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ABSTRACT

The current interest in individualized food througtiditive manufacturing has identified a
need for more information on the formulation anahfability of potential ingredients. Here,
the effect of formulation parameters of casein-wpmtein suspensions like the pH (4.8-5.4)
as well as the casein content (8.0-12.0% (w/w))eahiwith whey protein (2.0-3.0% (w/w))
and the effect of pre-processing parameters ingtutiie denaturation of whey proteins (80
°C, 10 min; adjusted pH 6.55, 6.9 and 7.1) on thlefgrmation via the pH-temperature (T)-
route was studied. Rheological measurements shtvatdhe sol-gel transition temperature
(G’ = 1 Pa) decreased and the aggregation ratbeotasein-whey protein suspensions in-
creased with increasing heating pH value. The aggien rate was considered to be a key
parameter predicting the printability of formulatg By exceeding a certain aggregation rate
(250 Pa/10 K), casein-whey protein suspensions veened to be printable resulting in firm

and stable gels.



34 1 Introduction

35 3D-Printing is a new trend in the food sector fBakeceiving increasing attention. In addition
36 to the traditional additive manufacturing procesthwplastic or metal as feed material, 3D-
37 Printing can be conducted as food layered manufagtgFLM). In general, 3D-Printing is an
38 additive manufacturing technology with a layer hydr deposition of the material to form an
39 object that cannot be created with conventionairigpies. Technologies like controlled fu-
40 sion and controlled deposition are amongst the mogtlar for FLM (Wegrzyn, Golding, &
41  Archer, 2012). Although most FLM technologies atdl being researched, different food
42 materials have successfully been printed. The cexnplicrostructure of food and the sol-gel
43 transition of food ingredients (e.g. crystallizatiof cocoa butter from liquid to solid to manu-
44  facture chocolate or protein-based gelation forydproducts) are just two of the challenges
45 that must be addressed to implement food for 3DtiAg, which could result in highly cus-
46 tomized products for individuals (Ross, Kelly, &d@rey, 2019). The design of edible, print-
47 able and individualized casein-whey protein susipessand the assessment of suspension

48 printability is therefore a step towards the pngtof more types of food.

49 Recent studies have shown that dairy-based mater@al be used for 3D-Printing, with the
50 first being processed cheese (Le Tohic et al., ROASsignificant decrease (49 %) of the
51 hardness for melted and printed cheese was foumgppa@d to untreated cheese. Moreover,
52 sodium caseinate, which showed reversible gelatimracteristics, was used for extrusion-
53 based printing (Schutyser, Houlder, de Wit, Buijsse\lting, 2018). The addition of pectin,
54 sucrose and starch facilitated the printing pracégsbel et al. (N6bel, Seifert, Schéfer,
55 Daffner, & Hinrichs, 2018) used cold acidified centrates from milk microfiltration differ-
56 ing in pH (4.8-5.4) and protein content (8-12% (W/wwhich were heated in an extrusion-
57 based 3D-Printer to induce a sol-gel transitionpAt 4.8, firm and homogeneous milk gels

58 were printed, while milk gels at pH 5.0 were notcmnically stable after printing. For fur-



59

60

61

62

63

64

65

66

67

68

69

70

71

12

73

74

75

76

77

78

79

80

81

82

83

ther information about 3D-printed dairy-based matsy a review (Voon, An, Wong, Zhang,

& Chua, 2019) is recommended.

Bovine milk contains about 34 g'iproteins in the form of casein and whey proteias&in
represents around 80 % of the protein content andists of four main typesid;- (40%), 0>
(10%), B- (40%) andk-casein (10%)) which together with colloidal caloiyphosphate form
complexes called casein micelles (CM). The hydradyic diameter of the CM is about
200 nm and the zeta-potential is about -19 mV antitive pH of 6.7 (Anema & Klostermey-
er, 1996). Three main interactions, negative chastgric repulsion and surface hydration
between the layers of-casein around the micelles, stabilise the CM ajaaggregation

(Heertje, Visser, & Smits, 1985; Horne, 1986).

