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The gastric digestion behaviours of infant formulae made with goat milk and cow milk, with different
ratios of casein to whey protein, were investigated using an in vitro dynamic infant human gastric
simulator. The goat milk infant formulae formed smaller flocs of aggregated protein and oil droplets
under gastric conditions, leading to faster protein digestion in goat milk infant formulae than in cow milk
infant formulae. The extent of coagulation of protein and the size of flocculated oil droplets were

dependent on the protein composition of the formulae. The casein-dominated cow milk infant formula
had greater aggregation initially during gastric digestion, but a lower rate of casein digestion. The results
suggest that the different composition of the casein micelles in goat milk may play an important role in
the lower extent of coagulation and the faster protein gastric digestion in goat milk compared with cow

milk.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Infant formulae provide the human infant with high quality
nutrition when breast-feeding is not an option. However, milks
obtained from different species have different compositions. For
example, cow milk has a higher protein content than human milk
(Bosscher et al., 2000; Jensen, 1995; Nguyen, Bhandari, Cichero, &
Prakash, 2015); the ratio of whey protein to casein in human milk
is 6:4, but is about 2:8 in cow milk (Gurr, 1981; Hernell, 2011). Cow
milk contains 80% B-lactoglobulin (B-LG) in the whey protein, but
there is no B-LG in human milk (Gurr, 1981).

Most commercial infant formulae are made from cow milk that
has been modified to match the composition of human milk. There is
increasing consumer demand for milk-protein-based infant formulae
made with milks from other species, such as goat milk. Goat milk
infant formulae have been well accepted in some markets, especially
in Asia, e.g., China. Compared with cow milk, goat milk has a lower
level of asq-casein in the casein (Haenlein, 2004; Jenness, 1980); the
milk fat in goat milk has higher levels of medium chain fatty acids
and smaller milk fat globules (Attaie & Richter, 2000; Park, Juarez,
Ramos, & Haelein, 2007). Goat milk is also considered to be less
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allergenic and easier to digest because of the formation of softer
curds (Bevilacqua et al., 2001; Haenlein, 2004; Hodgkinson et al.,
2012; Lara-Villoslada, Olivares, Jiménez, Boza, & Xaus, 2004).
Recently, Hodgkinson, Wallace, Boggs, Broadhurst, and Prosser
(2018) reported that the casein from goat milk tended to be diges-
ted more efficiently than the casein from cow milk and that the
peptide profiles from goat milk were distinct from those from cow
milk under infant and young child in vitro digestion conditions.
Extensive studies have demonstrated that the kinetics of protein
and lipid digestion and the release of peptides and amino acids are
strongly influenced by the structure of the original food and the for-
mation of the matrix structure during digestion (Guo, Ye, Bellissimo,
Singh, & Rousseau, 2017; Singh, Ye, & Horne, 2009; Turgeon &
Rioux, 2011). The formation of the matrix structure is largely depen-
dent on the composition of the protein and the processing history of
the food (Gan, Bornhorst, Henrick, & German, 2018; Ye, Cui, Dalgleish,
& Singh, 20164, 2017). The protein composition, such as the amounts
of casein and whey protein, also influences the properties of the
digestion of infant formulae (Tari et al, 2018). Different protein
compositions not only generate different types of peptides and amino
acids for absorption and have different influences on the physiological
functions, but also lead to different digestion Kkinetics, gastric
emptying rates, satieties and extents of hydrolysis. This is due to dif-
ferences in resistance to enzyme proteolysis in the gastrointestinal
tract and in coagulation behaviour under gastrointestinal conditions
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(Boirie et al., 1997; Bouzerzour et al., 2012; Chatterton, Rasmussen,
Heegaard, Serensen, & Petersen, 2004; Hall, Millward, Long, &
Morgan, 2003; Menard et al., 2014; Perrella et al., 2015; Rioux &
Turgeon, 2012; Tari et al., 2018; Ye et al., 2016a).

