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Abstract

Bovine milk is commonly exposed to industrial processing, whah &@lter the structure,
biochemical composition, physico-chemical properties andosgrgiality. While many of
these changes have been studied extensively, little is kabaut their effect on digestive
behaviour. In this study, heat treatments of pasteunsaiio’2 °C for 15 s or Ultra-High-
Temperature (UHT) treatment at 140 °C for 3 s and homog@msat pilot-plant scale were
applied to whole milk. The gastric behaviour was investigaset a recently developed semi-
dynamic adult in vitro model. The emptied digesta were ardlgsassess the nutrient delivery

kinetics, changes in microstructure and protein digestion.

All samples showed protein aggregation and coagulum formaftittym the first 15 min of

gastric digestion at which time the pH ranged from 5.5 to éndd¢nised samples creamed
regardless of heat treatment, whereas all non-homagkes@mples exhibited sedimentation.
The consistency of the coagulum of the heated samydssmore fragmented compared to
those of the non-heated samples. Rheological analgsised that the higher the temperature
of the heat treatment, the softer the obtained coagahd the higher the protein hydrolysis at
the end of digestion. The study also confirmed that igastnptying of caseins from milk is

delayed due to coagulation in the stomach, while B-lactoglobulin was emptied throughout the
gastric phase, except for UHT-treated milk. The gasti@beur also had an impact on the
lipid and protein content of the emptied chyme. The homogés@smples seemed to release

more nutrients at the end of gastric digestion.

Keywords

Milk; Homogenisation; Heat treatment; Gastric behaviour; Motrdelivery; Protein

hydrolysis
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1. Introduction

Bovine milk is conventionally heat treated and homogenis@dgmyve consumer acceptance
and ensure microbial stability, and the shelf life. Traesey processes cause changes in the
physical structure, which has been widely characterised. Henmation results in size
reduction of the native fat globule, initially surroundedtbg milk fat globule membrane
(MFGM), from an average size of 3-5 um to below 1 pmefién et al., 1983; Michalski &
Januel, 2006). Moreover, homogenisation disrupts the MFGMtidadly changing the
interface composition, which mainly consists of adedrilk protein, and organisation of the
droplet (Lopez, 2005; Sharma & Dalgleish, 1993). The most confmeantreatments applied
to milk are pasteurisation that consists of heating to amam of 72°C for > 15 s and ultra
high temperature (UHT) sterilization involving heating at 13®-°C during a few seconds.
These heat processes cause the denaturation of whey protein, in particular B-Lg (Douglas et aJ.
1981), which can be boumnd k-casein on the new formed droplet surface (Sharma & Dsiigle

1993).

The structure of food at different length scdles been shown to impact nutrient digestion and
absorptionHowever, there has been little research performed @mtpact of these process-
induced changesn milk digestion. In some cases conflicting results Hasen obtained mainly
due to the different digestion models applied. The gastngpastment is a key site to regulate
nutrient digestion and differences in intestinal absorgKinatics of dairy products have been
associated with gastric emptying (Gaudichon et al., 1994). filthesteps of hydrolysis and
breakdown of food are in the gastric compartment mainly dube presence of pepsin and
gastric lipase and acid. Digested products are progressivelyedniptough the pylorus and

released into the small intestine, which has importapliéations for postprandial responses.
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Studies of the in vivo digestion of processed milk are veey kacroix et al. (2008) found, in
healthy humansUHT-treated milk consumption induced a lower postprandial reteraf
dietary nitrogen leading tafaster appearance in plasma compared to pasteurised niks It
suggested that this modulation of the digestive kinetics dwado the possible formation of a
softer coagulum in the stomach and a higher enzyme #mitbss the case of UHT-treated
milk. These results have been supported by Bach et al. (20h@) showed that urinary
nitrogen secretion was greater for UHT-milk compared to rawv @asteurised milk using
young dairy calves as a model. In addition, Miranda afiddie (1987) found that heat treated
milk (UHT and autoclaving) increased gastric emptying rate aseircaydrolysis in ratS his
contrasts to the higher mean retention time in th@ath of heated skim milk (€, 10 mir)
compared taa non-heated system observed in mini-pigs (Barbé et al., 2G1i8) broadly
reported that heat treatment, using temperatures aboV€,cilitates protein digestion,
which has been observed for B-Lg (Wada & Lonnerdal, 2014). However, opposing
observations have been made for caseins. Heated skim 9QIRC( 10 min) promoted
hydrolysis resistance of casein fraction compared to atateskim milk during gastric
digestion using an in vitro adult dynamic model (Sanchez-Rige., 2015) and in vitro
infant static model (Dupont et al., 2010), which could affectkihetics of protein digestion
in a mini-pig model (Barbé et al., 2013his was reportdy related to chemical modifications
of the protein during heating, i.e. lactosylation, glydason as well as casein-whey
interactions, resulting in different peptides generatethguatigestion. In contrastising a static
digestion model, Tunick et al. (2016) found a rapid digestiom®dios in the gastric phase of
both processed (heated at pasteurisation and UHT comglitind homogenised) and non-
processed samples. Moreover, homogenisation was obstrviedreasep-Lg hydrolysis
compared to pasteurised milk (Islam et al., 2017). Despite theratditfesin enzymatic

digestion of the major milk proteins, Wada and Ldnnerdal (20&gdrted no significant



94  differences in the overall in vitro digestion kineticscanm the heat treatments (pasteurisation,

95 UHT and in-can sterilisation)A sophisticated in vitro model, the Human Gastric Simulator

96 (Kong & Singh, 2010), was used to investigated the effect of nelidriient on the gastric

97 behaviour (Ye et al., 2016y hey showed the formation of coagulum of different stmecwas

98 leading to different protein digestion behaviour. The homegéion and heat treatment

99 resulted in the formation of a crumbly structure comparédetdight clot obtained in raw milk.
100  This was similar to what proposed to occur in vivo and highligtedimitations of the static
101  in vitro digestion models. However, the conditions of heatised, 9C°C for 20 min, are less

102  representative of the typical conditions of industmiglk processing.