The whey proteins are globular proteins with defirscondary and tertiary structure. At
temperatures around 70 °C, they denature and atteraundergo aggregation reactions with
k-casein (Anema, 2008a), mainly via thiol-disulfidechange reactions. Depending on the
heating pH, different types of interaction betwetmatured whey proteins and CM occur
(Anema, Lee, Lowe, & Klostermeyer, 2004a; Anemayep& Lee, 2004b). When heating at
pH 6.5, around 70% of the denatured whey proteieevattached to the surface of the CM,
increasing its diameter up to 30-35 nm. With inseshheating at pH 6.7, the level of associa-
tion decreased with around 30% whey proteins cogetiie CM (Anema & Li, 2003a). This
interaction depended on the locationcafasein, which dissociated from the CM with increas
ing heating pH (Singh & Fox, 1985; Anema & Klosteyar, 1997). It is unclear why disso-
ciation occurred, althougk-casein dissociated into the serum at temperatavesr than re-

quired for whey protein denaturation (Anema & Keysheyer, 1997; Anema, 2008a).

During a traditional fermentation process for dgrgducts at constant temperature, gelation
of milk occurs due to a reduction of the pH valyeldctic acid bacteria and following the

decrease of the net charge of the CM. While thedatation process (T-pH route) takes sev-



84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

eral hours under steady conditions, the alterngith€lemperature (T)-route can be used for
immediate solidification during heat up of milk camtrates that have been pre-acidified in
the cold. For the pH-T route, the two steps of ification and gelation, which normally over-
lap in the fermentation processes (T-pH), occulassply, showing great potential for 3D-
Printing under dynamic conditions (N6bel et al.180 Cold pre-acidification of milk up to
pH 4.6 at less than 4 °C reduced the hydropholi&antions and helped to maintain solution
(sol)-characteristics. Subsequent heating of thdifeed material caused collision and aggre-
gation of the CM and gelation occurred (Roefs, 1@thafer et al., 2018). Vasbinder et al.
(Vasbinder, Rollema, Bot, & De Kruif, 2003a) alsmund that firmer gels were obtained via
the pH-T-route compared to the T-pH-route at theesaoncentration. Recent studies (Silva,
Balakrishnan, Schmitt, Chassenieux, & Nicolai, 20dBarlamova, Nicolai, & Chassenieux,
2019) showed the effect of adding native as welllesatured whey protein on the gelation
behaviour of casein micelles via the pH-T routea&mova et al. (2019) showed that the
addition of fractal whey protein isolate aggregdtesaqueous suspensions of micellar casein
lowered the temperature of gelation (at a fixedaltéec casein concentration) and increased
the Storage Modulus G’ of the milk gels. A furtltlacrease of the gelation temperature was

found, if the pH was decreased, the protein comatonh increased or Cagfhdded.

The success of 3D-Printing as a method to prodigigyhindividualized and tailored nutri-
tion for specific requirements will strongly depeon the food materials and the printability
of the recipes. To the best of our knowledge, normtudies have investigated the usage of
micellar casein combined with whey protein for aston-based 3D-Printing via the pH-T
route, inclusive a tailored sol-gel transition. €asbased microgels can be induced with me-
chanical processing, heat treatment, changes iertligonmental conditions (e.g. pH) or in
surface properties (interaction with whey proteifi)ewen, Nobel, & Hinrichs, 2017). We

hypothesized that by altering one of the pre-prsiogsparameters, e.g. the pH during heat
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treatment, tailoring of the surface characterisbicthe CM causes changes in the sol-gel tran-
sition temperature and thus, increases the aggoegatte. Either weaker or firmer printable
gels for tailored nutrition can potentially be pided by this method. Four parameters, the
protein content, casein-whey protein ratio, heatimgd acidification pH of the casein-whey
protein suspensions were adjusted to investigatentaterial characteristics and to correlate

these properties with printability.