The structured clot formed by casein under gastric conditions is
dependent on the original state of the caseins, e.g., the individual
caseins in sodium caseinate and the casein micelles in milk and milk
protein concentrate (Wang, Ye, Lin, Han, & Singh, 2018). The casein
micelles in milk form either a dense clot or a loose curd, because the
coagulation induced by pepsin hydrolysis is dependent on previous
treatments of the milk such as heat treatment and homogenisation
(Ye, Cui, Dalgleish, & Singh, 2017). The caseins in sodium caseinate
coagulate only at low pH in the gastric environment (Wang et al.,
2018). In contrast, the whey proteins, particularly B-LG, cannot be
hydrolysed by pepsin, remain soluble and pass rapidly through the
stomach to be digested in the intestine (Peram, Loveday, Ye, & Singh,
2013; Reddy, Kella, & Kinsella, 1988). However, if whey proteins have
been denatured by heat treatment, they tend to aggregate to a
certain level and are hydrolysed rapidly by pepsin under gastric
conditions (Peram et al., 2013; Wang et al., 2018).

Information on the gastric digestion of infant formulae based on
goat milk, with its different protein composition compared with cow
milk, is limited. An understanding of the differences in the in-
teractions and digestibilities of the proteins and lipids in infant for-
mula emulsions formed with goat milk and cow milk under gastric
conditions is important for the development of infant formulae. The
objective of this study was to compare the gastric digestion behav-
iours of commercial infant formulae made with goat milk and cow
milk, and of casein-dominated and whey-protein-dominated infant
formulae, using a dynamic gastric digestion model.

2. Materials and methods
2.1. Materials

Four infant formulae were provided by the Dairy Goat Co-

operative  (Hamilton, New Zealand). Their proximate

Table 1

Proximate compositions (w/w%) of the infant formulae.”
Component IFG1 IFG2 IFC1 IFC2
Dry matter 97.1 97.4 97.7 97.2
Protein 10.6 109 11.6 11.0
Fat 26.9 264 279 25.1
Ash 3.0 29 31 24
Lactose 56.6 57.2 55.1 58.7

2 Abbreviations are: IFG, goat milk infant formula; IFC, cow milk infant formula; 1,
whey-protein-dominant infant formula; 2, casein-dominant infant formula.

compositions are shown in Table 1. IFG1 and IFG2 were made from
goat milk; IFC1 and IFC2 were made from cow milk. IFG1 and IFC1
were whey protein dominant (~60% whey); IFG2 and IFC2 were
casein protein dominant (~80% casein).

Pepsin from porcine gastric mucosa (EC 3.4.23.1; catalogue no.
9001-75-6, Merck KGaA, Germany) had a laboratory enzymatic
activity of 0.7 FIP-units (43.75 USP units) mg~! protein, as stated by
the manufacturer.

All solutions were prepared from analytical-grade chemicals.
Deionised water, purified by treatment with a Milli-Q apparatus
(Millipore Corp., Bedford, MA, USA), was used for the preparation of
all solutions.

Simulated gastric fluid (SGF) was prepared according to a
method in a previous study (Minekus et al., 2014) with a slight
modification. A fresh mixture of KCl (6.9 mmol L*1), KH3PO4
(0.9 mmol L~1), NaHCO3 (25 mmol L~1), NaCl (47.2 mmol L 1),
MgCl,6H,0 (0.1 mmol L7!), CaCl, (015 mmol L7') and
(NH4)2C05 (0.5 mmol L~1) was prepared by dissolving these
ingredients in water with stirring for 30 min. The SGF (final
volume of 1 L) was made up with water to 800 mL, i.e., a 1.25x
concentrate. The pH of the SGF was adjusted to 1.5 using 1 m HCIl
and 1 m NaOH.