103  In addition, gastric conditions may lead to differenttigasolloidal behaviours, which could
104 affect postprandial responses by different nutrienvegli Mackie et al. (2013) showed that
105 the homogenised droplets stabilised by milk proteins caused agamthe human stomagch
106  as monitored by MRI, and decreased fullness due to the dedalipal emptying, in contrast

107  to the early delivery of nutrients from a mixture of cfeand yogurt, which sustained fullness.

108 In this study, the recegtdeveloped semi-dynamic gastric model was used, which replicates
109 some gastric behaviour seen in the human stomach @@alstro et al., 2017). The model
110 can simulate the main dynamics of the stomach includiadugd acidification, gastric fluid

111 and enzyme secretion and emptying. The most commonly used pndkesses,

112  homogenisation and the heat treatments of pasteurisaiht/HT, were used and compared
113 to raw milk in order to assess the influence in gastric\dehg protein coagulation, nutrient

114  delivery and protein digestion.

115
116 2. Material and methods
117 2.1. Material
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Fresh whole bovine milk was collected from a bulk tarnthefMoorepark Dairy Unit, Teagasc
Animal and Grassland Research and Innovation Center, Mo&reparmoy, Co. Cork,

Ireland The milk was from Friesian cows that were fed a total mie¢idm diet consisted of
grass silage, maize silage and concentrates. Bulk milk sammre collected post-morning

milking. The sampling was conducted between November 2016 and Feb@lary

The raw milk was collected on different days for each meperformed. The processes were
conducted at pilot-plant scale using industrially relevantditmms. Homogenisation was
applied at 40C using a 2-stage valve-type homogeniser (Gaulin Labor Hammegetype Lab
60; APV Gaulin GmbH, Lubeck, Germany). The pressures used wemd1% MMPa for first
and second stage, respectively. The sample is refesredrao in the text. Pasteursation and
ultra-high temperature (UHT) treatments were carried aoguwsMicroThermics tubular hea
exchanger (MicroThermics, NC, USA). The conditions wefiaal heat temperature at 72
with a holding time of 15 s for pasteurisation and 3@Q@vith a holding time of 3 s for UHT
treatment (pre-heating temperature of °@). The samples are referred as Past and UHT
respectively in the text. These heat treatments were csied out with a subsequently
homogenisation using an in-line-two stage valve homogenisateMNS 2006IT (Niro Soavi,
Parma, Italy) employing first-stage pressure of 15 MPa a&tand-stage pressure of 5 MPa.
The samples are referred as Past+Homo and UHT+Homateghein the text. The samples
were stored at 4C after preparation. The Raw, Homo, Past and UHT were dtwdibin 1

day and Past/UHT+Homo were used within 2-day

Milk fat, protein, lactose and total solids values wereaimet using a Milkoscan FT 6000
(FOSS, Denmark) with a tolerance of £ 0.06 %. The nutrigmiposition of milk was measured
before each sample (see Table S.1 Supplementary Mptandlthe caloric content was

calculated using the Atwater factors. This ranged from @.7868 kcal/mL.
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Pepsin from porcine gastric mucosa (Sigma Chemicallf®A) had an enzymatic activity of
3,875 units/mg protein, calculated by measuring the TCA-soluble grodsiag haemoglobin
as substrate as described by Minekus et al. (2014). All othericdle were purchased from

Sigma-Aldrich unless specified otherwise.

2.2. Methods

2.2.1. Semi-dynamic gastric digestion model

Atfter collection of the raw milk and the respective milk @sges, the samples went through a
simulated digestion. This was performed using two independengles on different days.
Therefore, the simulated digestion experiments werdwiad independently, and subsequent

analyses were performed from these independent samples

The simulation of the oral and gastric phase was domg assemi-dynamic adult digestion
model previously described in Mulet-Cabero et al. (2017) wittmesenodifications. An

example of the parameters used is shown in Table S.2 $weplery Material.

The oral phase was applied before the gastric digestiomhich 20 g of milk sample was
mixed with oral mixture using a rotator (SB3 Model, Stuart, BiBbientific, UK) at 30 rpm
for 2 min. The total oral mixture consists of Simulatgdlivary Fluid (SSF), prepared
accordinglyto Minekus et al. (2014). The volume of the ad&SFcorresponded to the total
solid content of thenilk sample, which was measured for each individual milk. Famgie,

for 20 mL sample with a total solid content of 14 %, ttidesl SSF 2.8 mL was corresponded
to be added. It sligivpe equation here.tly varied among samples ranging from 2.52 to 2.82 mL
due to the difference of the total solid concentration énahalysed milk samples during the

period of study. The resulting mixture was then put throbgtgastric digestion.
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The sample was placed into a 70 mL glass v-form veéksemnoregulated at 37 °C after the
addition of 10 % of the total volume of gastric mixturejudating the residue in the stomach
during the fastd state. The gastric mixture contained 80 % simulated igasird (SGF,
prepared according the protocol described in Minekus et al. (20p#) &), 7.7% Milli-Q ®
water, 8.8 % 1.5 M HCland 0.05 % 0.3 M C48bO).. Two solutions were added at a constant
rate: (1) the remaining gastric mixture was added using a ptdestatg device (800 Dosino,
Metrohm, Switzerland) and (2) 0.8 mL pepsin solution (mwitle Milli-Q ® water) was added
using a syringe pump (New Era Pump Systems, Inc., NY, USA). AcBbnashaker (Mini-
gyro rocker, SSM3 Model, Stuart, Barloworld Scientific liedt UK) at 35 rpm was used for

agitation.

