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Abstract

Bovine milk is commonly exposed to industrial presieg, which can alter the structure,
biochemical composition, physico-chemical properied sensory quality. While many of
these changes have been studied extensively, itk@own about their effect on digestive
behaviour. In this study, heat treatments of pamsation at 72 °C for 15 s or Ultra-High-

Temperature (UHT) treatment at 140 °C for 3 s amehdgenisation at pilot-plant scale were
applied to whole milk. The gastric behaviour wasestigated using a recently developed
semi-dynamic adulin vitro model. The emptied digesta were analysed to afisesuitrient

delivery kinetics, changes in microstructure aratgin digestion.

All samples showed protein aggregation and coagudtumation within the first 15 min of
gastric digestion at which time the pH ranged ffos to 6. Homogenised samples creamed
regardless of heat treatment, whereas all non-henmsgd samples exhibited sedimentation.
The consistency of the coagulum of the heated sssnwhs more fragmented compared to
those of the non-heated samples. Rheological asaliswed that the higher the temperature
of the heat treatment, the softer the obtained Woagy and the higher the protein hydrolysis
at the end of digestion. The study also confirnfeat gastric emptying of caseins from milk
is delayed due to coagulation in the stomach, whilectoglobulin was emptied throughout
the gastric phase, except for UHT-treated milk. §hstric behaviour also had an impact on
the lipid and protein content of the emptied chymbe homogenised samples seemed to

release more nutrients at the end of gastric dmest

Keywords

Milk; Homogenisation; Heat treatment; Gastric bebax; Nutrient delivery; Protein

digestion
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1. Introduction

Bovine milk is conventionally heat treated and hgerised to improve consumer
acceptance and ensure microbial stability, andstiadf life. These dairy processes cause
changes in the physical structure, which has beglely characterised. Homogenisation
results in size reduction of the native fat globutéially surrounded by the milk fat globule
membrane (MFGM), from an average size of 3-5 urbaiow 1 um (Keenaet al., 1983;
Michalski & Januel, 2006). Moreover, homogenisatidisrupts the MFGM drastically
changing the interface composition, which mainiygists of adsorbed milk protein, and
organisation of the droplet (Lopez, 2005; Sharmagleish, 1993). The most common heat
treatments applied to milk are pasteurisation tlagisists of heating to a minimum of X2

for > 15 s and ultra-high temperature (UHT) sterilizatiavolving heating at 135-15%C
during a few seconds. These heat processes caesdettaturation of whey protein, in
particularp-lactoglobulin p-Lg) (Douglaset al., 1981), which can be bound tecasein on

the new formed droplet surface (Sharma & Dalglel€93).

The structure of food at different length scales haen shown to impact nutrient digestion
and absorption. However, there has been littlearebeperformed on the impact of these
process-induced changes on milk digestion. In scases conflicting results have been
obtained mainly due to the different digestion medgplied. The gastric compartment is a
key site to regulate nutrient digestion and diffexes in intestinal absorption kinetics of dairy
products have been associated with changes inigastptying rates (Gaudichoet al.,

1994). The first steps of hydrolysis and breakdmffood are in the gastric compartment
mainly due to the presence of pepsin and gasipasé and acid. Digested products are
progressively emptied through the pylorus and ssldanto the small intestine, which has

important implications for postprandial responses.
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Studies of then vivo digestion of processed milk are very rare. Lacebial. (2008) found,

in healthy humans, that UHT-treated milk consummptioduced a significantly higher and
faster transfer of dietary nitrogen into serum asacids and proteins but also to body urea
compared to pasteurised and microfiltrated milkvds suggested that this modulation of the
digestive kinetics was due to the possible fornmtba softer coagulum in the stomach and
a higher enzyme accessibility in the case of UHRt#ed milk. These results have been
supported by Bacht al. (2017), who showed that urinary nitrogen secreti@s greater for
UHT-milk compared to raw and pasteurised milk usyoging dairy calves as a model. In
addition, Miranda and Pelissier (1987) found theathtreated milk (UHT and autoclaving)
increased gastric emptying rate and casein hydsolgsrats. This contrasts to other work
where a higher mean retention time in the stomadteated skim milk (96C, 10 min) was
observed compared to a non-heated system obsarvachi-pigs (Barbéet al., 2013). It is
broadly reported that heat treatment, using tenipes above 90C, facilitates protein
digestion, which has been observedffdrg (Wada & Lonnerdal, 2014). However, opposing
observations have been made for caseins. Heated ik (90 °C, 10 min) promoted
hydrolysis resistance of casein fraction compam@dunheated skim milk during gastric
digestion using amn vitro adult dynamic model (Sanchez-Riveastaal., 2015) andn vitro
infant static model (Duporst al., 2010), which could affect the kinetics of proteligestion

in a mini-pig model (Barbéet al., 2013). This was reportedly related to chemical
modifications of the protein during heating, i&ctbsylation, glycosylation as well as casein-
whey interactions, resulting in different peptidgsnerated during digestion. In contrast,
using a static digestion model, Tuniekal. (2016) found a rapid digestion of caseins in the
gastric phase of both processed (heated at pasitan and UHT conditions and
homogenised) and non-processed samples. Moreowenpdenisation was observed to

increasep-Lg hydrolysis compared to pasteurised milk (Islamal., 2017). Despite the
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differences in enzymatic digestion of the majorknptoteins, Wada and Lénnerdal (2014)
reported no significant differences in the overallitro digestion kinetics among the heat
treatments (pasteurisation, UHT and in-can statibb;). A sophisticatech vitro model, the
Human Gastric Simulator (Kong & Singh, 2010), wagdito investigate the effect of milk
treatment on the gastric behaviour @al., 2016). They showed the formation of coagula of
different structures led to different protein dity@s behaviour. The homogenisation and heat
treatment resulted in the formation of a crumbhuaiure compared to the tight clot obtained
in raw milk. This was similar to what was propogedoccurin vivo and highlights the
limitations of the statien vitro digestion models. However, the heating conditiossd, 90

°C for 20 min, are less representative of the tygioaditions of industrial milk processing.

