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Abstract

3D-printing of food is a novel and promising technolamppable of creating individuaéd

foods differing in composition texture, taste or shap®bjects arereated layeby-layer and

the most common additive manufacturing techaifpr foodrelies on arextrusionprocess.

In order to formulatedr structure and texturgf food objectsvia aprinting processin-depth
understanding of theolidification mechanism and the material properties is of highest im-
portanceWhile most of the cuent research on extrusigninting focuses on pastes and gels,
which maintain their shape due to a yield stress, the key challenge of this work lies in a fast,
local andirreversible transition of the feedstock from a solution (sol) to aHigh dairy pro-
teinrbased materialsvhich offer health benefitandhavehigh satiating effec, were used to

createand tailomovel edibleformulations for applications ithermalextrusionprinting.

First, characteriation of asolidification mechanisnsuitable forthermalprinting of high dairy
proteinbased feedstock n c | udi ng a f awasconsluctedingestibatian oféghe si t i o
p H enmperaturgT)-route cold acidificationfollowed byheating,on the rheometer provided

evidence thathe temperatuiidime profile used to triggegelationwas comparable to 3print-

ing but without superimposed flowhe soli geltransition temperaturas determined bsheol-

ogy wasused to mimic dymaic conditionsduring printing by applyinga steep temperature
gradient.Firm gels were produceshd classified regarding thgihysical properties and status

around the sdlel transition Formulatiors showingpreferable characteristiascluding a low

stor age rro0dliPh)at lew t&riperatures{€)f ol | owed by a steep
during soli gel transition, were considered to Baitablefeedstockior applicatiors in thermal

extrusion 3DBprinting.

Secondthe two main dairproteingmicellar casein and whey protgimere combined to create
andto tailor novelediblec as ei n1T whey pr.dohes formulations/geschasac-o n s

terisedregarding their potential use for extrusibased 3Eprinting and severaldesign rules



were establishedS o | T ¢ h ar atdowv éeempematuré2eC3$ were confirmed, providing a

liquid feedstock vkich could beransferrednto a gel via thep H 1-rdute The pHat heating

during denaturation of the whey proteins as well as the oyan@tiin content wererucial
parametersoc hange the microstructure  adgresglingiai ni wh
unwanted pregelation( G»1 Pa)at too high protein contentsormulations with depleted

casein micellegCM), caused bylesireddissociation of-casein aincreasd pH at heating

showed lower solgel transition temperatures and increased aggregationTatsggregation

rate (represented byhe storage nibu | u svas@@posed asfast good indicator for the

printability of high dary proteinbased formulations.

Furthermore, dr thecreaton of more complexand noveledible formulations, dairy fat was
addedtc asei niT whey pr. dhe aditional prodacp paranseteiat,rcisanged the
microstructures the overall total solid contaritthe formulationgncreased. Mechanical treat-
ment was necessary to obtain smathélk fat particleg< 1 um) covered withprotein, which
could mimic the protein behaviour and actively contribagepseudgroteinsto the gelation
proceswia thep H 1-rdute. With increasing plt heatingmore depleted casein micelles were
found on thesurface of mdranically treated fat globules, causing a decreaskeisol gel
transition temperaturandan increase itheaggregatia rate.At ahigherpH at heatingmore
particles contributetb the gelatiorper unit area and the surface properties of the fat globules
covered with certain proteins, eagcaseindepleted CM, weréavourable shown viaelectro-
phoresisanda newly developed protocol flow dose transmission electron cryogenic micros-

copy. Sever al p r ot mamisingaggregatfororatesauld lbetpintaal.n s wi t h

Overall this thesislemonstrates that high dairy protéiased formulationsith and wthout
additional fatcan be useds a novel feedstodkr thermalextrusion3D-printing applications
vi a t hreutepfidrodlct and process parameters are precisely adjuatethll the es-

tablisheddesign rules are adhered to
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rheometer connected to a Peltier plate; polyoxymethylerge(POM) was placed on the

Peltier plate and sealed with milking grease to avoid sample loss during gelationi@set:

Ni thermocouple immersed through the sample to provide continuous temperature logging

(o (U] T o Jo =] =1 i o] o O PPSPOPTRN :76-

Figure 3-2:Soligd transition temperatures as calcul a
K/min) of skim milk retentates at different protein levels and pH; threshold fiogedol

transition at G' = 1 Pa; circle: pH 4.8, square: pH 5.0, triangle: pH 5.2, diamond: pié&nd;
symbols: literature data from Schéfer et al. (2018); average points and standard deviations
calculated from i>=2, n>=2; lines connect data points from full factorial design (protein

8.0 1 12.0% (w/lwW).pH 4. 8. 01..5..4) . . -82-

Figure 3-3: Soli gel transition of skim milk retentates (8.0% (w/w), pH 5.0) during quasi
steadystate heating applyingK/min; threshold for salgel transitionat G' = 1 Pa; dashed:

region before initial indications of gelations(d1 g2/ K) or at pl ataage aft el
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10 K); open symbols: measurements as stopped after reachimggkwlnsition (n = 3),

closed symbols: measured till 65°C (n Fddx-whisker plot shows means sgjel transition
temperature and 25th/75¢uantiles of all data sets (I=3, N=7)........cccociciiiiiiiiieennnnee -84-

Figure 3-4: Temperaturdime profile (a) (immersed thermo couple, solid line) of skim milk
retentate (10.0% (w/w), pM..8) to mimic a holding step below its gkl transition

temperature, steep temperature gradient (30 K/min) during printing and subsequent cooling
step, dashed plot: temperature measured at the rheometers Peltier element;(b) Storage (closed
symbols) and loss modulus (open symbols) of the skirk reientate as response to the
temperaturde i me profil e above, vertical |l ine serve
15 0 O 11 ) PP PPPRPPUPRT ~85-

Figure 3-5: Storage (closed symbols) and loss modulus (open symbols) of the different skim
milk retentates as response to the same tempetanggrofile mimicking 3D food printing

(see Figure 3la); classified according to their sol/gthte before steep temperature increase
(rows) and gelation/softening during heating (columns); illustrated using the samples (a)
10.0% (w/w) protein, pH 4.8, (b) 8.0% (w/w) protein, pH 5.2, (c) 10.0% (w/w) protein, pH

5.0, and (d) 10.0% (w/w) protein, @4; vertical line serves as guide at triggered gell

transition (t = 11.1 min); upper horizontal dashed line indicates sufficient increase in storage
modul i in proport i &(Dafineetg2020)pT.....>....2.5.0-.8Pa/ 10
Figure 4-1: Flow chart for the preparation of casevwhey protein suspensions for application

IN eXtruSIoN SBPINTING......cciiiiieeee e errr e e e e e e e e e aeeeeaes -106-

Figure 4-2: Setup of the customised 3Bood printer after the retrofitting process including

1) syringe in double walled cooling jacket, 2) insulated pipérémrsport of feed material to

nozzle, 3) thermometer, thermocouples (TC) and software, 4) firmware of Ender 3 printer, 5)
nozzle with die at the end, 6) heating element for nozzle and 7) stepper motor. b) Heating
element in contact with the copper pipeNogzzle with dye and thermocouples at the end.

The small inset image in (a) shows a simplified schematic of thegpssith the flow

direction of the feed material in red............cccooeeviieeiiceciciiiieeeeeeeeeieeee e 110
Figure 4-3: Particle size distributionforneme at ed CS ( 3/ green), heat e
(6/blue), heated (pH 6.9) CS + WHlyellow) / or ange
caseiniwhey ps.ot.e.i.n..s.us.pens.i.on.......z112-

Figure 4-4: Changes in the-potential with decreasingpH ofndne at ed mi cel | ar C
heated (pH 6. 5 %) (plLB1) GS +WHY and heatedfpdl £.9) CS + WP

(2Z) suspensions (casein to whey protein rati
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temperature of 3°C for the sample, the diluent (deionised water) and within the zetagier.

Figure 4-5: SDSPAGE analysis of serum phase proteins wigind without thermal

treatment (80°C, 10 min). Landll: non-heated, pH 6.55, 6.9 and 7.1 (from left to right).

Lane IV-V: heated, pH 6.55; Lane WI, heated, pH 6.9 and Lane VIK, heated, pH 7.1-

115-

Figure4-6:Sol 1T gel transition temper at(@rraicofGS col d
to WP, (A)) and caseiniwhey pr obDatiaheathg spensi
rate of 1 K/min. With no heating step (A) and a hegastep at 80°C for 10 min at pH 6.55

(B), pH 6.9 (C) and pH 7.1 (D). The dashed line in all images represents the coagulation line

for pure micellar casein from (A) and is shown for comparisan.............ccccceevvveenn. -117-

Figure 4-7: Example of a temperature sweep to illustrate how the aggregation rate a/ 10

was defined. A caseiniwhey protein suspensio
WP) was heated at pH 6.9 (80°C, 10 min), cold acidified at 2°C to pH 5.0 and heated in a
rheometer (heating rate of 1 K/min). A solig

obtained at 11.92°C. The aggregation rate was calculated from the moduli increass betwe
I 7 O (o T2t B R PERR -119-

Figure 4-8: Aggregation rate (Pa/ 1K) for non-heated, micellar casein suspensions at

different pHvalues (4.8 5.4) and casein contents (8.02.0% (w/w)) at 10°C after/higher

than soligel transition temperature obtained
The dotted line indicates the threshold where above 250 Ratlidgels producedere

stable after the printing ProCESS.........uiiiiiiiiiii e -~ 120-

Figure 4-9: Aggregation rate (Pa/ 1K) at different pH values (4185.4) forcasei i wh e y

protein suspensions after a heating step (80°C, 10 min) at pH 6.55 at 10°C after/higher than

the solTlTgel transition temperatures obtained
Printed images are shown to relate the aggregation ratentalplity. The dotted line

indicates the threshold where above 250 P& fite gels produced were stable after the

PINTING PrOCESS ... uiiiii e e e e eeeeeee et teeee e e e e e e e e e et eeeesta e rmmmeeeeeesssssssnnnsseeeeeeemmmssnsnnnneneem L2

Figure 4-10: Aggregation rate (Pa/ 1K) at differentpvalues (485 . 4) f or casei ni"
protein suspensions after a heating step (80°C, 10 min) at pH 6.9 at 10°C after/higher than the
soli1gel transition tempe remlhaang ateofh K/min)hed by
Printed images are shown to relate the aggregation rate to printability. The dotted line

indicates the threshold where above 250 P& flte gels produced were stable after the

PIINTING PrOCESS. .. i i iiiiiieiiiiiiiitbrers sttt e e s eeensssnbssssnsseeeeeeeeeeesssmemseneeeeeeees T L22 "
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Figure 4-11: Aggregation rate (Pa/ IK) at differentpH values (485 . 4) f or casei ni
protein suspensions after a heating step (80°C, 10 min) atlpat 10°C after/higher than the
soliTgel transition temperatures obtained by
Printed images are shown to relate the aggregation rate to printability. The dotted line

indicates the threshold where above 2501Ra{ the gels produced were stable after the

PIINTING PrOCESS. .. .o iiiiiiiiei ittt eres ettt e e e eeensssnssnsnsssrneeeeeeeeesssmmmseeeeeeeeees T L2O"

Figure 4-12:Schemati c representation depicting the
formulations depending on the pH value during the heating step and explaining the

differences of gels after a printing ProCess..........ccovvvviiiiiiiieee e -126-

Figure 5-1: Cryo-EM images of the microstructure and radiation induced damage to protein
particles within samples of thermally treate
visible radiation damage was observed on the holey carbon support at a dose of around 30 e

/A2, while protein particles did not show any damage up to a dose of/A35Rrotein

suspensions (8.0 and 2.0% (w/w); 4:1 CS to WP ratio) were thermally t¢8at&€z] 10 min)

and diluted 1:10 with deionised water (final protein concentration of 1.0% (w/w)). The scale

bar is 200 NM N IeNGN.......cccoi i e 141

Figure 5-2: Qualitative damage to protein and fat particles, as visualised byEdywith

increased beam exposure. A: Images of three protein particles (dark triangles) and one fat
particle (white triangle) that illustrate changes in particle calaensity as a function of total

electron dose. Samples were exposed to a dose of R2F%Es exposure) for initial sample
visualisation. The effect of electron dose was then assessed fromA? Be exposure) in

steps of electron dose of 234 (5 s exposure). The composition of the particles shown on

the far left is assigned based on the damage due te=dfyexposure shown in the right

images. B: Quantitative damage to protein and fat particles was measured as the fraction of

light (or nongrey) pixels within each particle as a function of total electron dose, from an

initial exposure of 7.5/82. The fraction of light pixels was measured for samples containing

only protein, which were used as a control (black squares) or samples contaihipgolben

and fat, where the protein particles (dark triangles) were identified due to their similar decay

to the protein only control, while the fat particles (hollow circles) decayed rapidly, resulting in

a significant increase in the fraction of lighXgIS. .............ouviiiiiiiiiiiiicen e, 142

Figure 5-3: Cryo-EM images of the microstructure and radiation induced damage to protein

and fat particles withinsuspeasn s of t her mally and mechani cal
protein with added milk fat. Images were taken in steps of/A5 & s exposure), with the

total electron dose indicated at the top of images. The increasing contrast due to radiation
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damage was usdd distinguish between protein and fat particles, with fat particles showing

clearly visible radiation damage from a dose of 34:8%°eThe suspensions of casein whey

protein (8.0 and 2.0% (w/w)) were prepared by sonication and homogenisation, follmwed

the addition of 2.5% (w/w) milk fat and dilution 1:10 with deionised water. The scale bar is

500 NM N TENGEN.....eeei e e 144

Figure 5-4: Graphical abstract showing a zoom in on protein and fat particles with increasing

beam exposure. A) Electron dose of 2/8%with no visible radiation damage for protein and

fat particles. B) Electron dose of 825 with visible radiation damage fortfparticles,

while protein particles remain unchanged. C) Electron dose of 182%néth visible

damage for protein and fat PartiCles. ... 144

Figure 5-5: Flow chart for the preparation of cas&ihey protein suspensions mixed with

additional dairy fat for applications towards extrusiased 3Bprinting...................... - 154-

Figure 5-6: Changesinthezeaot ent i al as a function of the
protein suspensions (8.08/w) CS, 2.0% (w/w) WP) mixed with dairy fat (to 1.0% (w/w)

total fat), heatedatpp. 55 (060), at pH 6.9 (z) and-at pH 7
potentialofnorheat ed mi cel |l ar casein (3) without an
Protein ratio WAS 4:L......ccoi ittt ernnaes -160-

Figure 5-7: Particle size distribution of caseémhey protein suspensions mixed with

different amounts of fat to a total fat concentration of 1.0% (w/w), 2.5% (w/w) and 5.0%

(w/w)) after a heating speat pH 6.55 (a), 6.9 (b) and 7.1 (c) with either no mechanical input
(6/red) or sonication/ homogenisation at 500
(w/ w) fat = z/yellow triangle; 5.0% (w/w) fa
images focus on the particle size distribution of each formulation betwed0d0 nm to

better see differences as a result of the addition of.fat................cccooveeee s - 163-
Figure58:CLSM mi crographs of caseiniwhefat(tqopr ot ei n
a total fat of 2.5% (w/w)) and then thermally (80°C, 10 min, pH 7.1) and mechanically

(sonication + homogenisation) treated. Samples were stained with FCF fast green and Nile red
fluorescent dyes (fat appears as red and protein as green) as seetefinThe image after

deconvolution with Huygens software is shown

Figure59:CryoEM i mages of <caseiniwhey protein (8.0C¢C
suspensions with 2.5 % (w/w) milk fat that have been thermally (80°C, 10 min; adjusted pH
6.55/6/9/7.1) and mechanically (sonication and homogenisation at 500 bar) treatetesS

received a constant dose (5&/A s) but an increasing dose time (moving left to right across
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the Figure, with the sample after the highest dosage appearing on the far right). A dilution of

1:10 with deionised water was used prior to analysis.s€hke bar is 500 nm in length in all

images. The increasing contrast between protein and fat particles as a function of exposure

was used to differentiate between these two types of particles.............ccccoevveeen.... -166-

Figure 5-10: SDS-PAGE analysis of proteins covering the milk fat globule surface membrane

after thermal (80°C, 10 min) and mechanical treatment. A total fat content of 2.5% (w/w) was
andysed for each sample. The molecular weight ladder (kDa) is shown on the left:lLane |

heated, pH 6.55; Lanefil V: heat ed, -Vii heatéd, pH7.1..L.a.n..e...... 067
Figure511:Sol 1T gel transition temperatures of col
suspensions (8.0% (w/w) CS and 2.0&w) WP) with different amounts of fat added (to

final fat contents ofanld 00%6 ((OW/,w)2 .a55% c(oamp,a r5i.:
heating at pH 6.55 (A), 6.9 (B) and 7.1 (C)
suspensions (10.0%w/w) CS and 2.5% (w/w) WP) with different amounts of fat added after

heating at pH 6.55 and 6.9 (D). A heating @ité K/min was applied............ccccccoevneees 171

Figure 5-12: Aggregation rate (Pa/ 1K) of heated samples (80°C, 10 min, pH 6.55 (A), 6.9

(B) and 7.1 (C)) with constant protein content (8.0% (w/w) CS artd pldw) WP) and with

higher protein content (10.0% (w/w) CS and 2.5% (w/w) WP, (D)) at different pH values

(41 &.2) with different amounts of fat added
(w/ w)) at 10AC after/ hi mthreabtainet ytemgemtiure gel tr a
sweeps with a heating rate of 1 K/min. The solid line in all images represents the aggregation

rate of pure protetb ased f or mul ati ons and i s added to s
suspensions. The dotted line indicatesthreshold where above 250 Pa/10 K the aggregation

rate was used as a positive indicator towards printability in a simple printing tests as shown by
images of the printed SAMPIES..........ccooiiiiii e 173
Figure513:Schemati c presentation depicting the pi
suspensions mixed with milk fat globules, which can then further be used for extoaskxh

3D-printing via the pH T-route. After a thermal (80°C, 10 min, pH 6.55/ 6.9/ 7.1) and

mechanical energy input, the newly created MFG membrane surface is covered by different

Figure 6-1: Setup of the commercially available plastic printer "Creality Ender 3" for plastic
printing with a) the plastic printer as shown online and b) the plastic printetredter
successful salip and testing iINthe lab..............ooiii e -192-
Figure 6-2: Labelled seup of the customised 3®od printer inclusive 1) syrge in double

walled cooling jacket, 2) insulated pipe for transport of feed material to nozzle, 3)

XVili



thermometer, thermocouples and software, 4) firmware of Ender 3 printer, 5) nozzle with die

at the end, 6) heating element for nozzle and 7) stepper motor..............cccccceeeee... -195-

Figure 6-3: Presentation of the upper part on top of the printer, exclusively showing the

syringe placed in a doubiealled cooling jacket, connected to a water bath. The tip of the

syringe is connected to a hose to transport the feed material to the nozzle. plastiaB8D

printed mounting (1) was fixed with the stainless steel bars (2) below the double walled

COOIING JACKET. ... eeee e e ettt e et e et e eees st e e e e e e e e eeeas 196

Figure 6-4: Focus on the nozzle of the customised printingupetvith a) the brass pipe in the

CAD design to induce the solilTgel transition,
contact with the brass pipe anmndingthg matechag di e (
with heating elements on the side in contact with the brass.pipe........cccccccvvvvieeennnne. 197

Figure 6-5: Process of creating the die fitne end of the nozzle to print the dairy

formulations with the final version on the right, providing two orifices for thermocoup$ss.

Figure 66: Technical drawings of the syringe holders (A) and (B) on top of the printer, the

nozzle holder (C) for the brass pipe and the mounting (D) that was used to hold the stainless
steel bars on top Of the PriNter...........oooriiii e 199

Figure 7-1: Interplay of a suitable gelation mechanism as well as product and process

parameters to create daiogsed formulations for applications in thermal extrusion printing.
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Chapter 1

1 Chapter:

Introduction




Chapter 1

1.1 Project context

NTea, ear | grey, hot o at the touch of a si
turning molecules into drinks or meals, e.g. producing cups of fresh tea. So far, this machine, a
Afood synthesizer 6o, was o0 rienge fietionaelevisioh seges f o r
Star Trekf r om t he Lgh7e8earsh.in thelaredod-pidnting of food, called food
layered manufacturing (FLM), has been conducted for more than ten years and knowledge is
increasingly expanded, scientists areafany from reaching such an advanced level of produc-

tion of food grade materials.

In general, 3Bprinting or additive layered manufacturing (ALM) is a digitally controlled, ro-
botic construction technology which deposits materials Haydayer to build ahreedimen-

sional object (Wegrzynte a | . 2012) . -printimg of ghasticbasgdBnta@reals wa3 D
started and emerged over time, with stereolithography as the first technique (Hull, 1986). Re-
cently, polymers, ceramics, metals or waxes are usqarifding purposes in different indus-

tries (including motor vehicles, aerospace and medical applications) to manufacture complex
parts as a singlgem. For this traditional 3fprinting approach, geometric complexity and
economy at low volume of productiare the two main advantages, which also offer great

potential for food applications (Lipton et al., 2015). The current research for food printing is

driven forward by the consumerd6s demand for

by the awarenessd a more efficient use of available food resources (Severini & Derossi, 2016).

The printing technology itself with food as a feamtkis still considered to be in its infancy,
although ongoing research continues and different types of food were pnirttexipast, in-
cluding chocolate (Lanaro et al., 2017; Mantihal et al., 2019), dough snacks (Severini et al.,
2018), fish surimi gels (Wang et al., 2018), dairy pastes (Lille et al., 2018) or hydrocolloid
based materials (Gholamipe8hirazi et al., 2019Warner er al., 2019). Several advantages

make FLM an attractive production tool for future applications. This includes individualised

-2-
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Chapter 1

food in different shapes, textures and colours with tailorable nutrients based on personal dietary
requirements, reducetbsage or distribution costs and reduced food wastegRbal., 2019).
Moreover, 3Dprinting could also be applied as a prototyping tool for the development of novel
food products (Sun et al., 2015). Up to now, the technology is not sufficiently adwaetded

be used in mass production (like current manufacturing methods) but can still be used at the
point of sale or in houses. In an ideal case for prospective applications, FLM offers a chance to
tackle obesity and malnutrition via customised nutriborthe one hand but to end world hun-

ger via less food waste on the other.

However, theurrentformulation engineering approach of research groups strongly varies, with

the majority only presenting suitable formulations or process parameters which hdtezlres

in Asuccessful d printing. But to print objec
between ingredients, process parameters and equipment design (prinf®rvsiitbe neces-

sary (Cheyne et al., 2005). Common issues why certain fatioml(e.g. protein/ carbohydrate

content) or process parameters (e.g. print speed, extrusion flow rate) resulted in problems dur-

ing printing (nozzle plugging, inaccurate printing, etc.) did not receive much attention in previ-

ous studies. Therefore, advadcknowledge regarding the design of material characteristics
(physical, chemical and mechanicadlje adjustment of process parameters and how all these

key factors cause printing problems, would be necessary to better understand and define print-

ability as well as further develop formulation engineering.

Due to this lack of information in the current literature about potential formulationsided
(Jianget al., 2019)mnd theirgelation mechanism as well as thiekdepth characterisation be-

fore printing, the design and understanding of printable food grade materials has to be driven
forward (Derossi et al., 2018). FLM of protddased materials has a great potential for future
applications, as proteins provide essential nutrients for a healthy diatsbutontribute to

structure and texture in the finptoduct(N6bel et al., 208). Only little research has been

-3-
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published on dainpased materials for printing purposes so far, mainly due to the complex
micro - and nanostructure as well as the high tuoes content (up to 90%). There is a high

demand for fermented concentratedgairoducts, rich in protejrsuch as Greek yogurt, skyr

and fresh cheese in general (Jgrgensen et al., 2019), with research being published on the health

benefits of milk protms (Fekete et al., 2013). Following this trend, FLM could offer the pos-
sibility to manufacture massustomised protetnich (getlike) dairy products with novel tex-
tures, e.g. spheres of afew centimets s ol d as sempecalur® (Fjoute vah- t h e

out using a timeonsuming fermentain process (Nobel et a2018.

The longterm success of this technology will rely on a detailed understanding of the material
characteristics (physical, chemical and mechanical) and how formulations can beeagly
ulatedand tailoredto make them printable, e.g. matching certain (rheological) requirements
including being easily extruded and maintaining the shape after being depositdulytayear

(Kim et al., 2017) or having a homogenous composition (Goddi,&016). Although ongoing
research is conducted to look into a better understanding of potertistockandits charac-

teristics, a lot of work has still to be performed to develop a more advanced library of printable

p I

food grade materialsandtokgin pr i nt ers t o everyoneds Kkitche

1.2 Objective of the research

Given the clear gaps in the current literature required for a better understanding of the material

characteristics, the aim of this thesis is to contribute detailed knowledge as to why certain for-
mulations are suable for an extrusiobased 3Eprinting process, while others are not. Specif-
ically, proteins are of great use as a f#edkfor thistechnology (N6bel et al., 2018), as their
importance for structure and texture in the final productlaat their satiating effect, which is
stronger than equivalent quantities of energy from either carbohydrate or fat (Morell & Fiszman,
2017), are well known. Therefortlhe understanding of a gelation mechanism and the design

of dairy proteinbased formudtions for application in FLMire conducted in this research.
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In-depth understanding of the gelation meatianfrom rheological characteason and how

to use this data tmimic extrusion behaviour and flowing conditions during potentiap8ibt-

ing applicationss of highest importancel h e s o | T g ®fldairy matenadsiriggerexdn

vi a t hreuepstomedf the most important parater that has to be charactedsespe-

cially to knrow how to adjust temperatures during extrush@asedtherma printing (Nobel et

al., 2018. Formi | k pr ot ei ns, the soli1gel trakKos-i ti on
tina et al, 2014 Schéfer et al., 201&asbinder et al. 20Q&nd the temperate of aggregation

(de Kruif & Roefs, 1996) were studied intensively. The latter parameters will be among a few
others (heat rate, particle size, zptdential and microstructure) that have to be investigated

and understood to implememtinting of dairy proteinbased formulations.

Thecharacterisation of potentially suitable materials via rheological measurements, e.g. critical
shear rate (Kern et al., 2018), phase angle (Gholamfpowazi et al., 2019), or storage mod-

ulus G6 (Warner et al ., 2 0 1Help to unsldrstandigelatidne ¢ o n
mechanisms specifically for processes like conveying and extrusion or to find shortcut methods

to predict printability before printing thro
combining the two main dairy pi@ns, casein and whey protein, to induce a fast and irreversi-

ble transition from sol to gel offers great potenta 8D-printing purposes. More complex
formulations could be designed (addition of fat, lactose, vitamins, etc.), based on the overall

undestanding of the gelation kinetics and tuning particle characteristics.

Compared to most of the current research focusing on soft matter extrusion of pastes and gels,
the uniqueness of this thesis r elstockduingn a s
printing as well as tailoring of the particles in the nanometre range via process parameters.
Small changes in these process parameters help to manipulate formulation characteristics, to
trigger gelation and to tailor printability. The results fornfiotation engineering obtained

within this study will provide a framework for investigating the printability of any material
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printed vrowe. Theredorepthe iovErall goal of this work is to design and to charac-
terise edible and printable daibasd formulationsvia a suitable gelation mechanidor a
better understanding of their material properties regarding applicatighsrimalextrusion

based3D-printing.

1.3 Thesis structure

This manuscript is composed of seven chapters including an intraduatierature survey,

four results chapters and a conclusion including future work suggestions. Some overlap in the
text is present due to peerviewed publications. The details of each publication are located on

the front page of the relevant chapter.
1 Chapter 1is the introduction and explains the project context and the goal of this research.

1 The current literature isritically reviewed Chapter 2) to inform the reader and provide
the necessary background knowledge to better understand the redidis. Sé@ main

dairy ingredients, protein and fat, as well as@ihting itself are explained in great details.

1 Chapter 3includes the results of a collaboration work on the screening of concentration
and pH suitable for temperature triggered gelatiarthep H1 t e m p-eutedor skim e
milk retentatesThe pH temperaturgoutewas ested and shown to besaitable mecha-
nisms for application of thermal extrusion -Qifinting of high dairy proteiased formu-
lations. In-depth characterisation of tmeaterial Garacteristics otaseinbasedfeedstock

for food layered manufacturingas conducted.

1 Chapter 4 informsabout thedesign and characterisatioh caseiin whey protein suspen-
sions regarding their application fthrermalextrusionbased printability i a t he pHT t €
peratureroute. Proteirbased formulations were preparedwork with a simplified model
system and to conduct-ohepth characterisation of these materials, with the most promising

ones being printed with a custoragsin-house printer.



Chapter 1

1 Chapter 5is divided irto two mainsections, with the first one (5.1) focusing on a new
screening protocol fairansmission electron cryogenigicroscopy, developed during re-
search at The University of Melbourne at The Bio 2lvatted Microscopy Facility.
Thesecond one (5.2) presents the results of the characterisation ofi egseynprotein
suspensions with additional milk fat regarding their extrutiased printability via the
p HT-route including further results of the developed microscopy scregmotgcol The

most promising formulations werelated to the aggregation rate gomohted

1 Chapter 6 describesheretrofitting procesf a plastic into 8D food printer including all

the hardware/ software changes arfdrms abouthe setup of the pinter in detail.

1 The final part Chapter 7) provides the conclusion inclusive the main outcomes of this

research project and some future work is proposed.

1.4 Publications and presentations

The results of this study have been pestiew publishesubmitted opresented at conferences:

1.4.1 Publications
1.4.1.1 First author

Daffner, K., Vadodaria, S., Ong, L., N6bel, S., Gras, S., Norton, 1., & Mills, T. (2020). Design
and characterization of casewhey protein suspensions via theipémperatureoute for ap-

plication in exrusionbased 3BEPrinting. Food Hydrocolloids, 112, 105850.

Daffner, K., Hanssen, E., Norton. T., Mills, T., Ong, L., & Gras, G. L. (2020b). Imaging of
dairy emulsions via a novel approach of cryogenic transmission electron microscopy using

beam exposer. Soft Matter, 16(34), 7888892.

Daffner, K., Hanssen, E., Ong., Gras, S. L,.& Mills, T. (2021).Characterising the influence
of milk fat towards an application for extrusibased3Bp r i nt i ng of casei ni wh

pensions viathp H1 t e mp-®uteaFOOHYB_106642
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1.4.1.2 Co-author
Nobel, S., Seifert, BDaffner, K., Schafer, J., & Hinrichs, J2020). Instantaneous gelation of
acid milk gels via customized temperattirae profiles: Screening of concentration and pH

suitable fortemperature triggered gelation towards-@ihting. Food Hydrocolloids, 106450.

Wilms, P.,Daffner, K., Kern,C., Gras, S.L.Schutyser, M.A.l.Kohlus R. 2021).Optimigng
the extrusion ofood systems for 3fprinting applications Food EngineeringReviews (Sub-

mitted).

1.4.2 Co-authors and contribution to each chapter
The scientific work presented in this thesis was partly conducted in cooperation with other sci-

entists. Dr. Tom Mills supervised and Prof. Dr. lan Nortoisgpervised thentirethesis.

- Chapter 3: Benjamin Seifert performed most of the rheological experingtefan Nobel
createdhe graphs. Stefan Nobel and Kilian Daffner wrote the entire sdopanneSschéafer

Jorg Hinrichs, Stefan Niel and Kilian Daffnercorrected the manuscript.

- Chapter 4: Saumil Vadodaria and Tom Mills were involved in theigedf the food printer.

Kilian Daffner wrote the entire scripAll co-authors corrected the manuscript.

- Chapter 5.1: Cry=M was performed with Eric HanssenMelbourne Kilian Daffnerwrote

the entire scriptAll co-authors corrected the manuscript.

- Chapter 5.2: CLSM was performed with Lydia Ong and @i with Eric Hanssenboth in
Melbourne Jixin Xi performed some of the rheological analysis and-getantial measure-

ments Kilian Daffner wrote the entire scriphll co-authors corrected the manuscript.

- Chapter 6:;Tom Mills and Saumil Vadodaria were involvedtime setup of the food3D-

printer.Kilian Daffner wrote the entire script
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2.1 Background literature: milk proteins, fat globules and gdation characteristics of

dairy-based materials

The goal of this chapter is to sum up and review parts of the relevant literature, including an
overview of the two main dairy milk constituents, protein and fat. The two proteins, casein and
whey protein, their interactions, behaviour after thermeatrent and their emulsifyingrop-

erties are discussed. Then, the milk fat globules and the secondary mitbide (membrane)

are reviewed. Finally, the general gelation and aggregation mechanisms of particles is explained,

with a focus on caseibaseddayge | s and s pecidmnpeatuie(Houtean t he pl
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2.1.1 Milk proteins

2.1.1.1 Casein

Bovine milk proteins can be distinguished in two main groups: caseins and whey proteins with
a ratio of 4:1. Caseins are formed in the udder of the cow representing an kessétit@nal
component for the sucking offspring (Horne, 2002). From a technological background in the
dairy industry, the caseins, representing the main part of the milk proteins, are the most im-
portant component of the raw milk. The texture, sensoryatrdional properties of milk prod-

ucts like liquid milk and fermented products, e.g. cheese or yoghurt, are strongly derived from
casein (De Kruif et al., 2012). Caseins form aggregates of colloidal size with a diameter between
507 600 nm, the so callechsein micelles (CM), which may contain up to thousands of casein
molecules Fox & Bordkorb, 2008Walstra & Jenness, 1984'he CM are dispersed in a con-

tinuous phase of water, salt, lactose and whey proteins.

For casein, four main groups can be distisged, namelyk:-, U2, b- ands-casein (4:1:3.5:1.5)
(Swaisgood, 2003). The casein subfractions differ in the content of phosphate groups, linked to
serine through -oasihpossessing@at ipdro,s pwiotste-cdgeme r e s |
five anda-casein only one. Due to this phosphorylation, caseins can bind certain amounts of
calcium ions. This can result in the precipitation of casein but also enables them to bind to
calcium phosphat e. Tdasein doesngtiprecipimteeasnghe presy | at e d
ence of high CH-concentrations (Swaisgood, 2003). All caseins contain hydrophobic amino

acids, withb- anda-caseins having large hydragbic blocks in their sequences.