After 25 min of gastric digestion, the sample was mixadgua 50 mL plastic syringe (BD
Plastipak, Ireland), the aperture of which had an innenetiar of 6.80 mm with a plastic tube
attached (6 mm inner diameter). This mixing was required ke tiee sampling more accurate.
Nevertheless, the colloidal behaviour during digestiomselenot to be impaired by the initial
mixing. Gastric emptying (GE) was simulated by taking 5 sampésred to as GE points in
the text. The average time of those were 36 min (GE1), 74@t#2), 109 min (GE3), 145
min (GE4) and 182 min (GE5). Samples were taken from the bottdhe oressel using a
serological pipette with a tip internal diameter of 2 imenause it approximates the upper limit
of particle size that has been seen to pass throughytbec opening into the duodenum
(Thomas, 2006). It is important to note that there was gesidue left in the last GE point
that could not be taken using a pipette; this was takeg asgpatula and included in the last
point. An aliquot of these GE samples was used for micpis@nd particle size analysis.
Otherwise, the sample was mixed using a homogeniser (T10 blsa-Turrax®, IKA®,
Germany) at approximately 30,000 rpm for 30 s to obtain a homagesample for the

remaining analysis. The pH of each GE samples was meassiregl a pH meter and a
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sufficient volume of 2 M NaOH was added to the samplascrease the pH above 7, inhibiting
pepsin activity. Finally, samples were snap-frozen indiquirogen and stored at -80 °C until

subsequent treatment.

The simulation of the emptying was based on caloric demsitinear GE rate of 2 kcal/min,
which is considered the average caloric content thatgtied in vivo in a regulated manner
by the antrum for an average food volume of 500 mL (Hur@t8bbs, 1975) was used and
scaled it down for this reduced-volume system. This imghatthe volume and time of each
emptying point (Table S.3 Supplementary Material) differed duleetslight variations in the

caloric content of the milk samples during the periothefstudy.

2.2.2. Confocal Laser Scanning Microscopy (CLSM)

The microstructure of the initial and digested samplee observed using a Leica TCS SP5
microscope (Leica Microsystems, Baden-Wirttemberg, Gernmatiythe images were taken
using a 63 x oil-immersion objective and simultaneous dual-eéhamaging, HeNe laser
(excitation wavelength at 633 nm) and an Argon laser (eksitatavelength at 488 nm). A
mixture of two dyes was used, which consisted of 1:1 0.1 % Feest §CF solution (in water)
to detect protein and 0.1 % Nile red solution (in propanediagtect the lipid phase. 500 pl

of initial/digested sample was gently mixed with 50 pl of midge.

2.2.3. Particle size distribution

The particle size distribution and average lipid drogitee of initial and digested samples were
determined using a laser-light diffraction unit (Mastersizglalvern Instruments Ltd,

Worcestershire, UK) equipped with a 300 RF lens. The oppaedmeters chosen were a
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particle and dispersant (water) refractive index of 1.456 #&r830, respectively. The
absorbance value of the fat globules was 0.001. A volunretiaf and digested samples was
added in order to reach a laser obscuration range of 5-20vlume of the initial and GE5
samples (0.2 mL) was dispersed in 10 mL of 0.02 M sodium dodedyhate (SDS) to
dissociate clusters of proteins (as described in van Akeh (2011)). The size distribution
was obtained using polydisperse analysis, while droplet sizasurements were recorded as
surface area weighteds(gl and volume weighted {g) means, wheresd is defined as ¥ nidi¥/
ndi? and d 3 is defined as Ynidi*/ ndi® , where nis the number of particles with diameter d

Each measurement was carried out in triplicate.

2.2.4. Protein content analysis

The protein content of the initial milk and emptied digests determined by the Dumas
method using a LECO FP628 Protein analyser (LECO Corp., Stplodll, USA). A
conversion factor of 6.38 was used to obtain the proteitenbfftom the nitrogen conterithe
protein content was reported as a percentage of g proteqpeal Each measurement was

carried out in duplicate.

2.2.5. Lipid content analysis

The lipid content of the initial milk and emptied digestesvmaeasured using a CEM Smart
Trac System-5 and a CEM Smart Trac Rapid Fat AnalyzeM(Cerp., Matthews, N.C.,
U.S.A)). Approximately 2 g of sample (previously warmed up t8Clb dispersed lipid) was
placed on a glass fiber sample pad and dried in the SnaartSisstem by microwave drying.

Immediately after drying, samples were placed in the Siac Rapid Fat Analyzer to

10
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determine total lipid content by nuclear magnetic resonafeelipid content was reported as

a pecentage of g lipid per g meatach measurement was carried out in duplicate.

2.2.6. Protein analysis

2.2.6.1. Quantification of protein hydrolysis

The samples were treated before protein hydrolysis analyisis involved the addition of

trichloroacetic acid (3.12 % final concentration) to digeésgample to cause the precipitation
of insoluble protein that could interfere in the furtlaralysis. Then, the samples were
centrifuge at 10,000 g for 30 min at room temperature anslipernatant was filtered using a

syringe filter of PVDF 0.22 um membrane (Millex-GV, Millipokgork, Ireland)

The levels of free NKHgroups were determined using the standardised o-phthaldialdehyde
(OPA) spectrophotometric assay in micro-titre plates. OPdemaconsisted of 3.81 g sodium
tetraborate dissolved in approximately 80 mL water. Onceldexsd).088 g dithiothreitol and

0.1 g sodium dodecyl sulphate were added. Then, 0.080 g OPA disol2-4 mL ethanol

was placed in the solution that was finally made up to 100 it Milli-Q © water.

Different concentrations of standard L-leucine solufimade with phosphate buffer solution)
ranged from 0 to 10 mM were used to obtain a calibration c@if/g | of standard/sample was
placed into each well and mixed with 200 ul of OPA reageng. rElaction was allowed to
proceed for 15 min, then the absorbance was measured atn34@sing a multi-mode
microplate reader (Synergy HT, BioTek Instruments, In@rhEmeasurement was carried out

in duplicate.