2.2. In vitro dynamic gastric digestion in an infant human gastric
simulator (HGS)

Each infant formula powder was dissolved in 50 °C water
with stirring for 30 min to make up a dispersion sample with
3.0% protein and 7.4% fat. The 100 mL dispersion sample was
warmed to 37 °C and then mixed with 9.6 mL of SGF and
2.4 mL of pepsin solution (24 mg L™!) in an infant HGS (Fig. 1),
which was originally developed by Kong and Singh (2010) and
was constructed at the Riddet Institute (Massey University,
New Zealand). The SGF and the pepsin solution were pumped
into the HGS separately at flow rates of 0.6 and 0.15 mL min’,
respectively. Digesta samples (15 mL) were removed from the
HGS every 20 min to simulate the infant gastric emptying rate.
The contraction frequency of the HGS was 3 times min~! to
simulate the contraction of the stomach. The temperature of
the HGS was maintained at 37 °C by a heater and thermostat.
The maximum digestion time was 240 min, but the experi-
ments were terminated at each 20-min interval so that the
samples in the HGS could be collected for further analysis. For
each of the four milk samples, five experiments were carried
out, with time periods of 20, 60, 100, 160 and 240 min. For all
infant formula samples, experiments were also conducted with
SGF only (without the addition of pepsin) as controls.

37°C

Mesh bag \

Latex champer ——>

Emptied digesta

Fig. 1. Image of the infant human gastric simulator (left) and schematic illustration of a latex stomach chamber (right).
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2.3. pH measurement

The initial pH in the HGS was defined as the pH of the infant
formula samples. With the ingestion of SGF and gastric emptying,
the pH in the HGS at different times was assumed to be that of the
emptied digesta, because the set-up (roller contraction) prevented
easy access into the infant HGS.

2.4. Particle size measurements

The mean particle size and the particle size distribution of the
samples obtained from the HGS were measured during the diges-
tion, using a Mastersizer (2000S, Malvern Instruments, Malvern,
Worcestershire, England). The particle size of the digested samples
was characterised using the Sauter-average diameter [d3 (um)] or
the volume-surface average diameter [ds3 (pm)], which was
calculated according to the following equation (1):

dsy = Sm;d? / snd? or dys = Snyd? / snd? (1)
where n; is the number of particles with diameter d;.

2.5. Confocal laser scanning microscopy

The microstructures of the samples and the gastric chymes
during the gastric digestion were examined using a confocal laser
scanning microscope (Leica SP5 DM6000B, Leica Microsystems,
Heidelberg, Germany). The samples for microscopic examination
were not pretreated (i.e., heating or pH adjustment); they were
placed into an ice bath to arrest the enzymatic action of the pepsin
temporarily before proceeding with the analysis. The fluorescent
dye Nile Red, dissolved in acetone (0.1%, w/v), was added to the
samples to stain the oil phase (argon laser with an excitation line of
488 nm). Fast Green (1.0%, w/v) was used to stain the protein (He—
Ne laser with an excitation line at 633 nm). For liquid samples,
200 uL was transferred into an Eppendorf tube and 5 pL 1.0% (w/v)
Fast Green and 10 pL 0.1% (w/v) Nile Red were added. The samples
were stained for at least 5 min. For solid chyme samples, i.e., floc-
culated emulsions, an aliquot was taken using a blade and was
stained with Fast Green and Nile Red for at least 10 min. The stained
samples (liquid or solid) were placed on concave confocal micro-
scope slides (Sail; Sailing Medical-Lab Industries Co. Ltd., Suzhou,
China), covered with cover slips and observed using 40x and 100x
magnification oil immersion lenses.