For a better understanding of the casein proteins, a few of their properties are shawie in

2-1. Casein molecules carry a net negative charge andhiee pH (6.7) of milk due to the
deprotonation of a raseirohawng a riet aledsi?2 4 u m¥aseintvi t h
of T13mV a rcaseimeofi 3V, which varies degending on the solution pH. Tlaerage

isoelectric point (IEP) of casein is 4.6, at which these proteins precipitate from milk, with ex-

ception ofs-casein (higher IEP, s@@ble2-1). Three main interactions, negative charge, steric
-15-
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repul si on and surf ace h-gasemarbundtine miceleswstalilise t h e
the CM against aggregation (Fox & Mulvihill, 1990; Heertje let 085; Horne, 1986; Wal-

stra,1990).

Table 2-1: Casein protein fractions and their properties (modified from Walstra & Jenness, 1984; Farrell et al., 2004).

Protein fraction Composition in Molecular weight Isoelectric Amino
(genetic variation)  skim milk (g L) (g mol?) point (pH) acids
Us-casein 127 15 23,615 4.447 4.76 199
U-casein 314 25,226 5.01 207
b-casein 97 11 23,983 4.831 5.07 209
a-casein 21 4 19,037 5.45i1 5.77 169

! Walstra et al., 2006

For the structure of CM differembodels were developed in the past, including the submicelle
(Walstra, 1990), dual binding (Horne, 1998),
(Dal gl ei sh, 2011) model . Al o fcasdinfor hheeCMmo d e |
surface ad colloidal calcium phosphate (CCP) clusters in the core of the micefegune 2-1,
the submicelle model is depicted (Walstra, 1990) with submiceflasize of 10 15 nm and
consisting of 15 20 casein molecules. The core of the CM contains CCP. Two different types
of submicelles, with and withow-casein, exist. The submicelles with and s-caseins are

more hydrophilic and therefore located néee outside of the micelle, while the submicelles
without a-casein consist di* andb-caseins and are located more in the interior of the micelle

due to their hydrophobic characteristics.

submicelle

protruding
peptide chain

calcium
phosphate

50 nm

Figure 2-1: Submicelle model according to Walstra (1990).
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According to Walstra (1990) the submicelées kept together by hydrophobic interactions and
calcium phosphate lirdges. The hairy layer of thaicelles is attributed to the hydrophilic
glyco-macropeptide paof a-casein protruding intthe continuous phase of the milk. Therefore,
9-casein is responsible for the steric and electpulsive stability of the CM, especially for
their stability towards aggregation. As a consequence, the CM are present as eofitadal

dispersion in dairy milk.

The second most popular and accepted model for the structure of CM is the nanocluster model
presented by Holt (1992), shownhigure 2-2. According to this model, caseins and calcium
phosphate nanoclusters are incorporated into a structure without subunits, suggesting a more
homogeneous protein matrix within the micelle. The &M hold together by interactions be-
tween caseins and calcium phosphate, with the hydrophilic partadein forming the hairy

|l ayer and protruding into the serum phase.
caseins, as they are neither glawuhor fibrillar proteins nor molten globules nor random coils.

A rheomorphic protein has an open conformation and conformational flexibility (Holt & Saw-
yer, 1993), evidenced by casein having litileelical structure via fatV circular dichroism

and Fairrier transform infrared spectroscopy.

-, casein
~ proteins

. calcium
phosphate

Figure 2-2: Model structure of the casein micelle showing a rarkess homogeneous protein matrix containing calcium
phosphate nanoclusteri k e p adistributed wits a riedn) spacing of 18 nm. There is no distinct hairy layer, but rheo-
morphic polypeptide (Holt et al., 1992).
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In a previous review, Dalgleish (2011) proposed the role of water in the internal structure of the
CM, as most of the previous meld consider hydrophobic bonding as the main parameter in
maintaining the stability of the strhicelle/ casein complexes. Dalgleish (2011) suggested an
uneven distribution of water in the interior of the CM, with domains or channels of water al-
lowing proté n s {caseir to diffuse through the micellar interior. The incompatibility of
the hydr opholkna o deaskiasinprevioesrmodels (submicelle, nanocluster and
dual binding) with the highly hydrated structure of the CM was explaingdeanicelles con-

tain 3i 4 kg water per kg of protein (de Kruif & Holt, 2003).

I n Dal gl ei shdos model , t he CM-casavon tharsurface,at i v e
which is dense enough to stalsliésterically, electrostatically) them agaiast approach of

other CM/particles but also diffuse enough to allow interactions between denatured whey pro-
teins and the pafac as ei n r-ceags eoinn od rcaseinoto dissotiatewronb the mi-

celles at low temperatures and to reassociate with theo@Bubsequent warming (Anema,
2020) . Th e -caseireirs anmobile form interhcting with the water molecules due to

its high amphiphilic natur e wacases digsariateg e d, \
out of the CM at low temperatures’®), while only small amounts of the other caseins disso-

ciate into the serum (Creamer et al., 1977). All the described models are oversimplified, as the

CM are neither hard spheres nor identical in size. For more detailed information about the CM

and theirinternal) structure it is referred to previous literature of Dalgleish €@04), Horne

(2002, 2006), Phadungath (2005), de Kruif et al. (2012)t tlal. (2013) or latest

Anema(2020).

2.1.1.2 Whey proteins
The second group of proteins in bovine milk ve whey proteins which cover about 20of
the total protein content in bovine milk (Fox & McSweeney, 1998). The main whey proteins

are b-lactoglobulin p-lg), Uactalbumin (Ma), blood serum albumin and immunoglobulins,
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with b-lg representing more th&0% (compardable2-2). The rest of the whey proteins co-

vers around 10%, with different proteins like lactoperoxidase, serum transferrin, enzymes and
milk fat globular membrane proteins (Fox & Kelly, 2006). Whey or serum proteins have a
relatively high hydrophobicity and compactly folded peptide mhgWalstra et al., 2006).
Theyare typical globular proteins with high levels of secondary and tertiargtstes, being
responsible for denaturation processes at high temperatures (Dannenberg & Kessldfpi988).
b-lg as the main serum protein, 10 different genetic variants were iddntifhas a radius of
about 2nm, an isoelectric point of around 5.2dacontains two disulfide bridges and one free

thiol (Hambling et al., 1992).

Table 2-2: Whey protein fractions and their properties (modified from Walstra & Jenness, 1984; Farrell et al., 2004).

Protein fraction Composition in Molecular Isoelectric Amino
skim milk (g L) weight (g mol!)  point (pH) acids
b-lactoglobulin 214 18,363 5.13 162
Ulactalbumin 0.61.7 14,178 42145 123
Serum albumin 0.4 66,399 4.714.9 582

The secondary structure contaihss %h &1 i x ,-sheetOatel H20% reversed tuirb-
strands (Creamer et al., 1983). The 3D tertiary structure of the bdtweith an eightstranded

b-barrel (calyx) formed bf-sheets and flanked by a three tl¥helix is shown irFigure 2-3.

Figure 2-3: Schematic drawing of the structurefsfactoglobulin (Brownlow et al., 1997).
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2.1.1.3 Heat induced caseinwhey protein interactions

When milkis heated to temperatures of°@and higher, the whey proteins start to unfold,
denature irreversiblyOannenberg & Kessler, 198&8nd interact among themselves through
hydrophobic bonding and thialisulfide exchange reactio{Sawyer, 1969; Smits &rouwer-
shaven, 1980Penatured whey proteins can also aggregateantidisein if available, resulting

in 8-caseimwhey proteincompkees (Jang, & Swai sgood, 1990;
casein and-lg as well ag+a (Ula no free thiol groupsxhibit free thiol groups and/or disul-

fide bonds allowing intermolecular association via tuislulfide exchange reactions. These
interactons of the denatured whey proteins, specifichlly g ,  waseinhon the surface of

the CM are of particular interest as the resulting protein complexes influence the functional
properties of milk and other dairy products considerably. The latestivesignming up these
interactions and how potential heatluced aggregates influence the milk characteristics, was

published by Anema (2020).

Depending on theH at heatingdifferent types of interactions between denatured whey pro-
teins and CM were founfAnema & Li, 2003a; Anema et al., 2004a; Anema et al., 2004b),
while a pH dependent association of the whey proteins with the CM was further confirmed
(Anema & Klostermeyer, 199 orredig & Dalgleish, 1996; Oldfield et al., 2008). pH 6.5

at heatingaround 70% of the denatured whey proteins were found on the surface of the CM,
increasing the original size of the CM byi385 nm.Vasbinder & de Kruif (2003) proposed
that almost all the denatured whey proteins covered the surface of the CM while Aredma et
(2004b) found values between585% of whey protein acering the surface of the Cii pH

6.5 at heatingdepending on the heating temperature.

With increasingpH at heatind6.9, 7.1), Anema & LiZ003b) and Anema (2007) foundie-
creased amount oenatured whey protein on teerface of the CM, changing the composition

and the surface characteristics of the CM. At those higHevalues at heatinghe level of

-20-
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association decreased with around 30% whey proteins covering the surface of the CM (Anem

& Li, 2003a).

a-casein showed heatduced, pHdependent dissociation from the CM accompanied by an
increase in the amount of denatured whey proteins remaining in the serum (Singh &
Creamer1991b). This was confirmed by 8®0% of the denatured wheyqgteins associated

with the CM atpH valuesbelow 6.7at heatingwhereas only about 20% associated with the

CM atpH values above 6.8t heatingAnema & Klostermeyerl997; Oldfield et al., 2000).

These interactions dependn t h e | -@asantwhichmwassHownsto dissociate from the

CM with increasingoH values at heatingAnema &Klostermeyer, 1997Singh & Fox, 1985).

ti s not <clear why di ssoci atcaseimdissocated to the k- but
rumat temperatures lower than those required forywpmtein denaturation (Anema &

Klostermeyer, 1997; Anema, 2008a).

However, there is still ongoing debate over the sequence of events regardiogsleal whey

protein interactions. On the one hand, it was o p 0 s ecdsein dissotiated from the CM in
early stages during heati ng an-dasethénrtha setume d wh
or on the micelle surface, with a preferential serum phase reaction (Anema & Li, 2000; Anema,
2007). This wasigpported by significant amounts &fcasein dissociating at temperatures be-

low those necessary for whey protein denaturation (Anema & Klostermeyer, 1997) as well as
significant dissociation ad-casein from the CM in systems which have been depleted of whe
proteins (Anema & Li, 2000). On the other hand, it was proposed that denatured whey proteins
interacted with CM first, followed by dissociation of thecaseim whey protein complexes

from the CM (Donato 8D al gl ei s h, 2006 ; Donat was supp&@tedy o ma r ¢
by no increase in the amountatasein whey protein complexes in the serum after addition

of sodium caseinate, indicating tieataseim whey protein complexes were formed on the sur-

face of the CM regardless of tpel value at heatin(Parker et al., 2005).
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2.1.2 Milk fat globules

Bovine milk contains approximatelyi 3% fat, which is distributed as small, spherical globules

in the serum phase (Singh, 2006). The milk fat globules (MFG) have a diameter ranging be-
tween0.715 e m, \wiadgelfamund@Ey ¢m ( Mul der & Wal str a,
part of the MFG mainly consists of triglycerides, surrounded by a thin memlbinase called

milk fat globule membrane (MFGMyhich hinders the faglobules from coalescingrhe

MFGM is a compéx trilayer membrane (compaFagure 2-4 and Figure 2-5), composed

mainly of phospholipids, glycolipids, proteins, lipoproteins and enzymes (Michalski et al.,

2002), as shown imable2-3.

The inner part of the MFG contains milk fat, consisting of 98% of triglycerides. The struc-

ture of a single MFG and the surrounding MFGM are illustrateféigare 2-4. The MFGM

consists of a triple layer, shownHigure 2-5. Thistriple layer includes an inner monolayer of

lipids and proteins, a proteinaceous coat located on the inner face of the bilayer membrane, and
a bilayer membrane of polar lipids and progefDewettinck et al., 2008). The MFGM proteins

were found to account for 2570% of the mass of the membrane material (Deeth, 1997; Fong

et al., 2007), while other studies foundi250% (Astaire et al., 2003, Singh, 2006), depending

on the isolation mébd.

Table 2-3: Estimated average composition of milk fat globule membrane (Walstra et al., 1999; Huppertz & Kelly, 2006).

Component mg 100 ¢ fat mg m fat % of membrane
globules surface material

Protein 1800 9.0 70

Phospholipids 650 3.2 25

Cerebrosides 80 0.4 3

Cholesterol 40 0.2 2

Neutral glycerides +2 + ?

Water + + ?

Carotenoids and vitamin A 0.04 2x10% -

Iron 0.3 1.5x 10 +

Copper 0.01 5x10° -

Total > 2570 >12.8 100

2+ indicates component is present but concentration has not been determined precisely
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Figure 2-4: Structure of the fat globule with detailed arrangement of the main MFGM proteins. The drawing is highly sche-
matic and sizes are not proportional. A double layer of polar lipids is placed on an inner monolayer of polar lipids.élembran
specific proteins ardistributed along the membrane. ADPH is located in the inner polar lipid layer, XDH/XO is located in
between both layers. MUC1, BTN, CD36 and PASIII are located in the outer layer. PAS6/7 and PP3 are only loosely attached
at the outside of the MFGM. Théaline-containing phospholipids, PC and SM, and the glycolipids, cerebrosides and gangli-
osides, are largely located on the outside of the membrane, while PE, PS and PI are mainly concentrated on the inner surface
of the membrane (Dewettinck et al., 2008).
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Figure 2-5: Typical structure of the native milk fat globule (Michalski et al., 2005).

The milk fat globule and its membrane are influenced by processes like agitation or cooling,
but also during natural creaming and lipolysis. The main process steps altering the MFGM are
heat treatment and mechanical input, as showkigare 2-6. Mechanical input (sonication,
micro fluidizing and especially homogeaison) causes a significant reduction of the MFG size

and an increase in the interfaciaka of the fat particles, changing the composition of the
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MFGM. As the native MFGM material is insufficient to cover the larger surface area, proteins
from the serum adsorb at the oilTwater inter
dairy materal, the new MFGM was found to consist of parts of the native MFGM, but mainly

casein and also whey protein, if heat was applied before (McPherson & KitchenQOregat

al., 2010aSharma & Dalgleish, 1993alstra & Jenness, 1984

®

Homogenization \g
CM

o

1 i
N v
® N # Heat treatment
¥ o @
dWP.

N

Figure 2-6: Schematic illustration of the relatiedfects of heating and homogesati®n on fat globules in milk. MFG = milk
fat globule, CM = casein micelle, WP = whey protein, dWP = denatured whey protein (Ruppéety, 2006).

After mechanical input, oil dplets were covered and stakelisby a thin layer of proteins
adsorbed at the oil 1T wa.tDering highnpressuré lomegeafemD i ¢ ki n s
casein molecules and aggregates adsorbed at tleswaffthe newly created milk fat globule
membrane (MFGM), sterically and electrostatically stabij the droplets against recoales-

cence. A mechanical damage of the MFGM caused milk fat globules (MFG) which were found

to behave to some extent like CM @ineim, 1986). These MFG with protein on the surface

could act as pseuduarotein particles during gelation and incredhighe gel firmness (Ji et

al., 2016). Further information about the interfacial properties of casein in emulsions can be

found elsewher@ickinson, 1999).
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Characterising the surface prpotgneal (tepresenting i t we
the surfacecharge) of the MFG was around 3.5 mV (Michalskiet al., 2002), while it was

1 13mV for MFGM phospholipidsl{u et al., 2013)For homogenisd MFG, the sugce charge

increased to arourid20 mV, which was explained with CM covering the newly created surface,
therefor e, apotpntiabad casein.rt@s ptoposed that fully homogeaisMFG

h a v epotantias similar tolie one of CM, confirnmg a high surface coveragéfat particles

with caseins (Michalski et al., 2002).

After homogeniat i o n, only casein (U, b and a) and n
teins (e.g. xanthinoxidase or butyrophilin) were found atepre attached to the surface of the

MFG (Ong et al., 2010a), explained with low heating temperatures and no denaturation of the
whey proteins. Similarly, Sharma & Dalgleish (1993) did not find any whey proteins on the
surface of the MFG after microfluidation, if heating waspplied at less than 70°C, while

Walstra & Jenness (1984) reported whey proteins being part of the newly created surface. Cano
Ruiz & Richter (1997found no effect of the homogeaiton pressure on the composition of

the proteins othe surface of the MFG, while 7086 the material was charactextas casein,

with the rest being whey and native membrane proteins

It was found that increasing the pH before the heating process (6.3 to 7.3) resulted in increasing
amount¢amdcasdi n but decr ecaassien glg cavaodg tiie surfacef o

of MFG after mechanical input (Sharma et al., 1996a). Sharma et al. (1996b) found that the

a mo u n{asainfcovering the surface of the MFG was independent of the heat treatment and

the order of theéwo steps, heating and homogextisn. This led to the assumption that the
deposi tcasenmepentied enly on the homogenisi on s-tapei Mheahey pr ¢
complexes in the serum and on the MFG surface were proposed talbe a@ter heating and

homogeniation (Sharma et al., 1996a).
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2.1.3 Aggregation and gelation

Aggregation is the process or the result of the formation okagtes. According to Dickinson

& van Vliet (2003) aggregation describes a process where two or more cgtlartales be-

come joined together under the influence of some kind of attractive interparticle colloidal in-
teraction. This process can be induced in three ways for food colloids, by physical processes
(e.g. stirring, heating), by chemical change (e.g. Acation, addtion of salts or polymers),

or by enzymatic action (e.g. renneting). The conversion or rathesition of a stable sol,
e.g.skimmed milk, into an aggregated gel network, e.g. yoghurt, involves pkgtseical
changes. Aggregation in dikd dispersions or emulsions can be detected experimentally by a
larger particle size or an increase in sedimentation or creaming. On the other hand, aggregation
for concentrated colloids is detected through rheological properties (Dickinson & van Vliet,

2003).

2.1.3.1 Kinetics of aggregation

The kinetic aspects of aggregation will be discussed on the following pages. It has to be taken
into account that most of the theory derived is only valid for ideal cases of diluted dispersions
of monodisperse hard spherédsh er ef or e, most of the food sys
restrictions.Fast aggregation appears when interparticle forces are dominated byasigert
Van-derWaals forces. Slow aggregation can be detected in the presence of appreciable poten-
tial energybarriers (due to charggabilieed particles) (Dickinson & van Vliet, 2003). In gen-

eral, the rate of aggregation is determined by the frequency of collisions and the probability of
cohesion during collision. When colloidal particles approach each ottikridal interaction

forces are responsible for aggregation, viitb possible ways of aggregation occurring, either

due to Brownian motion (perikinetic aggregation) owédocity gradients/hydrodynamic mo-

tions (orthokinetic aggregation).
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2.1.3.1.1 Perikinetic fast aggregation

The term perikinetic signifies that the particles encounter each other because of their Brownian

motion or diffusion (Walstra, 2003). This theory was proposed in 1916, when Smoluchowski

assumed that colloidal particles stick and remain agtgdgenen encountering each other due

to Brownian motion. He considered that particles diffuse to a central particle. Therefore periki-

netic aggregation can be ascribed to the Brownian motion of dispersed particles.

According to Smoluchowski (citied by Myer$990; Dickinson & Walstra, 1993; Walstra,
2003) the numbes  of encounters per unit volume and time (flux or aggregation r@te) [

for equalsized spheres can be defined as:
O =40 rN (1)

whereO is the mutual diffusion coefficient of two particles (for aggregatedphere equal
to the sum of the diffusionaefficient of both spheresfif O ], r the collision radius (for a
sphere equal the sum of the radii of both sphergsafd N the numbeof particles per unit
volume (or particle number concentratio) [ ]. The diffusion coefficienD [6¢ O ] usedin

formula (l) is given by the Stokdsinstein equation:

D=—— (1

whereQ is the Boltzmann constant {J ], T the absolute temperaturk][ — the viscosity
of the continuous phasB4-g and d the diameter of the particte][ For equal spheres equation

() can be transformed into:

0 =—300 )
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Assuming that each collision of two particles results in a reduction of the particle number by
unity, the change in the number of particles per unit volume with time is obtained by multiply-
ing J by N and dividing by 2 to prevent counting every collisianéwT herefore equation (l11)

is changed into:
-—=-0 N =——N2 (lV)

Polydispersity tends to enhance the aggregation rate, even for spheres. The reason is that the
effects of particle size on collision radius and mutudl difs i on coef fi ci ent dot

in equation (IV). The time which is needed to halve the number of paigless, given by:
0g=—=—=—r V)

whereJy, 0 andQ are the initial valuesaf ,Nand d. The volume frac

formula (V), is described by the following equation:
a — (VI
The number of particles as a functidraggregation time is given by:

0 = (V1)

8

The decrease in N with time for an example is showkignre 2-7 (Walstra, 2003):
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Figure 2-7: Perikinetic aggregation. The relative particle number concentration as a function of the time t after aggregation
has started over the halving timet_0.5. N refers to number, N_O to initial total number, and the subscripts 1, 2{l% etc. to
numbers of paicle monomers, dimers, trimers, etc. The equation for the numbemefkis also given (Walstra, 2003).

It is important to mention that there are some restrictions. The above presented theory from
Smoluchowski (1916) describes the aggregation praxfessioidal solutions under following

conditions:
- The solution contains a total 0f particles ab

- All particles are spherical, have the same size and the same aggregation readiness at every

time.
- If two particles collide, this implies a faaggregation and a durable contact

- The newly formed spherical particles from two aggregated particles with the radius r have the

radius 2.

- The aggregation time is independent of the number cfaggnegated particles.
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For dispersions not following one or more of these conditions, the theory can be used for the
first few aggregation steps, but correction factors have to be considered. Furthermore, the the-
ory from Smoluchowski is not valid in the later stages of aggr@gatihen the system becomes
polydisperse, wheimteractions between nespherical aggregates are predominant and when

the diffusion coefficienD deviates markedly from that of individual particles.

However aggregation kinetics arere intricate than suggtedby the perikinetic theory from
Smoluchowski. According to Walstfd993) the formation of fractal aggregates and the pres-
ence of small velocity gradients can affect the time needed for aggregation to become percep-

tible.

2.1.3.1.2 Orthokinetic fast aggregation

The term orthokinetic signifies that particles encounter each other due to velocity gradients in
the |iquid. For simple shear flow, Smol uchow
and remain aggregated when colliding with each offigure 2-8 depicts this way of aggrega-

tion for spheres of equal size, neglecting hydrodynamic interaction forces.

Figure 2-8: Orthokinetic aggregation of particles of eqda@meter in simple shear flow, as envisaged by Smoluchowski. At

left, the flow velocity profile is shown. Particle A moves from left to right (positions 1 to 5), particle B is in a statiosigion,

but it does rotate. At right a cross section is giet illustrates the geometry of the heylinder containing the centers of the
particles to the |l eft of B that will d6décollidedd with B ( W

Particle A meets reference particle B under the condition that its center is in a half cylinder of
radius® (which equals the collision radius 2a). It can be seen that near position 3, the particles

A and B collide and stick. After collision, the nevitymed doublet rotates in the shear field.
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According to Smoluchowski, the particles fuse into one sphere. Assuming spheres of equal size,

the particle number concentratibins defined as:
-—=-0 N=-Q0 T=-0NTi (VI
wherel is the velocity gradient (equals the shear rdte)][

For orthokinetic aggregation the time needed to halve the number of particles is given by the

following equation:
b 8 =— (lX)
The ratio of the initial rates of orthokineti perikinetic aggregation is given by:

= (X)

It can be shown that orthokinetic aggregation is faster than perikinetic, if the particles are large
(above 1 um). The existence'@f in the numerator irquation (X is only one reason. Another

one is that small velocity gradients, induced by temperature fluctuations, lead to significant
orthokinetic aggregation for particles above 4 um. The mechanism of orthokinetic aggregation
dominates for particles ahicrometer size and larger (Berli et al., 1999). All in all, in food

dispersions, orthokinetic aggregation is often more important than perikinetic aggregation.

In reality, slow aggregation takes place more often. This can be ascribed mostly to electrostat
repulsions, hydrodynamic interaction, disaggregation of particle doublets, high volume frac-
tions or sedimentation of the particles. For all mentioned cases, the capture effldieviigh
represents the probability of two particles sticking closeigrafncountering, has to be deter-

mined.
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2.1.3.2 Aggregation and gelation of casehibased dairy gels

The aggregation of the CM can be triggered in different ways. One possibility is the addition

of rennet which contains chymosin, a proteolytic enzyme that sgetific y c-tasemyv es a8
causing its @erminal end to be split off (Horne & Leaver, 1995). While the just mentioned
method is popular for dairy products like cheese, for yoghurt the gelation process is induced
with theaddition of acid. Adding acid (lactarcid bacteria) leads to a reduction of the5l0,

where the net ecasan)igamostizerot thedorudh aollapses afderapid aggre-

gation occurs (Lucey & Singh, 1997).

The dfferent ways used tdestabiliet h e h ai r -gasdinang Bustrated iRigare 2-9.

On the left side, the enzymatic clip is shown, where the whole hydrophilic glycomacropeptide
is removed, the steric stabdison repulsion is lost and the CM start to coagulate. In the middle,
the effect of alcohol is showwhere the solvent environment is modified and the protein chains
are no longer in a good solvent. According to Horne & keed¥995) the addition of ethanol

i nduces a conf or macaseirswhith causes thedgssoéther $wdtii-h e o
lising ability. On the right, the heat induced coagulation of milk can be see, which is explained

in more detail ir2.1.1.3 with theinteraction betweenasein andlenatured whey protein
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Figure 2-9: The micellar hairdressing saloon (Horne & Leaver, 1995).
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According to Roefs (1986), a gel is defined as one where both the dispersed and the dispersion
medium extend themselves continuously throughout the whole system. Gels from dairy prod-
ucts like yoghurt or cheese are casein gels, made from cow milk. Undeglrcanditions in

milk (native pH = 6.7) CM are stabiéd by steric and electrostatic repulsion and have a nega-
tive charge (Payens, 1979), e.g. shown with a zeta potenaabandi 15 to1 20 mV at 30C

(Dalgleish, 1984).

For colloidal gels in dairy practts, e.g. yoghurt, at least three ways of gelation are possible
(Horne, 1999). For the formation of agittluced milk gels, three welinown models are avalil-

able, namely the adhesive sphere model, the percolation model and the fractal model. All of
them were reviewed several times and can be found in literaBuesr(er et al., 198De Kruif,

1997 Lucey& Singh, 1997.

Gel formation by proteins in general and by casein in particular depends on lots of factors
(Roefs, 1986). These influencing factors #ire pH value, temperature, ionic strength, ionic
composition of the water phase, protein concentration and other difficult to define parameters
(e.g. temperature history or mechanical agitation). It is distinguished between the formation of
reversible andreversible gels. Roefs (1986) demonstrated that casein gels are irreversible gels.
For the conventional way with a ceou)fia@ant t en
sein gels are enzyme induced (e.g. renneting), acid induced or induced by aatiomloiithe

two ways Dickinson, 2006van Vliet et al., 2004).

For the ot he-outeythe coagulation procéss df CM strongly depends on the
temperature (De Kruif & Holt, 2003). As shown kilgure 2-10, direct ackrdifice
route) at room temperature results in precipitation of the caseins and no gelation appears,
whereas low temperatures maintaini sblaracteristics. To reach a coagulg system, it is

important to know if a gel or a precipitate will be form&lot h possi blreuter out e s
and pddie dre showniRigure2-11. Wh e r e a soute is @reatlyi upderstood, well
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investigated anthany reviews are available for a classical yoghurt production, the focus of this
review lies on the pH T-route, as explairtein more detail in the next part of this literature

review.

1) Precipitation

‘ﬁ
e e °_o__° =o.
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Figure 2-10: Impact of the temperature on the coagulation behaviour of caseins and controlling of (1) the formation of precip-
itate and (2) thgelation after direcacidification (Kessler, 2002).

2133 Aggregation and g-elut@ti on via the pHTT
Caseinbased microgels can be induced with mechanical processing, heat treatment, changes in
the environmental conditions (e.g. pH) or in the surface pregd(ititeraction with whey pro-

teins) (Loewen et al., 2017%ince one of the prerequisites BD-printing is the existence of
dynami ¢ c ondi-routeaas $ound to beesuitpble Tol dabgsed materials to con-

vert a material with sol into getharacteristics (N6bel et al., 2018). In comparison to the in-
dust r i al -routswehdre féringntdtion takes several hours, depending on starting tem-
perature, type of cul t ur e-sroutewolks with sesuddenteme nt r a
perature iorease of the cold acidified system to trigger gelation of the CM witweral

minutes or even seconds.

For t h-eutepthel stBps acidification and gelation have to occur separated in space and
time. At low temperatures the caseins stayed in coll@dition at pH values of 4.6 due to

weak attractive forces between them. Increasing the temper@af¢) resulted in casein
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gels formed due to the impact of increasing hydrophobic interactions forces (Horne, 1998).
Direct acidification at room tempeture caused a sudden coagulation and precipitation of ca-
sein without building of a gel structuréigure 2-10). If acidification was conducted at temper-
atures below 4°C, the casesnspension stayed stabledamo precipitation and gelatiorc-

curred. Therefore, the two steps acidification and gel formation occurred separated in time and
space an droutehwas fquidiitor be suitable for printing of glebased materials

(NGbel, 2018).

The deviation in the gelation process from the conventionakkvello w n -routeptéivards

t h e {odte résulted in a higher gelation pH and stronger gels which showed less rearrange-
ments and syneresis (Vasbinder et2003). This was explained with the serum caseins acting
as bridging maiowe; whch contributed to éhe gelHdrmiation. During the

T 1 prBute, almost no serum casein was released and therefore, could not contribute to the
gelation procesAt t emp er at u rcasein, daleilmoand pbodpBarus Wwere released
from the CM, resulting in bridging and firmer gels due to available serum cakeinsn@ et

al., 2014;No6bel, 2016 Vasbinder et al., 2003as illustrated ifrigure 2-11.

casein micelle suspension
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Figure 2-11: Schematic representation of the casein micelle aggregation to miparteles; temperatui@H route: acidifi-
cation at moderate r r ai sed t e @), ecasairt micell sontdine mat oRthe soluble caseinktepiperature
rout e: parti al di s s oc-iamdniraderne odt clasweé mn < BH&)hpe ¢cagein uhinedles redo « b
negati ve sur f acasein, greyanticgoge particle éNébel; 20165).
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Roefs (1986) was one of the first who investigated the structure of directly acidified milk gels.

As shown inFigure 2-12, skim milk solutions with pH adjusted to 4.6 (at 4°C) were heated

(30°C) and aged at thistemp at u r eout).pMHénThe storageord ul us GO6 had r
a value ofapproximately 400 NrA the temperature was decreased to 4°C and kept at that level

for four days. Thelossemdul us ( G606) increased slightly, w
a strong increase in the number or strength of the elastically effective between the protein

molecules of different casein particles. During the ageing process at 4°C, G' tended to increase,
while G" slightly decreased. This gave the gel a more elastic ceardbe slight increase of

the doragemodulus G' was ascribed tetarded temperature reversible protein rearrangements

(Roefs, 1986).
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Figure2-12St or age modul us G’ (o) and |l oss modulus G" (T) of an

of ageingtime t (s). After heating in the standard manner the gel was age# foatl30C, before it was stored 4 days at 4°C.
Subsequentlit was heated to 30°C. The temperatures are indicated0 rad s. (Roefs, 1986).

Acidification inthe cold (4°Cf ol | owed by a temper atoute)ee- i ncr e
sulted in gels with a 20 times highstoragemm dul us G&6 and a | ower perr
milk acidified to the same pH (4.6) atRC ( Trdute)HVan Vliet et al., 1989; van Vliet &
Keetels,1995). This was ascribed to the way the CM are linked together, by straight or by bent

strands. It is important to mention that in practice, acidification with microorganisms at these
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low temperatures of 4°C or lowgy H 1-route) doesiot work as thecondtion are too cold for

the bacteria.

For direct acidification, Hammelehle (1994) investigated the influence of different acidifying
agents (citrie, lactic and hydrochloric acid) and found that gels with citric acid showed the
highest firmness. Gelationrehgly depended on the acidification pH, with lower pH values
after direct acidification resulting in earlier gelation (lower temperature). Roefs (1986) also
demonstrated that the rate of casein aggregation was an important difference between the direct
ard the industrial acidification (bacterial). Using direct acidification, the caseins reacted at a
certain temperature (around the phase transition temperature), aggregated and buittia three

mensional network.

I n the past, col d autewas alrbadytested andrused foraairy pnoductp Hi T
like yoghurt or cheese (Hammelehle, 1994; Roefs, 1986; Schafer et al,,\2&b8nder et
al.,2003 . For mil k proteins, the soligelKowkransi:t
tina et al. 2016; Sefer et al., 201,8Vasbinder et al. 200&nd the temperate of aggregation

(deKruif& Roef s, 1996) were studuted intensively v

A previous study on skim milk retentates produced via microfiltration showed that tigelsol
transitonterper at ure (temperature at which G6 = 1 F
acidification pH at constant protein content
transition temperatures for acidification pH values between 5.4 and 5.0 @ecsagsficantly

with increasing protein content, while they were independent of the protein content at lower
acidification pH values (5.0 &4.d.1.)on@ejiki- Smol 1
netic aggregation was used to explain the effect of Brownian motion to trigger collision and
coagul ation of the protein particles. The 1in

lower acidification pH values (5.0 and 4.8) was propaseoccur due to approaching of the
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isoelectric point of the caseins (4.6), and therefore, the net charge being more important for

particle aggregation than the number of protein particles per volume.

Other studies which also focused on ddiased systes) including rehydrated phosphocasein-

ate powders (Thomar & Nicolai, 2016), reconstituted pasteurised skim milk (Vasbinder & De
Kruif, 2003) and micellar casein suspensions with added whey protein isolate (Kharlamova et
al ., 2019) , a g riom &chperatares slexreasiggenith decreasimgs acitlification

pH values. Kharlamova et al. (2019) showed that the addition of fractal whey protein isolate
aggregates to aqueous suspensions of micellar casein lowered the temperature of gelation (at a
fixed micdlar casein cacentration) and increased theragemo dul us G&6 of t he
A further decrease of the gelation temperature was found if the pH was decreased, the protein

concentration increased or Ca@las added.
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2.2 Background literature: 3D-printing

The second part of the literature revipresents information about 3®inting in general and
different techniques, with a focus on extrusimased printing of food. Current food printing as
well as the advantages and disadvantages/challenges of pwittingod grade materials are

further discussed.

Parts of this review wersubmitted as

Wilms, P., Daffner, K., Kern, C., Gras, S&chutyser, M.A.l Kohlus R. 2021).Optimisng

the extrusion of food systems fdD3rinting applicationsFood Engineeng Review.
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2.2.1 Basic Knowledge
Additive Manufacturing (AM) is the technical description for a process whichowkm@s rapid

prototyping or 3DBprinting (ASTM-l nt er nati onal , 2012) . The wo

means that one layer of material is prinédtkr another, resulting in stackable layers forming
the finished object or figure. AM is described as a digitaetiptrolled process, building up
objects layetby-layer, using a phase transition or chemical reaction to fuseridiied layers

together (Werzyn et al., 2012).