2.2.6.2. ldentification of proteins during digestion

11



259  Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophor&xS¢PAGE) was performed
260 on the initial and digested samples normalised to a totdeipr concentration of 0.1 %.
261 NuPAGE Novex bis-Tris 12-well precast gels (Invitrogen, Life Tedbgies Corp., CA,
262 USA), 4-12 % polyacrylamidewere used according to the manufacturer’s instructions. A
263  fixing solution (50% methanol and 10% acetic acid in v/v) e@glied to the gels for 2 hrs
264  before staining with Coomassie Blue. MatR™ Unstained Standard (Invitrogen, Life

265 Technologies Corp., CA, USA) was used as a molecular weigtker.

266

267 2.2.7. Rheology analysis

268  The consistency of the coagulum that persisted atritieoédigestion, after about 182 min
269  (GE5 point) was analysed by small deformation rheologne doagulum was separated from
270  the serumusing a 70 um Nylon strainer (BD Falcon). The oidke sample and, the separated
271  coagulum and serum was recorded. The coagulum was gemidygpraa rheometer (AR 2000
272  EX Rheometer, TA Instruments, Crawley, UK). The rhetengeometry consisted of a 40 mm
273  parallel steel plate cylindrical using a shear straid.bfand a frequency of 1 Hz for 30 min at

274  37°C. The complex modulus (G*) was calculated as follows G*sstistrain.

275

276 2.2.8. Statistical Analysis

277  The results were expressed as means + standard deviatvem r@plicates. For each replicate,
278  raw milk was collected, analysed (composition) and procesdegdendently, i.e. one milk per
279 day. To identify differences in normally distributed désuwvithin groups during gastric

280 digestion, one-way ANOVA was applied. Where overall sigaiit interaction was observed

281 (P < 0.05), the means afdividual milk treatments were compared using Tukey’s post hoc

12
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test Statistical analyses were performed using GraphPad Pristwase (Prism 5 for

Windows, Version 5.04).

3. Results

3.1. Gastric pH profile

The simulation of the gastric phase was performed by adgmmic model that can simulate
the main biochemical dynamics of the human stomach. Tdresgradual enzyme and acid
secretion and progressive gastric emptying. The changad ohuring gastric digestion are
shown in the Fig. 1. Tégastric model had a low initial pH of about 1 simulating fersting
conditions. The pH increased rapidly, up to values of abaifteés,the addition of sample from
the oral phaseSubsequently, there was a progressive decrease reaching ekl velow 1.4
after 3 hours due to the continuous gastric fluid secretantaining acid as well as the
reduction of buffering capacity of the digested food by gastmptying. All samples showed
a similar pH behaviour of the predefined profile seen in in siualies (Malagelada et al.
1976). The mean pH of the samples did not show any stdtistdéerence except in the initial
(p = 0.034) and GE1 (p = 0.041) points. The mean pH betweeraRhWHT+Homo in GE1

were significanly different using theukey’s multiple comparison post-hoc test.

3.2. Gastric behaviour

Using the semi-dynamic model, a range of different strustanel behaviours during gastric
digestion were obtained (Fig. 2). Protein coagulationwiglsle for all the samples within the
first 10 min of digestion and the formation of largggregates was observed a few minutes
later, at which time the pH ranged from 5.5 t@@bsequently, there was the formation of a
more compact coagulum with clear serum within the firsinid. Differences in coagulum

consistency were observed throughout the gastric phaskesigated in Fig. 2. There were

13
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remarkable differences, in particular, between the Goagulum of Raw (Fig. 2A) and the
fragmented structure of UHT+Homo (Fig. 21). In the abseaf pepsin, we observed late
aggregation and coagulum formation. Protein coagulatiornvisaslly observed after 75 min
at which time the pH was around 5, with the exception otXH& -treated samples in which

the aggregation was first seen at 35min.

Fig. 3 shows the gastric behaviour of the milk samplesamtbdel stomach at about 36 min
(Fig. 3A, B, C, G, H, I) and 182 min (Fig. 3D, E, F, J, K, df)gastric digestion. The
homogenised samples showed creaming, having an opaque laer tmp, (Fig. 3J, K, L
whereas the non-homogenised samples resulted in sedimentaly. 3D, E, F). In the
homogenised samples, phase separation was initially odsehen aggregates could form a
layer at the topwith a cloudy layer in the middle part and clearer lageghe botbm at about
109 min. This was different in the absence of pepsin shere was no phase separation and

the coagulum of all the samples remained of the botticimeovessel.

The consistency of the milk coagulum was further studiegrbgll deformation rheology
analysing the coagulum remaining in GE5. Table 1 shows thesvafube complex modulus
(G*) obtained after 15 min of measurement. The non-heséedples, Raw and Homo,
generated the highest levels of G* accounting for 4,555 ahti34Ra, respectively. The
pasteurised samples (Past and Past+Homo) presentedramethiate situation accounting for
2,934 and 1,569 Pa. The lowest G* values were found in UHT and UHTe Hepnesenting

for 501 and 206 Pa, respectively. The same behaviour was ethsguving the rheology

analysis, which was performed for 30 min.

It is important to note that some alteration of the stmectould have been induced while

placing the sample on the plate in order to perform mlagyais.