2.6. Protein hydrolysis

The time-dependent hydrolysis by pepsin of the proteins in the
infant formula samples in the HGS and in the emptied digesta was
determined by analysing the protein composition as a function of
the digestion time, using sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE). Samples were mixed with sample
buffer [0.2 m Tris—HCI buffer, pH 6.8, 40% glycerol, 2% SDS, 0.04%
bromophenol blue, 3-mercaptoethanol (19:1, v/v)] at a ratio of 1:2
(uL) and 8 pL of each mixture was then heated at 90 °C for 5 min.
The mixtures were cooled to room temperature and were loaded
(10 pL) on to a resolving gel previously prepared on a Mini-
PROTEAN II system (Bio-Rad Laboratories, Richmond, CA, USA).
The resolving gel contained 16.0% acrylamide, made up in Tris—HCl
buffer, and the stacking gel was made up of 4.0% acrylamide in Tris/
HCI buffer. The gel was stained for 60 min with a Coomassie Bril-
liant Blue R-250 solution (0.003%, w/v, in 10% acetic acid and 20%
isopropanol; Merck). The gel was destained with a solution of 10%
acetic acid and 10% isopropanol and was scanned using a Molecular

Imager Gel Doc XR system (Bio-Rad Laboratories). The protein
compositions from SDS-PAGE were scanned and quantified using a
Gel Doc™ XR+ imaging system with Image Lab™ software version
5.2 (Bio-Rad Laboratories).

2.7. Statistical analysis

Each experiment was performed at least twice using freshly
prepared samples. The results are reported as the calculated means
and standard deviations. One-way analysis of variance and the SPSS
19.0 package (IBM, Armonk, NY, USA) were used. Duncan's multiple
range tests were used to determine the significant difference of the
mean values (P < 0.05).

3. Results and discussion
3.1. Characterisation of infant formula samples

The protein composition of goat and cow milk and the infant
formula samples was examined by SDS-PAGE under reducing
conditions (Fig. 2). Cow milk had almost similar proportions of ¢g1-
casein (27.5%) and B-casein (34.0%), whereas goat milk contained
very little asi-casein and much more B-casein (50.8%) (Table 2). It
was interesting to note that goat milk contained relatively more
dsa-casein than cow milk and that the asp-casein band in goat milk
had lower mobility than the as)-casein band in cow milk (Fig. 2).
The PAGE results clearly showed that IFG1 and IFG2 made with goat
milk and IFC1 and IFC2 made with cow milk had a protein profile
similar to that of goat and cow milk, respectively. No asj-casein
band was visible in the goat milk infant formulae. IFG1 contained
~66% whey protein [including both $-LG and a-lactalbumin (a-LA)]
and IFC1 contained ~59% whey protein (B-LG and a-LA), which
were much higher than the whey protein levels in IFG2 and IFC2
(Fig. 2 and Table 2). These results are in agreement with the man-
ufacturer's claim that IFG1 and IFC1 were whey-protein-dominant
infant formulae, and that IFG2 and IFC2 were casein-dominant in-
fant formulae.

The average particle size (d43) values and the particle size dis-
tributions of the infant formulae, dissolved either in water or in
Tween/EDTA solution, are shown in Table 3 and Fig. 3, respectively.
The particle sizes of IFG1 and IFC1 were smaller than those of IFG2
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Fig. 2. SDS-PAGE patterns under reducing conditions of the infant formulae. CM, cow
milk; GM, goat milk; IFG, goat milk infant formula; IFC, cow milk infant formula; 1,
whey-protein-dominant infant formula; 2, casein-dominant infant formula.
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Table 2
Protein composition of milks and infant formula samples obtained from quantitative SDS-PAGE under reducing conditions.”
Sample Cow milk (%) Goat milk (%) IFG1 (%) IFG2 (%) IFC1 (%) IFC2 (%)
asy-Casein 7.6 15.8 3.2 12.2
asq-Casein 275 17.2 39.3
B-Casein 34.0 50.8 17.5 47.9 14.8 34.2
k-Casein 8.7 8.2 3.9 11.7 4.2 10.3
B-LG 15.9 16.8 52.8 17.4 45.6 12.4
a-LA 3.9 6.0 13.6 6.3 13.0 0.9
BSA 1.0 1.0 4.2 1.7 2.0 0.7
Others 1.0 1.0 49 3.0 3.1 1.5
2 Abbreviations are: IFG, goat milk infant formula; IFC, cow milk infant formula; 1, whey-protein-dominant infant formula; 2, casein-dominant infant formula.
Table 3
Average particle size (d43) of infant formula samples dispersed in water or in Tween/EDTA solution.”
IFG1 IFG2 IFC1 IFC2
Water Tween/EDTA Water Tween/EDTA Water Tween/EDTA Water Tween/EDTA
2.05 1.48 3.29 1.46 1.05 0.96 11.26 5.62