In addition, gastric conditions may induce diff@rgastric colloidal behaviours, which could
affect postprandial responses by different nutraglivery. Mackieet al. (2013) showed that
homogenised droplets stabilised by milk proteinssead creaming in the human stomach, as
monitored by MRI, and decreased fullness due tod#layed lipid emptying, in contrast to

the early delivery of nutrients from a mixture dleese and yogurt, which sustained fullness.

In this study, the recently developed semi-dynagaistric model was used, which replicates
some gastric behaviour seen in the human stom&tiei{-Caberoet al., 2017). The model
can simulate the main dynamics of the stomach dnetugradual acidification, gastric fluid
and enzyme secretion and emptying. The most conmymarded milk processes,
homogenisation and the heat treatments of pasttionsand UHT, were used and compared
to raw milk in order to assess the influence intm@asehaviour, protein coagulation, nutrient

delivery and protein digestion.

2. Materials and methods
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2.1. Materials

Fresh whole bovine milk was collected from a budlkk of the Moorepark Dairy Unit,

Teagasc Animal and Grassland Research and Innav@smter, Moorepark, Fermoy, Co.
Cork, Ireland. The milk was from Friesian cows thatre fed a total mixed ration diet
consisted of grass silage, maize silage and coratest Bulk milk samples were collected
post-morning milking. The sampling was conductetiveen November 2016 and February

2017.

The raw milk was collected on different days foclearocess performed. The processes were
conducted at pilot-plant scale using industriadiyevant conditions. Homogenisation was
applied at 40°C using a 2-stage valve-type homogeniser (Gaulimot.ddomogenizer, type
Lab 60; APV Gaulin GmbH, Lubeck, Germany). The puess used were 15 and 5 MPa for
first and second stage, respectively. The sampleeferred as Homo in the text.
Pasteurisation and ultra-high temperature (UHTatinents were carried out using a
MicroThermics tubular heat exchanger (MicroThermidE€, USA). The conditions were a
final heat temperature at 7€ with a holding time of 15 s for pasteurisatior 440°C with

a holding time of 3 s for UHT treatment (pre-hegtiemperature of 99C). The samples are
referred as Past and UHT respectively in the fExése heat treatments were also carried out
with a subsequently homogenisation using an intime stage valve homogeniser, Model
NS 2006IT (Niro Soavi, Parma, Italy) employing fistage pressure of 15 MPa and a
second-stage pressure of 5 MPa. The samples amecfas Past+Homo and UHT+Homo
respectively in the text. The samples were stotet’@ after preparation. The Raw, Homo,

Past and UHT were studied within 1 day and PastAtImo were used within 2 days.

Milk fat, protein, lactose and total solids valuesre obtained using a Milkoscan FT 6000

(FOSS, Denmark) with a tolerance of £ 0.06 %. Therient composition of milk was
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measured before each sample (see Table S.1 SuppémmMaterial) and the caloric content

was calculated using the Atwater factors. This eaifgom 0.78 to 0.68 kcal/mL.

Pepsin from porcine gastric mucosa (Sigma Chen@ica] USA) had an enzymatic activity
of 3,875 units/mg protein, calculated by measurthg TCA-soluble products using
haemoglobin as substrate as described by Minekak (2014). All other chemicals were

purchased from Sigma-Aldrich unless specified otfs.

2.2. Methods

2.2.1. Semi-dynamic gastric digestion model

After collection of the raw milk and the respectivélk processes, the samples went through
a simulated digestion. This was performed using itvdependent samples on different days.
Therefore, the simulated digestion experiments weomducted independently, and

subsequent analyses were performed from theseendept samples.

The simulation of the oral and gastric phase wasedesing a semi-dynamic adult digestion
model previously described in Mulet-Cabegbal. (2017) with some modifications. An

example of the parameters used is shown in TaBI&&plementary Material.

The oral phase was applied before the gastric tiogesn which 20 g of milk sample was
mixed with oral mixture using a rotator (SB3 Modstuart, Bibby Scientific, UK) at 30 rpm
for 2 min. The total oral mixture consists of Siemeld Salivary Fluid (SSF), prepared
accordingly to Minekus et al. (2014). The volumels added SSF corresponded to the total
solid content of the milk sample, which was meadtioe each individual milk. For example,
a SSF volume of 2.8 mL is required for the digestad a 20 mL (containing 2.8 g total

solids). The SSF addition varied slightly betweamples, ranging from 2.52 to 2.82 mL due



166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

to the difference of the total solid concentrationthe analysed milk samples during the

period of study. The resulting mixture was thenthubugh the gastric digestion.

The sample was placed into a 70 mL glass v-fornselethermoregulated at 37 °C after the
addition of 10 % of the total volume of gastric mive, simulating the residue in the stomach
during the fasted state. The gastric mixture coethi80 % simulated gastric fluid (SGF,
prepared according the protocol described in Misekal. (2014) at pH 7), 7.7 % Milli-&
water, 8.8 % 1.5 M HCI and 0.05 % 0.3 M C#8L0),. Two solutions were added at a
constant rate: (1) the remaining gastric mixture wdded using a pH-stat dosing device (800
Dosino, Metrohm, Switzerland) and (2) 0.8 mL pepsifution (made with Milli-&§ water)
was added using a syringe pump (New Era Pump Sgstimo., NY, USA). A 3D action
shaker (Mini-gyro rocker, SSM3 Model, Stuart, Bartwld Scientific limited, UK) at 35 rpm

was used for agitation.