14
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3.3. Microstructure of the emptied samples

The coagulation, observed within the first 15 min of digm, was reflected in the
microstructures of the emptied samples (Fig. 4). There ddfierences in the structure of the
protein matrix in the first stages of gastric digestibhe non-heated samples, in particular
Raw, seemed to form a more compact and dense netwagrk4(P) in accordance with the
visual observation. This differs from the heated sas)ph particular UHT (Fig. 4F), in which
the structure of the protein coagulum was open with morespd his can be linked with the
particulate and soft macrostructure observed. Moreowerthe GE1 point of the am
homogenised samples (Fig. 4D, E, F), the native fat deoplgpeared to be in the aqueous
phase showing some coalescence. In contrast, theofdets seemed to be easily entrapped in
protein network of the homogenised samples (Fig. 4M, NinQyhich fine particles could be
seen distributed within the coagulum particles, in paerddHT+Homo (Fig. 40). The effect
of homogenisation on the structure at the end of gadigestion (182 min) was significant.
All the homogenised samples presented a great number tfegygeegates (Fig. 4P, Q,)R

compared to the large particles @irhomogenised samples (Fig. 4G, M, |

The changes in the droplet size were followed during dmesgliable ). Initially, the volume
mean particle diameterggof non-homogenised samples was about 2.5 pm whereasf that
homogenised samples was about 0.4 um, showing the signiBantreduction due to
homogenisation treatment. The particle size of th& saimples, with the addition of SDS,
increased tadifferent extent at the end of digestion. The digestibtine raw milk resulted in
an increase from the initial size of 2.96 umto 8.26 par 482 min of digestion but the particle

size of UHT+Homo increased from 0.41 to 0.97 um.

3.4. Nutrient delivery
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The protein (Fig. 5A) and lipid (Fig. 5B) delivery was low ie first GE points and then there
was an increase in the last point, GE5. The content inr@iged from 3.42 to 9.45 % and
from 7.21 to 16.14 % for protein and lipid, respectively. Thamef protein and lipid content
were significantly different in both GE1 and GE5 due to d#ffices between Raw and
UHT+Homo. The profile of the protein content showed a nomrestant and higher levels in
the first GE points in comparison to those in lipid peofin the case of lipid content profile,

in GE5, the homogenised samples seemed to have highembedsception of UHT+Homo

3.5. Protein digestion

Fig. 6 shows the levels of free Nigroups of the milk samples before digestion and in the
different GE points. The means of the initial samplese significantly different (p=0.0008)
due to the samples in which UHT treatment was applied. Mevddues obtained in these
samples maype due to the Maillard reaction products, which might be da®d by the high
heating of UHT treatment (Morgan et al., 1999). The prosglghowed a similar profile in
all samples. There was an increase in the three GiEs points, after which it levelled off
showing no increase in the GE4 point. After that, thelle¥ proteolysis decreased in GES5.
Levels of proteolysis among samples differed greatiiil and GE5. In GE1, Raw and
UHT+Homo were statistically different accounting for 921.07 and 354nB1 NH./g,
respectively. Conversely, in GE5, UHT+Homo showed the highedtdépeoteolysis (1,736
mM NH2/g) being statistically different from Raw and Homo (897 and 1066 NH2/g,

respectively).

The protein composition during the gastric phase was alsiedtby SDS-PAGE and shown
in Fig. 7. The bands corresponding to the samples bdfgestion (I) did not differ due to

processing. Moreover, there were no differences betwamodenised and non-homogenised
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samples. The non-heated samples, Raw and Homo, hadrsppailterns than those of
pasteurised samples (Past and Past+Homo). The caseindetstable in the first emptying
points, in particular GE1 and GE2 points, but they wér®st not observed in GE3 and GE4
points. In the last emptying point (GE5) intact caseingdcagain be observed together with a
wide range of peptideg-Lg, in contrast, was present during gastric digestion eargththe
band weakened in the last GE poitso, a-La was present in the three first GE points, after
which it was not detected anymore. Many small molecularht@igptides were present during
digestion and could be seen from GE1 onwards. This behavitenedifrom that observed in
the UHT-treated samples (UHT and UHT+Homo). In those &snpoth caseins and whey

proteins could only be observed in the two first GE points.

4. Discussion

4.1.Influence of the milk processing on gastric behaviour.

By using a physiologically relevant gastric model (Mulet€ro et al., 2017yve have been
able to show that homogenised samples creamed whereagsidion was observed in non-
homogenised samples, regardless the heat treatment (Figlo@jogenisation causes the
disruption of the native MFGM and promotadsorption of milk proteins onto the droplet
surface (Lopez, 2005; Sharma & Dalgleish, 1993). This changbleotitoplet interfacial
composition might be one of the main reasons fordikénct gastric behaviour. The milk
proteins on the droplet surface, especially the denaturedgamdgated proteins in the heated
UHT+Homo sample, may be more susceptible to be hydrolysed fsinpéeading to the
destabilisation of the droplets by flocculation and soa@escence, and ultimately leading to
the phase separation observed. The non-homogenised sampglastrast, still possessed the

native MFGM, which could provide more stability during gastiigestion. These structural
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changes were certainly due to the proteolytic action ofipeface there was no phase
separation in the homogenised samples when pepsin wag.abseher investigation was
undertaken in order to gain insight into the mechanism efdifferent gastric behaviour
observed. The lipid/protein ratio in both coagulum andireem the first GE point was
determined (Fig.S.1 Supplementary Material). The non-homogenised samples had
significantly higher lipid/protein ratio in the serum coneshito the homogenised samples.
Moreover, the microstructure imaging showed that mostthef droplets in the non-
homogenised samples tended to be in the serum (Fig. 4D+Apaced to those of the
homogenised samples (Fig. 4M-0). This might be due to eas®rporation of the smaller
droplets o the coagulum and also the possible interactions odribyelet surface coated by
milk protein with the protein network. Therefore, a higherusidn of droplets into the protein
matrix could lead to a lower density of the coagulum regpih the phase separation whereas
the higher lipid content in the serum seen in the memogenised samples could lead to a
dense coagulum that sedimented. Hence, the differdnidadlbehaviour of the samples was

driven by both droplet destabilisation and aggregate density.