¢ Values are in pm. Abbreviations are: IFG, goat milk infant formula; IFC, cow milk infant formula; 1, whey-protein-dominant infant formula; 2, casein-dominant infant

formula.
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Fig. 3. Particle size distributions of infant formulae (solid line, samples dispersed in water; dashed line, samples dispersed in Tween/ETDA solution): A, IFG1, whey protein-
dominant goat milk infant formula; B, IFG2, casein-dominant goat milk infant formula; C, IFC1, whey protein-dominant cow milk infant formula; D, IFC2, casein-dominant cow

milk infant formula.

and IFC2. IFC2 had the largest average particle size with a bimodal
size distribution. Casein micelles and flocculated oil droplets are
dissociated to individual caseins and individual oil droplets in
Tween/EDTA solution. After dispersion in Tween/EDTA solution, the
average particle sizes of IFG2 and IFC2 were reduced markedly from
3.29 and 11.26 pm to 1.46 and 5.62 pm respectively, whereas there
were only slight reductions in particle size for IFG1 and IFC1. The
particle size distributions showed an apparent reduction in the
peaks in the size range 60—100 pm in IFG2 and IFC2, but almost no
change in IFG1 and IFC1 (Fig. 3). This indicated that the oil droplets
in IFG2 and IFC2 were flocculated, whereas there was no droplet
flocculation in IFG1 and IFC1.

The flocculation of the oil droplets in IFG2 and IFC2 suggested
that the particle size may have been related to the protein
composition, particularly the casein to whey protein ratio. The
presence of a high proportion of casein micelles in IFG2 and IFC2

may have led to bridging flocculation between the oil droplets.
Thus, the protein composition and the particle size in the infant
formulae might influence their digestion behaviour under gastric
conditions.

3.2. In vitro dynamic gastric digestion

3.2.1. pH profiles

The pH profiles of the infant formula samples during digestion
in the HGS are shown in Fig. 4. There was no difference among the
four samples in the change in pH with the digestion time; the pH
decreased to ~3 after 240 min. The pH of the food in the infant
stomach was designed to be 3, which was higher than the pH in the
adult stomach (Bourlieu et al., 2014). A slightly lower pH was
observed during the digestion of IFG1 probably because of its lower
initial pH (about pH 6.4).
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Fig. 4. Change in pH of the infant formulae during gastric digestion in the HGS: @,
IFG1, whey protein-dominant goat milk infant formula; O, IFG2, casein-dominant goat
milk infant formula; a, IFC1, whey protein-dominant cow milk infant formula; A\,
IFC2, casein-dominant cow milk infant formula.

3.2.2. Changes in particle size

The changes in the average particle size (ds;) of the infant for-
mula samples under dynamic digestion in the HGS are shown in
Fig. 5. In SGF containing no pepsin (Fig. 5A), the particle size of all
samples showed no change until 60 min. The size of IFG1 increased
dramatically at 80 min and those of the other infant formula
samples increased markedly at 120 min. The size of IFC2 increased
to about 60 um, whereas the sizes of the other infant formulae
increased to around 20 um and remained unchanged until the end
of digestion. The increase in particle size of IFG1 at an earlier time
was probably due to its lower initial pH; the pH of IFG1 was about
pH 5.2 at 80 min, whereas the other infant formula samples
reached this pH at 120 min (Fig. 4).

The average particle sizes increased at much earlier times for all
infant formula samples in SGF with added pepsin (Fig. 5B),
compared with the samples without added pepsin. For IFG1, IFG2
and IFC2, some large particles were observed at 0 or 5 min (after
mixing with SGF under fasting conditions). The sizes of IFG2 and
IFC2 increased to over 30 um at 50 min and then gradually
decreased until the end of digestion. In contrast, the sizes of IFG1
and IFC1 increased to only about 10 um and then decreased (similar
to IFG2 and IFC2).