In the 68006s of t he threedinhensioeahptinging (@kprintng)fvéree r e n t
invented. After some years of research Charles Hull was the first to use stereolithography in
1986, and is nowadays considered to befdnading father of 3Bprinting. Around the same

time Scott Crump performed his first trials with fused deposition modelling (FDM) and founded
his company Stratasys. Moreover, selective laser sintering (SLS) was invented in the eighties
by Carl Deckard. Althese tehnologies as well as other gidinting technologies have in com-

mon that they use an object image created by Computer Aided Design (CAD) software and
print this object layeby-layer. A lot of other subcategories can be found under the term Rapid
Prototyping (RP), including stereolithography (SLA), selective laser sintering (SLS), laminated
object manufacturing (LOM), thregimensional printing (3DP), fused deposition modelling

(FDM) or food layered manufacturing (FLM).

In terms of 3Dprinting with food as a feed material, FLM describes a new kind of production
process that is a translation of the robebaesed AM process into food fabrication. Instead of

a wide range of plastic (acrylonitrile butadiene styrene (ABS) or polylactic acid (PLA))sood
used as feedhaterial. In recent years, 3inting of food has become more popular and mate-
rials like chocolate (Hao et al., 2010; Lanaro et al., 2017; Mantihal et al., 2019), melted cheese

(Le Tohic et al., 2018), food protein pastes (Lille et all,80etc. were 3Bprinted.

-40-



Chapter 2

2.2.2 Procedure for 3D-printing of objects

All Rapid Prototyping techniques have in common that a @Ad@lel, a virtual design of the

object, is constructed via a software (.e.g. SketchUp, Tinkercad, etc.) before any production of
a3Dprinted object can be conducted. This mode
stereolithography (.stl) file format, sliced by a slicing software (e.g. Cura, Repetier, etc.) and
the so cadé@®di iGcr eat ed (-Gdednolideseahe coentands fo2 0 1 9)
e.g. the printing and neprinting speed, the temperature of the nozzle or the flow rate/speed of

the printer, whereas the geometry and the size of the object are described by theoG&D

In the Cartesian configation the3D-printer moves in X, y and-axis (left to right, front to

back, up and down) (Sun et al., 2018). After the first layer is deposited, tbbj&& is printed

by adding one layer on another until the desired structure is achieved (Melchels et al., 2010).
For successful printing layers have to be (almost) solidified before new layers are added. Integ-
rity and firmness of the first 3Pprinted layer highly influence how further layers are built up

on layers (Kirchmajer et al., 2015).

2.2.3 Techniques for 3Dprintin g
For AM or FLM different ways of printing are used. According to Wegrzyn et al. (2012), the

three most relevant techniques are controlled deposition, controlled fusion and controlled cut-
ting with lamination. The technologiepglied for 3B printing are aso subdivided due to ma-

terial properties, e.g. liquid, powder or cell cultures (Godoi et al., 2016). According to the latter
author, deposition of liquid materials is done via extrusion or inkjet processes whereas powder
based materials are 3inted by @position followed by the use of a heat source, e.g. a laser
or hot air, or a particle bird. Some of the most common Jifinting technologies are briefly
explained within the subsequent sections. Up to now, several reviews are available (Lipton et
al.., 2015; Liu et al., 2017, Gholamipoe&hirazi et al., 2020), with one focusing mainly on
extrusionbased food printing (Dankar et al., 2018). Currently available commercial extrusion

based food printers were presented in other reviews (Sun et al., 2016; algl2018).
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2.2.3.1 Fused Deposition Modelling

The first example given for controlled deposition is fused deposition modelling (FDM), also
termed fused filament fabrication (FFF). For this technique pastes, gels or molten materials are
used and extruded. In diar days traditional plastic printers dtal with a solid material
(e.g.ABS or PLA), which was transported to a heated nozzle, melted and deposited on the
printing platform, where it was solidified. Three extrusion mechanisms are possible, namely
synnge-based, scresbased and air pressure driven extrusion (Sun et al., 2018). CBDing
printing, one or more extrusion nozzles can be used which work within the Cartesian coordinate
space (x, y- and zaxis) (Wegrzyn et al., 2012). Either the nozzle altbeeprinting platform

or the printing platform underneath the nozzlmmved in the yaxis direction.

In general, food grade materials for FLM must be viscous or viscoelastic initially and become
a seltsupporting gel before the second or more layeradded (Godoi et al., 2016). For ideal
printing, the material has to be highly thixotropic, meaning that the viscosity has to become low
quickly when applying a shear force but it recovers quickly after the shear force is removed,
shown for alginatdasedhydrogels (Li et al., 2016). [pending on the material for tlextru-
sionbased printing process, layly-layer printing occurs due to accommodation of layers
controlled by the rheological properties of the materials, solidification upon cooling or hydro-
gd-forming extrusion (Godoi et al., 2016). The corresponding techniques are called soft mate-

rials extrusion (SME), hot melt extrusion (HME) and hydrefigeming extrusion, respectively.

For SME, seHsupporting layers of the feed material are depositedeoprinting bed. A critical
process parameter is the viscosity which has to be low enough to ensure extrusion through the
nozzle and high enough to allow lay®r-layer deposition. Materials being used in the past
were cake frosting (Periard et al., 20G0gar cookies as well as scallop and turkeat purée

(Lipton et al., 2010). For a variety of hydrocolldddsed pastes (GholamipeBhirazi et

al., 2019), different formulations were classified as printable via shortcut methods, if the phase
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angle wasdund in the range of 315° and the relaxation exponent in the range of D.03.3.
To print Mickey Mouse models vi@ME, the design and characteatisn of dough formula,
differing e.g. in sucrose or butter content, were investigated and those pasanegterelated

to printability (Yang et al., 2018).

For HME, the material is heated slightly above its melting point to fuse to the previous layer
(Sun et al., 2015a). So far, the main food material investigated was chocolate (Hao et al., 2010;
Lanaro et b, 2017; Mantihalet al., 2019), as it shows scharacteristics above the melting
temperature and solidifies at room temperature. Thigysbtransition of chocolate is triggered

via rapid solidification (crystallization; called tempering) after depmsit Examples for
shortcut methods for HME were found with sdmard model cheese (Kern et al., 2018), as the
critical shear rate (1080 s?) increased significantly with decreasing calcium levels and with

i ncreasi ng febpancvith deitintkgppatarrageena mixtures (Warner et al.,

2019), where printing fidelity was related

For hydrogefforming extrusion, the first layer needs to have structural integrity before the sec-
ond layer is dposited (Kirchmajer et al., 2015), with rheological properties and gel forming
mechanisms of the feed material being importantadtaristics influencing the 3Printing
process (Liu et al., 2017). Printing of hydrogels was conducted in recent yeaatetisues

or organs (Cohen et al., 2008; Song et al., 2010). The three mechanisms for hydrogel printing
were chemical linking, ionotropic cross linking and complex coacervate formation (Kirchmajer
et al., 2015). The hydrogel material and the surfaceggra the printing bed play a crucial

role for successful printing due to their influence on the spreading of the feed material.

Up to now, there is still little knowledge available how to correlate material characteristics to
critical variables of extrusicbased printing processes as well as to the material structure of the
printed object (Severini et al., 2018). Most of the esttbebased food printing has been con-
ducted with pastes and gels or chocolate, with the latter being one of the most suitable food
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grade materialslable2-4 provides some information regarding rheological properties, param-
eter adjustments for printing and upcoming difficulties during the printing process, which were
found within experiments of o#in research groups. A very detailed table presenting all the work
performed in the last ten years in #rea of food printing, including the type of printer, can be

found in a recent review (Gholamipe8hirazi et al., 2020).

The formulation engineeringpproach of research groups varies, with the majority only pre-

senting suitable formulations or process param&tdr i ch have resul ted 1in
ing. However, to print objects of high quality, the understanding of the interplay between in-
gredientsprocess parametand equipmendesign (printer setip) is necesary (Cheyne et al.,

2005). Ktrusionbased printers are commercially available (Sun et al., 2018) but most of the
research was conducted on custaediprinters, which complicatesomparisoas of results.
Apositive example of fAtackling the whole proc
calculation of important extsion-based printing parametethe application of empirical mod-

els (power lav behaviour) and the charactatisnofma¢ r i al properties (e. g

were conducted for alginateased hydrogels (Li et al., 2016).

Common issues why certain formulation (e.g. protein/ fat content) or process parameters (e.qg.
print speedextrusion flow rate) caused problems during printing (e.g. nozzle plugging, inac-
curate printing) we not explained in detail in previous studidgdvaned knowledge regard-

ing all thematerial characteristics (physical, chemical and mechanical) as wet@sss pa-
rameters would be necessary to better define printability and further develop formulation engi-
neering. So far, negative results, including problems and failures during printing, did not receive
attention but would be necessary to improve theetation between formulation engineering,

e.g. macronutrient content, pH etc., and the actual extrdbsised printing process, e.g. the

effect of shear, temperature, and local temperature changes (Cheyne et al., 2005).
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Table 2-4: Examples of previous results eXtrusionrbased 3Bprinting of food materials.

Research group Technique Material Important product Important process Difficulties
parameters Parameters
Hao et al. (2010) HME? Chocolate Viscosity Nozzle diameter, nozzle Inaccurate parts at nesptimal build

height, extrusion rate, nozzle height, nozzle aperture diameter
moving speed

Lanaro et al. (2017) HME®? Chocolate Viscosity, yield point Tip to collector distance, Extrusion not always in a consiste
printer movement speed, fan strand
speed, fan temperature

Lille et al. (2018) SMEP Protein pastes Storagero d u | u $oss( G & Air pressure, printing speed, Clogged tip, spreading after printini
modul us (G606) , diameterofthetip thick and dry materials fail to print
Derossi et al. (2018) SMPE Fruit-based snacks  Shear stress, apparent viscosit Print speed, print flow, height printing at low flow:internal structure
of printed material, infill po-  irregular with interrupted filament
rosity and over porosity fraction

printing at high flowfilaments merge
each otherresulting in increase ir
thickness of internal structure

Kern et al. (2018) HME? Semihard model Storage modulus 6 oss |  Process temperature, shear Exceeding a critical shear rate resu
cheese modul us (G606) , rate, pressure, wall shear stre in extrusion instabilities
gell soltransition temperature
Yang et al., (2018) SME? Baking dough Storage modulué G 6ops, | Nozzle moving speed, extru- Total solid content exceeded certz
Modul us (Gd&6) , sionspeed threshold, extrusion was deteriorate
(T2)
Warner et al. (2019) HME? Gelatiri kappacarra- St or age mo dul u Printing speed, neprint mov- Gelation in nozzle, spreading, broki
geenan mixtures modul us (G606), ingspeed lines, dragging
temperature
GholamipoufShirazi SME? hydrocolloidbased Phase angle, relaxation expo- Diameter and shee of tip/die  Liquid and norself-supporting mate-
et al. (2019) pastes nent rials, too thick samples fail to print
Mantihal et al. (2019) HME? Chocolate Melting point, apparent viscos- Printing speed, extrusion tem -
ity, yield stress, lubrication perature, nozzle diameter
properties

3 HME = hot melt extrusion
b SME = soft matter extrusion (also called room temperature extrusion)
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2.2.3.2 Powder based printing

Powder binding dposition is another way of 3@rinting of food grade materials and is divided

into threesubtypes (Godoi et al., 2016): Selective Laser SngdiSLS), Selective hot agin-

tering and melting (SHASAMand Liquid binding (LB). All of these technologies have in
common that they use a powder and binder to construct 3D figurebhaigyer. After having

spread a layer of powder on the printing plat/bed, thgankead starts to deposit binding
materials into the powder. This process is repeated until all layers are completed. Unbound
powder has to beemoved at the end of 3printing. Only little work on powder based printing

was published, but Nesquik squares, curry cubes, paprika pyramids and cinnamon cylinders

were printed by researchdr®m TNO using SLS (van der Linden, 2015), shownFigure

Figure 2-13: Selective laser sintering of food powders. TNO Nesguoikder (left), sugar (middle) and spice powders (right)
(van der Linden, 2015).

2-13.

During SLS a printing bed or platform is filled with powder (e.g. sugar, sugapowders).

Hot air or a laser moves along theand yaxes as a sintering source and bitids particles
together. As a consequence of this a solid layer can be formed. After the first layer is fused, the
powder bed has to be lowered by one layer thickness, and a new layer of particles is deposited
on top. This process is repeated continuoaslgften as it is necessary to build up the 3D object
(Godoi et al., 2016, Sun et al, 2015a). While the sintered material forms ther@&d object

the unsintered powder helps to support the structure. A particular advantage for this technology

is the pasibility to build up complex structures in a short time without-pasing.
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Nonetheless, fabrication processes and machine structure are complicated because many pa-
rameters are involved. One main disadvantage of this technique is the compulsory use of a
powder or material which can be dried in some way. Therefore, many raw materials cannot be

used and manufactured for this printing technology (Sun et al., 2015b).

2.2.3.3 Stereolithography

Stereolithography is the oldest and the least aggégarinting technolog for 3D-printing of

food. During stereolithography a laser cures material into a solid formigslayer. Accord-

ing to its inventor Charles Hull (1986), a movable spot beam of ultraviolet light is used and
shines on the surface of a liquid. The wholecess is performed until the object is successfully
printed. In the notfood industry, resin is mostly used as feed material and is selectively hard-
ened with an ultraviolet laser. Material which was not cured-issegl. According to Godoi et

al. (2016), his technology, which uses phedensitive madrials, is not suitable for 3printing

of food but could be used in the field of packaging.

2.2.3.4 Jetting-based printing

Inkjet printing is based on a drop deposition process consisting of ejection and detachment.
Liquid materials are deposited laymy-layer with each layer composed of distinct droplets
which are either dispensed on a substrate, or a previous layer of the same material, or a powder
layer (Vadodaria & Mills, 2020). Piezoelectric inkjet printing, kéngetting, electrostatic jet-

ting, hotmelt jetting and pneumatic jetting are examplesjétiing based applications. The
application of these techniques for food grade materials is strongly limited as materials have to
have very low viscosities (>0.03 Ba Moreover, this technology is very hard to scale up into

a production of custorsed food (Vadodaria & Mills, 2020).
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2.2.4 3D-printing of food materials

Materials for 3Dprinting were classified into different groups (Sun et al., 2015a). The first
groupincluded natively printable materials, which can be easily extruded from a syringe. Ex-
amples of food grade materials were cake frosting (Periard et al., 2007), cheese (Le Tohic et
al.,2018), hummus and chocolate (Lanaro et al., 2017), with the lattenshdwgure 2-14.

Such natively printable foodrade materials can be custoetdsregarding taste, nutritional

value and texture (Sun et al., 2015a).

= [

Figure 2-14: 3D-printed Chocolate. (A) No air cooling used, simple 2D structures were made (height is 9 mm). (B) More
complex structures were attempted, such as a chocolate bunny without cooling (heigithia®®42 mm). (C) Using cooling,
a complex threglimensional bunny was made (height is 94 mm) (Lanaro et al., 2017).

The second group contained traditional food material consumed in daily life which can nor-
mally not be printed due to its composition. Exaes given were fruits, vegetables, rice, fish

and meat. By adding a defined concentration of hydrocolloids to these solid materials, extrusion
was possible according to Sun et al. (2015a). These authors referred e.g. to Cohen et al (2009)
who studied hyrbcolloids like xanthan gum and gelatin and to Lipton et al. (2010) who worked
with cereal paste as well as with turkey (A) and scallop (B), showigure 2-15. The latter

two products were processed first (puréed) to become an extrudablgam&efore printing

thetransglutaminase was addedyusingormation of a new protein matrix over time. Therefore,
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Lipton et al. (2010) destroyed theacrostructure of these raw materials, changing texture and

taste, and fried or sowsde cooked the turkey and scallop after printing.

A B

Figure 2-15: A turkey with transglutaminase in a truncated hemispf#rand a scallop (B) as a space shuttle werg8bted
(Lipton et al., 2010).

The third group were alternative ingredients, e.g. extrudable materials mixed with insect pow-
der. The insect flour (dry and grind) was mixed with icing butter, cream chewséesoy gelling

agent and flavouring to achieve a consistency of the product which allowed to pass the nozzle.
Different concentrations of mealworms were used as another innovative protein source, mixed
with wheat flour and helped to modify the printalyilif the dough (Severini et al., 2018).
Depending on the concentration of protein powder added to the flour, the morphological and

microstructural characteristics of the final dough changed.

Until now, feed materials like food are tested for extrusiorbased 3Bprinting and it has to

be considered that a phase transition (e.g. sol to gel) does not work with all types of raw mate-
rials due to their mukcomplex nand microstructure. Nevertheless, especially hot melt extru-
sion was use for the creation opersonalisd chocolate products (Hao et al., 2010ndr@
etal.,2017; Mantihal et al., 2019). Hao et al. (2010) printed 3D chocolate products in different
shapes and sizes, e.g. a logo with letters. These researchers worked with nozzles of circular
shape with diameters of 1:01.25 and 1.5 mm and found several critical parameters influenc-

ing the process, namely nozzle aperture diameter, optimum nozzle height from the printing

platform, extrusion rate and axis movement speed (conjgduie2-4).
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Le Tohic et al. (2018) used this technique to print melted cheese with different extrusion rates.
3D-printed cheese was compared to nonmaddistrial processecheese (2% fat, 18%protein)

from a supermarket. It was found that-Bbnted cheese samples had almost 50% less hardness
than normal untreated cheese. By using confocal laser scanning microscopy they also showed
that higher extrusion flow rates (12 mind) resulted in a smaller fat globule size and a more
uniform fat particle size distribution compared to lower @sibn flow rates (4nl mint).

Le Tohic et al. (2018) attributed this effect to a higher shear rate disrupting more fat globules,

which proved that FLM can control the microstructure of the final object.

2.2.5 Advantages of 3Dprinting of food

FLM does not only offer many advantages from a production point of view but also for the
consumer. For all types of feed materials, complex objectshwilbw structures can be printed
whereas they cannot be created with traditional machines (Godoi et al., 2016). For traditional
printing with plastic, geometric complexity and economy at low volume of production are the
two main advantages, which also offeeat potential for food applications (Lipton et al., 2015).
The geometric complexity is achieved by the use of &dBware, where almost all shapes
can be designed. Changes in the design of-pr8ided object and engineering are quickly done
via a conputer programme (Hull, 1986). Therefore, another advantage of this rapid prototyping
tool is the short amount of time needed fromeating a prototype until 3printing of the final
object, which is several times faster than the traditional way (Liu @0dl7; Vancauwenberghe

et al., 2017)Hence, 3Dprinting could also be applied as a potential prototyping tool for the

development of novel food products.

Specifically with food grade materials, printiongn offer ighly controlled diets, e.g. for ath-
letes or elderly peoplen the one hanfRoss et al., 2019and it enablethe customied man-
ufacture of new textures and structural elements on the other hand (Lipton, Tti$ ©ould

help toimprove personaled nutrition via food printing (Lipton, 2017as many people suffer
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diseases like diabetes aoauld benefit from individualsd food. hdividualised and custom-
ised food in different shapes, textures and colours with tailorable nutrients based on personal

dietary requirements could be manufactured.

3D-printed food objects could be printed-ime or even at hom&his would result in reduced
storage or distribution costs and a reduction of food waste (Ross et al., 2it8yooms as

well as storage time could be reduced or avoided, whereas tnatiti@anufacturing products

go hand in hand with storage time of some days up to weeks or even monsmak suppliers,
3D-printing of food offers the advantage of objects being freshly created as @feale ap-

plication to convince consumers frotretr range of productd.ipton et al., 2015Wegrzyn et

al., 2012). Compared to mass production in manufacturing plants a more sustainable process is
performed due to less material loss. No forms, moulded parts, etc. are used and almost no waste

material 8 produced during the printingocess (Holland et al., 2017).

2.2.6 Disadvantages and challenges of 3printing of food

Although there are many advantages of FLM, several disadvantages and challenges (still) exist.
From a manufacturing point of view, mass pratihn of 3D-printed food products is currently

not profitable because production for one single piece takes much longer compared to industrial
manufacturing and consumers are unwilling to pay a significantly higher price. At the moment,
manufacturing of 3Eprinted objects takes up to several minutes or even longer, whereas in-
dustrial machines are capable of far quicker productidwigimer volumes (Lipton et ak015).

At the moment, only low volumes are printed and prices have to be higher to makimtad

objects commercially viable. Therefore, for a more sustainable and profitable productien of 3D
printed objects in manufacturing plants, printing processes have to be conducted faster and
much cheaper, e.g. running a large number of pristargitaneosly. For the customagion of

food grade materials in high volumes, a strong interaction of the layers is a key point to manu-

facture high quality 3Eprinted objects (Godoi et al., 2016).
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Limited materials being available in the food sector are anothdenfgal mainly due to the

complex microstructure of many raw materials (Godoi et al., 2016). Product groups like fruits
and vegetables or meat and fish h-anntedviho be |
the help of enzymes or other techniques fmpet al., 2015). Hence, the question arises if it is

really useful to print these kind of materials.

Another big challenge is the currently available background knowledge of food material prop-
erties and the correlation of their physidoemical charactestics to printing parameters. Be-

fore printing a variety of food materials can be performed, detailed background knowledge is
necessary regarding the rheological behaviour of thpr@ided object, e.g. about the viscosity

or the phase transition tempen&uto know how to adjust parameters at the printer. The com-
position of the feed material strongly influences the structure and the printability. According to
Lille et al. (2018) the biggest challenges in 3Winting of food materials are rheology of the

ingredient mix, structure accuracy, shape stalalgyvell as the printing speed.

Up to now, the accuracy of 3printed food objects is limited compared to industrial manufac-
turing. Many parameters have to beolum and adjusted to enhance-Biinting in aprecise
manner. Experiments have to be conducted to calculate suitable flow rates, printing speeds, etc.

and to better wunder s thased3bptintiryg. Abl ack boxodo ext

All these factors demonstrate why-pbnting of food is a complex technologydnonsidera-
ble research will be necessary to overcomedhahallenges and implement-pbnting with

food materials within a daily usage in every
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3.1 Abstract

The current interesh manufacturing of individualesd food via 3DBprinting has identified a

need for more information on the understanding and formulatipotehtial ingredients. This

paper poposes a novel approach to dagyproteinbasednaterialanatching the requirefdst,

localand i rreversi bl e Btarpdragusrbutedf acad gedatiotwasshown T he p
to be a suitable mechanism for esinn-based 3Eprinting applications of skim milk retentates

(8.07 12.0% (w/w)protein), obtained by microfiltratorp H was adjius.t4 dby oa did i
citricacidat2°CSo | 1T g e | wastrggese@itherbg Imear temperature rampsKimin)

or with temperaturetime profiles( @p= 1 8 0K K /compargbléo 3D-printing butwith-

out superimposed flow. Firand stable gels were producaadcharaterised byelastic mod-

ulusin the rheometer used fgelation,andresistance to penetration asefum binding ability
wereanalysedvith individual gel samples. Formulatiswereclassified regarding thesol/get

status angbrogressiorbefore andduringgelation in particular a specific softening anocca-
sionalpre-gelation. Severajels whichshowed preferable charadstics, including a low stor-

age modulu§&d -Q.1Pa)during conveyingindercold conditions, followedy a steep incieese

of GOduring soli gel transition, were considered to hesuitable feedstock for application in

extrusionbased 3Bprinting of skim milk retentatesiamely 10.0% (w/w) protein and p8.
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3.2 Introduction

3D-printing, or additive layered manufacturing (ALM), is a digitally controlled, robotic con-
struction technology which deposits materials laygtayer to build a threedimensional
shape. 3Bprinting of food grade materials (food layered manufacturing, FLM) has been used
to print a different range of products. In food research, focus mainly laid on extrusion of gel
based materials (cold extrusion), .elyydrocolloid based materials (GamipourShirazi et

al., 2019) or dairy pastes (Lillet al.,2018). Within the food sector, 3Pprinting received and

still receives increasing attention. On the one hand, it canlaffaly controlled diets, e.g. for
athletes or elderly peopl&pdoi et al., 2016 and, on the o#r hand, it enables the custosds

manufacture of new textures and structural elements (Lipton, 2017).

There is a high demand for fermented concentrated dairy products, rich in punte as Geek

yoghurt, skyr or fresh cheegdgrgensen et al., 2019). tlme past years, considerable research

has been published on the health benefits of milk proteins (Fekake2013). Following this

trend, FLM could offer the possibility farocesscustomigd protein rich (gelike) dairy prod-

ucts with novel textures, e.g. spheres of a few centimeters sold as snacks, directly made of milk
concentrate without a tirr@onsuming fermentatiorKérn et al. 2018). Only little research has

been publishedrodairy-based materials for printing purposes, mainly due to the complex mi-
ccoand nanostructure and the high moisture c
transition of dairyderived materials, both limited in time and space, to link the rawrmaht
layerby-layer, only afew studies exist, e.g. with sodium caseinate dispersions (Schetyser

al, 2018) or caseiniwhey pr ot,all workisgméthpdairysi on s
powderbased feedstockn order to create formulations suitabor 3D food printing, they have

to match certain (rheological) requirements, including a homogenous composition, being easily
extrudable, and maintaining the shape after being depositeebigyayer (Godoiet al.,2016;

Kim et al.,2017).
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T h e s tdnsitignetdmperature of dairy materials is one of the most important g@i@rsm

that hago be characteresi, especially to know how tmljust temperatures during giinting.

For milk proteins, the soli1gel,199% kontisai et i on t
al., 2014 Schafer et al., 2018 homar et al., 20167asbinder et al., 200&nd the temperature

of aggregation (de Krui& Roefs, 1996) were studied intensively by meangostillatory)

rheology & well asdiffusive wave spectroscopy (DW®Jasbinder et al., 2001 small am-

plitude oscillatory shear (SAOS) experiments
dicated by the crossover where the storageinads ( G6) b e c oembasthelegs al or
modul us ( G6 0) essedintrmgodtbe,o sar aexgp re, tSaandefii = GO ¢
nitonisappl i cabl e during determination oftot he sc

a limited extenteg. by Ferrer et al. (2008) and Hanet al. (2004). Aning at the evaluatin

of sol gel transition as a function of temperature, Hammelehkd.€1997) and Schafer et
a.(2018) proposed to use a constant tmemeshol d
perature will be among otheariables (heating rate, particle sizetapotential) that have to

be considered before implementing-&®ad printing of skim milk retentates. So far, rheologi-

cal parameters of gelationene mostly studied at rest almv heating rates while all printing
processes take place under dynamiwdaiions.Previous studies which focused on deigsed

systems, including skim milk retentates obtained by microfilinatfF) (Schafeet al.,2018)

and case@irontwhey suspensions (Daffner et al .,
peratures daeasing with decreasing acidification pH and being dependent on previous heat

treatment angH at heating

Based on our previous studi@3affner et al., 2020N6bel et al., 208; Schéfer et al., 2018),
t h e emperature (Fyoute(Vasbinder et al., 200®ffers greapotential for dairybased 3D

printing under dynamic conditions, including a fast and irreversible transition from sol to gel.
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Casein micelles are considered as precatedormcolloidal gekwith adjustable fractadtruc-

tures (Bremer et al., 1990)F o r t h-eoutep dHrecT acidificgon at low temperatures

( O °C) 1 pH values approaching the IEP of casein (4.6) helped to maintaghagicteris-

tics due to a reduction of hydrophobic interaction forces (Horn@8)1%ubsequent heating
triggered thermal motion of the protein particles, gelation occurrethdkdels were obtained
(Daffner et al., 2020Hammelehle, 1994Roefs et al., 1990Roefs & van Vliet, 1990.

While the gelation of established products lagurt and cheese are in scope of dairy research,
no quantitative data with specific temperatui@e profiles for a tailored perikinetic aggrega-
tion of casein micelles, in rest, or orthokinetic aggregation with superimposed flow, e.g. as

necessary for extsionbased printing with fast heating rates, is available.

We hypothesis that 3Dprinting of caseirbased gels directly from plain midoncentates and

retentatey i a t hreutemddld dffer a promising approach to produce complex and inno-
vativedairy foods, i.e. for personalised nutrition or mass custatais. For printing purposes,

skim milk retentates might be a potential dadarived material as soon as the gelabehav-

iour, final gel firmness and durability can be tailoreddxgrinsic meases, such asnozzle
temperaturgoffsetor volume flow as well agtrinsic measuregarticulaty protein content

and milk pH. Such high protein (10.0%w({w)) suspensios with sol characteristics

(G@ .1 Pa, tan U0 = 90A) ndeodyhacic dmditiong, whicls\ias r r e d
already shownforpowddras ed casei ni whey pr otreuiefDaffners pensi

et al., 2020).

The characteration of potentially suitable materials via rheological measurements, e.g. critical
shear rate (Kerpt al., 2018), phase angle (Gholamip&nirazi et al., 2019), or storage mod-

ulus G6 (Daffner et al ., 2020) , shoul d be c
specifically for processes conveying and extrusion or to find shortcut methodsitd pried-

ability before printing through trial and error.
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However, to the best of our knowledge, systematic studies investigating the material character-
istics of skim milk retentates, obtained by MF, as potential raw material for food layered man-
ufacturingare missing. Thus, for enablidp-printing, the ente study focuses on characteris-

ing of the gelation of direct acidified plain milk retentadssa temperatwteiggered response
rather than unravel the details of the gelatimechanismThis chapteranalyseshe soi char-
acteristics of the formulations first (secti8r.1), to provide crucial information regarding the
physicechemical properties of the feedstock. Results of rheological experiments to determine
soli gel transition temperatures (secti®d.2 are used to create individual temperaittinee

profiles to mimic process steps as expected during extdbsised 3Eprinting applications.

Next, formulations of skim milk retentates differing in pH amnolt@in conént are screened and
classified regardingheir response to these custoesistenp er at ur el t i me prof
tion 3.4.3. Finally, the physical propees and durability of freshly prepared gels analysed

(section3.4.9.

3.3 Material and methods

3.3.1 Preparation of acidified skim milk retentates
3.3.1.1 Manufacture of MF retentates

Raw bovine milk was obtained from the research station Meiereihof (University of Hohenheim,
Stuttgart, Germany) and separated by means of a centrifuge ($AAI@ritz Frautech S.r.l.,

Schio, Italy) at 60°C into skim milk arfir eam. The skim mil kO4% O 0. 19
(w/w) protein) was pasteussd ( 7 2 AC; 32 s) via a plate heat
Sudmo GmbH, Feldkirch, Germany) and cold stored until use. The retentate was manufactured

as described by Schéaferat (2018): Skim milk was concentrated at 50°C a transmembrane
pressure of 0.1 MBvamidiofiltrativa plamtsat pdot scade (ModebTsF5;

Pall GmbH, Dreieich, Germany). The microfiltration plant is equipped with roliéthnel gra-

dient of permeability (GP) ceramic membranes (7106 GP Me mbr al ox- Modul

alumina; Pall Exekia, Bazet, France) featuring channels of 4 mm diameteigfada@ud.1 um
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and a total f i [2{Thegroteioaonteatofettee Bhindd milk .refelite was

1369+0. 30% (w/ w) and of permeate 0.72 N 0.01%
Roth GmbH & Co. KG, Karlsruhe, Germany) was added to the retentate to prevent microbial
spoilage. Retentate and permeate were filled into plastic bags (appdof. vaguum packe,

evacuated and storedidt8°C until use. Retentate manufacture was carried out in duplicate

3.3.1.2 Protein standardisation and pH adjustment

Retentateand permeatevas thawed (in the bags) at®C f or 25 N 5Sthamian i n
daily basis The retentate was standasdisto 8.0, 10.0 and 12.0% (w/w) protein via adding

per meate and bl endi ngntdahfera few setonds esing aanagnetio x . 1
stirrer (RCT basic; IKA Werke GmbH & Co. KG, Staufen, Germany). different retentate

samples were acidified in the same setup as described in detail by Sthh{202g: Approx.

100 g o-$tandardied retemtate was cooled down t6Qin a doublewalled beaker

(400mL) connected to a water bath (Ecoline RE;a1duda Dr. R. Wobser GmbH & Co. KG,
LaudaKonigshofen, Germany). Acidification to pH 5.4, 5.2, 5.0 and 4.8 was dawiewithin

10 min b Wcisicdadid (Gagl Rdth GmbH & Co. KG, Karlsruhe, Germany) dropwise

using piston pipettes (Eppendorf Rassh plus, Eppendorf AG, Hamburg, Germany). The re-

tentate was stirred continuously on thagnetic stirrer to prevent local aggation of casein

micellesat the retentaiair inteface This step was followed by anqeilibration phase of

3 0 and,nf neessary, readjusting the target pH for a second time. The acidified retentate

was either directly transferred to the rheometer oestor a refrigerator §C; max. 4 h)
further gel manufacture. The standamtisn and pH adjustment were carried oata daily

basisto provide fresh retentates without pgelation. In total39 MF retentates were standard-

ised for tmB9)s study (i =
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3.3.1.3 Chemical properties of liquid retentates

The (true) protein, fat, lactose, dry matter anefrie¢ dry matter contents daficrofilteredre-
tentate and permeate (sect®B3.1.]) as wdl as fa the proteirstandardisd samples prior to
pH-adjustment (sectio.3.1.9 were determined by the method of Dum&J114891:2002)

using a nitroge analy®r (Dumatherm DT; C. Gerhardt GmbH & Co. KG, Kdnigswinter, Ger-
many) and through Fourier transform infrared spectroscopy (LactoScope FTIR Advanced,
Delta Instruments, Drachten, The Netherlands) according to ISO.ZH2 respectively.
Thespectrometewas calibrated with standard milk, and a series of retentate and permeate
samples as manufactured in the dairy for research and training (University of Hohenheim,
Stuttgart, Germany) beforehand. The chemical composition of those reference samples was de-
termined by an accredited lab (ISO 17025; Landwirtschaftliches Zentrum -Bdiddtemberg,
Wangen, Gemany) according to VDLUFA (20)0methods:dry matter (C 35.3), protein

(C 30.2), fat (C 15.2.1); and lactose (DIN 103p15. All total nitrogen and FTIRraalyses

were performed at least in triplicate.

