (storage temperature) to 
37°C (physiological temperature; Gallier, 2010) may 
limit or slow down the digestion of the milk fat globules.

ζ-Potential. The ζ-potential of native and digested 
bovine milk fat globules was monitored. The ζ-potential 
of bovine milk fat globules is highly negative (−35.5 
mV) near neutral pH. The presence of a glycocalyx, 
made of glycoproteins and glycolipids, at the surface 
of the MFGM provides a steric barrier that prevents 
the milk fat globules from coalescing and aggregating 
(van Aken, 2010). When the milk was mixed with SGF 
and the pH was adjusted to 1.5, the ζ-potential became 
highly positive (30.5 mV), because the pH was well be-
low the isoelectric point of the MFGM proteins. How-
ever, the MFGM proteins may have remained attached 
to the surface of the milk fat globules, as the absolute 
ζ-potentials in the native state and at pH 1.5 were rela-
tively similar. The high positive charge of the MFGM 
proteins provided sufficient electrostatic repulsion be-
tween the fat globules, preventing their coalescence or 
flocculation at pH 1.5 (Figure 4). The ζ-potential of 
the fat globules remained fairly constant between 30.5 
and 36.3 mV throughout the 2 h of gastric digestion 
with pepsin, suggesting that the peptic digests carried 

a similar positive charge to the MFGM proteins. The 
peptides were also surface active enough to remain at 
the interface and provide a sufficient steric barrier to 
prevent coalescence or flocculation of the globules dur-
ing gastric digestion (Figure 4). In addition, some of the 
MFGM proteins are partially resistant to proteolysis by 
pepsin. The high degree of glycosylation of human and 
bovine MFGM plays a role in the inhibition of enzy-
matic proteolysis (Shimizu et al., 1982; Hamosh et al., 
1999; Vanderghem et al., 2011). Therefore, the presence 
of intact or partially hydrolyzed MFGM glycoproteins 
contributed to the highly positive ζ-potential during 
gastric digestion. Milk fat globule membrane phospho-
lipids (Figure 4), glycoproteins, and peptides stabilized 
the fat globules during gastric digestion.

Gastric Digestion Followed by Intestinal Digestion

Protein Hydrolysis. Figure 5 presents the SDS-
PAGE patterns of bovine milk proteins after 1 h of gas-
tric digestion with pepsin and 2 h of intestinal digestion 
with pancreatin and bile salts. At intestinal pH, pepsin 
is not active (Boyer, 1971). Most of the pepsin-resistant 
milk proteins and peptides were completely digested at 
the end of the full digestion (Figure 5). However, tryp-
sin and chymotrypsin, the main pancreatic proteases, 
were not able to complete the hydrolysis of all milk 
proteins, as β-LG and a few pepsin-resistant peptides 
were still detected at the end of the digestion but in a 
lower concentration, as the band intensities decreased 
over the time of digestion (Figure 5). Butyrophilin is 
more resistant than xanthine oxidase and PAS 6/7 to 
pepsin (Ye et al., 2011), but is completely hydrolyzed 
by trypsin, whereas xanthine oxidase is almost resistant 
to trypsin (Vanderghem et al., 2011).