Heat treatment was shown to be the main driver for therdiites in coagulum consistency.
Both pasteurisation (72C for 15 s) and UHT (140C for 3 s) treatments were used, and
compared to the non-heated raw milk. It is well establishedhating above 78 induces
the denaturation of whey proteins, in particular f-Lg. The extent of whey protein denaturation
in UHT milk is much higher than that in pasteurised milk (Dasg@t al., 1981). The denatured
whey proteins haveeen reported to interact with k-casein, forming complexes both at casein
micelle surface and in serum phase, the prevalence of wiaends on the pH of heated milk
(Anema et al., 2011). Therefore, the level of protein aatoniis higher in UHT-treated
compared to that of pasteurised milk. This could have impairedincesagulation and led to

the more fragmented structures obtained in heated amlipkes, in particular UHT (Fig. 2).
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This different consistency persisted throughout digestimhthe rheological analysis (Table

1) confirmed that the heat treatment was the main czube consistency of coagulum.

The initial protein aggregation to form the coagulum andyt®tric behaviour was induced by
pepsin action. The protein aggregation was visually obserwadawine first 10 min, at which
time the pH was above 5.5. In contrast, when pepsin wasabaded, the protein aggregation
was observed after 75 min at which the pH was around 5. It basréported that the pH for
coagulation of unheated and heated milk is about 5 and 5.3 respe(ffionato et al., 2007)
There was a more rapid decrease of pH when pepsin was pressaatmilk digestion caused
by the rapid formation of the coagulum whereas the pHlpifthe heated sample was similar
in the absence of pepsin (data not shown), which is inrdacoe toYe et al. (2016)Pepsin
has been reportad favour the hydrolysis of k-caseins among the other caseins at pH 6.0 (Tam
& Whitaker, 1972) The coagulation is caused by the destabilisation of casewlles since
pepsin cleavages the Phe-105-Méé bond in k-casein, which is the same than that for
chymosin (Drghse & Foltmann, 1989) that is used for cheesengnélence, it seems possible
to draw parallels to the effects of heat-induced changésednnctional properties, which has
been widely reported for the rennet coagulation. Kethireddigtadll. (2010) showed that the
poor rennet clotting of heat-treated milk resulting in weakds was due to the interactive
effect of the following: (i) modification of the suriaofcasin micelles with bound denatured
whey proteins; (ii) formation of soluble complexes betwdenatured whey proteins are
casein; (iii) reduction of calcium concentration in ggum. In the present study, milk was
heated at its natural pH (6.67). It was shown that about 30 %eyf prioteins can bind to the
micelle surface when milk, at the mentioned pH, was heated @ 8Kethireddipalli et al.
2010). This impairs the micelle aggregation by steric effaghich in combination with the
protein complexation and alteration of the ionic equilibr in the serum might explain the

different consistency of the coagulum obtained inpifessent study.
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It is important to note that in this study the heat treatmas followed by the homogenisation.
The impact of the order of these processes is still subfegast and current research projects

(Michalski & Januel, 2006)

The comparison of the obtained gastric behaviour withr aitoelies is difficult because the in
vivo studies using similar samples did not show the structinahges in the stomach even
though they suggested similar behaviours in terms of thestemsy of coagulum. Moreover,
most in vitro studies use a static model, which does nat aicassess the structural changes.
Nevertheless, the results in terms of coagulation\betig timing and consistency, were in
agreement with the findings reported ¥ et al. (2016) using a dynamic model, the Human

Gastric Simulator.

4.2. Effect of gastric behaviour on nutrient delivery and pratigestion

The gastric behaviour caused by the milk processing affeaaulithients emptied and protein
digestion kinetics. The sampling simulating the emptyinginfisenced by the consistency of
the coagulum. Mostly serum liquid was emptied in the @&tpoints for the samples having
a firmer coagulum, in particular Raw (Fig. 2A) accountfmgthe lowest content of nutrients
delivered in the GE1 (Fig. 5). In contrast, the very sofga@an obtained from UHT+Homo
(Fig. 2F) allowed more of the coagulum to be emptied. Heaheedelivery of both lipid and
protein in GE1 was the highest for UHT+Homo (Fig. 5). It vasfl that the release of lipid
(Fig. 5A) was influenced by the phase separation obtaméte homogenised samples. The
lipid contentin GE5 point was generally higher in the homogenised sangslélse cream layer
remained in the in vitro stomach until the last GE pointe @xception for that was
UHT+Homo due to the high nutrient content at early stageil@iresults could be seen in the

protein profile (Fig. 5B) even though the differences wereensabtle. This might be due to
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the more constant delivery of protein throughout digestidrich might be attributed to the

emptying of serum containing mainly whey proteins.

The proteolysis levels might be linked to the consisteridhie coagulum, which was mainly
affected by heat treatment. The softness of the coag{ilable 1) and the greater number of
smaller particles (Fig.2) from the heat treated sampigsarticular in the UHT+Homo could
facilitate pepsin diffusion within the structure leadinghat higher proteolysis obtained at the
end of digestion (Fig. 6). In contrast to the lowest l@fgbroteolysis found in raw milk, in
which the hardness of the coagulum and larger particles madhe pepsin accessibility. The
UHT treatment resulted in an enhancement of both caaeshsvhey protein digestion (Fig.
7). Almost no detectable intact caseins and whey proteins Veened after 73 min,
corresponding to the GE2 point. This finding is in agreemetht thie protein composition of
the heated homogenised milk showrymet al. (2016). The UHT treatment has been reported
to greatlydenature B-Lg, which exposures the peptides bonds to pepsia temperature of the
pasteurisation process was not sufficient to induce any immiocteanges in the protein
digestion; the SDS-PAGE profile did not differ from thatasbed of the non-heated samples
similarly to the observations of Wada and Lénnerdal (2014) dumingro gastric digestion.
Also, B-lg remained largely intact during gastric digestion, which wasadyr reported in
humans withthe ingestion of purified caseins and p-Lg (Mahe et al., 1996). The degradation
of a-La was observed after about 188n (GE3) at which the pH was under 4, which is in
agreement with its pepsin hydrolysis susceptibility by thengk of protein conformation at

that pH.