After 25 min of gastric digestion, the sample wagad using a 50 mL plastic syringe (BD
Plastipak, Ireland), the aperture of which had ramer diameter of 6.80 mm with a plastic
tube attached (6 mm inner diameter). This mixing wequired to make the sampling more
accurate. Nevertheless, the colloidal behaviouinduttigestion seemed not to be impaired by
the initial mixing. Gastric emptying (GE) was siratdd by taking 5 samples, referred to as
GE points in the text. The average time of thoseev@ min (GE1), 72 min (GE2), 109 min
(GE3), 145 min (GE4) and 182 min (GE5). Sampleswaken from the bottom of the vessel
using a serological pipette with a tip internalrd&ter of 2 mm because it approximates the
upper limit of particle size that has been seepass through the pyloric opening into the
duodenum (Thomas, 2006). It is important to nbtd there was some residue left in the last
GE point that could not be taken using a pipetiss; was taken using a spatula and included
in the last point. An aliquot of these GE samples wsed for microscopic and particle size
analysis. Otherwise, the sample was mixed usingmaolgeniser (T10 basic Ultra-Turrax®,

8
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IKA®, Germany) at approximately 30,000 rpm for 3@osobtain a homogenous sample for
the remaining analysis. The pH of each GE sampks measured using a pH meter and a
sufficient volume of 2 M NaOH was added to the sksgo increase the pH above 7,
inhibiting pepsin activity. Finally, samples wemgap-frozen in liquid nitrogen and stored at -

80 °C until subsequent treatment.

The simulation of the emptying was based on caldeosity. A linear GE rate of 2
kcal/min/500 mL, which is considered the averader@acontent that is emptied vivo in a

regulated manner by the antrum for an average faddme of 500 mL (Hunt & Stubbs,
1975) was used and scaled it down for this redwodgime system. This implied that the
volume and time of each emptying point (Table Supfementary Material) differed due to

the slight variations in the caloric content of thitk samples during the period of the study.

2.2.2. Confocal Laser Scanning Microscopy (CLSM)

The microstructure of the initial and digested skempvas observed using a Leica TCS SP5
microscope (Leica Microsystems, Baden-Wirttemb@&eymany). All the images were taken
using a 63 x oil-immersion objective and simultareaual-channel imaging, He—Ne laser
(excitation wavelength at 633 nm) and an Argonrldésecitation wavelength at 488 nm). A
mixture of two dyes was used, which consisted 4f A1 % Fast green FCF solution (in
water) to detect protein and 0.1 % Nile red solufio propanediol) to detect the lipid phase.

500 pl of initial/digested sample was gently mixath 50 pul of mixed dye.

2.2.3. Particle size distribution
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The particle size distribution and average lipioplet size of initial and digested samples
were determined using a laser-light diffractiontuiMastersizer, Malvern Instruments Ltd,
Worcestershire, UK) equipped with a 300 RF lense ©ptical parameters chosen were a
particle and dispersant (water) refractive index 10456 and 1.330, respectively. The
absorbance value of the fat globules was 0.001olAmre of initial and digested samples was
added in order to reach a laser obscuration rahgel6 %. A volume of the initial and GE5
samples (0.2 mL) was dispersed in 10 mL of 0.02 ddilan dodecyl sulphate (SDS) to
dissociate clusters of proteins (as described mAdenet al. (2011)). The size distribution
was obtained using polydisperse analysis, whilpldtcsize measurements were recorded as
surface area weighteds(s) and volume weighted {d) means, wheresd is defined ag nid:*/
nd”?and d s is defined asynd*/ nd?® , 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 emptidijesta was determined by the Dumas
method using a LECO FP628 Protein analyser (LEC@C&t. Joseph, MI, USA). A
conversion factor of 6.38 was used to obtain tleegom content from the nitrogen content.
The protein content was reported as a percentagepudtein per g meal. Each measurement

was carried out in duplicate.

2.2.5. Lipid content analysis

The lipid content of the initial milk and emptiethdsta was measured using a CEM Smart
Trac System-5 and a CEM Smart Trac Rapid Fat Aealyf¢EM Corp., Matthews, N.C.,

U.S.A.). Approximately 2 g of sample (previouslyrmwed up to 40C to disperse the lipid)

10
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was placed on a glass fiber sample pad and drigdeirBmart Trac System by microwave
drying. Immediately after drying, samples were ptha the Smart Trac Rapid Fat Analyzer
to determine total lipid content by nuclear magneesonance. The lipid content was
reported as a percentage of g lipid per g mealhBaeasurement was carried out in

duplicate.

2.2.6. Protein analysis

2.2.6.1. Quantification of protein hydrolysis

The samples were treated before protein hydrolgsaysis. This involved the addition of

trichloroacetic acid (3.12 % final concentratioa)digested sample to cause the precipitation
of insoluble protein that could interfere in therther analysis. Then, the samples were
centrifuge at 10,000 g for 30 min at room tempemand the supernatant was filtered using

a syringe filter of PVDF 0.22 um membrane (MillextGMillipore, Cork, Ireland)

The levels of free NEHgroups were determined using the standardisedtimajohaldehyde
(OPA) spectrophotometric assay in micro-titre @at®PA reagent consisted of 3.81 ¢
sodium tetraborate dissolved in approximately 80 wmater. Once dissolved, 0.088 g
dithiothreitol and 0.1 g sodium dodecyl sulphateenadded. Then, 0.080 g OPA dissolved in
2-4 mL ethanol was placed in the solution that firzally made up to 100 mL with Milli-&

water.

Different concentrations of standard L-leucine §olu(made with phosphate buffer solution)
ranged from O to 10 mM were used to obtain a cafibn curve. 10 pl of standard/sample
was placed into each well and mixed with 200 pO&fA reagent. The reaction was allowed

to proceed for 15 min, then the absorbance was uresat 340 nm using a multi-mode

11
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microplate reader (Synergy HT, BioTek Instrumemts,). Each measurement was carried

out in duplicate.