Particle Size Distribution. The particle size 
distribution of digested milk fat globules was studied 
(Figure 6). After 1 h of gastric digestion, the particle 
size distribution was bimodal, with particles of between 
2 and 15 μm and between 20 and 160 μm in size. It 
remained bimodal when the pregastric digested milk 
was mixed with SIF and bile salts at pH 7; however, the 
particles were smaller (between 0.7 and 2 μm and 2 and 
50 μm; Figure 6). After 5 min of intestinal digestion, 
slightly fewer small particles were detected but a few 
very large particles (40 to 180 μm in size) appeared 
(Figure 6). As bile salts had been added and lipolysis 
was occurring, the milk fat globules were destabilized, 
leading to globule coalescence and an increase in size 
of the globules. As the intestinal digestion proceeded, 
more large globules and fewer globules between 2.5 and 
30 μm were detected (Figure 6), suggesting that more 
globules were destabilized and coalesced. Further pro-
teolysis of membrane proteins by intestinal proteases, 
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Figure 4. Confocal laser scanning microscopy images of native (A and B) and digested [C and D (15 min), E (30 min), F (60 min), and G to 
I (120 min)] bovine milk fat globules under simulated gastric conditions with (C to I) or without (A and B) pepsin. The triglyceride core of the 
fat globules was stained with Nile Red (A, C, and E to H), the milk proteins were stained with Fast Green FCF, and the milk fat globule mem-
brane phospholipid distribution was revealed by staining with Lissamine rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine 
(B, D, and I). The white arrows point at liquid-ordered domains. Scale bars = 10 μm (D), 25 μm (B, G to I), 50 μm (C and F), and 75 μm (A 
and E). Color version in the online PDF.
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adsorption of bile salts onto the globule surface, and 
lipolysis of triglycerides producing surface-active prod-
ucts led to a change in the stability and the diameter 
of the globules.

The d43 and d32 values were also determined (Figure 
7); d43 was sensitive to the presence of coalesced glob-
ules and d32 was sensitive to the mixed bile salt-phos-
pholipid micelles. Upon mixing the pregastric digested 

milk with SIF and bile salts at pH 7, both d43 and 
d32 decreased considerably, as the aggregates observed 
under gastric conditions (Figures 2 and 3) were broken 
down by the action of bile salts and the increase in pH 
from 1.5 to 7. During intestinal digestion, d43 increased 
as more globules coalesced and d32 increased only very 
slightly, as the size of the micelles remained the same 
throughout intestinal digestion (Figure 7). The particle 

Figure 5. Reducing tricine-SDS-PAGE patterns of bovine milk and digested samples under gastric conditions (1 h) followed by intestinal 
conditions (2 h).PAS = periodic acid-Schiff.

Figure 6. Particle size distribution of bovine milk fat globules after 60 min of gastric digestion (t60g) followed by 2 h of intestinal digestion 
(t0I to t120I). Color version in the online PDF.
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size of oil-in-water emulsions is usually between 1 and 
50 μm in the small intestine (Singh et al., 2009), as 
observed in Figure 7.

ζ-Potential. The ζ-potential of milk fat globules af-
ter 1 h of gastric digestion and during 2 h of intestinal 
digestion was monitored. When the pregastric digested 
milk was mixed with SIF and bile extracts at pH 7, the 
interface of the fat globules was altered and the surface 
charge became negative, as the pH was probably above 
the isoelectric point of the pepsin-resistant proteins 
and peptides, and the bile salts displaced the proteins, 
peptides, and phospholipids from the interface of the 
globules. At pH 7, bile salts carry a highly negative 
charge (van Aken, 2010). However, at 0 min of intesti-
nal digestion, the charge on the fat globules was only 
−13.5 mV, suggesting that the bile salts did not fully 
displace the MFGM components. Once pancreatin was 
added, trypsin and chymotrypsin further hydrolyzed the 
proteins and peptides of the milk and pancreatic lipase 
hydrolyzed the triglyceride molecules into FFA and 
monoglycerides, which accumulated at the interface. 
The accumulation of lipolytic products at the interface 
of the globules led to a rapid decrease in the ζ-potential 
at 5 min of digestion (−33.5 mV), as FFA are partially 
deprotonated at pH 7 (van Aken, 2010). After 15 min, 
the ζ-potential decreased only slightly (from −33.5 mV 
to −42.1 mV), as the lipolytic products, at the same 
time as being formed, were removed from the interface 
by being solubilized into mixed bile salt-phospholipid 
micelles and phospholipid vesicles.