2 Material and methods
21 Material

Micellar casein concentrate (MCC 85) was providgdsbchsenmilch Milk & Whey Ingredi-
ents (Sachsenmilch Leppersdorf GmbH, Wachau, GermAs specified by the manufactur-
er, MCC 85 was composed of 85% (w/w) protein in ahgtter, with a 9:1 ratio of casein to
whey protein. This specific batch of MCC 85 conéair87.60% (w/w) protein in dry matter,
1.45% (w/w) fat, 2.48% (w/w) lactose and 7.44% (yvagh. GermanProt 9000 - Whey pro-
tein isolate (WPI) was provided by the same martufac. This specific batch was composed
of 93.74% (w/w) protein in dry matter, 0.23% (w/fa}, 0.61% (w/w) of lactose and 3.16%
(w/w) of ash. Citric acid (1M) (Sigma Aldrich, UKyas prepared by mixing with Milli-Q
water (EliX’ 5 distillation apparatus, Millipofée USA) and sodium hydroxide (1M) was

bought from Sigma Aldrich (UK) and used for pH adjuent.

2.2 Sample preparation

Solutions of micellar casein were prepared usingrdeed water and agitated at a constant
speed for 5 h at 40 °C to disperse the powder.slispensions were cooled to room tempera-
ture and stored at 4 °C overnight to allow hydmaitd the caseins, with starting pH values of

6.7 = 0.05. Three different casein contents (8.0:0- or 12.0% (w/w)) were tested. To adjust
the casein to whey protein ratio to 4:1 and to kegpurities (high lactose content, for exam-

ple in skim milk powder) as low as possible, povedewhey protein isolate was added to all



134 three micellar casein contents. A total amount .6f,22.5- or 3.0% (w/w) of whey protein
135 was mixed with casein, dispersed in deionized waterheated at 40 °C for 5 h. A high pres-
136 sure homogenizer (Panda NS1001L-2K, Gea Niro Séxima, Italy) was used to ensure a
137 homogenous distribution of the particles (one p&6§, bar). The influence of the denatura-
138 tion of whey proteins on the sol-gel transition parature and the aggregation rate was tested
139 as follows. The pH of the casein-whey protein susms was adjusted to 6.55 (1M citric acid)
140 orto 6.9/7.1 (1M NaOH) before heat treatment. Bsttontaining the suspensions were indi-
141 rectly heated (80 °C, 10 min) in a water bath @tiraing plate to ensure denaturation (degree
142  of denaturatiop.c > 80%; as estimated from Kessler, 2002) of the wireyeins. After heat-
143 ing, samples were filled in a double-walled beat@mnected to a water bath at 2 °C. Cold
144  acidification was performed dropwise with citridc&aander agitation. After decreasing the pH
145 (5.4-4.8), the solution was equilibrated for 30 raimd the pH was readjusted, if changes oc-

146 curred (Schafer et al., 2018; Nobel et al., 2018).

147 2.3 Rheology

148 Rheological measurements were conducted by a KnBroirheometer (Malvern Instruments,
149 UK) with a cup D = 27.17 mm, depth = 63.5)-vané&%£ 61 mm, height = 25 mm)-geometry.
150 For dynamic oscillatory measurements, temperatureeps were performed from 2-60°C
151 with a heating rate of 1.0 K miin The samples were pre-sheared with a shear rat@m§',
152 followed by an equilibration time for 300 s with sbearing. The oscillation step was per-
153 formed with a deformation of 0.3 % and a frequeatyt rad & to ensure a non-destructive
154 measurement in the linear viscoelastic region effimal gel. During measurements the Stor-
155 age Modulus@’), the Loss Modulus@”), the Phase Anglddgn ) and the temperature were
156 monitored. The sol-gel transition temperature weteminined when G’ reached a value of 1

157 Pa (Schéafer et al., 2018, Nobel et al., 2018).

158 2.4 Zeta-potential and particle size measurements
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The particle size and the zetg-potential were determined using a Zetasizer (Madvin-
struments, UK). For particle size measurementspteswere prepared at native pH (6.7) by
diluting them with deionized water and measured(afC. Casein-whey protein suspensions
were analysed in the exact same way after the dext@n step at different pH values (6.55,
6.9, 7.1). Refraction indices of 1.33 (water) andl71(casein) were adjusted for the volume-
based patrticle size distribution (Griffin and Gnff1985), calculated via the Mie theory. Av-
eraged particle sizes were presented by the inyewsighted mean hydrodynamic diameter

Z-average.