4.3. Physiological relevance
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The study has shown that the processing of milk resintddiferent coagulation and colloidal
behaviour in gastric conditions influencing the nutrient digasinetics. This may influence
nutrient bioavailability andabsorption in the intestine, and subsequently the metabolic

responses.

The gastric behaviour found in the stomach has been se#luance satiety responses, which
are linked partly to the release of gut hormones such dscgistokinin (CCK). The clinical
study performed by Mackie et al. (2013) showed the sedimentatiansemi-solid matrix
(cheese and yogurt) causeldwer GE rate and prolonged fullness response, in contrdss to t
isocaloric comparison in a liquid matrix that creamed iacreased hunger. This was explained
by the patterns of digestion obtained in vitro (Mulet-Cabet al., 2017)The liquid system
showed a delayed nutrient release due to the formatioheotream layer during gastric
digestion whereas the sedimentation in semi-solickesydéed to the early emptying of high
nutrient content. In the present study, we found creaming adimentation in the
homogenised and non-homogenised samples respectively. dreerehe might expect that
non-homogenised samples may induce more fullness compaiteel lomogenised samples.
However, according to the nutrient delivery results obtaiméhais study, UHT+Homo showed
early release of both protein and lipid, which may prornimeelease of CCK and thus increase

satiety.

The heat treatment of milk has been reported to affeatiprpbstprandial kinetics. Lacroix et
al. (2008) showed that the UHT treatment enhanced the rad@edtion of milk protei
causing a higher transfer of dietary nitrogen into pladmapasteurisation treatment did not
alter the outcome. In the present study, in agreemehtthat in vivo data, the UHT treated
samples had a higher protein release in the early sbad@gestion, in particular UHT+Homo
Also, these samples showed higher digestidmoth caseins and whey proteifitiis may lead
to a different postprandial release of peptides (Bouttaal., 2013), which may favour certain
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population groups, for instance elderly and athletes may ibdoweh a higher postprandial

nitrogen absorption rate.

The metabolic responses relate to the nutrients detiveese result of gastric emptying, which
is linked with the different structural changes occurimghe stomach. In the present study,
we used a convenient linear GE rate of 2 kcal/min, whichnsidered the average caloric
content that is emptied in a regulated manner by the arftiumt & Stubbs, 1975). However,
this is a simplistic approach since the GE rate differesponse to the behaviour developed
during gastric conditions as was shown by Mackie et al. (2@t®prding to the structural
changes observed in the differently processed milk preden this study, we expect that the

GE rate in humans could differ between the samples.

5. Conclusions

In this study, it was shown that processed-induced change#k affect gastric digestion in
vitro, which may impact nutrient metabolism in vivo. This stagwed for the first time clear
evidence of different milk behaviour, sedimentation vsamreg. Homogenisation waseh
main driver for the gastric phase separation, which was @¢doysehe different droplet surface
and coagulum density. The different consistency ofcthegulum wasa consequence of the
heat treatment. The non-heated samples, especiallyf®amed a firm coagulum whereas the
heated samples had a fragmented coagulum particularlyeldserUHT+Homo. This stems
from the formation of complexes between milk proteingiclv weakens the protein network
These structural changes occurring during the gastric plessdted in different nutrient
emptying, with significant differences between Raw and UHT+blaand higher digestionf
milk proteinsin the UHT-treated samples due to the drastic heat traatifieis study provides

value information for understanding the gastric emptyingidk in relation to its processing
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and can be applied to manipulate the nutrient releasefae dairy matrices addressed to

specific population groups.
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Figure Captions

Fig. 1. Change in pH of milk samples during gastric digestiosemi-dynamic model
corresponding to each gastric emptying (GE) point. The t@peesents an approximation of
the actual values displayed in Table S.1 SupplementaryislatEhe pH values are referred
to the basal stage (before gastric digestion), iniidlk(sample including oral phase and basal
volumes) and the different GE samples (GE1-GE5). Eath plaint is the average of 2
independent determinations. Significance difference in pH betwilk samples in each GE

point was determined by one-way ANOVA, p<0.05 (*).

Fig. 2. Images of the milk samples at approximately 36 and JiB82ofrgastric digestion,
corresponding to the first and last gastric emptying pdatisplayed in a petri dish for a better
visualisation). Raw milk (A, D), pasteurised milk (B, E), UHiilk (C, F), homogenised milk

(G, J), pasteurised+homogenised milk (H, K) and UHT+homogenis&d liil).

Fig. 3. Images of the milk samples at approximately 36 and 182coiresponding to the first
and last gastric emptying points (displayed in the gastoidel). The times. Raw milk (A, D),
pasteurised milk (B, E), UHT milk (C, F), homogenised milk (Gpdsteurised+homogenised

milk (H, K) and UHT+homogenised milk (I,)L

Fig. 4. Examples of confocal microscopy images ofrtiilk samples before digestion and, at
about 36 min (GE1) and 182 min (GE5) of gastric digestion. Rékv(& D, G), pasteurised

milk (B, E, H), UHT milk (C, F, 1), homogenised milk (J, N®), pasteurised+homogenised
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milk (K, N, Q), UHT+homogenised milk (L, O, R). Red shows fp&lland green shows the

protein. The scale bar corresponds to 75 pum.

Fig. 5. The nutrient content (w/Wp) in terms of protein (A) and lipid (B) of initial (befer
digestion) and the gastric emptying points (GE1-GE5). Eaehptat is the average and error
bars represent standard deviation of two independent rsliCEhe values were corrected by
the different gastric dilution in each point. Mean valugithin a column with different

superscript letters (a, b, ¢) were significantly différg < 0.05).