FFA Release. The release of titrable FFA from milk 
fat globules during intestinal digestion preceded by 
gastric proteolysis was measured by titration (Figure 

8). No lag phase was observed, indicating that the bile 
salts efficiently displaced some pepsin-digested residual 
MFGM material, colipase adsorbed quickly on to the 
bile-salt-covered interfacial areas, and pancreatic lipase 
bound to colipase and was activated within seconds af-
ter addition to the pregastric digested milk mixed with 
bile extracts and SIF. Lipolysis was very fast in the 
first 5 min, with 30 μmol of FFA released/mL (Figure 
8), denoting a readily accessible interface. The rapid 
lipolysis led to an accumulation of lipolytic products 
at the surface of the globules. This interfacial satura-
tion slowed down the rate of lipolysis (Figure 8) as the 
triglyceride core became less accessible to pancreatic 
lipase until bile salts and phospholipids were able to 
solubilize the lipolytic products into micelles. Bovine 
milk lipids contain more than two-thirds SCFA and 
MCFA (Jensen and Newburg, 1995); as SCFA and 
MCFA lipolytic products have a high dispersibility in 
aqueous media, they migrate rapidly from the oil-water 
interface to the aqueous phase and do not inhibit fur-
ther hydrolysis of triglycerides by pancreatic lipase (Li 
et al., 2011).

About 114 μmol of FFA/mL was released after back 
titration at 2 h of intestinal digestion preceded by gas-
tric digestion (Figure 8). The release of FFA (Figure 8) 
was improved in comparison with the release of FFA 
during the lipolysis of raw bovine milk fat globules 
that were not predigested by pepsin (Ye et al., 2010). 
This suggests that a prehydrolysis of MFGM proteins 
enhances the activity of pancreatic lipase on raw bovine 
milk fat globules. It must be kept in mind that pancre-
atin is a mix of pancreatic enzymes and, therefore, also 
contains phospholipases, which are capable of releasing 
FFA from phospholipids, and cholesterol ester lipase, 
which is capable of producing FFA from triglycerides, 

Figure 7. Volume mean (D [4, 3]) and surface mean (D [3, 2]) 
diameters of bovine milk fat globules after 60 min of gastric digestion 
(t60g), followed by 2 h of intestinal digestion (t0I to t120I).

Figure 8. Free FA release from bovine milk fat globules during 2 h 
of intestinal digestion preceded by 1 h of gastric digestion.
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phospholipids, vitamins, and cholesterol esters (Brock-
erhoff and Jensen, 1974). However, pancreatic lipase is 
the dominant pancreatic enzyme. A lag phase during 
the hydrolysis of milk fat globules by pancreatic lipase 
was observed by Berton et al. (2009) and was associ-
ated with the presence of phospholipids at the surface 
of the globules. However, the native milk fat globules 
were not subjected to pregastric digestion. Therefore, 
in this present study, the pregastric proteolysis of the 
native milk fat globules may have allowed destabiliza-
tion of the MFGM phospholipid packing and its easier 
disruption by bile salts, which abolished the lag phase 
(Figure 8). Indeed, proteins play a key role in the lat-
eral organization of MFGM phospholipids (Gallier et 
al., 2011) and their hydrolysis may alter the structural 
arrangement of the phospholipids.

Microstructural Changes. Confocal laser scanning 
microscopy was used to observe the structure of the 
milk fat globules during intestinal digestion preceded by 
gastric digestion (Figure 9). When the pepsin-digested 
milk was mixed with SIF and bile salts, phospholipids 
and a few glycoproteins were still detected at the sur-
face of the globules (Figure 9A), probably explaining 
the stabilization of the bovine milk fat globules during 
gastric digestion and the addition of bile salts. Native 
MFGM contains glycoproteins; however, after prote-
olysis by pepsin and the addition of bile salts, only 
very few glycoproteins were still detected (Figure 9A). 
As β-LG and other pepsin-resistant peptides were not 
fully hydrolyzed by trypsin and chymotrypsin (Figure 
5), some protein aggregates were still detected under 
intestinal conditions (Figures 9B and 9C).