3.3.1.4 Physical properties of liquid retentates

Proten-standardied retentates without pBEdjustment (nativenilk pH 6.8) were physically
characteried at two temperatures (10 and 30°C) using an oscillatiigbe) censity meter

(DMA 5000; Anton Paar GmbH, Graz, Austria). Tdensity at 8.0, 10.0 and 12.0®%#/w) was

measured sifold. The apparent shear viscosity for the same protein mass fractions was meas-
ured using a stresntrolled AR2000ex rheometer (minimumdaoe: 0 05 ONlInstrg- T A
ments, New Castle, USA) equipped with a concentric cylinder double gap system (cup:
Di=40. O Dgvd;4 . 4 bobrd;=40. 6 dmmeh4d . O [#bnD . 5 mm) . Temper
sweeps from 10 to 55°C, as relevant to later experiment3@ufabd printing, were conducted
ataconstantshearstres¢glof 0. 1 Pa and | inear ramp wefe 1 K/ n

performed fivefold.
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332 SAOS during soligel transition
3.3.2.1 Quasisteadyst at e heating (1 K/ min)

For the nordestructivedetermination of the sbgel transition temperature {lge)) of the acid-

ified retentates, a stressntrolled MCR301 rhemet er ( mi ni mum,; Anom qu e :
Paar Germany GmbH, Ostlern, Germany) waased in astraincontrolledoscillatory mode

Ali near temperature sweep with a |linear rate
doubl e gap geometry und pr d<) aesddescribed {(nSochafert . )
etal. (2018)A constant threshol d of TsfghMeasuemerPad was
Tsorgel O fresh retenti@® samples was carried out immediatedyore further experiments result-

ing in at least three replicaat each protein and pH level.

3322 Fast heating for 3D printing (30 K/ min)
To mimic the temperature profituring extrusiorbased printing applications, a thin layer (ap-
prox. heighp mfm sample (3.8 N 0.02 ml) was trar
me nt (10AC), controll ed byuNtmhsectichRRLAP@0an ( mi ni
AR2000ex rheometer (mArmMDrF t48r gamg8 2D0mMnD)5 vDaNs
placed on the Peltier plate and sealed with milking grease to avoid sasgpthiting gelation
(Figure3-1). An acrylic plate geometry (d = 20 mm)
continuous oscillatory measurements during gelafi\giain, sol gd transition was detected by

Ga&1 P a epdefinitioh ts given where appropriaté.additional temperature recording

was needed, a NiCNi thermocouplevas immersed to the sample through a small opening and

fixed with a piece of foam rubbgFigure 3-1, inse). The temperature was continuously rec-

orded with a data logger (Almemo 2380 Ahlborn Mess und Regelungsteciitn GmbH,
Holzkirchen, Germany)All measurements were done in tripliedor each retentate as freshly

prepared per day.

-75-



Chapter 3

Based onthe prd et er mi ned sol 1 gel transition temper

1 K/ (section3.3.2.), the temperature profile was adjusted facleformulation as follows:

aO)

(@cooling and equilibration (10AC), (b) Iline
the recent sopel transition temperaturesdlgel (Tsorget T 5 K) , Iding Tsgrger Th50 foK

10min, (d) steep temperature increase with acontrolledt e of 30 K/ Tgigegn t o 1
(Tsorger+ 1 0 K) t hat igel trahsitiore (8) holdngshigg 01 0 K f orapid9 0 s,

cooling with the maximuna c hi evabl e rate (> 10 K/ min) to

10mi n. Duringgalthseteperéage and | oss modul i w
a constant strain of 9 = 0. (QifeBticabttslowmeatiagn gul ar
at1 K/min).

Figure 3-1: Customigd experimental setp to induce a fast and irreversible gelation on a rheoretarected to a Peltier
plate; polyoxymethyleneing (POM) was placed on the Peltier platel sealed witmilking grease to avoid sample loss during
gelaton; inset: NiCfNi thermocouplémmersed through theample to provide continuous temperature logging during gela-
tion.
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3.3.3 Physical characteristion of solid gels

3.3.3.1 Destructive dress sweep

Propeties ofthe final gels were charactes by an additional time and stress sweep set at the

end of each isitu time sweep measurements from se@i@2.2above to further examine the

firmness induced by thappliedtemperaturdime profile. Temperature was kept at 10°C and

finally, the torque was the regulated parameter starting atshe inu ment 6 s mi ni mum
0.1¢ N mand increased on a logarithmic scale with 10 points per detddee y i elyd st r €
was determined according to Hoffmann et al. (2014) from the step increase in the ratio of strain

and stres s dduebel ruptucke s 9o

3.3.3.2 Penetrationtest

Uniaxial compression tests were carried out with gels as freshly prepared using the same tem-
peratureitime prof il 83.29sbutdvitheut acrylic glate omtheswr-e ( s e
face of the sample. After equilibrating the
was moved towards the gel until contact to the surfaceegstered (normal force @.02N).

Then, the actuaheasurement started and the normal force was recorded while the plunger was
moved towards the Pel ti dilrthe pdrnaltface éxeeededNE i t vy :
which automatically ended the test. The initial slope of the faoef®rmation curves, pee-

senting the elastic modulus, and the force at the first maximum, representing the gel stiffness at

first rupture, was recorded at least three times with fresh gels.

3.3.3.3 Syneresis

Serum binding ability and syneresis was observed at different stages diatngngeutting of

the gel and storage with intact gel samples as described in s@@iar2 The behaviourof

each gel was assessed qualitativtrlying gelation and it was cut with a spatula into uniform
rectangular pieced (5 »mm)L3erum loss during cutting was described qualitatively, if ap-
plicable. The rectangular piece cut out of each gel was placed on a petri plate (Duran Group

GmbH, Wertleim, Germany), sealed with Parafilm (Bemis Company Inc., Neenah, WI, USA)
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to prevent water loss during storage, and its shape and position was marked. Petri plates were
kept on a metal stand (inclination: ahbBA) for
tively by soaking up the serum with a paper towel, and the relative amount was calculated as

the mass ratio of supernatant to the initial weight of thetangular piece of sample

(0.56+ 0.04 g). Syneresis was determined from two freshly prepared gels

3.3.4 Statistical analysis

Statistical analyses were conducted with Matlab 8.5 (R2015a) and its Statistics and Machine
Learning Toolbox 10.0. (MathWorks Inc., Natick, MA, USA)gBificance levels were set to

U= 0.05 or given where appropriate. Results are given as arithmetic means and confidence in-

tervalsfromtdi stri bution (U = 0.05). The number of

and the overall number of examined samples is expresseshds, repectively.

3.4 Resultsand discussion

3.4.1 Chemical and physical characteriation of milk retentates
The rheological characteristics of colloidal gels formed from milk proteins depend on intrinsic

(e.g. size, shape, availability, protein content) and extrinsicness (e.g. temperature,

ionic strength, pH) (Dickinson, 2016). Due to the requirement of a fast, local and irreversible

sol 1gel transition ®affner et gl., 20206bdpet al.,201Bthg pr oc
characterisation of formulations intlseo| T st at e provides cruci al

physicachemical properties (s@&ble3-1) and thepotential printing application.

Too low protein contents.e. about 6.0% (w/w) from preliminary tests of this stymhgvent a

fast aggregation procedsagzari et al., 201,6Mokoonhkll et al., 2016)also not being abl®

fully entrapthe serum phasato the fractal clusters of aggregated casein micelles (Genovese,
2012),while athigh protein contentandlow tempersure a reversible gdike structuremight
occurright before pmting (Schafer et al., 2018Kim et al. (2017) also categoed hydrocol-

loid based gelsom methyl cellulosevith a concentrationf below 9.0%, similar to therotein
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content in ase the of skim milk retentat€Bable 3-1) as not feasible for 3printing because

of insufficient gelation and stability.

In general, formulations suitable for extrusiboms ed printing i ncnuding
haveto be conveyed i o dtate to thenozzle, where a steep locally induced temperature in-
crease will trigger the protein particles tdlice and aggregatéd@ffner et al., 2020Roefs&

van Vliet,199Q Schéfer et al., 2018).

To furt her a maaterigtisseof the ioemulations at diffeeent protein contents, in-
formation regarding the dry matter, protein, and fat content, as well as the pH, density, and
apparent shear viscosity of raw materials and blended retentates at 10 and 50°C are provided in
Table3-1. Retentates wengrocessedh two individual batches without significant differences

in protein (p = 0.0975;=DuL.maGH; amTl R) yamd, tlee
experimental design was considered. The effective protein contents and variance of the desig-
nated levels of about 8.0, 10.0 al2l0%we r e 8 . 2+0M, add 12.% 1.296,(FTIR),
respectively. In the following,llgprotein contents given in the text refer to the nominal levels.

An increasing protein content from 8.0 to ¥2.(w/w) caused an increase in density and shear
viscosity, with the latter decreasing with increasing temperalael€ 3-1). Therelation be-
tweentheappar ent shear viscosity at a constant s

ature, T (°C), was fitted using an expandggamentialmodel (Peleg, 2017):
I T—— = 1(Yic"Y )+a(V Y )? (Eq. 1)

where'Y (°C)i s a r ef er en’¥ e the appamerd visaosity & e, and d (L/°C)

and @ (1/°C?) freely choose parameters to adjtit quadratic fitting function. For all micro-
filtered retentates,.8to 120% (w/w) protein, and entire temperature range, 5 to 55°C as rele-
vant for conveying and printing, the calculated goodness of fit was high, as the coefficient of

determination refeing to the fitted viscosity wag » 0.999 (data not shown).
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Specifically, while applying higher printing temperatures due to higlgebtransition temper-
atures, an immediate drop in viscosity at the printing nozzle, e.g. by a factor two (10% protein;
10°C during conveying and approx. 25°C for printing), will counteract the increase in viscosity
and stiffness due to gelation, and might result in gel ruptace oor process control.
Hence,alow temperature impact, expressed by the factoesd e in Eq. (1), or a small dif-

ference between the temperature of conveying and printing is preferred.

A temperaturedependent drop of the viscosity was reportgdgédveral authors for skim milk
retentates from micrq(Solanki & Rizvi, 2001) and ultrafiltration (Raliés et al., 2019). De-
creasingriscosities beyond the contribution of the solvent water (factor 1.5 from 10°C to 25°C)
were caused by the microgel propes of the casein micelles such as a temperatependent

swel |l ing and t hecageiaintd theesserunnphagaagkanson, @GL6Nodel eth

al., 2016). Hence, the effect was most pronounced at the highest protein and casein content

(Table3-1).
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Table 3-1: Compositional and physical propesiof the initial and standardisi mi | k per meate and retentates: arithmeOit

Sample Composition Physical properties

Dumas FTIR® pH Density Apparent viscosity0.1 Paf

Protein Protein Fat Dry matter 2°C 10°C 10°C 50°C

% (wiw) % (wiw) % (wiw) % (wiw) T kg/m3 mPas mPas
Permeate 0.803+0.044 0.788+0.076 0.036x0.023 6.44+0.01 0 o} o} 0
Retentate #1  13.6+ 0.3 14.0+0.1 0.458+0.005 20.3x0.1 0 o} o} 0
Retentate #2  13.4+0.1 143+ 0.4 0.513+0.016 20.4+0.3 0 o} o} 0
8% protein 0 8.23+0.27 0.385+0.124 14.0+0.6 6.79+ 0.01 1049.7+ 0.1 5.87+0.37 1.60+0.07
10% protein 0 9.67+0.36 0.318+0.071 15.7+0.6 6.80+ 0.01 1051.5+0.1 9.69+ 1.27  1.94+0.09
12%protein o} 12.1+1.2 0.525+0.092 18.0+1.5 6.80+ 0.01 1062.5+ 0.3 22.0+£3.68 297+0.1¢

aProtein content was analysed by Dunm&O(14891:200p

b Protein, fat and dry matter content were analysed by FTIR (ISO.2GE3

¢ Viscosityl temperature relationship was also fitted to an exponential decay riadéL], Peleg, 20)tovering 5 55°C; adj. r2 > 0.999

d Retentate #1 and #2 from two individual microfiltration runs

e Estimates of the exp. model a0% (w/w) protein:Trer= 0.0072°Cd(Tref) = 9.05 mPas;1= 0.0462 1/°C; £= 0.0002 1/°€

f Estimates of the exp. model at 1994w/w) protein: Ter= 0.0000°C{Tref) = 16.88 mPas;ic= 0.0605 1/°Cr2 = 0.0003 1/C?

9 Estimates of the exp. model at 129¢w/w) protein: Ter= 0.0305°C{(Trer) = 47.72 mPas;16= 0.0845 1/°Cp2 = 0.0006 1/C?

me ans
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3.4.2 Instantaneous sli gel transition

SAOS experiments were performed to determin@égsbltransition temperatures atqaasi

steadystateheatingwith arate d 1 K/min Schafer et al. (2018hoosing this slow rate mainly

aimed to ensure a constant temperature distribution within the sarpke values coulaso

serve as a starting point to adjust temperatures in the nozzléafdedr pipe during the fast

printing

process to i nt e (Dafineyetall 2030NObehaedal.c e a s

2018. In Figure 3-2, soli gel transition temperaturds o | 0§ skim milk retentates at different

protein conterg and pH (the present work) and direct acidified microfiltered skim milk reten-

tates (Schafer et al,

2018) are shown.

threshold to detecttheo | T ga@lnsi ti on. Al

A storage modul u

ternatiGoe dreds a0V

point described above weret considered since literature data on aedliced gelatnis re-

latedon the constarthreshold (Hammelehle, 1994).

Sol-gel transition temperature (°C)

a0

40

20

5.4

! S e ]

- N -1-.'\ |
A

-@ 50 v -

; i— 8

B ® —a—o

i pH=4.38 |

1 1 i 1 1 1 i 1

3] a 10 12 14

Protein mass fraction (%)

Figure 3-2: Soll gel transition temperatures as calculated from quasi Stetadg heating (1 K/min) of skim milk retentates at
different proteinlevels and pH; thresholir soli gel transition atG' =1 Pa; circle: pH 4.8, square: pH 5.0, triangle: pH 5.2,
diamond: pH 5.4; opegymbols literature data from Schéfer et al. (2018); average points and standard deviations calculated
from i>=2, n>=2;lines connect data points from full factorial design (proteth 82.0% (w/w), pH 4.8 5.4).
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Tsoigel Of the skim milk retentates obtained by microfiltration decreased significantly with de-
creasing acidificati on eptldvel(8%0,18.0, and 22.0@/)w)),at eac
as shown elsewhere before (Schéfer et al., 2018), anddrangeet ween 16. 3 N
59.9+ 2.4°C.Figure 3-2 demongratesthat Tsor get Of formulations were dependent on the tested

protein content at pH 5.4, 5.2 and Sahile no dependee was found at pH 4.8, which in

accordane with previous results (Schafer et al., 201Bdr high protein contents, already
Sch2fer et al. (2018) reported on initial S |
marked sdlgel trangtion took place. This is ifine with resultsob ur st u 8y wma)t O 10

protein and pH > 5.0 (datatshown).

The very different behaviour of formulations acidified to pH 5.2 was proposed to occur due the
transition of casein micelles between pH 5.5 and 5.0, as described by Gastaldi et al. (1996).
A specific state of micellar fusion occurretharacterised by a pseudetwork of extensively
coalesced casein micelles. As this transition state reached a maximum at pH 5.2, we assume
that an increasing protein concentration could cause larger aggregation of these coalesced ca-
sein micelles, decreaw Tsorge. Furthermore, Gastaldi et al. (1996) observed that casein mi-

celles returned to individual characteristics at a pH lower than 5.0.

An example of a single formulation froskim milk retentates (pH 5.8.0% (w/w)) with im-

mediate gelation during&0S experiments (quasi steadyate heating at 1 K/min) is shown

in Figure 3-3. The curve progressions indicateisblaracteristics at low temperaturesth

values for thestorage moduli < 1 Palight variations in the temperature onsétot he sol T g
transitionwere explained with experimental variations in the acidification pH and protein con-

tent (Table3-1), thermal load to each sample especially due to storage and transfer operations,
and an inhomogeneity of temperature gradients within the flat sgfiglere 3-1). The inter-

quartile range of &i geicalculatedor all samples of 8% (w/w) protein and pH 5.0 (g 7) was

IQR=2. 1 K. A sFigusel8-8,valh intaérsections wt h= GI6 Pwithinf1&NQR
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(whi skers)

sidering similar variance for all othéarmulations Figure 3-2) ,

P

log. Storage modulus (Pa)
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being

equi val ent
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Temperature (*C)
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per atAQR, e s

O 0. OTloe Wl kelusedvas sufficienty safe distance to avoid (pjeyelation.

Figure 3-3: Soll gel transiton of skim milk retentates (8.0% (w/w), pH %.8uring quasisteadystate heating applying
1 K/min; threshold for salgel transitionat G'= 1 Pa; dashed: region before initiadlications of gelation (sbi gel T 5K) or at
plateau after gelatiorm§ o 1 +10K); open symbolsneasurements as stopped after reachingggbltransitionn = 3), closed
symbols: measured till 65°@ =4);, box-whisker plot shows means sgel transiton temperature and 25th/75gnantiles of

all data sets (i=3, n=7).

For the transfer of knowledge from SAOS experimegtsi(a s i

ste

adyITKétnat e

P

of

he:

to a steep temperature increase in a thin layer of sample on a Peltier element (mimicking the

temperature pffde during extrusiorbased 3Bprinting applications), the temperature profile

was set as follows: during a holding step, e
as the temperature was 5 K leatuwre, rabbrevimimchast h e

Tsor gl K. To induce a fast, Inpacstadpinaeask (approk.ev er
30K/mi n) to a temperature 10 K higher+l®Kpan t he
was perfor med dheBeltibarelataof theahreom@tdr tosmimicthe printing set

up in the nozzle( t ot al t e mp e¥xlak uRgmperatures ven lagher than

Tsor g0 K were not required since ther mal ene
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cooling to 10°Cwas conducted as being similar to the temperature on a chilled printing bed

after the deposition of the-twe-printed material.

Figure 3-4 (a) illustratessuchatempe r at ur e1 t i me atanflacdrded bythehi c h v
rheometersemperature probe (dashed line), as well a®tieoccurringasmeasuredvith an

additional tlermocoupleimmersed into the samp(solid line). The response ofahmoduliG 6

and G066 to the t e mp &iguaet3-d(b)edencohsarnagteisn gi ss osl hi ocwhna |
t i ¢ <1 Papfoom the start atd |1 1 HKiin the case of thexemplary formulation (pH 4.8,

10.0%(w/w)).

Temperature (*C)
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B
E
=
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f=]
&8
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Figure 3-4: Temperaturdime profile (a) (immersed thermo aple solid ling of skim milk retentate1(0.0% (w/w), pH4.8)

to mimic aholdingstepb el ow its solTgel transition temper afiningand st eep
subsequent cooling step, dashed piemperature measured at the rheometers Peltier element;(b) Storage (closed symbols) and
loss modulus (open symbols) of the skim milk retentate as response to the temyienatprefile above, vertical lmserves

as guide atriggereds ol T gel transition (t = 11.1 min).
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The high heating rate (30 K/min) on the Peltier element caused immediate gelation within less
than 90 s and immediately aftgy o | =24.4°C was reache&torage modulus responded as a

strictly monotone increasing function to the stepped temperaitmee profile. Ts o 1 1was in

accordance with those obtained from SAOS experiménggie 3-2). Here, it was demon-
stratedbya si mi |l ar onset of the increase of the ¢
in Figure 3-4 (b) to Figure 3-4 (a) after approx. 11.1 min. Ifigure 3-4 (a), Ts o1 ifgrthe

formulation of 10.0% (w/w) protein and pH 4.8 was passed at the same time.

Matching theresults of SAOS experimentBigure 3-3) and on the Peltier element with fast

heating Figure 3-4) providedthef i r st evi dence that a fast, | o
sition of high proteirbased formulations of skim milk retentates could be transferred from well
defined laboratory conditions (slow and homogeneous st&atly heating) to dynamic condi-
tionsduring extrusiorbased 3Bprinting applicationsT he pr oposed temperatu
(T =1 5 t K@Ds)represergone examplenhow gelation can be triggered during extrusion

based printing still including a relatively long time due to tttermal nertia. Contrastingly,

using therheometes Peltier element has provided the advantage to study unknown effects in

situ such as phase separation and contraction, and to produce sample specimens for further
analysingdurablity.

3.4.3 Screeningthec oncent raahgeoni pH

Furt her screening of al-rangd (@7 12004 (w/\w)ipd48s 54)n t he
was performed with the adjusted temperdttinge profile (Tsa i § &K T Tsoigett10K T cool-

ing to 10°C).It has to be mentioned th@t - | 1was individually determinedn eachday of

experiment and set points were calculated accordimglizigure 3-5, all formulationswere
classifiedinto four groyps, according to theigelation behaviour. Formulations within group

(a) showed values of GO0 < 1 Pa befaredhe @ténded GO 0,

sol 1T gel tookptacesurthemarey group (a) was charactexdisby an immediate and
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steep 1 ncr eas e(Figure 3-5G3d), irdibating @ taibredPtrigggering of the gel

formation. Thus, group (a) is referred to as the desired gelation behaviour in the follslving.

formulations with pH 4.8 belong to group (a), independent of the protein conterit (8.0

12.0%(w/w)).

‘ Immediate gelation @T

sol-gel
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Figure 3-5: Storage (closed symbols) and loss modulus (open symbols) of the different skim milk retentates as response to the
same temperatwutime profile mimiking 3D food printing (see Figure); classified according to their sol/gstlate before

steep temperature increase (rows) and gelation/softening during heating (columns); illustrated using the sampbés (a) 10
(w/w) protein, pH 4.8, (b) 8% (w/w) protein, pH 5.2, (c) 10% (w/w) protein, pH5.0, and (d) 1@% (w/w) protein, pH 5.4;

vertical line serves as guide at triggered gel transition (t = 11.1 min)ipperhorizontal dashed line indicates sufficient
increase in storage moduli in proportiorgpds " />@B0 Pa/1K (Daffner et al. 2020).

For mul ati ons

within

group

(b)

stilld Ghodwed

before the temperature was increased abave T fecontrast to grop (a), group (b) was

characteried by a period of short softening (falling modw@ipund T o 1 1where immediate

gelation was expected. Typically, the drop in the moduli was followed by the final and slower
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solidification of the gel. The formulations with.086 (w/w) protein at pH 5.2 aril4,
10.0%(w/w) protein at pH 5.2, and 12.0% /(m) protein at pH 5.4 belong to group (b). In the
range of5p#d, 5tBe net charge was slightly red
loidal calcium phosphate dissolved, resulting in swollen butabies casein micelles (Gas-

taldi et al., 1996; Nbel et al., 2016van Vliet et al., 2004). Also, the lowest bulk viscosity of
casein micelles suspensh.ohs( Wast olbksieretedala.t,
peting effects of increasing attractive forces, decreasing viscosity, and stillrstetézing

might intensify the response to small temperature changes that became visidfterasgs
Reducinghe temperature dependence, i.e. at lower concentrations (séetidn or by de-

creasing the pH to O 5.0 wildl ov-eorgeletarsd t hi s

system is expected.

Formul ations within gronaptérci)stindssGCA@B) shdivel
ing the first holding step, already before Ji wasireached. During and after the steep temper-
ature increase above T ; whbere gelation was induced, group (c) showed an immediate so-
lidification comparable to group (&frigure 3-5 (c)). Formulations with 10.0% (w/w) protein

at pH 5.0, and 12.0% (w/w) protein at pH 5.0 and 5.2 belong to group (c). Around pH 5.0, on
the ore hand, attractive forces got dominant and the casein micelles could be easily transferred
into a cdloidal gel Gastaldi et al., 199@Roefs et al., 19900n the other hand, casein micelle
aggregation requiresufficient forces and destab#igon as welas an increasing likelihood of
collision due to thermal motion (N6bel et al., 2016), assuming perikinetic aggregation in rest.
The higher the protein content was, the higher the chance for the casein micelles to get in con-
tact, aggregateand form a gelGelation of the small clusters of individual monomeric units

was triggered until the entire butihase transits from sol gel (Habel eal., 2016). Such for-
mulations approaching gelatiomghtbemore sensitive to an unequal temperature distribution

within the sample specimen and other thermal fluctuations, i.e. during transfer and handling.
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Here,in the case of 10% (w/w) and 120% (w/w) protein,a safer distance with more than

3 A | QR3.4(Qs ecocrt iboans e d 0 §o1 ®g@wande showdrbe dhaséns T

Group (d) combines the gelilcharactEiguresti cs
3-5(d)), as alsmbserved for group (b). Onfprmulations with 8.0% (w/w) protein at p50

and 10.0% (w/w) protein at pH 5.4 belong to group (d). Formulations that showed undesired
gelatonbehavi ouri @dygr oopsenb comply with tohe mi n
G 6 />P30 Pa/1K from Daffner et al. (2020)Higure 3-5; horizontal dashed linesiHow-

ever, their calculation has limited use sincegre | at i on occurred and GO

reached before triggering the proper soli1gel

Concerning the various gelation profiledHigure 3-5, the sai gel transition was hard to define

in terms of a single rheological feature. An advantage of a constant threshold, for example of

a b o utlP@G,ds aszlear transition from a noisy signal at thiestate to a stable one during

and after gelation. Alowsign&-n oi se rati o prevents th@dlter
crossover point as well. Both definitions are hardly applicable evgelation takes place in

multiple steps or as an unsteady transition.

In summary, two types of gelation behaviour can be digishgd: (1) formulation with or

wi t hout preténperdtuset 15K belovaTt o1 (s inFigure 3-5), and (2) for-

mulations with or without softening at T 1 (galumns inFigure 3-5). While the pré gelation

might occurfrom an insufficient distance tas & 1 agd iits variability, the softening at and dur-

ing the gelatiorpointsto a secondary mechanism that dominates on attractive forces, i.e. due

to dropping bulk viscositySole rheologial characterst i on of the solTgel t

to be supplemented by observations concerning the gel qualigther mechanical properties.
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3.4.4 Physical properties of solid gels

Usage otherheometeds Peltier element allowed an immediate and steep temperature increase

of all formulations, which resulted in stable gels that resemble sliced processed cheese in ap-
pearance and textur&he final propertie®f thesefreshly preparedels using theéempera-

tur ei ti me profil e 38223 wkre sutheranalgsedby the starage roodu-

lus G &(10 min after cooling), the maximum forcéeforedestruction (kay and the elastic

modulus, as well akelikelihood ofsyneresisasshownin Table3-2. The storage modulus 6
ranged between 4wiw, pN 50) 26 18 @ 0 ,508 PD (22.0%w/w),

pH5 . 4) . Final wval ues f oproteiGdontantratcal gHeite enly onevi t h i
exception (12.0%w/w), pH 5.2) foundAlso, at endency of GO increasi
pHO5.0was observedSuch gels with storagielMmoO0Di Panwt
expected to be printable due to the low viscosity and, hpressure drop during extrusion but

still depositing a selfupporting strand (Kim et al., 2017; Lille et al., 2018).

During compressions tests, the values fordatastic modulusrepresented by the initial slope

of the forcédeformation curvgsranged bete en 1. 75 N 0 (Wi prateinmm ( 8 .
pH4. 8) and 10. 0 (Ww)protgin pH/48)m sirqilar 2ashipfas for the shear

storage modulusT@ble3-2). The pH and protein content seemed to play no decisive role since

no correlation between these parameters was obsefbedarge variance of the elastic modu-

lus valuess explained by the fact that for every measurement a new gel hactodieced

Results ofthe gel stiffness, represented by the forcthatfirst maximum, were fountd be

more robust and rangddet ween 0. 409 (Viw),0pH @.8)Jand N.98026N0 %
(12.0%(w/w), pH 4.8).With both increasing pHO5.0) and protein content, firmer gels were

found.

-90-



Chapter 3

At pH 5.2 and 5.4inhomogeneous gels weoften formed with visible phase separation and
small protein aggregateshich were judged as high syneresis Table 3-2). Hence, instru-
mental parameters might reflect only (the firm) parts of the gel network and overesaphasi
average physical properties oich gels. A general trend towardglier storage or elastic mod-

uli and gel firmness with increasing protein conter@{8.2.0% (w/w)) isattributed to increas-

ing Ts o 1 10f éhe formulations. For sole protein variation of acid milk gels, rather a linear in-
crease in physical properties was expd¢Mokoonlall et al., 2016). Thelditionalgain ingel
firmness might occur from the thermal treatment of the acid gels (Hatin 2012)that hap-
pened simultaneously, albeit for a short periddhn et al(2012)also described temperature
triggered phase paration and compacting as cormipg mechanism resulting ifirm but

coarse gel netwosk
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Table 3-2: Rheological and physical propertiags10°C of thefinal gels(prepared following the proceduresection3.3.2.9 after sol gel transition; arithmetic means and confidence intervals

calculated $rom n O 3, i O 2

Samplé Oscillatory rheology Penetration test Syneresis

Prokin pH Go (1 r aly Slope Fmax Gelatior? Cutting Storagé
% (w/w) T Pa Pa N/mm N T T Oserundgcel
8 4.8 426 N 96 1.75 N 0.409 N 0 + 0.084
8 5.0 420 N 1219 N 7 5.95 N 1.60 N C 0 0 0.019
8 5.2 914 N 16 n.d. n.d. ++ + 3

8 5.4 8490 N n.d. n.d. ++ ++ n.d.

10 4.8 765 N 81471 N 1 5.87 N 1.10 N 0 + n.d.
10 5.0 463 N 6% 2.70 N o.877 N 0 o 0.046
10 5.2 1990 N 0 n.d. n.d. + + n.d.

10 5.4 12100 N & n.d. n.d. + + n.d.

12 4.8 1210 N 2 10.0 N 1.98 N C 0 + n.d.
12 5.0 1040 N 637 N 1 3.68 N 1.74 N ¢ 0 0 n.d.
12 5.2 1360 N 23 8.71 N 3.32 N ¢ 0 0 n.dd
12 5.4 18600 N & n.d. n.d. ++ + n.d.
anominal levelfrom full factorial design (protein.87 120%, pH 5. 8) , f or ac hiefervw@athle3gr ot ei n content

bo, +, ++: qualitative description of no, low, and high syneresis, respectively, during gelation and asitimgpared between samples
¢serum release quantifiedf t er 24 99 st orage at

dgel disaggregatt compl et el y aa%®Q er 70 h storage

bold print: gels with quality sufficierfor further assessment and optiatien

n.d.:not detectablat this preeini pH combination/formulation sinagata too noisy, no clear linear slope, or naserelease due to storage
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ConsideringTs o 1 1agelithe progression of the storage modulus during quasi stestdyheat-

ing with a rate of 1 K/min, most of thenalysedormulations were suitable for temperature
triggered 3Dpr i nti ng. The mechani sm of -routbhstaysshe!l 1 g el
same. In practice, only a few formulations séderbeimplementable guided by the following

order of criteria: no syneses > high gel firmness > good reghacibility/low variance.
Mappedto all formulations, only a fewombnationsremain that fitted the criteria and showed
convincing gel properties (protein content, pH): 10.0/4.8 > 12.0/5.0 > 8.0IaeE-2, bold

print). Those samples belong to group (afFmure 3-5 or showed moderate softening as in
group(b). An instantaneous and steep increase of the gel firmness already gave a positive indi-
cation towards properties in terms of water binding and dityalAlthough, sole rheological
indicators and suitable aggregation rate (Daffner et al., 2020) will not necessarily result in ap-
propriate final gel properties, shown with the soft and wagetyfrom 8.0% (w/w) protein

andpH 4.8(Table3-2).

Promising candidates, particularly 10.0% (w/w) proteid pHl 4.8, can be further optineig

for 3D food printing by (a) adjusting the temperattinee profile to tle individual Ts o1 7 g e

andits variation, and (b) moving the holding time atoli +40 K towards conditions of real
printing &pplsi)ccatAilarmsou(gth, various | iterature
of acid milk gelgDickinson, 2016Lazzari et al., 20L,6Vasbinder et al., 2003a)p indication

was given how milk gels performuring orthokinetic aggregation motion apart from the

backlash in continuous yogurt manufacture (Driessen et al., 1983). It is straightforward to im-
plement suls gelation under dynamic and shearing conditions clwsextrusionbased 3D

printing.
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3.5 Conclusion

The gelation behaviourof directly cold acidified plain milk retentategithout an additional

gelling agentvas charactered regardingthe potentialfor extrusionbased 3BEprinting appli-

cations viathe pHT-r out e . For t he f i rsgeltranditionemperat@es e i n n
(Ts o1 ) g% determined by SAOS was further used to mimic extrusion and flowing conditions
during potential 3Bprinting appli@ations byusinga st eep tempeT=atkhr e gr &
30 K/ mi thé screeRingamindifferemncentratioaandpH (8.01 12.0% (w/w) protein,

pH4 .18 5 ,.0dly a few formulations showed a fast, local and irreversible transition into du-

rable gelssuitable for 3Bprinting, although the sameotioidal gelation mechanics wesess-

sumed.

Milk gels of 10.0% (w/w) protein and pH 4.8erepromising @ndidats for 3D-printing from

a group offormulationscharacteried by a st or agd MmRddaoldwlasteexd bel
i ncrease od idhdheabseace ofyherdsiand ruptureuring gelation and stor-
age.In future experimentour lab group will focus ononveying and printinghosehigh pro-
teinrbased formulatiaminclusive saol gel transiion in a printing seup. Based on our rheolog-

ical results, the temperatures in certain sections have to be individually adjust&depigg

the temperature during conveyi belowTs o | t@ emsure sdkharacteristics and avoid jire
gelation.Starting theransition from sol to gel in the nozzle has to be irreversible, triggered via

a fast collision and aggregation of the protein particles by an increase in the temperature. This
temperature in the nozzéouldbe high enough to ensure gelatibatas lowto prevent ag-

ging in the nozie. Small changes in the temperatutiene profile during conveying will provide

new insights if formulations with less promising characteristics could potentially be printed
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4 Chapter:

Designandcharacteria t i on _of caseiniwhey p

via the pHT t e mp e-roatd forr application in extrusion-

based3D-printing

This work is peereview published as follows:

Daffner, K., Vadodaria, S., Ong, L., Nobel, S., Gras, S., Norton, I., & Mill§2020). Design
and characteradion of caseifwhey protein suspensions via theipémperatureoute for ap-

plication in extrusiorbased 3Eprinting. Food Hydrocolloids, 112, 105850.
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4.1 Abstract

The current interest in individuaksl food through additive mafacturing has identified a

needfor more information on the formulation and printability of potential idgets. Here,

the effect of formulation parameter siba)f case
as well as the casein content (B12.0% (w/w)) mixed with whey protein (2i(B.0% (w/w))

andthe effect of pregrocessing parameters includitige deaturation of whey proteins
(80°C, 10 min; adjusted pH 6.55, 6.9 and 7.1) onthegelfmat i o n empeatutédh)e p HT t
route was studied. Rheological measurements showed thaitdhle Ttrgnsitlon tenperature

( G901 Pa) decreasednd the aggregt i on r ate of the caseiniwhe
creased with increasingH value at heatinglhe aggregation rate was considered to be a key
parameter predicting the printability of formulations.Bgching oexceeding a certain ge-

gation rate (25¢a/10K) , casei ni whey p rfourdéoibenprirdgablsrpselih Si 0 n s

ing in firm and stable gels.
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4.2 Introduction

3D-printing is a new trend in the food sector that is receiving increasing attention. In addition
to the traditional additivenanufacturing process with plastbc metal as feed material, 3D
printing can be conducted as food layered maacuwfring (FLM). In general, 3printing is an
additive manufeturing technology with a laydyy-layer deposition of the material to form an
object that cannot be created with conventional techniques. Technologies like controlled fusion
and controlled deposition are amongst the most popular for FLM (Wegrzyn 2012). Alt-

hough most FLM technologies are still being researched, differentiatetials have success-

fully been printed. The complex microstructure of food andsttee| Ttransitionof food in-
gredientge.g. crystallization of cocoa butter from liquid to solid to manufacture chocolate or
proteinbased gelation for dairy productsegust two of the challenges that must be assed

to implement food for 3Bprinting, whichcould result in highly customesl! products for indi-
viduals (Ross et al., 2019). The design ablked printable and individuaksd casei nT whey
tein suspensionand the assessment of suspension printability is therefore a step towards the

printing of more types of food.