2.2.6.2. Identification of proteins during digestio

Sodium Dodecyl Sulphate-Polyacrylamide Gel Eledimpsis (SDS-PAGE) was performed
on the initial and digested samples normalised total protein concentration of 0.1 %.
NuPAGE Novex bis-Tris 12-well precast gels (Invfem, Life Technologies Corp., CA,
USA), 4-12 % polyacrylamide, were used accordinghe manufacturer’s instructions. The
amount of protein loaded in each well was 6.5 pfxig solution (50% methanol and 10%
acetic acid in v/v) was applied to the gels forr8 hefore staining with Coomassie Blue.
Mark 12™ Unstained Standard (Invitrogen, Life Tedlogies Corp., CA, USA) was used as

a molecular weight marker.

2.2.7. Rheological analysis

The consistency of the coagulum that persistetheend of digestion, after about 182 min
(GES5 point) was analysed by small deformation rbggl The coagulum was separated from
the serum using a 70 um Nylon strainer (BD Falcdiije mass of the sample and, the
separated coagulum and serum was recorded. Thealooagias gently placed in a rheometer
(AR 2000 EX Rheometer, TA Instruments, Crawley, UK)e rheometer geometry consisted
of a 40 mm diameter parallel steel plate usingeasktrain of 0.5 and a frequency of 1 Hz

for 30 min at 37C. The complex modulus (G*) was calculated as fedl&*=stress*/strain.

2.2.8. Statistical Analysis

12
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The results were expressed as means + standardtidavof two replicates. For each
replicate, raw milk was collected, analysed (contpog and processed independently, i.e.
one milk per day. To identify differences in norigatlistributed results of the repeated
measure within groups during gastric digestion,-wag ANOVA was applied. Where
overall significant interaction was observed (P €5), the means of individual milk
treatments were compared using Tukey’s post hdc $tatistical analyses were performed

using GraphPad Prism software (Prism 5 for Windovession 5.04).

3. Results

3.1. Gastric pH profile

The simulation of the gastric phase was performgdabsemi-dynamic model that can
simulate the main biochemical dynamics of the hustamach. These are gradual enzyme
and acid secretion and progressive gastric emptyling changes in pH during gastric
digestion are shown in Fig. 1. The gastric model &dow initial pH of about 1 simulating
the fasting conditions. The pH increased rapidfytavalues of about 6, after the addition of
sample from the oral phase. Subsequently, thereavpsogressive decrease reaching pH
values below 1.4 after 3 hours due to the contisugastric fluid secretion containing acid as
well as the reduction of buffering capacity of thigested food by gastric emptying. All
samples showed a similar pH behaviour to the pneel@fprofile observed im vivo studies
(Malageladaet al., 1976). The mean pH of the samples did not show satistically
significant differences except in the initial (0034) and GE1 (p = 0.041) points. The mean
pH between Raw and UHT+Homo in GE1 were signifigadifferent using the Tukey’'s

multiple comparison post-hoc test.

3.2. Gastric behaviour

13



307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

Using the semi-dynamic model, a range of diffegnictures and behaviours during gastric
digestion were obtained (Fig. 2). Protein coagatativas visible for all the samples within
the first 10 min of digestion and the formation lafger aggregates was observed a few
minutes later, at which time the pH ranged from ®56. Subsequently, there was the
formation of a more compact coagulum with cleamusermwithin the following 15 min.
Differences in coagulum consistency were observadughout the gastric phase as
illustrated in Fig. 2. There were remarkable dgfezes, in particular, between the firm
coagulum of Raw (Fig. 2A) and the fragmented stmeciof UHT+Homo (Fig. 2I). In the
absence of pepsin, we observed later aggregatiah cmagulum formation. Protein
coagulation was visually observed after 75 min hictv time the pH was around 5, with the

exception of the UHT-treated samples in which thgregation was first seen at 35min.

Fig. 3 shows the gastric behaviour of the milk ske®mn the model stomach at about 36 min
(Fig. 3A, B, C, G, H, I) and 182 min (Fig. 3D, E, F, K, L) of gastric digestion. The
homogenised samples showed creaming, having aruegdager on the top, (Fig. 3J, K, L)
whereas the non-homogenised samples resulted imeegtion (Fig. 3D, E, F). In the
homogenised samples, phase separation was inladlgrved when aggregates could form a
layer at the top, with a cloudy layer in the midgket and clearer layer in the bottom at about
109 min. This was different in the absence of pegsice there was no phase separation and

the coagulum of all the samples remained of theoboof the vessel.

The consistency of the milk coagulum was furtheid&d by small deformation rheology
analysing the coagulum remaining in GE5. Tabledwshthe values of the complex modulus
(G*) obtained after 15 min of measurement. The heated samples, Raw and Homo,
generated the highest levels of G* accounting f&@58 and 4,113 Pa, respectively. The
pasteurised samples (Past and Past+Homo) presaniatermediate situation accounting for
2,934 and 1,569 Pa. The lowest G* values were fonrdHT and UHT+Homo representing

14



332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

for 501 and 206 Pa, respectively. The same behawas observed during the rheological

analysis, which was performed for 30 min.

It is important to note that some alteration of gteicture could have been induced while

transferring the sample to the rheometer in ordgretrform the analysis.