After 15 min of intestinal digestion, a liquid-crystal-
line lamellar phase was formed at the surface of some 
fat globules (Figures 9D to 9O). The formation of this 
liquid-crystalline lamellar phase, rich in FA and calcium, 
was first reported by Patton and Carey (1979) and was 
further characterized by the same group (Rigler and 
Patton, 1983; Rigler et al., 1986). The surface of the 
oil droplets became crenated and the shell around the 
droplets became thicker, as seen in Figures 9D and 9M 
and by Patton and Carey (1979). The liquid-crystalline 
phase was associated with the accumulation of lipolytic 
products and the formation of vesicles carrying the li-
polytic products for later transport from the interface 
of the globules to the aqueous phase and through the 
intestinal wall. Rigler et al. (1986) described the aggre-
gated lipolytic product phase as multiple-layer forma-
tions or lamellae with water spacing, as seen in Figures 
9G and 9L, respectively.

After 15 min of intestinal digestion, large coalesced 
fat globules appeared and microparticles of various 
sizes, probably containing amphiphiles, as they were 

stained with Rd-DHPE, were present in the aqueous 
phase (Figures 9D to 9O). These microparticles were 
probably mixed bile salt-phospholipid micelles trans-
porting the FFA. Indeed, bile salts form disk-shaped 
micelles upon addition of lipolytic products (Rigler et 
al., 1986; Maldonado-Valderrama et al., 2011). The lit-
erature values for the size of the micelles transporting 
the lipolytic products seems to vary, from 18 to 3,000 
nm (Rigler et al., 1986) and 3 to 10 μm (Hofmann and 
Borgstrom, 1962) in in vitro studies to a few nanome-
ters in in vivo studies (Carey et al., 1983). The gentle 
stirring in this study, to simulate the calmness of the 
fundus in the presence of liquid food and the low me-
chanical energy in the duodenum (Armand et al., 1999), 
may contribute to coalescence of the micelles. Another 
possible explanation for the absence of nanometer-sized 
micelles and the presence of micrometer-sized micelles 
could be the accumulation of these micelles in the reac-
tor in vitro, leading to their coalescence, whereas in 
vivo these micelles are absorbed through the intestinal 
walls after formation.

As observed in this study, bovine milk fat globules 
maintain their structural integrity under gastric con-
ditions, whereas their membrane is displaced by bile 
salts and the globules disintegrate in the simplified 
duodenal-like conditions, similarly to human milk fat 
globules (Hamosh, 1990). Bovine MFGM glycoproteins 
and phospholipids play a key role in the stabilization 
and protection of the milk fat globules during gastro-
intestinal digestion. A synergy exists between enzymes, 
colipase, and bile salts for efficient lipolysis of bovine 
milk fat globules. Without hydrolysis of MFGM pro-
teins by trypsin, pancreatic lipase is not able to hydro-
lyze the triglyceride core of the globules (Shimizu et 
al., 1982). The C-terminal domain of pancreatic lipase 
interacts with the colipase, whereas the N-terminal do-
main contains the catalytic triad (Berton et al., 2009). 
Conjugated bile salts, in concentrations found in vivo, 
are capable of displacing some MFGM material from the 
surface of the globules (Patton et al., 1986). Then, they 
adsorb on to the surface and participate in the onset of 
lipolysis through interaction with the complex colipase-
lipase. In phospholipid-stabilized emulsions, there is 
then coexistence between phospholipid-rich regions and 
bile-salt-rich regions at the oil-water interface (Verger, 
1997). In the phospholipid monolayer model system, 
after the addition of bile salts, the complex colipase-
lipase will bind only to liquid expanded phospholipid-
bile salt regions and not to liquid condensed regions 
(Maldonado-Valderrama et al., 2011). This suggests 
that the complex colipase-lipase is not able to bind to 
liquid-ordered domains, rich in sphingomyelin and cho-
lesterol, present at the surface of the milk fat globules 
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(Gallier et al., 2010). Based on the above discussion, we 
propose a working model of digestion of the bovine milk 
fat globules (Figure 10). This model is valid for low-

pH values in the gastric environment in which gastric 
lipase has very little to no activity. The implication 
of the liquid-ordered domains in intestinal conditions 