Recent studies have shown that ddiaged materials can be used for@ihting, with the first

being processed cheese (Le Tohic et al., 204 8)jgnificant decrease (49%) of the hardness

for melted and printed cheese was found compared to untreated cheese. Moreover, sodium ca-
seinate, which showed reversible gelation characteristics, was used for extpassamprinting
(Schutyser et al., 2018)he addition of pectin, sucrose andrskafacilitated the printing pro-

cess. Nobel et al.2018) used cold acidified concentrates from milk microfiltration differing in

pH (4.8i 5.4) and proteicontent 8.07 12.0% (w/w))which were leated in aextrusionbased

3Dpri nter to induce a soli1gel transition. At
printed, while milk gels at pH 5.0 were not mechanically stable after prifgorgfurther in-

formation about 3Bprinted dairybased materials, a rew (Voon et al., 2019) is recommended.
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Bovine milk contains abow84 g L proteins in the form of casein and whey pint€asein

represents around 8 of t he protein content s@a(@08), consi

Uz ( 10 %)(35%)b a-sadein 45%)) which together with colloidal calcium phosphate
form complexes called casein micelles (CM). The hydrodynamic diameter of the CM is about
200nm and the zetgpotential is about19 mV at the native pH of 6.7 (Anema & Klostermeyer,
1996). Three maimteractions, negative charge, steric repulsion and surface hydration between
t he | ajycaseirsaroontl thesmicelles, stabilise the CM ajamggregation (Heertje et

al., 1985; Horne, 1986).

The whey proteins are globular proteins with defined secgrada tertiary struare. At tem-
peratures around A0C , they denature and interact or
casein e s p elactogldbdlin{/Andma, 2008a), mainly via thiaisulfide exchange reac-
tions. Depending on theH atheating, diferent types of interaction between denatured whey
proteins and CM occur (Anema et al., 2004a; Anema et al., 2004b). When heating at pH 6.5,
around 70% of the denatured whey proteuese attached to the surface of the CM, increasing
its diameter up to 3035 nm.With increased heating at pH 6.7, the level of association de-
creased witlaround 30% whey proteins covering the CM (Anema & Li, 2003a). This interac-
tion depended -caseintwhieh dissoaated from the @V witkeincreagiklg

at heaihg (Singh & Fox, 1985; Anema & Klostermeyer, 1997). It is unclear why dissociation
occurred, althougb-casein dissociated into the serum at temperatures lower than required for

whey protein denaturation (Anema & Klostermeyer, 1997; Anema, 2008a).

During a traditional fermentation process for dairy products at constant temperature, gelation
of milk occurs due to a reduction of the pH value by lactic acid bacteria and following the
decrease of the net charge of the CM. While the fermentation pro¢gss-{dute) takes sev-

eral hours under steagdyondi t i ons, t énmpeataré (Teouta cam bewsed forHT t

immediate solidification during heat up of milk concentrates that have beawigfed in the
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col d. F o “route, thestwapsteps Df acidifiton and gelation, which normally overlap

in the fermentation processesf§H), occur separatelghowing great potential for 3printing

under dynamic conditions (NObel et al., 2018). Cold-gmelification of milk up to pH 4.6

atless than 4 °C reducdte hydrophobic interactions and helped to maintain solution- (sol)
characteristics. Subsequent heating of the acidified matewsaled collision and aggregation

of the CM and gelation occurred (Roefs, 1986; Schéfer et aB)2@asbinder et al. (Vasbin-

deret al ., 2003) also found t hardutetomparetothggel s
T-pH-route at the same concentration. Recent studies (Siha.,e2018; Kharlamova et

al., 2019) showed the effect of adding native as well as denatured wdteingrn the gelation
behaviourof casei n mi c edute.eKbarlamova et alh(2019p dHaw&d that the
addition of fractal whey protein isolate aggregates to aqueous suspensions of micellar casein
lowered the temperature of gelation (at a fixedethar casein concentration) and increased the
storagemdul us G6 of the milk gels. A further de

if the pH was decreased, the protein concentration increased gradaét.

The success of 3printing as a methsto produce highly individualkesl and tailored nutrition

for specific requirements will strongly depend on the food materials and the printability of the
recipes. To the best of our knowledge, no prior studies have investigated the usage of micellar
casen combined with wheprotein for extrusiorbased 3Bpr i nt i ng vi a the pHT”-
sive a tail ored sbaskdnicmdels tan lzemduiced with mechaGiclspm4i n
cessing, heat treatment, changes in the environmental conditions (e.g.ipludace prop-

erties (interaction with whey proteins) (Leen et al., 2017). We hypothesisthat by altering

one of the prgrocessing parameters, e.g. the pH during heat treatment, tailoring of the surface
characteristics of the CM causes changes @stlo | Ttrgnsition temperature and thus, in-

creases the aggregation rate. Either weaker or firmer printable gels for tailored nutrition can
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potentially be provided by this method. Four
tein ratio, heatngand aci di fi cation pH of the caseiniw

to investigate the material characteristics and to correlate these properties with printability.

4.3 Material and methods

4.3.1 Material
Micellar casein concentrate (MCC 85) was provided bghSenmilch Milk & Whey Ingredi-

ents (Sachsenmilch Leppersdorf GmbH, Wachau, Germany). As specified by the manufacturer,
MCC 85 was composed of 85% (w/w) protein in dry matter, with a 9:1 ratio of casein to whey
protein. This specific batch of MCC 85 contah87.60% (w&) protein in dry matter,
1.45%(w/w) fat, 2.48% (w/w) lactose and 7.44% (w/w) ash. GermanProt 900tey protein

isolate (WPI) was provided by the same manufacturer. This &pbeifch was composed of
93.74%(w/w) protein in dry matter, 06 (w/w) fat, 061% (w/w) of lactose and 3.1604/w)

of ash. Citric acid (1M) (Sigma Aldrich, UK) was prepared by mixing with Miliwater

(Elix® 5 distillation apparatus, Millipofeé USA) and sodium hydroxide (1M) was bought from

Sigma Aldrich (UK) andised for pH adjustment.

4.3.2 Sample preparation
Solutions of micellar csein were prepared using dei@dswater and agitated atconstant

speed for 5 h at 4C to disperse the powdewith the procedure shown Figure 4-1. The
suspensions were cooled twom temperature and stored aC4overnight to allow hydration

of the caseinsyith starting pH values of 6% 0.05. Three different casein contents {310.0

or 12.0% (w/w)) were tested. To adjust the casein to whey protein ratio to 4:1 and to keep
impurities (high lactose content, for example in skim milk powder) as low as possible, pow-
dered whey protein isdia was added to all three micellar casein contents. A total amount of

2.0, 2.5 or 3.0% (w/w) of whey protein was mixed with casein, disperseeéionged water
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and heated at 4Q for 5 h A high pressure homogerig(Panda NS1001RK, Gea Niro Soavi,

Pama, Italy) was used to ensure a homogenous distribution péttieles (one pass, 500 bar).

| Heating ‘

Whey
protein
isolate

Micellar casein
concentrate

Standardisation

/ 8-12% (w/w) casein

Stirring ‘ 2-3 % (w/w) whey protein
45°C, 4h 4:1 = MCC:WPI

l

Hydration
5°C, 15h

HPH
500 bar, one pass, 50 °C

Heating step

80 °C, 10 min,
pH 6.55/6.9/7.1

l

Acidification

2°C,pH4.8-54

y

Tempering

>

Figure 4-1: Flow chart for the preparation of cas&itey protein suspensions for applicatiorektrusion3D-printing.

The influence of the denaturation of whey proteins orstlee!| Titrgnsitlon temperature and
the aggregatiorate was tested as follows. TheHd of t he caseini swaey pro
adjusted to 6.5%1M citric acid) or to 6.9/7.11M NaOH) before heat treatment. Thettles

containing the suspeiosis were indirectly heated (8D, 10 min) in a water bath on a stirring
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plate to ensure denaturation (degree of denatugatidd 8 0 %; as esti mated fr
of the whey proteins. Adr heating, samples were filled in a doubialled beakeconnected

to a water bath at’€. Cold acidification was performed dropwise with citric acid under agita-

tion. After decreasing the pvhlue(5.41 4.8), the solution was equilibrated for 30 min émel

pH was readjusted, if changes occurred (Schafer et al., 2018; Nobel et al., 2018).

4.3.3 Rheology

Rheological measurements were conducted by a Kinexus Pro rheometer (Malvern Instruments,

UK) with a cup D = 27.17 mm, depth = 63&ane = 61 mm, height = 25 mrrgeometry.

For dynamic oscillatory measurements, temperature sweeps were performedif@inHC2

with a heating rate of 1 Kiin. The samples were psaeared with a shear rate of 1€%) fol-

lowed by an equilibration time for 300n8th no shearing. The oscillation step was pearfed

with a deformation of 0% and a frequency of 1 radb ensure a nedlestructive measurement

in the linear viscoelastic region of the filgel. During measurements the storagelmus(G §,

the loss mdulus G §),dhe phaserglet ap @nd t he temperature were
transition temperatur e wa seofilePlaldbehetale2018when (

Schafer et al., 2018).

4.3.4 Zeta-potential and particle size measurements

Theparti cl e s i zpetendahwkre teteaminedausing a Zetagizer (Malvern Instru-
ments, UK). For particle size measurements, samples were prepared at native pH (6.7) by di-
luting them with dednised water and measureda?@. Cas e i n T usgemsipnspareot e i n
analysed in the exact same way after the denaturation step at different pH values (6.55, 6.9,
7.1). Refraction indices of 1.33 (water) and 1.57 (casein) were adjusted for the \nalsete

particle size distribution (Griffin & Griffin, 1985)calculated via the Mie theory. Averaged

particle sizes were presented by the intensity weighted nyglaodynamic diameteraverage.
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After a stepwise (0.2 units) decrease of the pH to lower values than the nat{@e/pHy
means of 1M citric acid, thepotential was measured and plotted against the solution pH. Be-
fore every experimentasples were diluted with deioed water. The temperature of each
sample, the water (diluent) and withire zetasizer was adjusted t&€C20 ensure no prgela-

tion orprecipitation of the caseins during measurements.

4.3.5 SDSPAGE

4.3.5.1 Preparation of the samples via centrifugation

After heating (80C, 10 min) at different pH values (6.55, 6.9 and 7.1) with continuous rocking,
an amount of 1.5 ml for each sample was placed inl gf@stic tubes. Serum proteins were
defined as the patrticles that did not sediment from the sampilegdarcentrifugation step
(Type5424, Eppendorf, North Ryde, Australia) at 21.000g &€Z0r 1 h (Anema, 2007). The

supernatants were analysed ondame day.

4.3.5.2 Sodium dodecyl sulphate polyacrylamide gel electrophores{fSDSPAGE)

SDSPAGE was performed using precast-Biss 12% polyacrylamide gels and an electropho-
resis system (Invitrogen, Mount Waverley, Australia). Centrifugal supernatenéediluted

(1:25) with deionied water and mixed (10 pl) with 5 pl of LOSigma Aldrich, UK), 2ul of
reducing agent ( Si g ma -mértaptoeihandfBio-RadK pborataries 5 O
Ltd., UK). Each of the noiineated reference samples was dilutedsmalar way and the same
amount of reagents was added. All samples were heated at 100°C for 3 min prior to loading.
The gels were run at 115 V for 90 mimdaa solution containing 0.0258/v Coomassie (Bio

Rad Laboratories Ltd., Watford, UK), 40% w/w metbhand 7.5% w/w acetic acid was used

for staining for 90 min and a 7.5% w/w acetic acid solution was used {fstageng the ge
overnight. Gels were visuaéd using a Fuji Film Intelligent Dark Box Il with Fuji Film LAS

3000 V2.2 software (Brookval@ustralia). The proteins were identified by comparison to the

-108-



Chapter 4

molecular weight (Mw 10 250 kDa) of protein standards (Precision Plus, Kaleidoscope, Bio-

Rad, Australia).

4.3.6 Microscopy
4.3.6.1 Scanning electron microscopy{SEM) preparation

For comparison of the diffené preprocess treatments regarding the casein micelle structure,
all four formulations (micellar casein concentrate without any heating, micellar casein concen-
trate plus whey protein heatedaapH of 6.55, 6.9 and 7.1 at €D for 10 min) were used.
Thepreparation process was done mainly following the procedure of Dalgleish et al. (2004),
who presented the micellar surface of the casein particles with a colerinetgion ultrehigh

resolution scanning electron microscope (FESEM).

One drop of each samphes placed on a polysine coated glass slide in a humidity chamber

to prevent drying. Samples were allowed to settle for an hour and were fixed in 2.5% glutaral-
dehyde in phosphate buffer. The buffer was removed after two minutes. After an hour the pri-
mary fixative was removed, the sample was rinsed with the phosphate buffer and the secondary
fixative, 1% osmium tetroxide in phosphate buffer, was added for an hour. After removing the
secondary fixative, all the samples were rinsed three times with laurféethen dehydrated

using a graded ethanol series: 70%, 90%, 95% and 100% EtOH (elapsed time per solution was
five minutes). The 95% EtOH step was repeated twice and the 100% EtOH three times. Fol-
lowing dehydration the samples were fixed onto stubs usinductive copper tape and were
sputtercoated with gold. All three samples were stored in a desiccator at ambient temperature

until they were used for imaging.

4.3.6.2 Imaging
The samples were imaged using an environmeEM (FEI/Philips XL30 ESEMFEG,
Philips, UK). Between 15kV and 20kV were applied for the acceleration voltage and magnifi-

cations of up to 50.000 x were used.
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4.3.7 Setup of a customigd 3D-printer

A customigd printer was created to pri dairy mat erroutelircludnga t he

s ol 1T g eibn, similaato Mbhelet al. (2018). A commercially available plastic printer (Cre-
ality Ender 3 PrinterCreality, Shenzhen, Chinavas retrofitted (shown ifigure 4-2). For

better control of the additional weight of the new parts, the motor and the syringe with the
double walled cooling jacket were fixed on the top of the printer. The stepper motor, ednnect
to a screw plunger, controlled and powered the syringe to perform the exdoaskch printing.

Two stainless steel bars held all the parts in line and several coramigdrdesign (CAD)

printed parts supported the straight attachment of the motor.

Figure 4-2: Se-up of the customid 3D-Food pinter after the retrofitting process including 1) syringe in double walled cool-

ing jacket, 2) insulated pipe for transport of feed material to nozzldle®nometer, thermocouples (TC) and software, 4)
firmware of Ender 3 printer, 5) nozzle with die at the end, 6) heating element for nozzle and 7) stepper motor. b) Heating
element in contact with the copper pipe. c) Nozzle with dye and thermocouplegatitfighe small inset image in (a) shows

a simplified schematic of the sep with the flow direction of the feed material in red.

Before the printing process, the syringe was loaded with 60 ml of the cold acidified ca-
sei niwhey pr ot ei tain ®lcsapctenstcs, atamperdtuwe di2avas main-

tained within the syringe cooling jacket, connected to a water bath. Materials were transported
via a pipe to the copper nozzle (plastic dye at the end, 1.15 mm in diameter), heated with the
heating element andsao | Trgnsition was induced.he software used to control the printer

-110-



Chapter 4

was Repetier. To create a printed object, a CAD model (25 x 25 x 3 mm rectangle slice) of the
object was created in the software. The proptine speed was set to 20 ngxil'he layer height

was adjusted to 1 mm faul three layers, which were printed above each other. This resulted
in an overall height of around 3mm for every printed rectangle. Before each print, the bed level
had to be calibrated manually. Printing was performed drydrophobic printing paper

(10x 10cm; Legamaster International B.V., The Netherlands) to prevent spreading of the first

layer.

4.3.8 Statistics
The data plotted in the publication includes the average of at least three measurements accom-

panied by error bars that consist of the standarchtien of the mean. In the case where mean
values of an observation are compared between samples the data have been subjected to analy-
sis of variance (ANOVA) in order to determine significant differences. Data analysis was con-
ducted with Sigma Plot 12.5 y§at Software Inc., San Jose, CA, USA). Individual samples

wer e compar e d-testand &lev8 bfsigndicanicéd of p <0.05 was chosen.
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4.4 Results and discussion

4.4.1 Physicochemical characterisation of the sol state
4.4.1.1 Particle size

The rheological chacteristics of colloidal gels formed from milk proteins depend on intrinsic

(e.g. size, shape, availability, protein content) and extrinsic parameters (e.g. temperature, ionic
strength, pH) (Dickinson, 2016). The size of the CM was considered to bea parameter

influencing the printing characteristics of the starting material, due to the requirement of a fast

andi rreversible solilgel tr anibeletali 2018). $malieiparg t he
ticles (nanometre rangahove faster due to Brownian motion, which can result in a faster ag-
gregation process and be expedtedrovide denser and hence, firmer gels during printing. The
volumebased distribution of the ca¢igured-3,wthey pr o

protein particles ranging betweenis650 nm.

16

pure micellar CS, non heated
CS + WP, heated pH 6.55
CS + WP, heated pH 6.9

CS + WP, heated pH 7.1

14

o :

>b>ee

Volume distribution (%)
o]

1 .

0 T T T T
0 200 400 600 800 1000

Particle diameter (nm)

Figure 4-3: Particle size distribution for neéneatedCS ( 2/ gr een) , heaté@&dbl(pdl) 6. B&EAt €5 Fp W
WP (z /orange) and hggyealowda  @iHh17whey CBr ott eNPn (suspensi ons.
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After a homogenmtion step, performed to avoid any aggregates that may have formed during
hydration overnight, the average intenswgighted diameter {average) of the protein particles

in all formulations, independent of thpH at heatingwas around 230240 nm. Anem et

al. (2004b) measured the size of CM in reconstituted skim milk and found a similar value of
around 215 nm for unheated milk at pH 6.5. Heating at the same (38 fom at 80°C, 9TC

and 100°C resulted in an increase of the size gf 3% and 40 nnrespectively. This small
increase in the size of the CM was explained by the interaction of the denatured whey proteins,
especHd aklt p gb o baadein on,the suifacehof the CM via thilidulfide bond ex-
change reactions as well as hydrophobid snic interactions. Due to higher temperatures and

a longer heating time, it is proposed that Anema et al. (2004b) were able to show a significant
decrease in the size of the CM at highkr at heatingcompared to results in this study. The
range of sies of particles was confirmed with SEM (showing the raspberry structure of the

CM) and cryeEM images (seSupplementary Figuré-1).

4.4.1.2 Zeta-Potential

The e-potential as a function of the pH of pure, Aoeated ritellar casein- and heated

(pPH6. 55, 6.9, 7.1) casei nTl wlriguyed-p.r oTthetentialof us p e n
each formulation was averaged for all the protein particles captured within this sample. Inde-
pendent of the type of f or mupotential with decr@asingal mo s
acidification pHwas found. A i gni fi cant down s h-potential ofheatedo t o °
caseiniwhey protein suspensions over the who
the nonheated sample. Heating resulted in ptgisand chemical changes, epgecipitation of

calcum phosphate and dephosphor yl-potentia of the f cas
CM( Fox, 1981, Singh & Creamer , -pbténflalqgverallNo s i ¢
acidification pH values were found for any of the pH adjusted conditions perftrehecd: the

heating step (6.55, 6.9, 7.1). Anema & KlostermeyeB§)9ound that CM heated at @346
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showed a hi gher-potentia then CN ehgated atwH )7.1, @lthough only
very small differences were found below pH 6.0 and no measure atieariwas provided in

their publication. Darling & Dickinson (1979) reported the same almost linear decrease in the
g-potential of CM when the pH was reduced, although signitigdower values were found.

At pH 4.75, Anema & Klostermeyer (1996) faun gotemtial ofi 13.5 mV (30C) for heated

milk samples (12TC, 6 min) which was very similar compareti3.1mV = 1.3mV at pH4.8

for nonheated, pure casein suspensions in our study. This was not in accordance with the results
of Darling & Dickson (1979) wo found a value of 0 mV at the IEP of casein (4.6). It has been
suggest ed t h-pdtentalnvasicaused By a dissatigtiongof colloidal calcium phos-
phate, which increased with decreasing pH up to a cagmgblubilisation at around 43
(Dalgeish & Law, 1988). As a result, ionic calcium binds to the surface of the CM, thereby
reducing the el ectr oph o r-potentia of @\ (Daldleisht, 3984a nd d e
Anema & Klostermeyer (1996) proposed that this binding of the calciumet&hh shields

their negative chargespotentidsul ting in a decre

micellar CS, non-heated
CS + WP, heated pH 6.55
CS + WP, heated pH 6.9
CS + WP, heated pH 7.1

> > ®O0

-10

e oA

-20

Zeta-Potential (mV)
H oA
HO® A
Hi O
HCY A
H& 0+

HiHed O

-30

e
Hes FOH

4.5 5.0 55 6.0 6.5 7.0

Acidification pH ( -)

Figure 4-4: Changes in the-potential with decreasing pH of ndne at ed mi cleehtédap H C&. %) ,CS + WP
heated (pH7.1)CS+WRY and heat ed ( pdtlispénsiénhd (ca€eh towhewproteinzatio of 4:1). Measure-
ments were performed at a temperature of 3°C for the sathgl diluent (deionél water) and withithe ztasizer.
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4.4.1.3 SDSPAGE

Figure 4-5 shows the SD®AGE analysis of the supernatants obtained fromheated (6.55,

6.9, 7.1) and heated (6.55,6.9, 7.1)carel whey protein suspensions
with a main focus on the disintegration of the casein micelle. Heat treatment at pH 6.55 resulted

in a significantly lower amount of whey proteins in the supernatant, confirming other results
withwheyp r ot e i n -lactogkebulin) cgvering the surface and being bound to the CM at

this pH (Anema et al., 2004a; Anema, 200i¢reasing th@H at heatingo 6.9 and 7.1 caused

I ncr easi n g-casemdissociaiting frorh thesCM into the serovesulting in additional
frercassei ni whey protein complexes in the seru

whey proteins, evidenced by the same amount e@lwgnoteins in the supernatant.

[ u v v v v vl IX

EHHHHHEHEy g

m— 0l -Casein
- [(-casein
— K-Casein

= B-LG

— a_LA

Figure 4-5: SDSPAGE analysis of serum phase proteins wahd without thermal treatment (80, 10 min). Lane-1ll: non-
heated, pH 6.55, 6.9 and 7.1 (from left to right). Lané/l\heated, pH 6.55; Lane WIl, heated, pH 6.9 and Lane VAIK,
heated, pH 7.1.

Our results are consistent with Anema (2008a), who demonstrated the pH dependent dissocia-
tion of a-casein on heating. It is estimated that a less significant differereeasein dissoci-
ation between the lower and thigherpH at heatinggompared to o#r results (Anem&007;
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Anema, 2008a; Anema, 2008b) was due to a lower heating temperature during our denaturation
process, but could also be explained with a lower protein concentration used in the studies of
Anema (2008a). Singh & Creamer (1991) fouhnat tthedissociation ob-casein from the CM
depended on two parameters, the pH and the total solids content of the sample before a heating
process. Both parameters, higlpét values at heatin@.57 7.1) and higher proteins concen-

tration, caused an inaee in the extertf dissociation out of the CM.

4.4.2 Rheological characterist i on of the solTgel transition
The gelation behaviour of casdiased milk concentrates at different acidificationgidtein

combinations showed promising results for extrudiased3D-printing (Nobel et al.,2018).

The soligel transition t e mpsweepstfranrtieepointwehene o bt
the storagem d u | u s lle@ b PadSghafar et al., 2018)belet al., 2018). This value could

be further used to adjust thenperature in the nozzle during the printing process to intention-
ally induce a BiguledgBRD) ttrlaerssdlitogmel Ithransiti o
acidified caseiniwhey protein suspensions af
7.1) are illustrated. For comparison, the result of a pure micellar casein sample (no addition of
whey proein, no heating step) is provided in each subfigure and discusseHifjtst 4-6 (A)
depicts the solTgel t r a nuspensions differingimtpegnotaint u r e
content as function of the acidification pH, which was chosen according to previous results

(Nobelet al., 2018).

For casein suspensions a |inear relationship
sitontempe at ur e ( G6 = 1 P a)Figuweds (A}, theiGMdstayedis cols h o wn
loidal solution below the coagulation line and direct acidifaatfollowed by heating re-

sultedin gelation of the CM. Above the coagulation line, spontaneous cdiamgutzccurred

during acidification and theasein precipitated (Hammelehle et &897; Schafer et al., 2018).

The coagulation line depends on the composition (pH, protein content) and itregineent
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(e.g. heating timetemperature andpH). At all protein contentss o | Ttrgnsition tempera-

tures decreased significantly with decreasing acidification pH, as observed elsewhere for mi-

crofiltrated skim milk retentates (Schéafer et al., 2018), rehydrated phosphocaseinate powders

(Thomar & Nicolai, 2016),econstituted pasteurised skim milk (Vasbinder & De Kruif, 2003)

and micellar casein suspensions with added whey protein isolate (Kharlamova et al., 2019).
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The solTgel

transi

t

on temperatures

for

heat

decreased with decreasiagidification pH Figure 4-6, B). Suspensions at the highest protein

content show d

pared to lower protein concentrations, whilei grelation vas found at pH 4.8 G 61 P&). This
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significant decrease of the soligel pgracansit.i
posed to appear with an increased amount of particles germlunine, actively contributingp

the gelation process. The mikeasein (71 10.0% (w/w)) - whey protein (D71 2.5% (w/w))

suspension that was heated at pH 6.55 showed a similar coagulation line during acidification

when compared to the ndreatedcasein sample.

For all c a s e i peinsiorts aftepH 6.9 ai heatingnndepamdent of the acidifica-

tion pH, no soligel transition temperatures
(12.0%(w/w) CS and 3.0% (w/w) WP At an acidification pH of 5.3, CM started to collide

and aggregate, resulting in baggparticles, which caused unintendedi giedation. This was

evidenced by an increase of the storagednu | us (G6 > 1 Pa) prior tc
sol Tgel transipgHiatheating Farl )t,helHi gglodgtgel transi
formulations with the medium protein content wéyend below the coagulation line of pure

micellar casein, indicating the dependency of the gelation point on the protein content during
acidification.Figure4-6 (C) and (D) clearly showed that heating at a higher pH (6.9, 7.1) caused

a shift of the coagulation line towards higher acidification pH valugdamed with earlier

acid induced coagulation of the surfavedified protein particles, confirming results of Ham-

melehle (1994).
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4.4.3 Influence of the aggregation rate on printability

The aggregation rate (PH0 K), represented by the evolution of tlstoragem d u | | GO dur |
lineartemperature ramps, was chosen to be gorant parameter to characterthe formu-

lations differing in product (pH and protein content) and pgpeocess parametergH at heat-

ing) regarding their printability (three layeprinted). The aggregation rate was the parameter

which wasanalysed when comparirtige increase of the storagem ul us GO6 from t h
transition temperatue ( GO =1 Pa)Kunas | deéemen nterxdt eld wi t
protein suspension fAgure4-7. Thi s speci fic value of ten de
temperature was chosen to compare how fast and how strong-dithesesional network was

built after t hmperatard wagredched. A tast aggrégatiomrate oéthe CM

was considered as a prerequisite for a soli

network, supporting its own weigttiring an extrusiofbased layeby-layer printing process.

1000
Aggregation rate (Pa/K):
100 ~ Increase of the Storage
E Modulus G’ from the
~ .| sol-gel phase transition
g 10 4 temperature (G’ = 1 Pa)
3 until the next 10 K
=
o]
=
[ 11 —
o
o
2
w
0.1 A
0.01 T T T T T T T
0 5 10 15 20 25 30 35 40
Temperature (°C)
Figure 4-7: Example of a temperature sweep to illustrate how theeggtjon rate (Pa/ I0) was def i ned. A cas
protein suspension (4:1 ratio, 8.0% (w/w) CS and 2.0% (w/w) WP) was heated &(88°E, 10 min) coldacidified at 2°C
to pH 5.0 and heated inrheometer (heating rate of 1rih) . A s obhngéti on temperature (G6 =

11.92°C. The aggregation rate was calculated from the moduli increase between 11.92°C to 21.92°C.
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In a previous study (Bbelet al., 2018), pure casebased suspensions were found to be print-

able at an @dification pH of 4.8, showing firm and homogeneous characteristics, while milk

gels at pH 5.0 were not mechanically stable after the extrlsisad printing process. Within

our study, only the aggregation rate of a-heated, pure micellar casdmasedsuspensions
(Figure4-8) was shown for comparison with caseint\
was performed for these samples. An increasiedicasin content from lowest(8.0% (w/w))

to highest values (12.0% (w/w)) resulted in significantly firmer gels, regardless of the acidifi-

cation pH value.

as0
O 12.0% CS, no heating
& 10,0% CS, no heating
300 A O 80% CS,no heating
3
E 250 L ... - U
@
Q
o 200 -
o
c Q
S 150 -
1]
on
o
2 100 4 @ }
[=)]
) ¢
50 - Q
I:I T T T T
4.6 4.8 5.0 5.2 5.4 56

Acidification pH ( - )

Figure 4-8: Aggregation rate (PalOK) for non-heated, micellar casein suspensions at different pH values §438 and
casein catents (8.0 12.0% (ww)) at 18 C af t er / hi gher than solT1gel uresweeps t i on t e

(heating rate of 1 Kvin). The dotted line indicatéke hreshold where above 250 Pa/KL.the gels produced were stable after
the printing process.

The aggregation rate of c a s leeatingi steh @typH 6.3550t ei n
6.9,7.1) is illustrated in Fig 80 and related to the printabilityy means of inset pictures.
Theaggregation rate of the caseiniwhey protei

the protein content, the acidificatierandthe pH values at heatingvas compared to the 3D
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printed images (25 x 25 x 3 mm, 3 layers). At the lowébat heatind6.55), the aggregation

rate increased with decreasing pH and increasing protein content, apart from the highest protein
content where the aggregation rate was not determined becgudegalation behaviourHig-

ure4-9) . Al | caseiniwhey protein suspensions at
and stable gels after the pring process, whilegiher aci di fi c&aOresnlted pH v a

in spreading of the material over the printing bed and no statglelayered printing process.

{ |
\
\
350 ~y
§ 0O 12.0% CS, 3.0% WP, heated pH 6.55
A 10.0% CS, 2.5% WP, heated pH 6.55
300 - O 8.0% CS,2.0% WP, heated pH 6.55
250 o --eeeneeeenenea % rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
200 %

?

Aggregation rate (Pa/10K)

0 T T T T
46 4.8 5.0 5.2 54 56

Acidifciation pH ( -)

Figure 4-9: Aggregation rate (Pd/OK) at different pHvalues (4.8 5.4)forc asei nT whey protein suspens]|
step 80°C, 10 min) atpH 6.55 atA0C aft er / hi gher than the sollgelUresweepsnsi ti on
(heating rate of 1 Knin). Printed imageare shown to relate the aggregation rate to printability. The dotted line indicates the

threshold where above 250 Pa/K.the gels produced were stable after the printing process.

An almost linear increase in the aggregation rate with decreasing atidiiipH and increas-

ing protein content was found after a heating step at pH 6.9 and pHdgute4-10andFigure

4-11) . Al | caseiniwhey protein sustpapashosens wi
threshold of about 250 Pa/ KOshowed firm gels after the printing process and maintained

their shape. For the most promising formulation (pH 4.80%Qqw/w) CS, 2.5%(w/w) WP,
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heatedpH 6.9; comparé&igure 4-10) regarding the fastest aggregation frostillatory meas-

urements (315.% 27.2 Pa/ 1K), pre gelation occurred during real printing processes. The

clogged nozzle did notallopyr i nt i ng

d u e tsibon tempkerature 0§ 7660.6°Q e

(Figure4-6, C) and high absolute protein content of the sample. Slight fluctuatiahe tem-

perature during conveying may have induced thistended gelation.

350 N \

300 -
250 L -]

I
200 +

150 -

Aggregation rate (Pa/10K)

100 4

50 -+ T

46 48 5.0

% WP, heated pH
W

2.5 6.9
, 2.0% WP, heated pH 6.9

52 54 56

Acidification pH ( - )

Figure 4-10: Aggregation rate (Pd/OK) at different p value$4.87 5.4)f o r
after/ higher

step (80°C, 10 min) at pH 6.9 atA@

casei ni wmsons after aoheagirig n
than the solTlgel

I tr e

suspe

transition

(heating rate of 1 Knin). Printed images are shown to relate the aggregation rate to printability. The dotted line indicates the
threshold where above 250 Pa/K.the gels produced were stable after the printing process.

The aggregation at e of t

he

casei ni wh pHof Pplratcheadngm

creased with decreasing acidification pH, showing significantly lowleesaat the higher acid-

ification pH values (5.2, 5.4) and lower protein conté&igire 4-11). The increase in the ag-

SUSPpE

gregation rate at the fixed lower protein content with decreasing pH was in accordance with the

results of formulations heated at pH G&g(re 4-10) although a tendency to a faster aggrega-

tion atapH of 7.1 at heatingvas found. Similarly to formulations aftep#l of 6.9 at heating

unintended prgelation occurred t

an

acidification pH of

-122-
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transition temperature of 86; Figure4-6, (D)) and no printing could be conducted, independ-

ent of the protein content.