3.3. Microstructure of the emptied samples

The coagulation, observed within the first 15 mih digestion, was reflected in the
microstructures of the emptied samples (Fig. 4eré&twere differences in the structure of the
protein matrix in the first stages of gastric dig@s. The non-heated samples, in particular
Raw, seemed to form a more compact and dense retwigy. 4D) in accordance with the
visual observation. This differs from the heatedhgis, in particular UHT (Fig. 4F), in
which the structure of the protein coagulum wasnopé&h more pores. This can be linked
with the particulate and soft macrostructure obsgroreover, in the GE1 point of the non-
homogenised samples (Fig. 4D, E, F), the nativelfaplets appeared to be in the aqueous
phase showing some coalescence. In contrast, thiedplets seemed to be easily entrapped
in protein network of the homogenised samples @i, N, O), in which fine particles could
be seen distributed within the coagulum particlesarticular UHT+Homo (Fig. 40). The
effect of homogenisation on the structure at thd eh gastric digestion (182 min) was
significant. All the homogenised samples preseatgdeat number of small aggregates (Fig.

4P, Q, R) compared to the large particles of nomdgenised samples (Fig. 4G, H, 1).

The changes in the droplet size were followed duniigestion (Table 1). Initially, the
volume mean particle diameteg, ;dof non-homogenised samples was about 2.5 pm whereas
that of homogenised samples was about 0.4 um, slgawe significant size reduction due to

homogenisation treatment. The particle size ofrtiie samples, with the addition of SDS,
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increased to a different extent at the end of digesThe digestion of the raw milk resulted
in an increase from the initial size of 2.96 un8td6 um after 182 min of digestion but the

particle size of UHT+Homo increased from 0.41 @&/0um.

3.4. Nutrient delivery

The protein (Fig. 5A) and lipid (Fig. 5B) deliveryas low in the first GE points and then
there was an increase in the last point, GE5. Biéeat in GE5 ranged from 3.42 to 9.45 %
and from 7.21 to 16.14 % for protein and lipid,pestively. The means of protein and lipid
content were significantly different in both GE1daGES5 due to differences between Raw
and UHT+Homo. The profile of the protein contenbwld a more constant and higher levels
in the first GE points in comparison to those ipidi profile. In the case of lipid content
profile, in GE5, the homogenised samples seemdthve higher levels with exception of

UHT+Homo.

3.5. Protein digestion

Fig. 6 shows the levels of free Midroups of the milk samples before digestion anthen
different GE points. The means of the initial saesplvere significantly different (p=0.0008)
due to the samples in which UHT treatment was efdplihe low values obtained in these
samples may be due to the Maillard reaction pragwehich might be favoured by the high
heating of UHT treatment (Morgaat al., 1999). The proteolysis showed a similar profiie i
all samples. There was an increase in the three GE points, after which it levelled off
showing no increase in the GE4 point. After thiag kevel of proteolysis decreased in GES5.
Levels of proteolysis among samples differed gyestlGE1 and GE5. In GE1, Raw and

UHT+Homo were statistically different accountingr {821.07 and 354.31 mM N#,
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respectively. Conversely, in GE5, UHT+Homo showwal ltighest level of proteolysis (1,736
mM NH/g) being statistically different from Raw and Hor(897 and 1,065 mM N},

respectively).

The protein composition during the gastric phass a&atao studied by SDS-PAGE and shown
in Fig. 7. The bands corresponding to the sampdégré digestion (I) did not differ due to
processing. Moreover, there were no differenceswéamt homogenised and non-
homogenised samples. The non-heated samples, Rhw@no, had similar patterns than
those of pasteurised samples (Past and Past+Hdime)caseins were detectable in the first
emptying points, in particular GE1 and GE2 poiritst they were almost not observed in
GE3 and GE4 points. In the last emptying point (§ilEct caseins could again be observed
together with a wide range of peptid@d.g, in contrast, was present during gastric digest
even though the band weakened in the last GE pdifgs, a-La was present in the three first
GE points, after which it was not detected anymdtany small molecular weight peptides
were present during digestion and could be seen &1 onwards. This behaviour differed
from that observed in the UHT-treated samples (@ UHT+Homo). In those samples,

both caseins and whey proteins could only be oleskirvthe two first GE points.

4. Discussion

4.1.Influence of the milk processing on gastricdebur.

By using a physiologically relevant gastric moddu(et-Cabercet al., 2017), we have been
able to show that homogenised samples showed isigmify more creaming compared to
non-homogenised samples where sedimentation wasvaas regardless the heat treatment
(Fig. 3). Homogenisation caused the disruptiorhefriative MFGM, reduced the droplet size

and promoted adsorption of milk proteins onto theptet surface (Lopez, 2005; Sharma &
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Dalgleish, 1993). This change of the droplet irgeidl composition might be one of the main
reasons for the distinct gastric behaviour. Thépibteins on the droplet surface, especially
the denatured and aggregated proteins in the headitei-Homo sample, may be more
susceptible to be hydrolysed by pepsin leadinght® destabilisation of the droplets by
flocculation and some coalescence, and ultimagagihg to the phase separation observed.
The non-homogenised samples, in contrast, stilsggsed the native MFGM, which could
provide more stability during gastric digestion.e§hk structural changes were certainly due to
the proteolytic action of pepsin since there wasphase separation in the homogenised
samples when pepsin was absent. Further investigatas undertaken in order to gain
insight into the mechanism of the different gash@taviour observed. The lipid/protein ratio
in both coagulum and serum in the first GE poinswlatermined (Fig. S.1 Supplementary
Material). The non-homogenised samples had sigmflg higher lipid/protein ratio in the
serum compared to the homogenised samples. Moretreemicrostructure imaging showed
that most of the droplets in the non-homogenisaap$es tended to be in the serum (Fig. 4D-
F) compared to those of the homogenised samplgs 4M-0). This might be due to easier
incorporation of the smaller droplets into the adag and also the possible interactions of
the droplet surface coated by milk protein with fv@tein network. Therefore, a higher
inclusion of droplets into the protein matrix couéhd to a lower density of the coagulum
resulting in the phase separation whereas the highd content in the serum seen in the
non-homogenised samples could lead to a dense lcoaghat sedimented. Hence, the
different colloidal behaviour of the samples was/el by both droplet destabilisation and

aggregate density.