The increase in the particle size of the infant formula samples
indicated the aggregation of protein and the flocculation of oil
droplets because of the low pH and/or the action of pepsin. Casein
aggregation occurred in SGF containing no pepsin because the pH
decreased to about pH 5, which is close to the isoelectric point of
casein. However, the aggregation at a much earlier digestion time
or at higher pH (pH > 6) in SGF containing pepsin was due to the
action of pepsin on casein micelles (Ye et al., 2016a). The greater
increase in particle size of IFG2 and IFC2 during digestion suggested
that the extent of aggregation in the different infant formulae that
was induced by pepsin hydrolysis or low pH was dependent on the
composition of the milk proteins in the infant formula samples. The
greater extent of aggregation in IFG2 and IFC2 was attributed to
their higher proportion of casein micelles, and consequently their
greater sensitivity to aggregation via low pH and pepsin hydrolysis.

In contrast, IFG1 and IFC1 had much higher whey protein con-
tent than IFG2 and IFC2. Whey protein is less sensitive to pH-
induced aggregation and is not aggregated by pepsin. The
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Fig. 5. Change in average particle size (ds;) of the infant formulae during gastric
digestion in the HGS: (A) SGF containing no pepsin; (B) SGF containing pepsin (@, IFG1,
whey protein-dominant goat milk infant formula; O, IFG2, casein-dominant goat milk
infant formula; A, IFC1, whey protein-dominant cow milk infant formula; A, IFC2,
casein-dominant cow milk infant formula).

relatively lower amount of casein in IFG1 and IFC1 was responsible
for the reduced extent of aggregation induced by both enzymatic
and acidic conditions, compared with IFG2 and IFC2.

3.2.3. Changes in microstructure

The confocal micrographs obtained from the infant formula
samples during digestion are shown in Fig. 6. Flocculation was
observed at 20 min in IFG1, IFG2 and IFC2, with the largest flocs
being seen at 60 min for IFG2 and IFC2. Flocculation in IFC1 was
observed at 120 min. At 240 min, the flocs in all infant formula
samples were small, were in a similar size range and contained
some oil droplets.

Although coagulation of the protein and flocculation of the oil
droplets were observed under gastric conditions in these infant
formulae, no firm clot was formed. This was in contrast to the
structured and firm clot seen in milk under the same conditions in
an in vitro dynamic gastric digestion and in an in vivo digestion in
the rat stomach (Ye et al., 2017, 2019). It is not clear which factor
influenced the structure of the coagulum formed from the digestion
of the milk proteins in the IF tested. It has been shown that the
composition, the pretreatment during processing, such as heating
and homogenisation, and the fat content influence the formation,
structure and properties of the milk clots formed during digestion
(Mulet-Cabero, Mackie, Wilde, Fenelon, & Brodkorb, 2019; Tari
et al.,, 2018; Wang, Lin, Ye, Han, & Singh, 2019; Ye, Cui, Dalgleish,
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Fig. 6. Confocal micrographs of the infant formulae during gastric digestion (SGF with pepsin) in the HGS at different times. IFG1 and IFG2, whey protein-dominant goat milk infant
formula and casein-dominant goat milk infant formula, respectively; IFC1 and IFC2, whey protein-dominant cow milk infant formula and casein-dominant cow milk infant formula,

respectively. Scale bars represent 20 pm.
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& Singh, 2016b; Ye et al., 2017, 2019). The high fat content and the
homogenisation process used in manufacture of these infant
formulae may have contributed to the different structure of the
protein coagula formed under gastric conditions.