Fig. 6. Concentration of free amine groups per mass ofpatédin in sample; initial (before
digestion) and gastric emptying points (GE1-GE5). Each dzitd |3 the average and error
bars represent standard deviation of two independent rtgslicehe values were corrected by
the different gastric dilution in each point. Mean valugithin a column with different

superscript letters (a, b, c) were significantly différgp < 0.05).

Fig. 7. SDS-PAGE (under reducing conditions) of the milk samhitial (1) referred to before
digestion and the gastric emptying points (GE1-GE5), andlacmar weight (MW) marker.
The samples are labelled in the figure accordingly. Tléepr content in each sample was

0.1%.

Table 1. Volume-weighted mean diametes3jcf the initial samples (before digestion), with
and without SDS addition, and the last gastric empty@ig) point, GE5, including SDS. The
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values represent the mean and standard deviation of tweeindent replicates. Values of the
complex module, G*, at 15 min of shear of the milk coaguloffected at GE5 time (after

about 182 min). Means within the same column and having the saperscript lower case
letter and means within the same superscript uppercasealetet significantly different by

Tukey’s t-test at p < 0.05.

da3(Hm)

Initial Initial+SDS GE5+SDS
Raw 2.48+0.48" 2.96+0.08"  8.26+5.43A
Past 2.49+0.6%* 3.62+0.63*  6.92+2.26
UHT 2.49+0.13* 3.82+0.02"B  4.28+0.578
Homo 0.42+0.02* 0.37+0.0?*  0.42+0.03*
Past+Homo 0.34+0.0?* 0.87+0.77*  2.99+2.23A
UHT+Homo 0.35+0.068" 0.41+0.08"  0.97+0.70*

G* (Pa)
4,555+238
2,934+1428

501+186
4,113450%
1,569+730

206+4%
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629  Supplementary Material

630

631  Table S.1. Nutritional composition of the milk samples. Valaee the mean of two

632 independent replicates.

% Lipid % Protein % Lactose % Total solids

Raw 4.67+0.26 3.44+0.41 4.72+0.09 13.53+0.67
Past 4.55+0.43 3.32+0.25 4.71+0.10 13.24+0.59
UHT 4.49+0.53 3.43+0.42 4.71+0.05 13.35+1.03
Homo 4.74+0.28 3.76+£0.09 4.66+0.02 13.82+0.25
Past+tHomo 4.55+0.43 3.32+0.25 4.71+0.10 13.24+0.59
UHT+Homo 4.49+0.53 3.4310.42 4.71+0.05 13.35+1.03

633

634

635

636

637 Table S.2. Example of the parameters used in the semivikygastric model. In this example,
638 the nutrient composition was the following 4.94 % fat, 382rotein, 4.64 % lactose. The
639 sample had 14 % of total solids. The energy content wWass Keal/mL calculated using the
640  Atwater factors of 9 kcal/g for fat and 4 kcal/g for proteinl @arbohydrates. The gastric
641 emptying was scaled down from the considered in vivo emptyinggeeaf 2 kcal/min in a

642 500 mL meal (Hunt & Stubbs, 1975) . Then, the gastric ha# {iap) was considered to be
643 the same. The density was set at 1 §/cm
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A. Milk sample (example)
Food volume (g) 20
Energy content (kcal/mL) 0.78
Total solids (g) 2.8
B. Gastric emptying and total digestion time

in vitro in vivo
Food volume (mL) 20.00 500.00
Gastric volume (Oral +basal) at t=0 (mL) 25.08 550.00
Energy content of food (kcal) 15.66 391.43
Energy emptying rate (kcal/min) 0.08 2.00
Volum'e emptying rate (mL/min) 013 281
(Emptied in 5 steps of 9.12 mL every 39.1 min
t1/2 (min) 97.86 97.86
Total digestion time (min) 195.71
C. Digestion

‘ Oral Phase Gastric phase

Volume % Tptal To'tal Basal (mL) Gastric mixture (mL). Pepsin solution (m_L).
Compound (mL) gastric (mL) gastric (%) Rate 0.1 mL/min Rate 0.004 mL/min
SSFelectrolyte 2.24 79.89 0 0 0 0 0
0.3M M CaCh(H20). 0.014 0.50 0.0114 0.05 0.00114 0.01026 0
Milli-Q ® water 0.55 19.61 1.75 7.68 0.18 1.58 0
SGFelectrolyte 0 0 18.24 80.00 1.82 16.42 0
1.5M HCI 0 0 2 8.77 0.20 1.80 0
Pepsin solution (2,000 U/mL final) 0 0 0.8 3.51 0 0 0.8
Total 2.80 100 22.8 100 2.20 19.80 0.8

644
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645 Table S.3. Time (min) at which gastric emptying was applredhe milk samples. Five
646  emptying points were used. Values are the mean of two indepereplicates.

Gastric emptying time (min)

Raw Past UHT Homo  Past+tHomo UHT+Homo
Inital 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0
GE1 36.2+0.2 36.2+27 364%£32 367206 36.2+2.7 36.4+3.2
GE2 724+05 724+53 729263 73.3x14 724+53 72.9+6.3
GE3 108.6+£0.7 108.6+8.0 109.4+9.5 110.0+2.1 108.6+8.0 109.4+9.5
GE4 144.8+09 144.8+10.6 1458+12.6 146.6 +2.8 144.8+10.6 1458+12.6
GE5 180.9+1.2 181.0+13.3 182.3+15.8 183.3+3.5 181.0+13.3 182.3+15.8

647

648

Bl Raw
] Past
B UHT
2.41 E Homo a
Past+Homo =
B UHT+Homo

1.2-

Lipid /Protein (w/w)

0.8

0.4

0.0 : 3

649

650 Fig S.1. Lipid/protein ratio (w/w) of both serum and coaguluendigesta at approximately 36
651  min of digestion (time referred to GE1 point). Mean valué&in a column with different

652  superscript letters (a, b, ¢) were significantly differg < 0.05).

653

654

655
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