Heat treatment was shown to be the main drivetferdifferences in coagulum consistency.
Both pasteurisation (72C for 15 s) and UHT (146C for 3 s) treatments were used, and

compared to the non-heated raw milk. It is welhbished that heating above %0 induces
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the denaturation of whey proteins, in particidrg. The extent of whey protein denaturation
in UHT milk is much higher than that in pasteuriseilk (Douglaset al., 1981). The
denatured whey proteins have been reported toauttavith x-casein, forming complexes
both at casein micelle surface and in serum phiasgyrevalence of which depends on the pH
of heated milk (Anemat al., 2011). Therefore, the level of protein assocrai® higher in
UHT-treated compared to that of pasteurised milkisTcould have impaired casein
coagulation and led to the more fragmented strastwbtained in heated milk samples, in
particular UHT (Fig. 2). This different consistenpgrsisted throughout digestion and the
rheological analysis (Table 1) confirmed that tleathtreatment was the main cause of the

consistency of coagulum.

The initial protein aggregation to form the coaguland the gastric behaviour was induced
by pepsin action. The protein aggregation was VYiguwdserved within the first 10 min, at
which time the pH was above 5.5. In contrast, whepsin was not included, the protein
aggregation was observed after 75 min at whichptdevas around 5. It has been reported
that the pH for coagulation of unheated and heatdkl is about 5 and 5.3 respectively
(Donatoet al., 2007). There was a more rapid decrease of pH \whpsin was present in raw
milk digestion caused by the rapid formation of doagulum whereas the pH profile of the
heated sample was similar in the absence of pégata not shown), which is in accordance
to Yeet al. (2016). Pepsin has been reported to favour theohygis ofk-caseins among the
other caseins at pH 6.0 (Tam & Whitaker, 1972). Tdeagulation is caused by the
destabilisation of casein micelles since pepsimvdges the Phe-105-Met-106 bondkin
casein, which is the same than that for chymosmsliBe & Foltmann, 1989) that is used for
cheese making. Hence, it seems possible to drawallglarto the effects of heat-induced
changes on the functional properties, which hasn bealely reported for the rennet

coagulation. Kethireddipalkt al. (2010) showed that the poor rennet clotting ofttesated
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milk resulting in weak curds was due to the intevac effect of the following: (i)
modification of the surface of casein micelles witbund denatured whey proteins; (ii)
formation of soluble complexes between denatureceywproteins andk-casein; (ii)
reduction of calcium concentration in the serumthi@ present study, milk was heated at its
natural pH (6.67). It was shown that about 30 %wbey proteins can bind to the micelle
surface when milk, at the mentioned pH, was heate2D°C (Kethireddipalliet al., 2010).
This impairs the micelle aggregation by steric @8ewhich in combination with the protein
complexation and alteration of the ionic equililoniun the serum might explain the different

consistency of the coagulum obtained in the prestewaty.

It is important to note that in this study the hdetatment was followed by the
homogenisation. The impact of the order of thesegsses is still subject of past and current

research projects (Michalski & Januel, 2006).

The comparison of the obtained gastric behaviotin wther studies is difficult because ihe

vivo studies using similar samples did not show thectiral changes in the stomach even
though they suggested similar behaviours in teritisenconsistency of coagulum. Moreover,
mostin vitro studies use a static model, which does not alloastess the structural changes.
Nevertheless, the results in terms of coagulatemakiour, timing and consistency, were in
agreement with the findings reported by &el. (2016) using a dynamic model, the Human

Gastric Simulator.

4.2. Effect of gastric behaviour on nutrient delivand protein digestion

The gastric behaviour caused by the milk processiffigcted the nutrients emptied and
protein digestion kinetics. The sampling simulatitng emptying was influenced by the

consistency of the coagulum. Mostly serum liquids\vemptied in the first GE points for the
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samples having a firmer coagulum, in particular R&g. 2A) accounting for the lowest
content of nutrients delivered in the GE1 (Fig. B).contrast, the very soft coagulum
obtained from UHT+Homo (Fig. 2F) allowed more oé tboagulum to be emptied. Hence,
the delivery of both lipid and protein in GE1 wag highest for UHT+Homo (Fig. 5). It was
found that the release of lipid (Fig. 5A) was iefhced by the phase separation obtained in
the homogenised samples. The lipid content in GBlitpwas generally higher in the
homogenised samples, as the cream layer remaintbe in vitro stomach until the last GE
point. One exception for that was UHT+Homo duehi high nutrient content at early stage.
Similar results could be seen in the protein peofitig. 5B) even though the differences were
more subtle. This might be due to the more constalnery of protein throughout digestion,

which might be attributed to the emptying of sercontaining mainly whey proteins.

The proteolysis levels might be linked to the cst&gicy of the coagulum, which was mainly
affected by heat treatment. The softness of thgudaen (Table 1) and the greater number of
smaller particles (Fig.2) from the heat treated@asn) in particular in the UHT+Homo could
facilitate pepsin diffusion within the structur@ting to the higher proteolysis obtained at the
end of digestion (Fig. 6). In contrast the lowestel of proteolysis was found in raw milk, in
which the hardness of the coagulum and largergb@stihampered the pepsin accessibility.
The UHT treatment resulted in an enhancement df baseins and whey protein digestion
(Fig. 7). For the UHT samples, almost no detectati@ct caseins or whey proteins were
found after 73 min, corresponding to the GE2 pailiftis finding is in agreement with the
protein composition of the heated homogenised hiawn in Yeet al. (2016). The UHT
treatment has been reported to greatly denditlrg, which exposes the peptide bonds to
pepsin. The temperature of the pasteurisation psoegas not sufficient to induce any
important changes in the protein digestion; the $A&E profile did not differ from that

obtained of the non-heated samples similarly to dhservations of Wada and Lonnerdal
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(2014) duringin vitro gastric digestion. Alsd}-lg remained largely intact during gastric
digestion, which was already reported in humank #ié ingestion of purified caseins gid

Lg (Maheet al., 1996). The degradation afLa was observed after about 109 min (GE3) at
which the pH was under 4, which is in agreemenh g pepsin hydrolysis susceptibility by

the change of protein conformation at that pH.