3.2.4. Hydrolysis of protein

SDS-PAGE patterns of the gastric chyme remaining in the HGS
are shown in Fig. 7. In all infant formula samples (except IFC1), the
k-casein band disappeared at 20 min, when the pH was about 6.2
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(Fig. 4). This indicated that the pepsin hydrolysed the «-casein to
para- k-casein at an early digestion time, which initiated the ag-
gregation of protein and the flocculation of oil droplets. This was in
line with previous observations on the gastric digestion of milk (Ye
et al,, 2016b). After 20 min, all protein bands decreased in intensity
with increasing digestion time in all infant formula samples. In
general, the casein bands decreased in intensity faster than the
whey protein bands. Casein bands could not be seen at 100 min in
IFG1, IFG2 and IFC1, but B-LG and o-LA were still observed, and
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Fig. 9. Change in content of proteins (A, osi-casein; @, osp-casein; M, p-casein; <>, p-lactoglobulin; %, a-lactalbumin) in the infant formulae during gastric digestion (SGF with
pepsin) in the HGS: A, IFG1, whey protein-dominant goat milk infant formula; B, IFG2, casein-dominant goat milk infant formula; C, IFC1, whey protein-dominant cow milk infant
formula; D, IFC2, casein-dominant cow milk infant formula. The dilution of protein by SGF during dynamic digestion in HGS is shown in A (O). The results are reported as the

calculated means and standard deviations.
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many peptides had appeared. However, in IFC2, casein bands were
still observed at 100 min, but had disappeared at 160 min. This
indicated that the protein hydrolysis in IFC2 was slower, which
could be attributed to the more extensive aggregation of the pro-
tein in this sample (Fig. 5). No intact protein was observed at
240 min for all infant formula samples, indicating that almost all of
the proteins had been digested in the stomach and that the parti-
cles exiting the stomach contained oil droplets and peptides.

Fig. 8 shows SDS-PAGE patterns of the gastric digesta obtained
from the different infant formula samples. The changes in the
protein bands of the gastric digesta emptied from the HGS at
different digestion times displayed similar trends to the chymes
remaining in the stomach for all infant formulae (Fig. 7). For IFG1
and IFC1, no casein bands could be observed from 100 min but f-LG
and o-LA were still observed until 240 min. At 100 min, casein, $-LG
and a-LA bands were observed for IFC2, whereas only very faint
casein bands and no whey protein bands were observed for I[FG2.

The proteins remaining in the digesta as a function of the
digestion time were quantified (Fig. 9). The rate of reduction of the
proteins in the digesta was apparently faster in IFG1 and IFG2 than
in IFC1 and IFC2 (P < 0.05). For example, at 60 min, approximately
40% casein (including as-casein and B-casein) remained in the
digesta of IFG1 and IFG2, but > 50% casein remained in the digesta
of IFC1 (61% casein) and IFC2 (52% casein). At 160 min, the goat milk
caseins had reduced to very low levels (0% for IFG1 and ~4% for
IFG2), whereas ~30% remained in IFC1 and IFC2 (Fig. 10). In all
digesta samples, the amount (relative to input) of whey protein was
higher than that of casein during digestion, indicating the resis-
tance of whey proteins to pepsin hydrolysis. Overall, the results
indicate that the proteins (especially caseins) were digested faster
in the infant formula samples made with goat milk than in those
made with cow milk under these dynamic in vitro gastric condi-
tions. This is agreement with previous studies of goat and cow milk
under static gastric digestion (Hodgkinson et al., 2018).