350
A 10.0% CS, 2.5% WP, heated pH 7.1
O 8.0% CS,2.0% WP, heated pH 7.1
300
A s % ,,,,,,,,,,,,,, § ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, AT —
200 +

150 4 §

100 A

Aggregation rate (Pa/10K)

50 T r T T
46 48 5.0 5.2 54 56

Acidification pH ( - )

Figure 4-11: Aggregation rate (Pd/0K) at different pH value#4.87 5.4)forc as e i n 1 wh e ynsipns aftera heatings u s p e
step (80°C, 10 min) atpH 7.1 atA@C aft er / hi gher than the solTlgelresweepsnsi ti on
(heating rate of 1 Knhin). Printed images are shown to relatedbgregation rate to printability. The dotted line indicates the

threshold where above 250 Pa/K.the gels produced were stable after the printing process.

4.4.4 Tailored casein micelle surface characteristics for printability
For the aggregation rate, a valfe250 Pa/ 1 was proposed to predict the printability the

best for formulations in the concentration and temperature range investigated in this study. Im-
ages of printed gels asown in Figd.9 4.11 We found that formulations with an acidification

pH of 5.0 were printable only by addition of whey protein and aiigatep at higher pH values

( 6.9). Standardisation of such formulations to a micellar casein to whey protein ratio of 4:1

with the addition of whey protein isolate and a small changleerpH value (6.9, 7.1) before

heating resulted i-caseindepl et ed CM with | ess st-eari c 1 e

seiniwhey prot ei n (FRgaredpld).dhkissnendednaildrirg ef the surfagem

-123-



Chapter 4

characteristics of the CM and the increased number of particles per unit volume allowed us to
print casei suspansieny at poth adiddicaton pH values, 4.8 and 5.0, with the

latter found not to be printable for ndreated, pure casebased systems @¥elet al., 2018).

The pH sensitive CM are the main particles contributing to atigal process of dairy gels,

if they coagulatéFigure 4-4). An intended modification of the surface characteristasasein

depleted CMpH value atheatin 6. 9) resulted in suensimbl e ca
for extrusionbased 3Bprinting. After a heating step, denatured whey proteins contributed to

thethreedi mensi onal network, decr eas pHi69tatheat-sol T g
ing and increased the aggregation ratdas (O ac

study, the aggregation ratBigure4-9) o f c as e i nsuspensoys affer hedtimyiamn
pH 6.55 increased only for formulatiorexamined at amcidification pH of 4.8, while the

s o | Ttrgnsition temperature~igure 4-6, B) did not change compared to pure {h@ated,
micellar caseirbasedsamples. The results from the literature and this study suggest that the
number of particles contributing to the aggregation did not asereluring a heating step at

pH 6.55. Atthis pH, Vasbinder et a{2003b)proposed that almost all the denatured wbrey

teins covered the surface of the CM while Anema et al. (2004b) found values betwe5965

of whey protein coueng the surface of the CM f@H 6.5 at heatingdependg on the heating

temperature.

As thepH at hatingwas increased (6.9, 7.1), Anema & Li (2003b) and Anema (2007) found a
decreased amount of denatured whey protein on the surface of the CM, changing the composi-
tion and the surface characteristics of the CM. Results of BRSE in our study confirmed a

diso c i at i-casein foom the CM into the serum at higpef values at heatin¢Figure

4-5). At higherpH values at heating d e n aldctoglobutn afi -casein formed complexes

in the serum, apart from cover i negaseiretheCM,

serum phas@rigure4-12). T h e d i s s oaadeiaiht@ghe serura $uggests that the density
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of the hairy layer covering the surface of the CM was reduced, which facilitated the collapse of

t he r e ncaseinif the gciddication pH was lowered. Therefore, aggregationeofCiil

at lower temperatures may occur due to less steric repulsion forces provided by a weaker hairy

| ay e rcasanf white electrostatic repulsion forces did not change after heating at different

pH values Eigure 4-4). A similar explanation was provided by Lakemond & Van Vliet (2008),

who heated skim milk at different pH values and psggbthat CM heated at higher p619)

collided and aggregated faster than CM heated at lower pH (6.2), due to a higher steric hin-
drance occurring at a lowpH at heatingThese results showed the effect of small changes in

the pH before the heat tr eatimenctonpn-cabeires tayple
dissociation out of the CM and how these changes resulted in more promisenghchirac-
teristicsfora3Bpr i nti ng process of <caseiniwhey prot e
model is proposed ifrigure 4-12 basedon microstructural observations of proteins in this

study, which illustrates the differences of gel structafesy the 3Bprinting process.
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Native whey protein ";f\\_ \J ° -«— Casein micelles, with the “hairs”
-

Serum k-casein —— p.~) o representing k-casein on the

J surface
Skt i

80°C, 10 min,

80°C, 10 min,

pH 6.55 .
80°C, 10 min,

pH 6.9

;ﬁ o8 C g&
\J \J C \J & Denatured whey protein-
Casein micelles coated — 5 ’% ¢ o Cr € K-casein aggregates
with denatured whey ° . )
. ° <+——K-casein depleted casein
protein (‘c )
;‘% i% -\J C ° & micelles

l pH-T-route pH-T-route

k-casein depleted casein
micelles

Denatured whey protein-
K-casein aggregates

Figure4-12Schematic representation depicting the interacti ons heatingstep ane explainwdtte yliffepencestoegelnaftdra r mu | a
printing process.
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4.5 Conclusion

Caseiniwhey protein susandpreprocess parathetdrsfwere in-n g
vestigated regarding their potential use for extrusiased 3Bprinting for tailored nutrition.

This study demonstrated th&luence of different pH values during heat treatment and the use

of the acidification pH to manipul ate the

r

o

of caseiniwhey protein suspensirootae.Sqlcharadc- gel at

teristics at cold temperatures were confirmed with rheologi@ald zetgpotential measure-
ments, providing aiduid feed material for a layday-layer printing process inclusive allf

transition from sol to gel.

Depending on the location efcasein, denated whey protein was either mainly bound to the
surface of theCM (pH 6.55) or mostly found as complexes watlcasein in the serum phase
(pH 6.9, 7.1) which significantly modified the surface characteristics of the CM. These higher

pH values at heatingausings-caseindepleted CM, decreased theo | Ttransition tempera-

ture and increased the aggregation rate. The latter property was proposed as a good indicator

for the printability of the formulations used within tisizidy, if values of 250 Pa/ XOfor the

aggreg@tion rate (represented by the storagednu | us G6) wer e recorded

perature ramp. The aggregation rate will be a good prospective indicator, but has to be investi-

gated for each material and related to printing characteisteccurrently no quantitative and

analytical method is available to objectively predict printability.

Lower acidification pH and higher protein
protein suspensions resulted in an increase in the admgregate. Extrusiofbased 3Bprinting
showed firm and stable gels at acidification pH values of 4.8 and 5.0, with more suitable for-
mulations found after highgrH values at heatindg-uture studies focusy on more complex

systems including different calciuptbtein concentrationdat or lactosewill provide more
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options for tailored and individuaksl nutrition via printing and will allow to design and un-

dersand more formulations.

4.6 Appendix

4.6.1 Supplementary datal

L3
,".-“. {\ 1

e
-

AccV SpotMagn Det WD p—————— 500 nm o~ g
200kV30 50000x SE W4 : .

AccV SpotMagn Det WD p————— 500nm
200kV 30 50000x SE 74

Supplementary Figure 4-1: Electron micrograph of only casein miceliespure micellar casein(l ef t ) and caseinl
proteinsuspensionpH 6.9 at heating10min, 80°C;right), made usig scanning electron microscopy.

4.6.2 Supplementarydata 2

i

Supplementary Figure4-22. El ect ron mi crogr aph wliey raesgsuspensiomiHE.65attheatngi n cas e
10 min, 80°C) made using crfeM, left and right.

128



Chapter 4

4.7 References
Anema, S. G. -dastididthe assodrtioh & denature@whey proteins with casein
micelles in heated reconstituted skim milk. Journal of agricultural and food chemistry, 55(9),

36353642.

Anema, S. G. (2008a). On heating milk, the dissoaatioo-daseia from the casein micelles
can precede interactions with the denatured whey proteins. Journal of dairy research, 75(4),

415421.

Anema, S. G. (2008b). Effect of milk solids concentration on the gels formed by the acidifica-

tion of heated pkadjusted skim milk. Food Chemistry, 108(1), 1108.

Anema, S. G. , & K| d’stantils of eagenrmicellés.from( racOnStiuded 2

skim milk heated at 120 °C. International Dairy Journal. 6(7);6R3

Anema, S. G., & Klostermeyer, H. (199Heatinduced, pHdependent dissociation of casein
micelles on heating reconstituted skim milk at temperatures below 100 C. Journal of Agricul-

tural and Food Chemistry, 45(4), 110815.

Anema, S. G., & Li, Y. (2003aAssociation of denatured whey proteimgh casein micelles
in heated reconstituted skim milk and its effect on casein micelle size. Journal of Dairy Re-

search, 70(1), 783.

Anema, S. G., & Li, Y. (2003b). Effect of pH on the association of denatured whey proteins

with casein micelles in heateglconstituted skim milk. J. Agric. Food Chem. 51(6), 168@6.

Anema, S. G,, Lee, S. K., Lowe, E. K., & Klostermeyer, H. (2004a). Rheological properties of
acid gels prepared from heated-pHjusted skim milk. Journal of Agricultural and Food Chem-

istry, 52(2), 337343.

129



Chapter 4
Anema, S. G., Lowe, E. K., & Lee, S. K. (2004b). Effect of pH at heating on thénalcided

aggregation of casein micelles in reconstituted skim milk. EMédd Science and Technology,

37(7), 779787.

Dalgleish, D. G. (1984). Measurementebéctrophoretic mobilities and zepatentials of par-
ticles from milk using laser Doppler electrophoresis. Journal of Dairy Research, 51(3), 425

438.

Dalgleish, D. G., & Law, A. J. (1988). piHduced dissociation of bovine casein micelles. 1.

Analysis ofliberated caseins. Journal of Dairy Research, 55(4}5339

Darling, D. F., & Dickson, J. (1979). Electrophoretic mobility of casein micelles. J. Dairy Res.

46(3), 441451,

Dickinson, E. (2016). Exploring the frontiers of colloidal behaviour where paobtyared parti-

cles meet. Food Hydrocolloid, 52, 4809.

Fox, P.F. (1981). Heahduced changes in milk preceding coagulation. Journal of Dairy Sci-

ence, 64, 2122137.

Griffin, M. C. A., & Griffin, W. G. (1985). A simple turbidimetric method for the deteratiion
of the refractive index of large colloidal particles applied to casein micétasnal of colloid

and interface science, 104(2), 4095.

Hammelehle, B. (1994). Die Direktsaeuerung von Milch. Untersuchungen zur gezielten
Einflussnahme auf Textur dnKonsistenz gesauerter Milchgele. PhD Thesis. Muenchen:

Technische Universitaet Muenchen/ Weihenstephan.

Hammelehle, B., Schkoda, P., & Kessler, H. G. (19P@yameters for coagulation properties

of direct acidified milk and for the structure of milk gaMilc hwissenschaft, 52(12), 6-6/4.

130



Chapter 4
Heertje, I., Visser, J., & Smits, P. (1985). Structure formation in acid milkkmdsl Structure,

4(2), 10.

Horne, D. S. (1986). Steric stabilization and casein micelle stability. Journal of Colloid and

Interface Sience, 111(1), 25@60.

Kharlamova, A., Nicolai, T., & Chassenieux, C. (2019). Hedticed gelation of mixtures of

casein micelles with whey protein aggregates. Food hydrocolloids, 920108

Kessler, H. G. (2002). Food and bio process engineeringy Daghnology, 5th edition (Verlag

A. Kessler, Munich, Germany).

Lakemond, C. M., & van Vliet, T. (2008Acid skim milk gels: the gelation process as affected

by preheating pH. International Dairy Journal, 18(5),-584.

Loewen, A., Nobel, S., & Hinrichgl, (2017). Microgel Particles and Their Effect on the Tex-

tural Properties of Foods. https://doi.org/10.1016/86-08-1005965.210986.

Nobel, S., Seifert, B., Schéafer, J., Daffner, K., & Hinrichs, J. (2008l presentation Food
Colloids, Leeds (2018)Session Processing of Novel Structures for Functionality. Tempera-

ture-triggered gelation of milk concentrates applied to 3D food printing.

Roefs, P. F. M. (1986). Structure of acid casein gels: A study of gels formed after acidification

in the cold (Datoral dissertation, Roefs). Wageningen University & Research Centre.

Ross, M. M., Kelly, A. L., & Crowley, S. V. (2019). Potential Applications of Dairy Products,
Ingredients and Formulations in 3D Printing. In Fundamentals of 3D Food Printigpahd

cations (pp. 17206). Academic Press.

Schafer, J., Laufle, I., Schmidt, C., Atamer, Z., Nobel, S., Sonne, A., Kohlus, R., & Hinrichs,
J. (2018).The sai gel transition temperature of skim milk concentrated by microfiltration as

affected by pH and ptein content. International Journal of Dairy Technology, 71(3);585

131



Chapter 4
Schutyser, M. A. |, Houlder, S., de Wit, M., Buijsse, C. A. P., & Alting, A. C. (2018). Fused

deposition modelling of sodium caseinate dispersions. Journal of Food Engineerirtg530, 4

Silva, J. V., Balakrishnan, G., Schmitt, C., Chassenieux, C., & Nicolai, T. (2018)irdeatd
gelation of aqueous micellar casein suspensions as affected by globular protein addition. Food

hydrocolloids, 82, 25&67.

Singh, H., & Fox, P. F. (1985Heat stability of milk: pHd e pendent di ssoci ati o

casein on heating milk at ultra high temperatures. Journal of Dairy Research, 52@&38529

H. Singh & L. K. Creamer (1991). Influence of concentration of milk solids on the dissociation
of micellar k-casein on heating reconstituted milk at 120°C. Journal of Dairy Research 58, 99

104.

Singh, H., & Creamer, L.K. (1992). Heat stability of milk. In Advanced Dairy Cherristry

Proteins, ed. P.F. Fox. Elsevier Applied Science, London, pp6821

Thomar, P., & Nicolai, T. (2016). Heatduced gelation of casein micelles in aqueous suspen-

sions at different pH. Colloids and Surfaces B: Biointerfaces, 1463801

Le Tohic, C., O'Sullivan, J. J., Drapala, K. P., Chartrin, V., Chan, T., Morrisdn,, & Kelly,
A. L. (2018). Effect of 3D printing on the structure and textural properties of processed cheese.

Journal of Food Engineering, 220,-68.

Vasbinder, A. J., Rollema, H. S., Bot, A., & De Kruif, C. G. (20@3lation mechanism of
milk as infuenced by temperature and pH; studied by the use of transglutaminasin&exss

casein micelles. Journal of Dairy Science, 86(5), 15563.

Vasbinder, A. J., & De Kruif, C. G. (2003). Cageihey protein interactions in heated milk:

the influence of pHinternationaDairy Journal, 13(8), 66877.

132



Chapter 4
Voon, S. L., An, J., Wong, G., Zhang, Y., & Chua, C. K. (2019). 3D food printing: a categorised

review of inks and their development. Virtual and Physical Prototyping, 14(3R2R3

Wegrzyn, T. F., Golding, M., & Archer, R. H. (2012). Food Layered Manufacture: A new pro-

cess for constructing solid foods. Trends in Foodr®ee Technology, 27(2), 682.

133



Chapter 5

5Chapter:

Design,characterisation and understandingof protein-fat formulations

towards an applications for 3D-printing

Chapter 5s divided into vo main sections, with the first one (5.1) focusingaorew screening
protocol for meroscopy and the second one (5.2) presenthmgresutis of the characterisation
of caseirwhey protein suspensions with atddnal milk fat regarding their extrusidmsed

printabil i troutevia the pHTT
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5.1 Imaging of dairy emulsions via a novel approach of transmis-

sion electron cryogenic microscopy usingeam exposure

This work is peereview published as follows:

Daffner, K., Hanssen, E., Norton, I. T., Mills,, ©Ong, L., & Gras, G. L. (2020Imaging of
dairy emulsions via a novel approach of cryogenic transmissi@traiemicroscopy using

beam exposure. Soft Matter, 16(34), 73832.

135



Chapter 5.1

5.1.1 Abstract

Emulsions containing botbmall fat and protein particles are difficult to differentiate but low
dose transmission electroryogenic microscopy can visuaisnd distinguishéiween these
droplets or particles. A controlled increase in electron dose célusexsample to bubble and
visibly degrade at 25 e/A?for fat globules and at > 15YA?2 for protein particles, allowing
particle differentiation. This technique may be useful for the development of nanoemulsions,

as well as narstructured and 3D printed foods.
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Chapter 5.1
5.1.2 Introduction

Protein and fat particles are typically easy to differentiate winepadrticles are large in size or
substantially different in appearance. The two majonmanents in bovine milk, the sain
micelles (CM) and the milk fat globules (MFG), for example, can be distinguished in their
native forms using chemical staining as@hfocal laser scanning (CLSNDopez et al., 2008;

Ong et al., 2010apifferences in the size and appearance of native CM (mean ~ 156oxn)

& Brodkorb, 2008)xand native MFG (mean ~4 um) can also be visualised using scanning elec-
tron microscopy (SEM]Dalgleish et al., 2004and transmission electron microscopy (TEM)
(Dalgleish et al., 1996; McMahon & Oommen, 80@ng et al., 2010b)These microscopy
techniques are less effective, however, when examining nanoparticles or nanoemulsions, where
the partites are similar in size and appearance, as the particles also have low differential con-
trast. Given the recent increased interestanagmulsions, including for 3printing of food
(Daffner et al., 2020Q)here is a need for microscopy methods that céim ibtage and distin-

guish between protein and fat par! This will allow the visualetion of dairy emulsions at

a nanoscale.

Transmission electron cryogenic microscopy (eBM) offers the high magnification and res-

olution needed to image nanoemulsidms also provides insights that may be useful for dis-
tinguishing between protein and fat particles. During imaging protein and fat particles are em-
bedded in vitreous ice. Exposure of the sample to the electron beam causes damage to the vit-
reous ice layetthe embedded protein and fat particles and the supporting carbon film and pro-
longed exposure can cause hydrated specimens to appear(@heailet al., 2008)his effect

is called Abubblingodo and i s mai nlwkichecesulissed by
in free radical formation and pockets of hydrogen gas forming within the spe(@hen et

al., 2008; Leapman & Sun, 1999his behaviour of samples during prolonged beam exposure,
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whilst typically viewed as an unwanted effect, can potdnptia utilised to provide further

complementary information about particles present in the sample.

In this study, the potential of crylBM to both visualise and differentiate between protein and

fat partcles was assessed. A dadmyulsion consisting of safl protein (50 550 nm) and milk

fat particles (< 1 um), generated by mechanical input, was used as a model system to assess the
potential utility of the proposed approach as a new screening protocol. While it is well known
that a highenergy electron kzn can damage samples during imaging, this work tests the hy-
pothesis that radiation damage at longer beam exposures would provide a better way of differ-

entiating betwen protein and fatarticles based on differences in density and carbon content.

5.1.3 Material and methods
5.1.3.1 Material

The model dairy samples examined included mi
with fat that were thermally treated and mechanically processed, to denature the whey proteins
and generate small particles that adhere togetinerdifficult to distinguish by microscopy.
These preparations are also useful formulations faenpiel 3D-printing of food. Thecasein
concentrate (MCC 85) and German Prot 90@hey protein isolate (WPlyere provided from
Sachsenmilch Milk & Whey Igredients (Sachsenmilch Leppersdorf GmbH, Wachau, Ger-
many). Exact specifications by the manufacturer are provided else(keti®n4.3.1). Cream

(dairy fat) was bought from a supermarket (Meander Valley Dairy, Coles, Melbourne, Aus-
tralia) and 100ml contained 56.0% (w/wfat, 2.6% (w/w) lactose, 1.6%w/w) protein and
0.018% (ww) salt. Citric acid (1M) (Sigma Aldrich, UK) was prepared by mixing it with Milli

Q water (Elix® 5 distillation apparatus, Millipore®, USA) and sodium hydroxide (1M) was

bought from Sigma Aldrich (UK) to adjust the pH value.

138



Chapter 5.1
5.1.3.2 Sample preparation

Caseimwhey protein suspensiornsontaining potein and fat particles of a similaize were
prepared following the procedume4.3.2 Cream (2.5% (w/w)otal fah) was weighed and di-
rectly added with a spoon to glass bottles containing the protein suspension (8.0% (w/w) casein
plus 2.0% (w/w)whey protein), with a pH of 6. 0.1. All samples were indirectly heated in a
water bath under continuouscking at 80C for 10 min to ensure denaturation of the whey
proteins (degr-e6€ Of 8@ &n @esser é a.p200R)Aer heating,
samples were subjectedl & prehomogenisation step (50.0 + 2@) using a high intensity ul-
trasonic vibracell processor (Vibra Cell 750, Sonics, USAyaipey in a continuous mode,
at750 W and 2(kHz. The power output was set at 95% of the nominal power ancasioni
was condcted over a cdrolled perid of time (2 min) with 4 on and 2 sff (3 min all inall).
Directly after the prdhomogenisation step, each sample giagle passed through highpres-
sure valve homogeres (Panda NS1001RK, Gea Niro SoaviParma Italy)at 500 bar at 50.0

+ 2.0°C.

5.1.3.3 Transmission electron cryogenic microscopy (Cry&M)

Thermally (80C, 10 min) and mechéaally (sonication and homogeai$on) treated protein

fat samples were prepared for cigy® and diluted 1:10 with deioresl water. Pure casein

whey protein suspensions were prepared at the same concentration. A Formvar lacey carbon
film mounted on a 300 mesh copper grids (ProSciTech, Australia) waslgioharged for 15

and used as a hydrophilic support on whichthesarepl ( 3 €l ) were adsor be
grids were plunged in liquid ethane using a Vitrobot (FEI Company, Eindhoven, Netherlands)
to freeze the sample. The grids were observed on a Tecnai G2 F30 (FEI Company, Eindhoven,
Net herl ands) o me moabjactivegapeatire, @lifpedkwvith aaCETA CMOS
4kx4k detector (FEI company, Eindhoven, Netherlands). For every sample, a series of micro-
graphs of increasing dose was recorded with a defocus vale.of6 6 € m.
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5.1.3.4 Image analysis

Micrographs were high pasitered to 5nm to decrease noise due to low dose imaging. Pixels
within each protein or fat particle were determined to be either grey or lighgfegh where

light pixels were defined as having a grey value less than 90% (a threshold selectedrib acco
for noise and Xray heating of the detector plate). The fraction of light pixels in each particle
was determined at each time interval from 7/8%(1.5 sof exposure) in stepsf 25¢e/A2
electron dose (5econd exposure). Five images containingtiplel particles were used for each

dataset and for each particle type, with 16 fat and 12 protein particles counted in total.

5.1.4 Results and dscussion

Within this study, a novel approach was developed to image and distinguish between protein
and milk fatparticles of similar size that display similar electron contrast when observed by
cryo-EM. The particles were around 28th for protein and showed a size range between
3071 955 nm for fat particles. Milk protein can be observed by -&kbimaging following

rapid freezing, which allows the particles to be observed without chemicavégatehydra-

tion and embeddin@rigure 5-1). The appearance (sizhae) of these particles found our

study is consistent with prior studies of milk components by-BlyifMcMahon& Oommen,
2008)which allows greater detail than that possible with lower resolution techniques, such as
confocal laser scanning microscopyy&EM has also been used in the p@ancRuiz &
Richter, 1997 Sharma & Dalgleish, 1993Valstra & Jenness, 19840 observe casein and
whey proteins on the surface of the MFG after mechanical and thermal input to the system. The
amount of proteipresent was found to strongly depend oressvprocessing and formulation

parameters including: homogeai®n pressure, heat treatment and cafinatio.

For protein fat mixtures used within the present study, eBM images were recorded in steps

of 25e/A? (exposure time of 5 s) to analyse daspendent change to particles (both protein
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and fat) and to detect differences in electron damage. Images of protein samples were taken
first to provide a baseline. Heat treated cdssimey protein suspensismwithout milk fat are

shown inFigure 5-1. Several CM were visible and did not show any visible {ttapendent

damage at a dosg to 150e/A?, while gas bubles were found on the holey banfilm at an
electrondose of 36/A2, demonstrating the dGhénetat2008)f fispe
Damage within the protein particles wasdewnt after a total dose of 180A2, with the appear-

anceubbl @80 occurring homogeneously througho

Figure 5-1: Cryo-EM images of the microstructure and radiation induced damage to protein particles within samples of ther-
mally treated caseirwhey protein suspensions. The first visible radiation damage was observed on the holey carbon support
at a dose of around 30/&? while protein particles did not show any damage up to a dose of/f85Rrotein suspensions

(8.0 and 2.0%w/w); 4:1 CSto WP rdio) were thermally treated (8G, 10 mh) and diluted 1:10 with deiored water (final

protein concentration of.@% (w/w)). The scale bar is 200 nm in length.

The visible decay of particles in response to electron dose was used to assesarpidtdin
particles. Specifically, the fraction of light pixels in each particle (which occurred due to radi-
ation damage) was measured as a function of exposure to increasing step#fsf &elec-

trons (5 secorglexposure) from an itial dose of 7.5%/A2 (3 sof exposure).
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In samples containing only proteiRigure 5-1), the particles did not show any visible damage
or significant increase in the fraction of light pixels until a dosg5fe/A2. In samples con-
taining both fat and proteifrigure 5-2), the fat coulaasily be differentiated by tmapid decay

of circular fat particles, with a significant increase in the fraction of light piaxeR0e/A?,
while the protein particles displayed a decay similah&proteironly control. Thesdiffer-

ences likely arise from dissimilar densities and carbon contents within the two components.

B os0

0.50

0.40

0.30

0.20

Fraction of light particles

0.10

0.00
0.00 50.00 100.00 150.00 200.00 250.00

Total dose (electrons/A2)

Figure 5-2: Qualitative damage to protein and fat particles, as visualised byEdbywith increased beam exposufe.Images

of three protein particles (dark triangles) and one fat particle (white triangle) that illustrate changes in particleteosiyr

as a finction oftotal electron doseéSamples were exposed to a dose of 2/ ¢1 sexposure) for initial sample visualisation.

The effect of electron dose was then assessed from/AZ{2 sexposure) in steps of electron dose of 28%(5 s exposure).

The composition of the particles shown on the far left is assigned based on the damage dueMoesyosure shown in the

right imagesB: Quantitative damage to protein and fat particles was measured as the fraction of lightgoeynarixels

within each particle as a function of total electron dose, from an initial exposure off2.5Tée fraction of light pixels was
measured for samples containing only protein, which were used as a control (black squares) or samples containing both protein
and fd, where the protein particles (dark triangles) were identified due to their similar decay to the protein only control, while
the fat particles (hollow circles) decayed rapidly, resulting in a significant increase in the fraction of light pixels.

142



Chapter 5.1
The potatial broader utility of this tehnique could be the charactatisn of MFG after heat-

ing and homogenaion, which generates a range of small nanometre sized particles that are
otherwise difficult to differentiate. Several small fat particles are shavngiure 5-3, which

are covered by small protein nanoparticles. In this circumstance, controlled electron exposure
can be used to differentiate betwdba small coating protein particles and the®lusing a

final dose of 120.12/A? with steps of 28.6@/A2. With increasing beam exposure, the MFG
were severely damaged (as indicated by the change in colour intensiygysees-2) which
allowed visual distinction from the proteins. Thereféiigure 5-3 clearly shows several MFG

in the nanometre range (B®0 nm) with different types of proteins on their surface, where the
new technique allows MFG to be identified within the population of particles despite their small
size. The surface of the MF&ppears to be surrounded by CM or protein subunits consisting
of casein monomers and whey protein aggregates. Such intact caseinlikeeketicles have
previously been found to partially cover the surfatdéarger MFG (~ 1.3 and ~ 1{dm in
diameter)fter heating at 50, 65 and°T®and homogenaion at 4 and 7 MPa, shown by TEM

(Ye et al., 2008)Additionally, a magnifiedmageof several fat particles surroundeg protein

is shown inFigure 5-4.

Electrophoresis of the proteins isolated from the surface of larger MFG drdg@étsni in
diameter) in homogenresl cream has also confirmed that casein monomexsbamits of CM
associate with the surface of {&harma et al., 1996 These observations are consistent with

the identification of protein on the surface of the smaller nanometre sized MFG in the present

study and suggest that they may also be CM.
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34.32 e'/A? 120.12 e’/A?

5.72 e'/A2

Figure 5-3: Cryo-EM images of the microstructure and radiation induced damage to protein and fat particles within suspensions of themeahgiicdlly treated caseinhey protein with added
milk fat. Image were taken in steps of 284 (5 s exposure), with the total electron dose indicated at the top of images. The increasing contrast due to radiativasiasedéo distinguish
between protein and fat particles, with fat particles showing clearly visible radiation damage fronoB3d032 €A2. The suspensions of casein whey protein-(&c@ 2.0%(w/w)) were prepred
by sonication and homogeatison, followed by the addition of 2.5¢/w) milk fat and diluton 1:10 with deionied water. The scale bar is 500 nm in length.

Figure 5-4: Graphical abstract showing a zoom in on protein and fat particles with increasing beam expd&eta)) dose of 2.6/A2 with no visible radiation damader protein and fat particles.
B) Electron dose of 82.5/82 with visible radiation damage for fat particles, while protein particles remain unchanged. C) Electron dose dA®8@th eisible damage for protein and fat particles.
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5.1.5 Conclusion
A new nethod using transmission electron cryogenic mmopg was developed to image

emulsions and differentiate between small fat and protein particles. This technique was demon-
strated using casdiwhey protein suspensions with nano sized milk fat drogieterated by
thermal and mechanical treatment. At a constant low beam intensity, differences-getime
pendent electron radiation damage allowed distinction between fat and protein particles. Inten-
tional beam exposure (with mél electron dose up to 1@ e/A?) caused severe damage to

milk fat globules and a lightening of image pixels, while proteins remained intact with little
change in pixel intensity within the same timeframe. The bubbling effect and the rate of change
in pixel intensity were used tiolentify different particle types. The technique allosveall
spherical fat globule® be identified within complex dairemulsions, where they are covered

by casein micelles and protein subunits (e.g. casein subfracbr denatured whey protein

(i.e.aggregates)).

The protocol developed will have potential for applicatiothe characteration ofnanoemul-
sions,includingbioactive or nutraceutical formulations, or in the development of novel struc-
tured foods, such as in 3D printing, where the singilee of fat and protein particles or droplets
makes differentiation difficult. It may also be able to distinguish other cesitipal differ-
ences in densityhelp to facilitatehe development and optimisation of products based on com-

plex nanoemulsions.
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5.2 Characterising the influence of milk fat towards an application
for extrusion-based 3Dpr i nt i n g whel pratemmsgsi n 1
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of milk fat towards an application for extrusibase®BD-pr i nt i ng of casei ni wh
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5.2.1 Abstract

This study presents the design and charact
(8.0/10.0% (w/w) casein and 2.0/2.53%/w) whey protein) mixed witldairy fat (1.0, 2.5 and

5.0% (w/w) total fat) processed via the igemperaturgoute in preparation for 3[printing.

Mechanical treatment was applied to significantly decrease the particle size of the milk fat
globules ad increase surface area, creasngall fat globules (< 1 um) covered with proteins,

which could act as pseudo protein particles during gelation. Different proteins covered the fat
globule surface after mechanical treatment, as a result of differences in the pH adjusted just
prior to heatng (6.55, 6.9 or 7.1). The protefat suspensions appeared similar by transmission
electron cryogenic microscopy and the zetéential of all particles was unchanged bypke

at heatingwith a similar charge to the solution {20 mV) occurring after @dification (pH

4.8/5.0) at low temperatures (2°C). Algi at heating 6. 55) resul ted in i
transition temperatures (G606 = 1 Pudtsusgpand a de
sions. A highepH at heating6.9 and 7.1) caused an increased rate of aggregation (aggregation
rat e OI10K)Y @sulfihg ih materials more promising for application in extrubiased

printing. 3Dpr i nting of formulations into small rec

a heated nozz]Javas conducted to relate the aggregation ravardsprintability.
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5.2.2 Introduction

3D-printing, or additive manufacturing (AM), is a robotic construction technology that deposits
materials layeby-layer to build a threeimensional olgct and that gains more and more in-
terest in the area of foods (Wegrzyn, Golding, & Archer, 2012)pBitting of food, or food
layered manufacturing (FLM), has been recently used to print a different range of food grade
materials, including chocolat@.anaro et al., 2017)hydrocolloidbased materials (Ghola-
mipour-Shirazi et al., 2019) or processed cheese (Le Tohic et al., 2017), although the first food
being printed was already in 2006 (Malone & Lipson, 2008)s printing technology offers
advantagesuwch asindividualised products, flexibility with respect to nutritional contand
alsothe potential to reduce waste atdrage or distribution costs of the final prodtmipared

to conventional mass production of fo@slodoiet al.,2016; Ros®t al.,2019).

While the actual printing of food antharacterisatiofollowing printing has received consid-
erableattention, few experiments hagensidered defining the desirablat@rial propertiefor

optimal printing(Derossiet al.,2018).Food grade mateaais have complex nanand micro-
structureas well asaltered properties associated wlitjuid to solid phase transitigrcompli-

cating theiuse inprinting. A greater understanding ofaterial properties will enable the design

of useful formulations ana iperhaps onef the most important steps in the printing of a range

of edible foods. Edible and printable formulations need to match several requirements. For ex-
ample, they should ideally be of homogenous composition, have suitable flow properties and

enale printability in a layerby-layer manne(Godoi et al., 2016; Kinet al.,2017).

There is a high demand for fermented concentrated dairy products, rich in protein and fat, such
as Greek yogurt or fresh cheese (Jgrgensen et al., 2019), and FLM has the potential to produce
dairy-based products for tailored nutrition. Nobel et al. (2048)e the first to implement a

pHT t e mp e rraute, inclueing cdld acidification followed by heating, for printing of milk

concentrates inclusive of a soli1gel transit.i
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p H1-rdute, direct acidificatomt col d t emperatures (O 10AC)

i soelectric point (lIEP) of casein (4.6) help
reduction of hydrophobic interaction forces (Horne, 1998). Increased temperatures then re-
sulted n increasing hydrophobic interaction forces and particle aggregation (Hammelehle,
1994; Roefs, 1986; Schéafer et al., 2018)-¢méled acidified concentrates from milk microfil-

tration differing in pH (4.8 5.4) and casein content (§.02.0% (w/w)) havealso been inves-

tigated and characterised for their suitability for-@inting (N6bel et al., 2018; Ndbel et al.,

2020). Formulations at pH 4.8 formed firm and homogeneous milk gels when printed. In con-
trast, the milk gels at pH 5.0 were not mechanicstiiple after printing, illustrating the im-

portance of pH as a process variable to alter printed food properties.