4.3. Physiological relevance

The study has shown that the processing of millulted in different coagulation and
colloidal behaviour in gastric conditions influengithe nutrient digestion kinetics. This may
influence nutrient bioavailability and absorption the intestine, and subsequently the

metabolic responses.

The gastric behaviour found in the stomach has lseem to influence satiety responses,
which are linked partly to the release of gut hanes such as cholecystokinin (CCK). The
clinical study performed by Mackiet al. (2013) showed the sedimentation of a semi-solid
matrix (cheese and yogurt) caused a lower GE ratk molonged fullness response, in
contrast to the isocaloric comparison in a liquidtmx that creamed and increased hunger.
This was explained by the patterns of digestiomioledin vitro (Mulet-Cabero et al., 2017).
The liquid system showed a delayed nutrient relelaseto the formation of the cream layer
during gastric digestion whereas the sedimentatiosemi-solid system led to the early
emptying of high nutrient content. In the presdntg, we found creaming and sedimentation
in the homogenised and non-homogenised samplesatesgly. Therefore, one might expect
that non-homogenised samples may induce more &dlmompared to the homogenised

samples. However, according to the nutrient dejiveesults obtained in this study,
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UHT+Homo showed early release of both protein aoid,| which may promote the release

of CCK and thus increase satiety.

The heat treatment of milk has been reported tecafirotein postprandial kinetics. Lacroix
et al. (2008) showed that the UHT treatment enhanceddateeof digestion of milk protein

causing a higher transfer of dietary nitrogen iserum amino acids and protein, but
pasteurisation treatment did not alter the outcdméhe present study, in agreement with the
in vivo data, the UHT treated samples had a higher protdease in the early stages of
digestion, in particular UHT+Homo. Also, these séspshowed higher digestion of both
caseins and whey proteins. This may lead to ardiftepostprandial release of peptides
(Boutrouet al., 2013), which may favour certain population grqups instance elderly and

athletes may benefit form a higher postprandiabgin absorption rate.

The metabolic responses relate to the nutrientvedet as a result of gastric emptying,
which is linked with the different structural chasgoccurring in the stomach. In the present
study, we used a convenient linear GE rate of 2/rk@a, which is considered the average
caloric content that is emptied in a regulated nearoy the antrum (Hunt & Stubbs, 1975).
However, this is a simplistic approach since ther&@t differs in response to the behaviour
developed during gastric conditions as was showNagkieet al. (2013). According to the
structural changes observed in the differently essed milk presented in this study, we

expect that the GE rate in humans could differ betwthe samples.

5. Conclusions

In this study, it was shown that processed-indwatehges in milk affect gastric digestion
vitro, which may impact nutrient metabolism vivo. This study showed for the first time

clear evidence of different milk behaviour, sedita¢ion vs. creaming. Homogenisation was
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the main driver for the gastric phase separatidnchvwas caused by the different droplet
surface and coagulum density. The different coasdst of the coagulum was a consequence
of the heat treatment. The non-heated samplesgciafipeRaw, formed a firm coagulum
whereas the heated samples had a fragmented coagphirticularly observed in
UHT+Homo. This stems from the formation of compkexaetween milk proteins, which
weakens the protein network. These structural obmrmagcurring during the gastric phase
resulted in different nutrient emptying, with sificant differences between Raw and
UHT+Homo, and higher digestion of milk proteinstire UHT-treated samples due to the
drastic heat treatment. This study provides vakiaiformation for understanding the gastric
emptying of milk in relation to its processing acah be applied to manipulate the nutrient

release rate of the dairy matrices addressed tfspgopulation groups.
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Figure Captions

Fig. 1. Change in pH of milk samples during gasttigestion in semi-dynamic model

corresponding to each gastric emptying (GE) pdihe time represents an approximation of
the actual values displayed in Table S.1 SuppleangMaterial. The pH values are referred
to the basal stage (before gastric digestion)iain{milk sample including oral phase and
basal volumes) and the different GE samples (GE®)GEach data point is the average of 2
independent determinations. Significance differenceH between milk samples in each GE

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

Fig. 2. Images of the milk samples at approxima@8yand 182 min of gastric digestion,
corresponding to the first and last gastric emgfypoints (displayed in a petri dish). Raw
milk (A, D), pasteurised milk (B, E), UHT milk (CF), homogenised milk (G, J),

pasteurised+homogenised milk (H, K) and UHT+homaggehmilk (1, L).

Fig. 3. Images of the milk samples at approxima88yand 182 min, corresponding to the
first and last gastric emptying points (displayedthe gastric model). Raw milk (A, D),
pasteurised mik (B, E), UHT mik (C, F), homogexds mik (G, J),

pasteurised+homogenised milk (H, K) and UHT+homaggehmilk (1, L).

Fig. 4. Examples of confocal microscopy imageshefmilk samples before digestion and, at
about 36 min (GE1) and 182 min (GE5) of gastrieedtgpn. Raw milk (A, D, G), pasteurised

milk (B, E, H), UHT milk (C, F, I), homogenised i(J, M, P), pasteurised+homogenised
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milk (K, N, Q), UHT+homogenised milk (L, O, R). Rstiows the lipid and green shows the

protein. The scale bar corresponds to 75 um.