Three factors contributed to the rate of protein digestion: (i)
hydrolysis by pepsin; (ii) dilution of the digesta by the incoming
gastric fluid during digestion; (iii) the formation of large particles,
which may have delayed the pepsin proteolysis because of the
particles' smaller surface area and hence inhibition of the diffusion
of pepsin (Guo, Ye, Lad, Dalgleish, & Singh, 2014; Luo, Borst,
Westphal, Boom, & Janssen, 2017; Nyemb et al., 2016). The differ-
ences in the extents of hydrolysis among the proteins during
digestion occurred because of different resistances of the proteins
to proteolysis by pepsin and different levels of protein in the chyme
remaining in the stomach. The marked aggregation of the caseins
that was induced by pepsin proteolysis or low pH under gastric
conditions may have caused retention of the aggregates in the
stomach for a longer time (Miranda & Pélissier, 1983; Ye et al,
2017). Of the whey proteins, native B-LG is resistant to some pro-
teases, particularly pepsin, because of its unique structural stability
at low pH (Menard et al., 2014; Peram et al., 2013; Reddy et al.,
1988). The reduction in B-LG was probably mainly due to dilution
by the gastric fluid as the reduction of B-LG was close to or slower
than the dilution of protein (Fig. 9A). However, the reduction in o-
LA may have resulted from both dilution and pepsin hydrolysis,
especially at long digestion times (beyond 160 min), when the pH
was lower than pH 4 (Fig. 4). This has been observed previously (Ye
et al,, 2019); pepsin was shown to be active on o-LA only at pH < 4.

These results suggested that infant formulae made with goat
milk may have faster protein digestion than those made with cow
milk, probably because they form smaller aggregates under gastric
conditions. Infant formulae with high casein to whey protein ratios
showed a greater difference in the level of aggregation between the
formula made with goat milk and that made with cow milk. It has
been reported that the casein in goat milk forms small, soft and
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Fig. 10. Casein (m) and whey protein (m) contents of the digesta from the infant
formulae at (A) 60 min and (B) 160 min of the gastric digestion (SGF with pepsin) in
the HGS: IFG1 and IFG2, whey protein-dominant goat milk infant formula and casein-
dominant goat milk infant formula, respectively; IFC1 and IFC2, whey protein-
dominant cow milk infant formula and casein-dominant cow milk infant formula,
respectively. The results are reported as the calculated means and standard deviations.

friable or loose curds in the human stomach compared with the
firm coagulum formed by cow milk (Ceballos, Morales, Martinez,
Extremera, & Sampelayo, 2009; Claeys et al., 2014; El-Agamy,
2007; Haenlein, 1996; Jenness, 1980; Maathuis, Havenaar, He, &
Bellmann, 2017; Zenebe, Ahmed, Kabeta, & Kebede, 2014); this has
been attributed to the lower casein content, specifically lower os-
casein, the higher proportion of B-casein and the larger casein
micelle size in goat milk (Bell & Vlahopouloua, 1995; Clark &
Sherbon, 2000; Domagata, 2009; Nguyen, Afsar, & Day, 2018;
Ould Eleya, Desobry Banon, & Hardy, 1995). However, the actual
mechanism of the coagulation behaviour and the casein micellar
structure in goat milk are still not clear. Further investigation is
required.

4. Conclusions

The present study showed that a firm clot was not formed
during gastric digestion of the infant formulae, unlike that formed
during the gastric digestion of the milks. However, coagulation of
protein and flocculation of oil droplets, induced by both pepsin
proteolysis and low pH under gastric conditions, were observed in
the infant formulae and both were influenced by the source and
composition of the protein. Infant formulae made with goat milk
and cow milk exhibited differences in the extent of protein



84 A. Ye et al. / International Dairy Journal 97 (2019) 76—85

coagulation and oil droplet flocculation during gastric digestion.
The infant formulae made with goat milk formed smaller flocs of
aggregated protein and oil droplets, which may have led to their
observed faster protein digestion, than the infant formulae made
with cow milk. The extent of the coagulation of protein and the size
of the flocculated oil droplets under gastric conditions were also
dependent on the protein composition of the infant formulae. The
casein-dominated infant formula made with cow milk had greater
aggregation in both the original formula and during gastric diges-
tion than the other infant formulae, which led to its lower rate of
casein digestion. These results suggest that the different composi-
tion of the casein micelles in goat milk may play an important role
in its lower extent of coagulation and its faster protein digestion
during gastric digestion compared with the casein micelles in cow
milk. A more fundamental study of the effect of casein micelle
composition on protein coagulation using milks from other species
is required.
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