Recently, caseiniwhey protein suspensandbons di
the pH at which heating was conducted wese@al c har act er iraute @affmeret t h e
al., 2020a). It would be of high interest to see whether dairy fat could be added to such formu-
lations and how this would change the microstructune suitability of the dairpased feed-

stock regarding primtg. It is established that the rheological behaviour of dairy products like
cheese, yoghurt or mayonnaise is influenced by the presence of emulsified fat (Dickinson,
2012). Mechanical input causes oil droplets being covered and stabilised by a thiof layer
proteins adsorbed at the oilTwater interface
nisation, CM and casein molecules also adsorb at the surface of the newly created milk fat
globule membrane (MFGM), sterically and electrostatically stabiligiegitoplets against re-
coalescence (McClements, 2004). Homogenisation has also been shown to cause milk fat glob-

ules (MFG) to behave to some extent like CM (Buchheim, 1986).

The surface properties are a further characteristic of the MFG that can influenabilgy.

T h e z-poteatial ofM)G is reported to be arount3.5 mV (Michalski et al., 2002a), with
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the MFGM phospholipids having a similar potentiaidf3 mV ( Li u et -p&l . , 2 (
tential increases to aroum@0 mV for homogenised MFG die CM covering the newly cre-

ated sur f ac e, -potenig of theapecotein cagein.tThese rasults led to the assump-

tion that the electrophoretic mobility of casein in the serum and casein adsorbed on the surface

of the MFG were the same (Michaiskt al., 2002a). When included in dairy gels, the MFG

with a surface covered by casein and whey protein causes an increase in firmness, essentially
increasing the apparent protein concentration (Aguilera & Kessler, 1988; Hammelehle, 1994;

Ji et al. 2016YVan Vliet & DentenerKikkert, 1982).

MFG with protein on the surface were shown to act as pseradein particles during gelation

and increase gel firmness (Ji et al., 2016). The aim of this study was to develop novel printable
formulations for tailoredmt r i ti on by adding dairy fat to c
application in extrusioln a s ed FL M vroute. Atjistng theHpH Hefore heating was
expected to cause a change in the types of protein covering the surface of the MFG after me-
chanial input. We hypothesise that this change in the surface properties of the MFG influences
the overall formulation characteristics, tai
ulating the aggregation rate, with the latter property recently relat®drds printability

(Daffner et al., 2020a). Several parameters including the protein and the fat content, as well as
the pH during heating and cold acidification, were adjusted to design and characterise novel

formulations towards printing applications.

5.2.3 Material and methods
5.2.3.1 Material

Micellar casein concentrate (MCC 85) and German Prot 900@ey protein isolate (WPI)
were provided from Sachsenmilch Milk & Whey Ingeuts (Sachsenmilch Leppersdorf
GmbH, Wachau, GermanyJ.he manufacturespecificationsare provided insection4.3.1

Cream (dairy fat) was bought from a local supermarket (Bans y 6 s , Birmi ngham,
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100mL contained 47.5% (w/w) fal.5% (w/w) lactose, 1.5% (w/w) protein and 0.05% (w/w)
salt. For pH adjustment, citric acid (1M) (Sigma Aldrich, UK) was prepanedilli -Q water
(Elix® 5 distillation apparatus, Millipore®, USA) and sodium hydroxide (1M) was bought

from Sigma Aldrich(UK).

5.2.3.2 Sample preparation

Caseiniwhey protein suspensions (4:1 rati o,
the procedurén 4.3.2 After a full hydration of the proteins overnigtiadt was added to the

protein suspensions (with a starting pH of 6.7 £ 0.1) to obiaad fat concentrations of
1.0,2.50r5.0% (w/w).Before the heat treatment, the pH was adjusted to &&b { M citric
acid)oreither6.9 or7.1 with LM NaOH). Thepr ot ei nT f at suspensions W
in a water bath on a stirring plate at 80°C for 10 min to ensure denatwtitti@whey proteins
(degree of denaturatiogne O 80 %; esti mated from Kesh#erer, 2
heating, the pr ot albjectedftoaptdomogenipaton at bOO:R.018er e s
ing a high intensity ultrasonic vibracell procaeséVibra Cell 750, Sonics, USA) operating in a
continuous mode, at 750 W and 20 kHz. The power output was set at 95% of the nominal power

and sonication was conducted for 2 min, with 4 seconds on and 2 seconds off (3 min in total).
Directly after prehomayenisation, each sample wamglepassed througla highpressure

valve homogenier (Panda NS1001RK, Gea Niro Soavi, Parmdtaly) at 500 bars and

50.0+ 2.0°C. All formulations were cold acidified at 2°C to pH values of 4.8 or 5.0, as de-
scribed insecton4.3.2The whol e preparation of these cas

additional dairy fat is shown in a flowcharthgure 5-5.
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| Heating }

Stirring
45 °C, 4h

l

Hydration

Heating step

80 °C, 10 min,
pH 6.55/6.9/7.1

Pre-emulsification

95% amplitude,
2 min, 4 on/2 off

l

Emulsification - HPH
500 bar, one pass, 50 °C

r

Acidification

2°C,pH4.8-54

|

Tempering

|

B>

I

Micellar casein
concentrate

Whey
protein
isolate

Standardisation

4:1 = MCC:WPI

8-12% (w/w) casein
2-3 % (w/w) whey protein

5°C, 15 h ,
Dairy fat
| 10-,2.5-,5.0% (w/w) fat

Figure 5-5: Flow chart for the preparation of caseihey protein suspensions mixed wéatiditional dairy fat

for applications towards extrusidrased 3Eprinting.
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5.2.3.3 Rheology

Rheological measurements were conducted by a Kinexus Pro rheometer (Malvern Instruments,

UK) with a cup (D =27.17 mm, depth = 63a5)dvane (d = 61 mm, height = 25 nhiggometry.

For dynamic oscillatory measurements, temperasuweeps were performed fromi 0°C

with a heating rate of 1 K/min, following the procedursactiond.3.3 The sol T gel t
temperature was det er mi ne @affeehetal., 2R0Bchadenet hed a

al., 2018, Ndbel et al., 201Bl6bel et al., 2020

5.2.3.4 Zeta-potential and particle size measurements

The particl e otental waradbterminesingzadviastersiges 2000 (Malvern
Instruments, UK) and a Zetasizer (Malvern Instruments, UK). A drop of the untozatgdat

was placed into the circulating cell whichntained deionised water and the particles in the

micro range were measured at 20°C. Refraction indices of 1.46 and 1.33 were set for milk fat

and water respectively. After homogenisation, the Zetasizer was used to characterise the for-
mulations to give pdicle size distribution in the nanometrange. Samples were diluted

100t i mes with deionised wpotedial mdasufernents weeexp@r€ r i me

formed over a range of pH values (6.8 to 4.8), as descritsstion4.3.4

5.2.3.5 Microscopy

5.2.3.5.1 CLSM

5.2.3.5.1.1Preparation of samples

Thermally and mechanically treated proteintdf
following theprocedure of Ongt al.(2010a).A volume of10 pl each of fast green FCF solu-

tion (1 mg/mlin MilliQ water, SigmaAldrich, St. Louis, U.S.A.) and Nile red solution (1 mg/m|

in 100% dimethyl sulfoxideSigmaAldrich, St. Louis, U.S.A.) was added to 480 pltbé

sample thaincludedprotein and fat particles. The stained sample was diluted 1:5 with agarose
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solution (40°C, 0.25¢g/50 ml Milli Q water) to reduce particle movement due to Brownian mo-
tion, asshown in previous literature (Lopez et al., 2010; Devnani et al., 20B0)at specific

stain Nile red only stained the fat core of the MFG and did not provide any information about
the MFGM (Ong et al., 2010a). According to the procedure of Ong €04104), a 10 pl aliquot

of the stained sample was transferred to a cavity slide (0.7 mm in depth) (ProSciTech, Thurin-
gowa, Australia), covered with a glass coverslip (0.17 mm thick) and secured with nail polish

(Maybelline LLC, U.S.A.). The sample was thererted for analysis by CLSM.

5.2.3.5.1.2CLSM procedure

The microstructure of the samples was observed using an inverted confocal scanning laser mi-
croscope (Leica&SP8 Leica Microsystems, Heidelberg, Geany) powered by Ar/Kr and
He/Nelasers. All samples were vied using an oil immersion 63 x lens (1.32 Numerical Ap-
erture) and the pinhole diameter was maintained at 1 Airy Unit. All the wavelengths were ad-

justed according to Ong et al. (2010a).

5.2.3.5.1.3Image analysis of CLSM micrographs

Image analysis of CLSM micrographssvperformed with LAS X software (LAS X Core Of-
fline version for Life Sciencd_eica Microsysten)s Images were restored by a deconvolution
process conducted with Huygens Essential 3.7 software (Scientific Volume Imaging, Nether-

lands).

5.2.3.5.2 Cryogenictransmission electron microscopy and image analysis

Thermally (80°C, 10 min; adjusted pH 6.55/ 6.9/ 7.1) and mechanically (sonication and homog-
eni sation) treat ed epmpremtee formrriyMafollonsng thepetoceli o n s
in section5.1.3.3 Samples were diluted 1:10 with deionised wat@mnsure an optimal number

of particlesfor imaging. Next, a Formvar lacey carbon film mowhtsn a 300 mesh copper
grids (ProSciTech, Australia) was glow discharged to have a hydrophilic support on which the

samples (3 ¢€l) were adsorbed. To freeze the
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using a Vitrobot (FEI Compay, Eindhoven, Mtherlands). The grids were observed on a Tec-

nai G2 F30 (FEI Company, Ei ndh eowwhenogbjeciNeet her | .
aperture, equipped with a T& CMOS 4kx4k detector (FEI company, Eindhoven, Nether-

lands). A series of micrographs of incregsdose was recorded for all samples with a defocus
value of 16. 66 ¢ m.diffédanteation qf thesfat and proteperticlesrwgs a n d

performed aslescribedn section5.1.3.4

5.2.3.6 SDSPAGE

5.2.3.6.1 Separation and washing of the MFG surface proteins

The proteins on the surface of the MFG after thermal and mechanical treatment were analysed
via SDSPAGE following the isolation procedure of Sharetal.(1996a/ 1996b) and Yet al.

(2002), with a few charag. This procedure involved ddfugation (Thermo Sorvall RG-

Plus; Thermo Scientific, Asheville, USA) of the samples to recover the cream layer first, fol-
lowed by a washing step temove sem proteins, and dermination otthe differert types of

casein and whey protetovering the fat globule surface lay@harma & Dalgleish, 1993).
Toincrease the difference in the density between fat and serum phaseyf&6ogosewas
addedper 30 gof sample followed by centrifugation at 18.000 g for 20 min at 20°C to separate
the cream. Aer decanting the supernatant contairgxgess proteins in solution, not bound to

the fat globule membranthe cream layeat the top of the samplgas washed wit deionsed

water and centrifuged at 18.000 g for 20 min at 20°C to reranydurtherunbound proteins.

The washing step was repeated two times, as no further changes in protein content were found

when monitoring the supernatant with SBAGE.
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5.2.3.6.2 Isolation and analysis of the fat globule surface protein components

The identity of the proteins covering the MFG was determined withIBBSE, using preast

Bis-Tris 47 12/ 12% polyacrylamide gelglnvitrogen, Mulgrave, Victoria, Australia).
Thewashed cream |lays were dispersed (1:25) irbaffer (0.5 M Tris, 2% SDS, 0% -fer-
captoethanol, pH adjusted to 6.8) to displace the protein from the FGM (Sharma et al., 1996a).
Samples were heated at 90°C for 5 min and centrifuged (2500 g, 20 min, 20°C) to remove the
fat from the samplé&ubnatants (10 pl) were mixed with 5 ul NUPAGE 4x LDS sample buffer,

2 Ol NUPAGE 10x reduci ng ag emeftcapwatharioBainpies ng O .
were heated (100°C, 3 min) and 10 pl of each sample was loaded into thehgede!I were

run, stained, destained and visuaksl as described section4.3.5.2

5.2.3.7 Sd-up of a customigd 3D-printer
The retrofitted setip explained irsection4.3.7was used for extrusiebased 3Bprinting of

small rectangles (25 x 25 x 3 mm; 3 layers above each other).

5.2.3.8 Statistics

The data plotted in the publication includes the average of at least three measurements accom-
panied by error bars that consist of the staddleviation of the mean. In the case where mean
values of an observation are compared between samples the data have been subjected to analy-
sis of variance (ANOVA) in order to determine significant differences. Data analysis was con-
ducted with Sigma PIdt2.5 (Systat Software Inc., San Jose, CA, USA). Individual samples

wer e compar e d-testand &lev8 bfsigndicancé of p <0.05 was chosen.
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5.2.4 Resultsand discussion

5.2.4.1 Physicochemical characterigtion of the sol state

T h e prouie vasselected for the creation of promising protbased formulations with

addeddairy fat for extrusionbased 3Eprinting. Mechanical damage of the MFG in the prepa-

ration is necessary to decrease the size and to cover the increased surface area of thie MFG wit

proteins. Previous studies have shown casein and whey proteins to cover more than 40% of the

newly created secondary milk fat globule membrane (SFGM), resulting in a significant increase

i n the storage modudnd nnetduced mitk gels (MicHalskr et a c i d

al.,2002b). Better gel properties were achieved, if the heatingwhégh denatures whey pro-
teins,was conducted before the hogemisation stefHammelehle, 1994xllowing the dena-
tured whey proteins to interact withe MFG as wellas with the CMincreasinghe number

of particles contribting to the overall gelation process.

The goal of this study was to identify if those smaller MFG could behave like CM and actively
contribute to the proteibased gelation process as structummters(Buchheim, 1986; Ji et

al., 2016Michalskiet al.,2002c), thereby enhancing printability. Tierticle size, zetaoten-

tial andsurface coverage of the newly crea8¢GM(SDSP AGE, mi cr oscopy),
sition temperature and aggregation kinetics were investigatédding on a prior study of pro-

teinrbased system®affner et al., 2020a).

5.2.4.1.1 Zeta-potential and surface characteristics

Caseiniwhey pr ot enixed withiatsapdeheased at differerw gH; teeated by
meclanical input and then coolad 2°C, followed by acidificationT h epotentialof the re-
sulting samples is shown Figure 5-6, where the data represeats average of all protein and

fat particles captured within tkampleAn al most | i n epotential was found s e
with decreasing pH during acidification and thhend wasndependent of the pkalueadjusted
before heating. A neheated micellar casein suspension without any whey proteifatwds

also included for comparison (Daffner et al., 2020a).
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At an acidificatonpHof48and. O ,-pohenti al o foteirc saspensiomgwithh ey p |
fat was aroundi 20 mV. This demonstrated that soharacteristics of all formulations, inde-
pendent of th@H at heatingwere maintained at an acidification temperature of 2°C and elec-

trostatic repulsion forces between particAee dominant.

0
O micellar CS, non heated
® CS+ WP+ fat, heated pH 6.55
-5 1 A CS+ WP + fat, heated pH 6.9
A CS+ WP+ fat, heated pH 7.1
. -10 4
=
E e 3
@ -15 A § §
3 ° 5
o]
o -20 + ? E <) § §
1]
$ P 1ty 5
N
-25
friitd
-30 - Y i
-35 T T T T
45 50 55 6.0 6.5 7.0
Acidification pH ( -)
Figure 5-6: Changes in the ze@mot ent i al as a function of t he pH of a mi
(8.0%(w/w) CS, 2.0% (w/w) WP) mixed with dairfiat (to 1.0% (w/w) total fat), heated at pH 6.59,(at pH 6.9£ ) and at
pH 7.1 (@a&). Fo r-potentialpfamorieaten micellar daseig favehowd any fais shown. The casein to whey

protein ratio was 4:1.

A sl ight t4patentidvalues with meveasinghs at heatingvas found. Compared

to the pure micellar casein suspensions {neated)the aldition of fat caused a significant
increase in themagnitude of thes-potential similar to previous observatior(®affner et
al.,2020a). This could be explainbg the coveragef the MFGsurfacewith a more complex
range of proteins i nc | ueiamsge i QM,whesey protein compl exes

(-aggregatesas a result of the pgrocessing treatments applied here
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A low e r-potential betweeri 17 mV to 113 mV was fand for MFG in whole milk after
homogenisation, dependent on the?Tzoncentration (Dalgleish1984). For MFG covered

with CM after homogenisation at 500 bar, Michalski et al. (2002a)u n d a-pddentiadi | ar ¢
of 120mV, compared toi 13.5mV for the native MFG. h e -pogential of MFG increased

with increasing homogenisation pressuige to the production of sniet MFG andan increase

in surface area covered with more CM. Withiathr r esear ch, t {paentialc oncl u
of a free protein and that of the adsorbed protein on a éhulf surface were the same.

It wasassumed that the protein charged molecular protuberances on the surface of the carrier
were responsible fahe mobility of the particles rather than the carrier size (Rajagopalan &

Hiemenz, 1997).

5.2.4.1.2 Particle size distribution

The influence of a mechanical i n whey proteim t he
suspensionwith three differenfat contentg1.0% (w/w), 2.5% (w/w) ath 5.0% (w/w)) after

heating at different pH (6.55, 6.9 and 7.1) is illustratedigure 5-7. The sonication stefol-

lowed by high pressure homogenisatj@aused a significant decrease in the particle size and
resulted in a monomodal particle size distributiith no changes found dependent on the pH

at which heating was conductéthe addition of different amounts fait to protein suspensions

had no significant effect on theicle size distributionalthough there waa slight tendency

to bigger particles with increasing fat content. Treverage of all the particles captdreithin

t he pr ot ei nsiwhsa7b6 mgFigergb< imsel, demonstrating a significant increase
of40i50nm i n the particle size compared to caseée
pH at heatincgout without any addition ofat (Daffner et al., 2020a). Thisrger size results

from the fat particles being larger thée protein particles, even aftabomogenisation.
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To intentionally

ticles need to be within a certain size range; this ensures they will move sufficiently fast to
successfully col |l i deout(Ddffnex e g.r2620= Nobtlak, P048; t h e
Nobel et al., 2020 Formulatiors with no heatand mechanical treatment contained large, na-
tive and emulsified MFG in the protein suspensions &geplementary Figuré-1), which

slowed down theggregation and gelation of proteins (daté shown).t is expected that as

the size of the MFG approaches the siz¢he CM, there will be a higit chance that thes
particles will behave in a similar way (Hammelehle, 1994). It is well known that the rheology
of the overall formulations depends on the behaviour of the continuous phase, if the dispersed
particles are well separated from each other and do not agg(Byekmson, 1998). In this

case, the protein suspension will behave as desired if the MFG are sufficiently small and do not

i nduce a ftiengdring plinting, hé paia n d

associate.
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20
b) —&— no themal and mechanical treatment
18 - : —— 1.0% fat- heated pH 6.9 - Sonic. + homog.
—&— 2.5% fat- heated pH 6.9 - Sonic. + homog.
16 - —— 5.0% fat- heated pH 6.9 - Sonic. + homog.
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Figure 5-7: Particle size distribution of caseiwhey protein suspensions mixed with different amowfittat to a total fat

concentration ofl.0% (w/w), 2.246 (w/w) and 5.0% (w/w)) aftea heating step at pH 6.55(&.9(b) and 7.1 €) with either

no mechanical i nput (6/red) or sorfat az/iHolow aced% éviw) fatat i on a
= zelloy triangle; 5.0% (wiw)fat Y/ gr e e n rseaf graphsén)allimages ocus on the particle size distribotion

each formulation betweeni 11000 nm to better see differen@ssa result of the addition fat.
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5.2.4.1.3 Micrographs from microscopy

5.2.4.1.3.1CLSM

o)

CLSMwasusedto nvestigate the microstructure of ¢
with fat after a therral and nechanical treatmenEigure 5-8, after heating at pH 7.1) using an
intermediate final fat content of 2.5% (w/w). A homogenous distribution of the MFG could be
observed in all samples, regardless of the pH adjustment maddgheating and a repre-
sentative CLSM image at pH 7.1 is presente&igure 5-8. The MFG, stained red in these
images, were distributed relatively elg between the proteinsyhich were stained green,

with the unstained serum phase appearing black in these images. Thets&®&1G, which

ranges from 50 1000 nm was consistent with the size of ~275 nm observed by light scattering
(Figure 5-7). Protein particles were also found to be adsorbed on the surface of MFG, where

they appear as green particles.

S um

Figure 5-8: CLSM mi cr ogr aphs of caseiniwhey far(to & tetal fat o625% gww)sando n s mi x
then thermally (80°C, 10 min, pH 7.1) and mechanically (sonication + homogenisation) treated. Samples were stained with

FCF fast green and Nile red fl@scent dyes (fat appears as red and protein as green) as seen on the left. The image after
deconvolution with Huygens software is shown on the right.

Independent of thpH at heatingthe MFGfeatured proteingteracting with the membrane
surface. Afteimage deconvolution and digital magnification, proteins covering the surface of

the MFG could be better observédgure 5-8, right). Nevertheless, no detailed information of
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the specific type of protejror protein subunits aggregates covering the MFG surface could

be obtained with this standard confocal micopscdue to the resolution limit of this technique.

5.2.4.1.3.2Cryogenic-EM

A novel technique was recently described for the more detailed visualisation of interbetions
tween the MFG and the proteins in the hydrated state without chemical fixatives or embedding
(Daffner et al., 2020b). This method of different thahependent radiation damage allows dif-
ferentiation between protein (visible damage > 158% and fat (visible damage25 e/A?)

particles (Daffner et al., 2020b). Previous studies have observed thraa#iseof casein and

whey protein on the surface of MFG after mechanical and thermal input strongly depended on
several parameters including homogenisation pressure, heat treatment anthtest@n(\Wal-

stra & Jenness, 1984; Sharma & Dalgleish, 1993p&anz & Richter, 1997). The new cryo
technique was therefore applied to assess the presence of proteins on the surface of MFG after

the processing techniques applied here.

Proteins were observed on MFG after a heatingwtegapplied at different pH (pH 6.55, 6.9

or 7.1) and homogenisation. The imageFigure 5-9 show snall spherical MFG (100nm)

covered with larger CM and smaller proteins. The proteins were distinguished by increasing
the beam exposure. Whilst the proteins were clearly present, no differences were observed in
the appearance of these structures fosémeples with dierentpH values at heatin@.55, 6.9

or 7.1). This observation is consistent with the finding of intact CM covering the MFG surface
under similar conditios (heating at 79°C and a honeogation pressure of 70 bar), Ye et

al. (2008) using the more traditional approach with fixed samples and TEM. The new cryo
method is useful for the determination of protein in the hydrated state but does not provide
information of the specific type of protein covering the MFG surface. The sampleshses-

fore assessed next by SIPAGE analysis.
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Total electron 572 /A2 34.32 /A2 62.92 /A2 91.52 e /A2 120.12 e'/A?
dose

Heating pH 6.9 Heating pH 6.55

Heating pH 7.1

Figure5-9: CryoEM i mages of <caseiniwhey protein (8.0% (w/ w) CS havalteenzherthdidy (80WC, 10 )min;\&RepHL BHE6PE.A)s i ons w
and mechauilly (sonication and homogenisation at 500 bar) treated. Samples received a constant desk €552 an increasing dose time (moving left to right across the Figure, withntipbes

after the highest dosage appearing on the far right). A dilution of 1:10 with deionised water was used prior to anagaie. Bdres 500 nm in length in all images. The increasing contrast between

protein and fat particles as a function of esyn@ was used to differentiate betwekese two types of particles.
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5.2.4.1.4 Analysis of the surface coverage of the MFG via SBBAGE

Thethermal and mechanical treatmeagplied in this studyeduced the MFG size (ségure
5-7 and Figure 5-9) and conversely increased the surface aléaying proteins to agbrb onto
the surface of the smaller MFG. Amcreasan the pH before heating from 6.36 7.1 poten-
tially altered proteins in the samples, without changing the MFG surface area, which may be

expected to alter protein composition on the MFG.

An increaseri the pH at heatingaused an increase in the proportions-afndb-casein on the
surface of the MF@ndonly very faint bands od-c a s e i .G waneddetdrteddsorbed to

the surface under these conditions, as shoviaigare 5-10, where the SDSAGE gel shows

the protein extracted from the MFG surface and the variation in proteins present for replicate
extract samples. Bottk:- a n dcaskin hava strong tendency to adsorb at hydrophobic sur-
faces, due taccessible nopolar residus (Dickinson, 1999) and were expected to preferen-
tially cover the surface of the MFG compared to other proteins, as occurr@tdonditions

examined here.

Fnomov v oVl

a,-casein
B-casein
K-casein

B-LG

a-LA

Figure 5-10: SDS-PAGE analysis of proteins covering the milk fat globule surface membrane after thermal (80°C, 10 min)
and mechanical treatmerk total fat content of 2.5% (w/w) wasalysed for each sample. Thelecular weight ladder (kDa)
is shown on the left; Lanell: heated, pH 6.55; Lane HI V : heat ed, -Vp: Heatédpt®7.1 Lane \Y
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The increase in caseinsaption as a function of pH at heating also lead to an increase in the
casei ni wh atip onghe MEG surfaceifrom 6.6 to 14.7 asyhkat heatingvas in-

creased, as shown frable5-1.

Table 5-1: Proportions ofndividual proteins covering the milk fat globule surface after thermal (80°C, 10 miat péhating
adjusted to 6.55, 6.9 and 7.1) and mechanical treatment (sonication and homogenisation).

pH at Individual protein (%, w/w ofotal fat) CaseinWP
heating  (,-CN b-CN 9-CN b-LG ULA ratio

6.55 39.8+2.(F 294+29¢ 184+1.2 93+1.(0¢0 3.1+x1.¢ 6.6

6.9 39.6+0.7 37916 13.7+03 7.7+13 12+02 10.1

7.1 49.7+0.8 44.0+08 "¢ nd 6.3£0.1° 14.7

n.d: non detectable

Values with different superscript letters in one column are significantly different (P < 0.05).

Thed s s o c i acaseimfrom tliCM at highepH at heatingd6.9, 7.1)has beemepoted
previously(Anema & Klostermeyer1997; Daffner et al., 2020a), changing the characteristics

of the CM as well aghe aggregates found in the milk serufimis could explain for the pref-

erential adsorption o€ M d e p | echseid ana Higind} a n dcaskin observed in this

study. Thisdissociation was also confirmed at higher solid concentrations (up to 25%), with
increasing pH (6.5 7.1) and increasing concentrations causing an increase in the extent of
casein dissociation (Singh & Creamer, 1991). For the same pure grassd sytem, increas-
ingthepH atheatingg 6. 9 or 7. 1 c aus eahsein dissaciatiagsfroomtge a mo u
CM into the secagrei miewhud yt ipmrgotieni m compl exes
levels of CM covered with wiygproteingDaffner et al.2020a) For concentrated milk systems

after a heating step (120, 10 min), Singh & Creamer (1991) found that the dissociated protein

was composed of 70%casein, 2096-c as ei n aasdin 1 0% U

Other studies have not obserweldey protein®n the surfacef MFG, as occurred here, due to
the difference in processing conditions, highlighting the potential for protein composition to be
systematically altered.®l y casei n ( Uwheyornatimedmerabranesprotinsn o
(e.g.xanthinoxidase) were found dhe surface of the MG ater homogenisation (Ong et

al.,2010a), potentially due tow heating temperatures aadack ofdenaturation othewhey
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proteins. Similarly, whey proteinsere absent on treurface othe MFG after microfluidiza-

tion, if the tenperature was less than 70(8harma& Dalgleish,1993)

Other processing variables appear to have less effect on the composition of proteins adsorbed

to the MFG. Homogenisation pressure was found to have no effect on the composition of the
proteins on theurface of the MFG, with 70% of the material characterised as casein and the

rest being whey and native membrane proteins for all conditions examinedRGan® Rich-

ter, 1997). Shar ma et adaseincoverddtitelsurfacé abthiibfGd t h e
independent of the heat treatment performed and the order of the heating and homogenisation
steps. They concluded that thee p o s i tchaseim demefdedsonly on the homogenisation
step.cdsei i whey protein compl@sudase werapra- he s e

posed to be similar after heating and homogenisation (Sharma et al., 1996a).

Similar to the results of our work (compdrable5-1), Sharma et al. (1996a) found increasing
amountandcfabslei n, but de ccraesaesiifirGgeovedngobe surface o f o
of MFG after mechanical input, if the pH before a heating step was adjusted from 6.3 to 7.3,
which also resulted in an irease in the casein to whey protein ratio from 4.62 g to

8.01(pH 7.3) on the surface of the MFG.

5.2.4.2 Rheological characterist i on of solT1Tgel transition

The solT1Tgel tr ansii)gldalodaoimulatem pvere determined with {ermper-

ature sveeps at a heating rate of 1 K/min. The goal was to investigate the effect of additional
dairy fat on the rheological behaviour of the protbiased systems (Daffner et al., 2020a).
Tsoriogk1 col d acidified caseini whe30%pwwWe) n sus
with addedfat (to final fat contents of 1:02.5 and 5.0% (w/w)) after heating (pH 6.55, 6.9,

7.1) and mechanical input are showrFigure 5-11. It was proposed that homogenised MFG

can mimic the behaviour of CM and potentially coagulate in a manner similar to CM (Ji et al.,

2016; Walstra & Jenness, 1984).
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To enable comparison the behavi oufat(laffnercasei n
et al., 2020a) was added as a baseline to all figures. The sol area lies below this line and the gel
area above the line. The two most promising formulations using acidification$ 48 and

5.0, were chosen in the current study, based eviqus studies (Daffner et a2020a; Nobel

et al., 2018), which reported more promising characteristics, including higher aggregation rates

for these formulations, consistent with the desired applicaton gp3Di nt i ng vi a t h

route.

Tsori0f€a® i NnT whey pr ot e ifatafter heipyeatnpsl 6.55me illustratddn
Figure5-11(A). Independent of the amount of fedrmulations showed lower values o1 7 ge
with decreasing pH value (4d®mpared to 5.0which wasm accordance withesults for ca-
seiniwhey protein s 2020 andcaseiabased sys@2a@obetetal., et al
2020).Apart from one sample (pH 5.0, 5.0% (w/&} content) higher Ts o 1 (3¢ b°C) were

found. Themore fat addedthe closer thds o | 1were to those of formulations without any
additionalfat (Figure 5-11 (A)). Increasing the@H at heating6.9) for formulations witHfat

resulted in loweis o |1 1cpmpared to resultsfter apH of 6.55 at heatingFigure 5-11, (B)).

While 1.0- and 2.5% (w/w) of fataused a slight increases o | ; @ é&ndency taecreased

values with 5.0% (w/w) fatvas found, independent of the acidificatjmi, which cold poten-

tially be explained with an increasing amount of particles per unit area capable to aggregate and

form a gel.

The tendency to lowers o 1 withiincreasegH at heating or casei ni whey prot
tions withfat was urther confirmed by resultst pH 7.1 at heatingA decrease (L afterad-

dition of 1.0 and 2.5% (w/w) fat and more thatClafter addition of 5.0% (w/w) fat) @fs o1 7 g e |

at an acidification pH of 5.0 compared to the formulation withoutfairgdded is illustrated in
Figure5-11(C). If these formulationgp{ 7.1 at heatingwere acidified to pH 4.8, pigelation

c har act e rliPa)bdcwred, nfaking them unsuitable for printing.
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Figure 5-11: Sol 1 gel transition temperatures emsibns (0% wwpCS ahd f i ed ¢
2.0%(w/w) WP) with different amounts dét added {o final fatcontentsof . 0% (06), 2.5% (&), 5.0% ( 2z

comparison (3)) after healt i7nngl a(tC)p Han@. 5c5 | dA)a,ci @&sichs €B) cas e
(10.0%(w/w) CS and 2% (w/w) WP) with different amounts of fatdded after heating at pH 6.55 & (D). A heating rate
of 1 K/min was applied.

The decrease iiis o 1 1af higherpH at heating7.1) is likely due to changes of the protein
composition of the MFG membrane, shown via gel electrophoresis (coRigare 5-10). For
acid gelation, 40% dhe membrane had to be coated by serum proteins to significaatige
the storage wdulus (Michalski et al., 2002bin contrast to the finding of Hammelehle (1994)
who did not find a shift in the coagulation after heating the formulations, our studsedho
significant changes inthe b | far groteinfat suspensions (8.0% (w/w) casein and 2.0% (w/w)

whey protein), strongly dependent on gi¢ at heating

The results fofl's o | 0f Barmulations with 10.0% (w/w) casein and 2.5% (w/w) whey protein
with additionalfat are shown irFFigure 5-11 (D). Due tothe increased amount of peat plus

additionalfat, the overall total solid content increased. As a refeuier formulations could be
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analysed and thesults oformulations aftepH values of 6.55 and 6.9 at heatimegre summed

up in one figure, which resulted in two coagulationdinereg e | at i on ( Gdnd> 1 Pe
for all formulations with g@H of 7.1 at heatingnd no futher analysis was conductedshght

tendency to loweTs o | ia§ bothpH values at hemtg (6.55 and 6.9) was found for all formu-

lations.

At this higher protein content and the lower acidification pH values of 4.8 and 5.0, the influence

of additionalfaton Ts o 1 'wasiless distinct compared to results with the lower proteinmonte

Pregd at i on c¢ ha raPd) wereifosirtd ifocseverél @idnulations after the addition
offat(e.g. pH4.8,5.0% (wiwfat, heated pH 6. 55 fatrheapetpHB9)D, O =
explained with the increase in the total solid content and a hégheunt of particles per unit

volume.

5243 Aggregation rate of caseiniwhey protein
As described ibaffner et al. (2020a), the aggregation rate (represented by the evolution of the
storage modul us GO arisitioa temperatare) of the fgrmulatiocas wao | 1T g e
used to analyse the aggregations Kkindaics of
For a simplified comparison, a solid line was added in all images which represented the aggre-
gation rate of pure pratebased suspensions. The horizontal dashed line for the aggregation
ratewas used as a positive indicator from printing tests towards future printing applications of
caseini whey pribvaleesoi?50sPa/ 40 weereeactoed aexceeded (congre

4.4.3.