Fig. 5. The nutrient content (w/w, %) in terms obtein (A) and lipid (B) of initial (before
digestion) and the gastric emptying points (GE1-\sE&ch data point is the average and
error bars represent standard deviation of two peddent replicates. The values were
corrected by the different gastric dilution in egubint. Mean values within a column with

different superscript letters (a, b, c) were sigaifitly different (p < 0.05).

Fig. 6. Concentration of free amine groups per nodgstal protein in sample; initial (before
digestion) and gastric emptying points (GE1-GEScltdata point is the average and error
bars represent standard deviation of two indepéerégticates. The values were corrected by
the different gastric dilution in each point. Megalues within a column with different

superscript letters (a, b, c) were significantlijedent (p < 0.05).

Fig. 7. SDS-PAGE (under reducing conditions) of thiék samples, initial (I) referred to
before digestion and the gastric emptying pointE {&E5), and a molecular weight (MW)
marker. The samples are labelled in the figure rabegly. The protein content in each

sample was 0.1%.
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Table 1. Volume-weighted mean diameteygjdf the initial samples (before digestion), with
and without SDS addition, and the last gastric gmgt(GE) point, GE5, including SDS.

The values represent the mean and standard deviatiovo independent replicates. Values
of the complex module, G*, at 15 min of shear & thilk coagulum collected at GE5 time

(after about 182 min). Means within the same coland having the same superscript lower
case letter and means within the same superscppéroase letter are not significantly
different by Tukey’s t-test at p < 0.05.

daz(um)

Initial Initial+SDS GE5+SDS
Raw 2.48+0.48" 2.96+0.08"  8.2615.44"
Past 2.49+0.6%" 3.62+0.68"  6.92+2.26"
UHT 2.49+0.1%8" 3.82+0.02*®  4.28+0.57°
Homo 0.42+0.09* 0.37+0.0¥*  0.42+0.0%"
Past+Homo 0.34+0.0?* 0.87+0.77*  2.99+2.28%"
UHT+Homo 0.35+0.068* 0.41+0.08*  0.97+0.7¢"

G* (Pa)
4,555+236
2,934+1428

501+1868
4,113+501
1,569+736

2061458
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Supplementary Material

Table S.1. Nutritional composition of the milk sde¥ Values are the mean of two

independent replicates.

Raw

Past

UHT

Homo

Past+Homo

UHT+Homo

% Lipid % Protein % Lactose % Total solids
4.67+0.26 3.44+0.41 4.72+0.09 13.53+0.67
4.55+0.43 3.32+0.25 4.71+0.10 13.24+0.59
4.49+0.53 3.43+0.42 4.71+0.05 13.35+1.03
4.74+0.28 3.76x0.09 4.66%0.02 13.82+0.25
4.55+0.43 3.32+0.25 4.71+0.10 13.24+0.59
4.49+0.53 3.43+0.42 4.71+0.05 13.35+1.03

Table S.2. Example of the parameters used in tha-dgnamic gastric model. In this
example, the nutrient composition was the followh@4 % fat, 3.82 % protein, 4.64 %
lactose. The sample had 14 % of total solids. Treegy content was 0.78 kcal/mL calculated
using the Atwater factors of 9 kcal/g for fat an#écl/g for protein and carbohydrates. The
gastric emptying was scaled down from the consiienevivo emptying average of 2
kcal/min in a 500 mL meal (Hunt & Stubbs, 1975)hemn, the gastric half time,() was

considered

to be

the

same.

The

density was

at glnt.
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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

invitro 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 e_mptying rate (mL/min) 013 281
(Emptied in 5 steps of 9.12 mL every 39.1 min)
ty/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 (r_nL). Pepsin solution (m_L).
Compound (mL) gastric (mL) gastric (%) Rate 0.1 mL/min Rate 0.004 mL/min
SSF electrolyte 2.24 79.89 0 0 0 0 0
0.3M M CaC}(H.0), 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
SGF electrolyte 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
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656 Table S.3. Time (min) at which gastric emptying vegplied in the milk samples. Five
657 emptying points were used. Values are the meawmfridependent replicates.

Gastric emptying time (min)

Raw Past UHT Homo PasttHomo UHT+Homo
Initial 0.0£0.0 0.0+£0.0 0.0£0.0 0.0£0.0 0.0£0.0 .0860.0
GE1 36.2+02 36.2+27 36.4+32 36.7+06 362% 36.4+3.2
GE2 724+05 724+53 729+6.3 733+14 T72B% 72.9+6.3
GE3 108.6+0.7 1086+8.0 109495 110.0+x2.1 .4Ga88.0 109.4 £9.5
GE4 1448+09 1448+10.6 1458+126 146.6+2.84.8+10.6 1458+12.6
GE5 180.9+1.2 181.0+£13.3 182.3+158 183.3+3.81.0+13.3 182.3+15.8

658
659
Il Raw
2 o ] Past
B UHT
2.44 E Homo a ap
= Past+Homo —
= 2.04
2 7 UHT+Homo
p c
T 1.6
e
o
= 1.21
=3
= 0.8
0.4
0.0~ =
Serum Coagulum
660

661 Fig S.1. Lipid/protein ratio (w/w) of both serumdanoagulum the digesta at approximately
662 36 min of digestion (time referred to GE1 pointle&dh values within a column with different

663  superscript letters (a, b, c) were significantlfyedent (p < 0.05).
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Gastric digestion of milk was studied by a semi-dynamic model including emptying
Milk homogenisation caused phase separation during in vitro gastric digestion
Coagulation during in vitro gastric digestion was influenced by heat treatment

The rate of nutrient emptying was affected by the gastric structural changes

UHT treatment but not pasteurisation accelerated protein digestion in gastric phase