Figure 9. Confocal laser scanning microscopy and differential interference contrast-polarization (DIC-Pol) images of pregastric digested 
milk fat globules under simulated intestinal conditions for 2 h with [C to H (15 min), I to L (30 min), M and N (60 min), and O (120 min)] 
or without (A and B) pancreatin. The triglyceride core was stained with Nile Red (B, C, and M), the proteins were stained with Fast Green 
FCF (B and C), the glycoproteins were stained with wheat germ agglutinin (A), and the phospholipids were stained with Lissamine rhodamine 
B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (Rd-DHPE; A, F, H, K, and N). The black arrows point at liquid-crystalline phases 
and the white arrows point at micelles. Scale bars = 10 μm (D, G, and H), 25 μm (A, I to O), and 50 μm (B, C, E, and F). Color version in 
the online PDF.
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is not yet known, but intestinal sphingomyelinase will 
hydrolyze sphingomyelin molecules into ceramides and 
phosphorylcholine residues. Ceramides will be further 
hydrolyzed into sphingosine and FFA by cholesterol 

ester lipase (Nyberg et al., 1998). Cholesterol molecules 
will be solubilized into mixed micelles and phospholipid 
vesicles and transported into chylomicrons (Armand, 
2008).

Figure 10. Schematic diagram illustrating the interfacial changes occurring at the surface of the milk fat globule during gastric and intes-
tinal digestion. (A) Native milk fat globule membrane (MFGM) structure. A phospholipid trilayer embedding proteins. (B) Milk fat globule in 
gastric environment at pH <2. Pepsin hydrolyzes MFGM proteins at different rates and some MFGM glycoproteins are resistant to proteolysis; 
the resulting peptides are surface active enough to remain at the interface. (C) Beginning of the intestinal digestion. The bile salts displace the 
phospholipids, proteins, and peptides and adsorb onto the interface. The colipase adsorbs on to the bile-salt-rich interface and the pancreatic 
lipase forms a complex with the colipase. (D) Trypsin and chymotrypsin hydrolyze some of the MFGM proteins and peptides into amino acids, 
which further absorb through the intestinal wall; most of the mucins and part of periodic acid-Schiff (PAS) 6/7 are resistant to proteolysis. The 
pancreatic lipase hydrolyzes the triglyceride core, and lipolytic products accumulate at the oil-water interface and are then solubilized into mixed 
phospholipid-bile salt micelles for their transport through the intestinal wall. Cholesterol molecules are similarly transported. CD36 = cluster of 
differentiation 36; BTN = butyrophilin; ADPH = adipophilin. Not to scale. Color version in the online PDF.
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CONCLUSIONS

Raw bovine milk was subjected to a 2-step in vi-
tro digestion. Under gastric conditions, pepsin was 
not able to hydrolyze completely all of the milk pro-
teins, as a few milk proteins, in particular β-LG, and 
pepsin-resistant peptides were still detected after 2 h 
of gastric digestion. Pancreatic proteases were also not 
successful at hydrolyzing all β-LG molecules. The na-
tive milk fat globules were stable to coalescence or ag-
gregation under simulated gastric conditions, whereas 
coalescence of fat globules occurred under simulated 
intestinal conditions, as lipolysis by pancreatic lipase 
proceeded. At a sufficient ratio of lipolytic products to 
bile salts, liquid-crystalline lamellae appeared at the 
surface of the milk fat globules and disk-shaped bile 
salt-phospholipid micelles formed in the aqueous phase, 
transporting the lipolytic products. This study shows 
the importance of the MFGM structure in the diges-
tion of the milk fat globules. Therefore, any processing 
treatment affecting the MFGM structure will influence 
the way milk fat globules are digested. Nutritionally 
functional food should be designed in a way to simulate 
the native MFGM. Further work on the composition of 
the micellar phase is under way in our laboratory.
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