The influence of three different amountsfat on formulations with 8.0% (w/w) casein and
2.0% (w/w) whey protein followed by thermal (@55, 69 and 7.1) and mechanidaput is
shown inFigure 5-12 (A-C). Increased Vaes for the aggregation raf8torage Modulus 6 )
with decreasingcidification pH (5.0 to 4.8) were found for formulations after a heating step at

pH 6.55. If 1.0%w/w) fat was added, independent of the acidification pH, the aggregation rate
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significantly decreased (47.7% at pH 5.0 and 29.0% at pH 4.8) compared tafbrns with-

outfat Whi | e

4.8 and 5.0, the 5.0% (w/w) additiofati ncr eas e d

n

o ¢ h aonngl afterithe ad@ition of 2 5%w/wW) fat acidification pH

t he val

ues

f

maximum value®f around 300 Pa at pH 4.8. Tfeemulations with 2.5 and 5.0 % (w/viat

or

reached around 250 PHIK for the aggregation rate astnple printing tests were conducted.

As shown inFigure 5-12 (A), a stable and firm 3fprintedgel was only found for the formu-

lation with 5.0% (w/w) fat at an acidification pH of 4.8, while the one at pH 5.0 (not shown)

could not maintain the rectarigm shape.
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Figure 5-12: Aggregation rate (Pa/ 1K) of heated samples (80°C, 10 min, pH 6.55 (A), 6.9 (B) and 7.1 (C)) with constant

protein content (8.0% (w/w) CS and 2.0% (w/w) WP) and with higher proteitent (10.0% (w/w) CS and 2.5% (w/w) WP,
di f feirdnt2)p ki v dl e fibt ddded @@final fat contents of 4 DHoahd 5.0% (w/w)) at

(D)) at
10°Caf er / hi gher

t han

t

h

s ol 1T g e bytempesature sweemitma heéatnmmate of & K/mim. Ehe wlilt ai ne d
line in all images represents the aggregation rate of pure ptzséd formulations and is added to simplify comparisons to
protei nit f afThedatted fine mdicatesrthe threshold where above 250 Ratti€ aggregation rate was used as a
positive indicator towards printability in a simple printing tests as shown by images of the printed .samples
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The results for thaggregation ratef the formulations after an increased of 6.9 at heating

and different amounts &t added are illustrated igure 5-12 (B). The values for thetsrage

modul us GO | eceasiagasidfidation pendinciéasingly amount of additional

fat (one exception at pH 5.0 and 1.0% (wfat), withtheh ghest i ncrea(pHe f or
5.0, 5.0% (w/wXat). A significant increase db GpH 6.9 at heatingcompared to formulatian

heated at lower pH (6.5%)as demonstrated, evidenced by reaching or exceeding an aggrega-

tion rate of around 250 P K for all formulations withmilk fat addition.Although all formu-

lations withfat additionshowed promising aggregatioates after being heated at g9, only

those acidified to pH 4.8 resulted in firm and very stablep8bted gels when heated during

conveying (see printed gels related to aggregation rdtgure 5-12 (B)).

At a slightly alkalinepH of 7.1 at heatingnd after the adddin of fat, fewer caseini
protein formulations could be analysed ffjure 5-12(C)), as an acidification pH value df8
resultedinprage |l ati on characteristics -{ Gbggened®as ol
transition. At an acidification pH of 5.0, a
1.0 and 2.5% (w/w) fat content was found, which becargsaif@ant in the sample with
5.0%(w/w) fat content.All the formulations reached or exceeded aggregation rate of
250Pa/10K with the highest value of 325.9 Pa/ KGt 18.3 Pa/Ll0K (5.0% (w/w) fat). Inde-

pendent of the amount &t added, all threeormulations, which were heated at pH 7.1 and

cold acidified to pH 5.0, could be printed into small rectangular gejsile 5-12(C)). A linear
increase of the firmnessi A0t @Wfat@dibieih gesn o f
(4.3%(w/w)), manufactured via the pH route, was found after penetration tests whthfinal

gel (Hammelehle, 1994). Such high fat contents could not be used in these experiments due to

préegel ati on characteristics (G6 >fal Pa) after

The influence of the addition of 1.0 and 2.5% (Wfat)on theaggregation rate of formulations

with an increased overall protein content of 12.5% (w/w), consistiri @%(w/w) casein
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and 2.5% (w/w) whey protejriollowed by thermal (pH 6.55, 6.9) and mechanical input is

shown inFigure5-12(D). Duetoprege |l at i on ( G6 > 1 faPathe hmtHet er t h
protein content (total solid content increased), several sampldd not be produced and no
formulations with g@H of 7.1 at heatingras furtheinvestigatedThis included the formulation
with apH of 6.55 at heatingnd 5.0%w/w) fat) which could not be further processddhe
resultsof the aggregation rate of formulatioaer bothpH values at heatinggere combined
in one figure Figure 5-12 (D)). At higher protein contents, a sifjpant decrease in the storage
modulus was demonstrated for all formulations after the additiéat,ohdependent of theH
at heatingand the acidification pH. This was proposed to be the result of the increased amount
of total solids (fat and protei) the same unit volume compared to formulationthait any
fat, therefore slowing down the aggregation kinetics of the protein particles, if an increase in
the temperature (@H -route) triggered collision and gelation of the particles. All three formu-
lations at this higher protein content were tested for printing and resulted in firm gels.
5.2.4.4 Tailored casein micelle andMFG surface characteristicstowards printing ap-

plications
Having applied the same thermal treatment@8@.0 min),CM with differentcompositionand
surface characteristics occurred, dependimghe pH adjusted beforeeatingto denature the
whey proteingDaffner et al., 2020a). The CM and protein subunits/ aggregates, which covered
the MFG after thermal and mechanical treatmentighgtudy, provided electrostatic and steric
repulsion forces hindering coalescence of the fat particles. The small changes in the pH adjusted
before heating all owed tailoring of the surf
transition tempexture Figure5-11) as well as the aggregation ratggiure 5-12) of the protein
suspensions mixed wifatcomparedto purecasni whey protein suspensi
study (Daffner et al., 2020a)herefore, the pH sensitive CM as well as the MFGeoed with
proteins reacted to changes in the acidification pH and contributed to the gelation process via

t h e jodte. A schematic illustrationHigure 5-13) shows the effect of heating (80°C,
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10min) at the three adjusted pH values (6.55, 6.9, 7.1) and a mechanical 526 input (sonication
and homogenisation at 500 bar) on the casein
as well as the proposed interactions between proteins and fategolMalstra & Jenness

(1984) found that MFG after homogenisation could behave like CM and could be coagulated

in the same way as pure proteins, although their experiment was conducted under resting con-
ditions. In this study, the MFG, which were coated wlifferent types of dairy proteins on the

surface aftemechanical input, showed a similar behaviour.

During high pressure homogenisation, CM adsorb faster to droplet surfaces than individual ca-
sein molecules (McClements, 2004). Results of the-BBSE Figure 5-10) showed thab-
caseindepleted CMgH of 7.1 at heatingcovered the surface of MFG, which resulted in MFG

more prone to aggregation compared to MFG covered with protein (CM with whey protein on
the surface) after heating at pH 6.55, evide
pareFigure5-11(C) to (A)). This was proposed to occur due to a decrease of the steric repulsion
forces on the surface of the MFG covered witthepleted CM, as parts efcasein dissociated

into the serum which resulted in a less dense hairy layer protruding into the serum phase.

The different surface characteristics of the MFG after mechanical treatment changed the micro-
structure of proteifat formulations. As the aggration rate wasised as a positive indicator

towards printability with simple printing testsnot all formulationsreaching orexceeding

250Pa/ 10K were found to be printable or resulted in firm and stable gels. We assume that
MFG, which were heated at pH 6.55, were covered with CM, CM with whey protein on their
surface as well as denatured whey protein aggregates, as #loowiSDSPAGE Figure

5-10) . Those MFG were proposed to haceaseinent r onge
the outside of the CM, protruding intbe serum. On the otheaihd, increasegH values at
heating(6.9, 7.1) resulted ip-caseindepleted CM which covered the MFG, demonstrated by

a de cr easarfoundfdurieg SDBAGE Figure 5-10). It is assumed that this decrease
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i n t he acaseinonthe aufsSideaf tbd and on the surface of the MFG caused lower

steric repulsion forces, shown by higher aggregation raté®esé formulations.

At a total protein content of 10.0% (w/w), consisting of 8.0% (w/w) casein and 2.0% (w/w)
whey protein, only one formulation with additioriat after apH of 6.55 at heating/as found
to be printable. On the other hand, three formutatéd eachpH value at heatin6.9 and 7.1)
could be printed, although a lower acidification pH was necessaty af 6.9 at heatingAs
CM wer e mo s t-cagkia gfterdding leatedrat pd 7.1 and therefore, steric repulsion
forces of CM on theiown and on the surface of MFG decreased, those formulations were the

only ones being able to be printed at pH 5.0.

The effect of heating at three adjusted pH
with dairy fatand the proposed interactions between protein and fat particles depending on the
pH at heatind6.55/6.9/ 7.1 at 80°C, 10 min) after mechanical input (sonication and homoge-
nisation at 50Mar)are schematically illusited inFigure 5-13. A similar increase of adsorbed
caseing dandb) with increasing pH at heating, but decreasing amountscaisein and-

lactoglobulin were found elsewhere (Sharmal etl®96a).
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Native Milk fat globules Heating at pH 6.55
(0.1— 15 um, 10 nm membrane)

/\z
@,
o

“ﬁj\]—\f\to-ﬁu
.,O . O

Serum K-casein

Native whey protein (5— 10 nm)

Casein micelles (20 — 600 nm), Heatingat pH 6.9 or 7.1
with the “hairs” representing
K-casein on the surface

Figure5-13Schemati c presentation

Mechanical input

(sonication & homogenization)

Casein micelles coated with
denatured whey protein

Denatured whey protein-
K-casein aggregates

Mechanical input
(sonication & homogenization)

Casein micelles depleted of
K-casein

v

Fat globules coated with

CM-WP complexes pH-T route
——’

Casein micelles coated with

denatured whey protein

Denatured whey protein-
K-casein aggregates

Casein micelles depleted of
K-casein

pH-T route
- —

Fat globules coated with
CM, denatured whey
protein-k-casein aggregates
and whey protein
aggregates

d e p ipmtein sugpensidnemixed withpnailk fat glob@ledichocn thefarther benusedbheatyusionbased 3Bprinting via

the pH T-route. After a thermal (80°C, 10 min, pH 6.55/ 6.9/ 7.1) and mechanical energy input, the newly created MFG membraisecevesant by different types of proteins or protein subu-

nits/ aggreges.
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5.2.5 Conclusion

The effect ofdairyfaton casei ni whey protein suspensions
potential use for extrusiebased 3Bprinting applicatios via the pHT-route. Small faparti-

cles in the nano metre range were mechanically produced and covered with different protein
particles to mimic protein behaviour during gelation. For promising formulationghswhc-

teristics after cold acidification (pH 4.8/5.0), independent ofptHeat heatindout dgpendent

on the protein c¢on-poemial((~i2Wwe rmeV) e vaindde rrcheedb | loyg ye |

and a steep increase of G6 above 1 Pa (solT1g

For proteinfat formulations kated at a lower pH (6.55)Ifowed by mechanical input, an-

crease in the soli1gel transition temperature
of the amount ofat added, was found. In contrast, a higipél at heatingcaused similar

(PH6.9 respectively | ower (pH 7.1) sopHvarel tr a
uesatheating i ncreased aggregation kinetics compal
sions withoufatwere found, resulting in promising matégharacteristics®6 O 216K) P a/

for printing purposes. Daifatc oul d t hus be added to whkxlsei ni wl
were considered t o -rbuee, ifghe therhahand neechanica tretiments p HT T
tailored the material properties accordingly. Extrusiased 3Bprinting of proteinfat formu-

|l ations inclusive a solilgel t r an spHwvaluesmat was f

heating
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5.2.6 Appendix
5.2.6.1 Supplementary datal

Supplementary Figure5-1: Opt i cal mi croscopy of a casei nfatwitheativemilk atgebules withowgt ang meshardcal tréatment (L0HX magnificatibrg). Bigd
particles all representmilkk at gl obul es. Scale bar = 5 em and 10 & m.

180



Chapter 5.2

5.2.6.2 Supplementary data 2

Supplementary Figure5-2: SDSPAGE analysis of proteins covering the milk fat globule surface membrane after thermal (80°C, 10 min) and mechanic#l keateteat three pH values of
6.55 (left), 6.9 (middle) and 7.1 (righ#j-CN andb-LG are visible as bands afteH valuesat heatingof 6.55 (lane ViXII) and 6.9 (lane XHXIIl and XIV-XV), but not after gpH at heatingf 7.1
(lane XII-XIIl and XIV-XV). Bis-Tris 4-12 (pH 6.55) and 12% polyacrylamide gels (pH 6.7, 7.1) were used feegperiments while developing the metl.
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6 Chapter:

Setup and retrofitt ing of a plastic printer into a customigd 3D

food printer
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6.1 Abstract

Thesetup of a customesd 3D food printer was created to sgécally print dairy-based fomu-
lations v a t h eout@, Hhclulinga sol gel transition A commercially available plastic
printer was retrofitted and subsequently
pensions with and withodat. Qustomsationincluded removal of needless parts of the plastic
printer followed by adding specifjgarts which were generated via CAD softwanel plastic
printed. A speial focus duringetrofitting was placed on a reduction of the weight of the mov-
ing parts during printing, a temperature control of different sections, a simpulp setllow a
fast deaning procedure of the pipe and the nozzle as welhasges within the software.
Themost promising formulations from osciilao r y me as ur e me AaGK3$ wefe G0

tested on the custonaid printer regarding their extrusitmased printability
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6.2 Introduction

Additive layer manufacturingLM ) is a digitally controlled, robotic construction techrgo
which deposits materials lagby-layer to build a thredimensional shape. Féwod layer man-
ufacturing ELM) of dairy-based materials, extrusiontise most widely adopted technology
(Sun etal., 2018), as recently used for emgelted cheese (Le Tohic et al., 2017), sodium ca-
seinate (Schutyser et al., 2018), protein pastes (Lille et al., 2018),-baseuh milk concen-
trates (Nobel et al., 2018) semihard model cheese (Kern et al., 2018). Different extrdsion
based printed foodbjects obtained either via HME or SME, were presenteskiction2.2.3.1
(Table2-4). In general, extrusion allows to mafiacture solid or sesolid objects with partic-
ular shapes and textures (Cheyne et al., 2005) and to modify the microstructure via the effects
of shear, émperature and local temperature changes induced by shear (Matz, 1991J- Acc

ingto Tan et al. (2018), adeal 3D foodprinter has to miah certain features, including

a) an easy and quick refill process

b) a high storage capacity

c) apotential for a continuous printing process, which can incorporate printing and cooking at
the same time

d) an easy cleaning procedure (even a cleaning in place process)

e) an automated layer defect correction

f) an independent temperature control forgt@age unit and the extrusion nozzle

Compared to custones printers in the laboratories of resgainstitutions, plenty of comer-

cial printers are available nowadays, especially extrusased food printers, some of which
were presented in recent rewis (Sun et al., 2018; Toh et al., 2018). So far, all these printers
provide different advantages and disadvantages, ofothem offering a single soion which

can be applied to all different types of foods. For extrub@sed food printing, chocolate
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frequently used as a feed material, with tingt tommercially available cholate printer the

Choc Creator V2.0 Plus (Choc Edge Ltd. UKpntaining a 30 ml syringe and a heated jacket
which prevents solidifying of the material, being able to @2btand 3D shapes of chocolate.
Other research grosphave also constructed custoesischocolate printers, e.g. the 3Drag
(Open Electronics, Online), the QiaoKe (3DCloud, Beijing, China) or the CocoJet (3D Systems,

Rock Hill, USA). Currently commerally available printers inlude the

- BeeHex BeeHex® USA)which has a patent on a seléaning technology, an important tool

for future applications.

- Procusini 3.0 Dual (Print2Taste GmbH, Germany) for chocolate, marzipan and fondant, which

can hold up to 8 grams of food paste material.

- Foodini (Natural Machines, Spain) which consists of five 100 mL stainless steel capsules with

an independent temperature control.

- Barilla Food Printer (TNO, The Netherlands) which was created to deposit doughyayer

layer.

So far, few scientific studies have focused on printing of ela@sed foods. Therefore, little is
known about optimising theeédstockas well as the printing parameters of dairy suspession
and no currengeneration 3Bprinter is specifically erigeered to print these maitas (Ross et

al., 2019). To create objects of high quality via extrusion, the understanding of the interplay
between ingredients, process parameters and equipment design (priofgr isehecessary

(Cheyne et al., 2005).

The first dairybased material printed was melted cheese (Le Tohic et al., 2017) on a-retrofit
ted plastic printer (RepRap Pro Ormerod 1, RepRap Professional Ltd, UK). A syringe (12 ml)
was fixed in a mount and driven by a motor to deposit the material. Adalitidastic parts

were created with CABoftware, printed and mounted tg iyringe and motor. Microstruae
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and firmness of melted 3printed cheese were compared to normal industrial processed
cheese. It was found that 3inted cheese samples haldhost 50% less hardness than-nor

mal untreated cheese. By using confocal laser scanning microscopy they also showed that
higher extrusion flow rates (12 miMn compared to 4 nmin) resulted in a smaller fat globule

size and a more uniform fat particleesidistribution.

Schutyser et al. (2018) printed sodium caseinate dispersions mixed with pectin, sucrose and
starch. Their printing apparatus consisted of a fluid dispensing robot (model 2203, Nordson
EFD, USA) which moved in the xydirection, and a dispeser control device (Performus lll,
Nordson EFD, USA) which was necessary as a driving forceb(B bar) to dispense the feed
material from the dispenser. The temperature of the dispenser and thedeedl was ad-

justed to 5 15°C higher than the gafion temperature to induce a fast solidification process

after depositing the dispersion.

Nobel et al. (2018) retrofitted a plastic printer into a food printer capable of cooling, heating
and transporting milk concentrates to a nozzle. Theiugeatonsiged of several sections and
hoses in hoses (mono tube heating system) with ceanteznt flow conditions to cool or heat

up formulations, respectively. They were thetfiis successfully implement 3printing of
concentrated mklv i a t hreutepulihg Jure, liquid casetbased formulations as a feed-

stock which were transfeed into a gel under dynamic conditions.

So far, most of the extrusidmsed printers usddr food printing were custonmesl plastic
printers. Within this studya plastic printer was fully retrofitted into a food printer and formu-
lations differing in product and process parameters were printed if promising characteristics

(comparet.4.3 were obtained during linear temptena ramps (heating rate of 1rKih).
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6.3 Material and methods

6.3.1 Retrofitting a plastic printer into a 3D food printer
In this section, the whole sap and retrofitting process of a plagbienter into a customsed

3D food printer capable of cooling, heating and transporting thetimeds shown.Step by
step, all changes atepictedand the appropriate advages are explaied. A customisd ex-
trusionbased 3Bprinter was created by retrofitting a commercially available Creality Ender 3
Printer(Creality Ender 3 PrinteCreality, Shenzhen, ChinaThe requirements for the printer
were taken with the aim to prinaoly proteinbasedormulations inclusive aoli gel transition

of thefeedstockThe setup of theoriginal plastic printer, including the printing head and plastic

cables, is illustrated iRigure 6-1.

Figure 6-1: Setup of the commercially available plastic printer "Creality Ender 3" for plastic printing with a) the plastic printer
as shown online and b) the plastic printer after tloeessful setip and testingn the lab.

Printing of plastic relies on a fasteting process of the material (e.g. ABS or PLA) in the
heating section with high temperatures, e.g. 180°C for Hh&.melted PLA is deposited after
extrusion onto théeated printing bed (6C). Due to no need for food printing, theinging

headfan, cables and plastic material wexkremovedrom the original setip. After removal

-192-



Chapter 6

of all dispensable parts, the major parts for the design of a food printetakeneinto consid-

eration as shown beforfor a printerfor purecasein based formulatio(iobel et al.,2018)

The retrofitted printer had to

1) includeaifeed tank syringe wiich could becooled to maintaisoli characteristics of the

dairy-basedormulationsbefore printing

2) have a coolingnsulating pipe transporting the festdckfrom thechilled syringe to a nozzle

to maintainsoll charateristics of the feestock

3) be capable of a heatistep in the nozzle to induce a transition from sol to gel

4) have thermistorghermocouples at selective places, e.g. at the beginning dmel etid of
the nozzle to control the temperature of the formulations and to adjust the temperature within

the firmware

The completely modified version of the ggt of the printer is shown Figure 6-2. For a better

control of all the additioal weight of the new parts, timeotor and the syringe with the double
walled cooling jacket weraxted on top of the printelHgure 6-2 andFigure 6-3). This facili-

tated the printing process by moving lassght, which could otherwise affect the print quality
(Warner, 2019). Thetspper motor, connected to a screw plungerirotiad and powerethe
syringeto perform the extrusicbased printingretraction speed)he motor driven syringe on

the topof the printerwas a contradictory design compared fibsl et al. (2018) whose appa-

ratus had to move all the cables and hoses during the printing process, driven by a syringe pump

next to the printer itself.

Several more parts were considered to be necesshxythe syringe and the stepper motor on
top of the printer to enable a continuous movement of the syringe controlled by the computer
software. Two 30 cm long stainless steel bars held all the parts in line and severptiGiad

parts supported the atght attachment of the motor, the syringe and the double walled cooling
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jacket (1) on the top of the printer. The syringe was driven forward by the stepper motor, shown
on the left of theupper part of the printelF{gure 6-2, part 7).A 60 ml syringe, which was
placed within the double walled cooling jacket, was used faxglerimentgo store enough
materal for the printing proces&igure 6-3). The cooling jacket was connected to a water bath
(wateii ethylere glycol solution (2®%)) to maintainsoll characteristics of the feedstock at
around 2C. The tip of the syringe was connected toaasporthose(inner diameter tempera-

ture control hose 8 x 10° m) whichwas covered byitrile foam to maintain the coldnper-

ature of the feedstock
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. |

Figure 6-2: Labelled setup of the customed 3Dfood printer inclusive 1) syringe in double walled cooling jacket, 2) insulated pipe for transport of feed material to ndzetey@eter, thermo-
couples and softare, 4) firmware of Ender 3 printer, 5) nozzle with die at the end, 6) heating element for nozzle and 7) stepper motor.
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Adjusting and maintaining themperature () of thefeed materiain the syringe was pre-
requi si t e -rdueto mdinkaim safchhiadieristicand to avoidore gelation before

the nozzleduring conveyingA flat plastic 3Dprinted mounting (1) was fixed with the stainless
steel bars (2) below the double walled coolgket to avoid ay material movements during

the printing procesd~{gure 6-3). Before the dairy suspensions were printed Hoyelayer, a
transition from a sol to a gbelkd to be conducted within the length of the nozzigure 6-4).

The feed material entered the nozzle (brass pipe) on the top, maintainiolyasactteristics.

As shown inFigure 6-4 (b), the original heating element of the plastic printer was placed in the
mounting construction next to the brass pipe to ensure heating of the feed material through the

brass pipe. An increase in the temperature of theerfesterial caused collision and aggregation

of theproteinparticles to trigger a fast and irreversible gelation process.

Figure 6-3: Presentation of the upper part on top of the printer, exclusively showing the syringe placed in avebedle

cooling jacket, connected to a water bath. The tip of the syringe is connected to a hose to transport the feed material to th
nozzle. The flaplastic 3Bprinted mounting (1) was fixed with the stainless steel bars (2) below the double walled cooling
jacket.

The final version (d) of the die offered two orifices at the sides to have thermocouples in contact
with the brass pipe to control the ittemperature of the feed material, as demonstrated in
Figure 6-4 (c). The holes were big enough to hold the thermocouples and a small amount of
heat transfer past& ératherm KP 97, KERAFOL Keramische Folien GmbH, Germgnyhe

two themocouples(abfacility Ltd, Bognor Regis, UKwereused to measure themperature
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and wereplacedeach on one side of the demnnected to 4-channel data logger thermometer

(HH309A, Omega) which could display and record four channels simedusly Adjustment

of the temperature of the heating element via theveoé allowed quickhanges osr a certain

temperature range.
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Figure 6-4: Foas on the nozzle of the customiksprinting seup with a) the brass pipe in the CAD design to induce the
nozzle in contact with t

soll gel transition, b) the heatingelemenh t he top of the
the nozzle extruding the material, with heating elements on the side in contact with the brass pipe.
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The construction process of the die at the end of the nozghoimn inFigure 6-5 (a-d). The
prerequisite for the die weréo fit into the nozzle (brass pipe) and to be fixed in this position
during the printing process, but also to be easily removable for cleaning afterwards. Firstly, it
was ensured that the brass pipe could be placed into the die (compare (a)) ane €ittedlyS

the outlet of the die had to be constructed (compare (b) and (c)) in the correct size (1.15 mm)

to enable depositing of the feed material and avoid clogdingaismall outlet size).

Il B

. Nnou. couc.. the neate

Figure 6-5: Process of creating the die for the end of the nozzle to print the dairy formulations with the final version on the
right, providing two orifices for thermocouples.

6.3.2 Electrical and software

The software used to control the printer was Repg@iiest V2.1.3).To create a printed object,

a CAD model (25 x 25 x 3 mmectangle slice) of the object was created in the softwaiis.

object was sliced by the software into three layers, and a path was calculated for printing. Dur-
ing printing, the noze followed this path and extruded the feedstock to create the desired rec-

tangular shape.
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6.3.3 CAD-design of plastic partsand 3D-printing of CAD -models
The virtual moded (Figure 6-6) weredesigned by using the $afare Tinkercad (Autodesk Inc.)

andprinted using polylactic@d (PLA) on a plastic printewith some of theprinted pieces
used for the design of the nozaleown inFigure 6-4. The final printed piecesade of PLA
are shown irfFigure 6-2 on top of the printefThe double walled cooling jackéteeFigure 6-2
(1) andFigure 6-3) was printed using a Formlabs Form 2 SLS Printer (Somerville, MAEwhi

used Formlabs standard clear resin for printing.

B
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Figure 6-6: Technical drawings of the syringe holders (A) anddB}op of the printerthe nozzle holder (Gpr the brass
pipeand the mounting (Dthatwasused to hold thatainless steel baos top of the printer

6.3.4 Adjusting parameters for 3D-printing of dairy formulations

In order to prove design rules and print small rectangular shapes, several pard@aeto be
adjusted in theaftware Repeaer Lines were printed next and subsequently above each other to
create a thredimensional object, in this study limited to rectangular shagesprinting line

speed was adjusted betweflii 40 mm/s with a nonprinting line speed &0 mm/s with the
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same speesetfor the inner and outer perimetdihe retraction speed during extrusion was set
to 30 mm/s. The temperature of the extruder was set in dependéeneg;@tind was adjusted

during printing depending on the sol/gel state of the feedstock.

The layer height was adjusted to 1 mm for all three layers, which were psuttedquently
above each othewith a first layer extrusion width of 100%9Before each print, the bed level

had to be calibrated manually. Printing was performed on a hydrappobting paper (10 x

10 cm; Legamaster International B.V., The Netherlands) to prevent spreading of the first layer.
As no complex objects were printed, the shell thickness, the infill overlap, the support filaments
etc.were notadjustedNo temperaturéor the printing bed was set and as the fan was removed

during retrofitting, no temperatures were adjusted, respectively

6.4 Conclusion

A plastic printer wagetrofittedto print dairy proteinbasedformulationsinclusive asol gel
transitionof the feedstdc differing in the protein and fat content, as well as the heating and
acidification pH Prerequisites were considered to adpretting parameters according to the
pHI T-route, with conveying, cooling (Satharacteristics) and heating (trigger gelationgif-

ferent sections of the sap.

Cold acidified dairy formulation showing $aharacteristics (G 6.1 Pa,Ts o1 1<3% K) were
conveyed as a sol from the cooled syringer an insulated hose to the temperataetrolled
nozzIl e, wh e rnsitionh df the fsedstock gvasfgereédrvia a temperature increase
The useof high dairy proteirbased formulations differing in product (e.g. protein content) and
process parameters (e.g. fgité at heatingshowed the suitability of the food printing 2 to
induce temperaturgiggered gelation under dynanuonditionsvia the pH T-route. Small rec-
tangular shapes were printedth& previously establishetesign rulesrom formulation engi-

neering of the feedstoakere adhered to.
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7.1 Conclusion

The objective of this research wasitvestigate dairyproteinbased formulationsegarding
applications for extrusioased 3Bprinting via the pH T-route I ncl ugeltransitiom s ol 1
of thefeedstockRheological results wem@ppliedto mimic extrusion behaviouwturing poten-

tial printing applicationsand formulations differing inproduct and process parameters were

analysedIn-depth characterisation bfgh dairy proteinbasedormulations was conducted to

expandhe available feedstock of printable materfalsthermal extrusion printing.

This studyaimed to determindesign riles, which allow to asses formulations regarding their
printability to avoida time and resourcéntensivetrial-anderror approachDetailed conclu-
sions were presented at the end of each opéeereviewedresult chapters within this work.
Thisfinal chaptersummariss the owrall findingsof this work andaims to highlighideas for

future work

7.1.1 Development of novebairy protein -basedformulations
Most of the arrentextrusion printing oflairy-based formulationeelies onpastes/gelsyhich

maintaintheir shape afteextrusion due to a yield stress, depending on therall composi-

tion. On the contrary, this study aimed to develop formulations which undérgmaalsol gel
transition of thdeedstock As casein was well investigated over the last decades and represents
the main protein contributing to gelation and firmness in da&ged products, it was chosen

asthe key material for this work.

The addition of whey protein and the change in procassmeters allowed to modify tikem-
position of thec asei n micel | e, to change the type of
mani pul at dransitoetengperatureqaewell as the aggregationkatenulations dif-

fering in the concentration of thi&o main proteins as well @ the additionaproduct param-
eterdairyfat, thepH at heating@nd the acidification pH were investigated in order to fiodel

edible and printabléeedstock

204



Chapter 7

7.1.2 Design rulesto createdairy protein-based formulationsfor applications in extru-
sion-based 3Dprinting

The whole interplay of product and process parameters during the formulation engineering ap-
proach was necessary to characeeasd understand daibased formulations regarding ther-

mal extrusion printing. Asuitable gelation mechanisas well asthe preciseadjustment of

product &ad process parameters allowed to create and to tailor suitable formulations, as

e
4

shownbelowin Figure 7-1.

T a -

4 etcontent

N\

Figure 7-1: Interplay of a suitable gelation mechaniaswell aproduct and process parameters to create-tiaised formu-
lations for applications in thermal extrusion printing

To formulate for structure and texture @i@-printing inclusive a salgel transitionthe follow-
ing set of design ruledhas been determined in orderctwaicterisecaseinbased formulations

via the pH T-route:

1 Thetemperatuiea i me profil e from {Kam)iwassfduredaod y 1T st ¢
be comparableot3D-printing but without superimposed flowhe change in the tae-
peraturedemonstrated byt e ep i ncr e ami® of theagaseitbased.for-3 0 K/
mulations, was induced on a Peltier plate in otdeamimic the printing setip in the
nozzle Therefore,heseresultsprovidedcleare vi d e n c e t-rbugets sstitebee p HT T

mechanism tdriggergelation under dynamic conditions.
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1 Caseimwhey protein suspensions have to be prepared at a minowarall protein
content of 10.0% (w/w)onsisting o8.0% (w/w) casein and 2.0% (w/w) whey protein,
to ensure that enough protein is available to entrap the serum phaseadiasignd
irreversiblegelation procesg i a t hreute@dicontlude, alldrmulations contain-
ing equal or less thaf.0% (w/w) caseinand 1.5%(w/w) whey protein hinder a fast

gelationand cannot be printed

1 Caseimwhey proteinsuspensions can only be prepared at a maxiowerall protein
content of 12.5%w/w), consisting 0fL0.0% (w/w) casein and 2.5% (w/w) whey pro-
tein, depenthg on thegoH value at heatinduring whey protein denaturation, to maintain
s ol 1T c har konulations santairingf.15.0% (w/w) protein12.0% (w/w) ca-
sein and 3.0% (w/w) whey proteiresultingelc har act er i s atiowgH ( G6 >
values 0f4.8 and 5.0; thereforepsd T gel transition can be in

formulations can be printed.

1 For a successfulnplementatioro f t h eoutpfét thdrmal extrusion printindnigh
dairy proteinbasedormulations have to be cold acidified2C to pH values of 4.8 or
5.0. At a pH O 5.2, the gel ati ondegeaseces s
in theaggregation rate (< 250 PH)K), independent of the protein contemtthepH
at heating djusted for denaturation tfiewheyproteins To concludedairy-basedor-

mulations with a acidificatonp H O 5. 2 cawnatt breutepHi Mt ed

71 If the pH at heatingluring denaturation of the whey proteins is adjusted to 6.55, ca-
seiniwhey protein sus p eransitioomtersperdtusievas puteh e s
micellar caseirbased formulations. On the other hand, ifghieat heatingd increased
to 6.9 or 7.1, sol 1T gel transition tempera

of the coagulation line. Ais infomationis crugal to convey results from resting to
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dynamic conditions and therefonas tobe applied to adjust the temperature during a
printing process tarigger particles to aggregate and to cause gelaéisrwell as to

avoid clogging in the nozzle

1 If the pH atheating § increasedto 6.9 or 7.1 d i s s 0 ecasaitrasultin casein o
micellespar t | y d &gseinetheeetbre prévididgss steric repulsion forcels.
was concluded thabfmulations witha-caseindepleted casein micellesostly show
fager aggregation ratethan those heated at pH 6,%8sulting in more promising for-

mulations for thermagxtrusionprinting.

1 Caseimwhey protein suspensions were printablealues of 250 PalOK for the ag-
greaation rate (represented by the storagednu | u s r€a@hed ovexceededde-

pendent of th@H at heatingadjusted for each formulation before denaturation

1 Dairy fat attotal concentration af.0, 2.5 or 5.% (w/w) can be added to proteased
suspension$o create more compleand novelformulations.If dairy fat is added to
caseiim whey protein suspensions, mechanical treatment has to be applied to reduce the
particle size of the milk fat globulestolessthan 1 umtoguaraj¢e® | T char act er i
of the formulatios andb)afastand r r ever si bl e gel atrauteen pr oc
A novel screening protocol for protefat suspensions in the nanometre range combined
with SDSPAGE allowed visualisation and-glepth characterisationa degrading pro-
tein and fat particles with the uséa dosedependent radiation damage obtained by a

controlled electron dose.

1 If dairy fat s added ta@aseii whey protein suspensionsot all formulationsreaching
or exceeding 25@a/10 K were found to be printable or resulted in firm and stable gels.

After heating at pH 6.55, milk fat -gl obul
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