After a stepwise (0.2 units) decrease of the plbieer values than the native pH (6.7) by
means of 1M citric acid, thé&potential was measured and plotted against theisol pH.

Before every experiment, samples were diluted déionized water. The temperature of each
sample, the water (diluent) and within the zetaswzas adjusted to 2 °C to ensure no pre-

gelation or precipitation of the caseins during sugaments.

2.5 SDSPAGE

25.1 Preparation of the samplesvia centrifugation
After heating (80 °C, 10 min) at different pH vadu@.55, 6.9 and 7.1) with continuous rock-

ing, an amount of 1.5 ml for each sample was placeximall plastic tubes. Serum proteins
were defined as the particles that did not sedinfremh the sample during a centrifugation
step (Type 5424, Eppendorf, North Ryde, Austraéia21.000g at 20 °C for 1 h (Anema,

2007). The supernatants were analysed on the sayne d

2.5.2 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-PAGE was performed using precast Bis-Tris 12ggerylamide gels and an electro-

phoresis system (Invitrogen, Mount Waverley, AdgtjaCentrifugal supernatants were di-
luted (1:25) with deionized water and mixed (10with 5 pl of LDS (Sigma Aldrich, UK), 2

pl of reducing agent (Sigma Aldrich, UK) and 5 fillbemercaptoethanol (Bio-Rad Laborato-
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ries Ltd., UK). Each of the non-heated referencemas was diluted in a similar way and the
same amount of reagents was added. All samples ezreed at 100 °C for 3 min prior to
loading. The gels were run at 115 V for 90 min ansblution containing 0.025% w/v Coo-
massie (Bio-Rad Laboratories Ltd., Watford, UK)%d@/w methanol and 7.5% w/w acetic
acid was used for staining for 90 min and a 7.5% agetic acid solution was used for de-
staining the gels overnight. Gels were visualizethg a Fuji Film Intelligent Dark Box Il

with Fuji Film LAS-3000 V2.2 software (Brookvale uAtralia). The proteins were identified
by comparison to the molecular weight (Mw 10-250ak®f protein standards (Precision

Plus, Kaleidoscope, BioRad, Australia).

2.6 Set-up of a customized 3D-Printer

A customized printer was created to print dairyenats via the pH-T route, including a sol-
gel transition, similar to N6bel et al. (2018). dnamercially available plastic printer (Creality
Ender 3 Printer; Creality, Shenzhen, China) wawfigked. For better control of the addition-
al weight of the new parts, the motor and the gp@iwith the double walled cooling jacket
were fixed on the top of the printer. The steppetan connected to a screw plunger, con-
trolled and powered the syringe to perform thewesitm-based printing. Two stainless steel
bars held all the parts in line and several compaitted design (CAD)-printed parts support-

ed the straight attachment of the motor.

Before the printing process, the syringe was loasitd 60 ml of the cold acidified casein-

whey protein suspension. To maintain sol-charesties, a temperature of 2 °C was main-
tained within the syringe cooling jacket, connedied water bath. Materials were transported
via a pipe to the copper nozzle (plastic dye ateth@, 1.15 mm in diameter), heated with the
heating element and a sol-gel transition was indutbe software used to control the printer
was Repetier. To create a printed object, a CADah(#b x 25 x 3 mm rectangle slice) of the

object was created in the software. The printing kpeed was set to 20 mih Fhe layer
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height was adjusted to 1 mm for all three layersictv were printed above each other. This
resulted in an overall height of around 3mm forrgy®inted rectangle. Before each print, the
bed level had to be calibrated manually. Printirgswwerformed on a hydrophobic printing
paper (10 x 10 cm; Legamaster International B.\he Netherlands) to prevent spreading of

the first layer.

2.7 Statistics

The data plotted in the publication includes therage of at least three measurements ac-
companied by error bars that consist of the stahdaviation of the mean. In the case where
mean values of an observation are compared betsarples the data have been subjected to
analysis of variance (ANOVA) in order to determisignificant differences. Data analysis
was conducted with Sigma Plot 12.5 (Systat Softwace San Jose, CA, USA). Individual
samples were compared with Student’s t-test amyel bf significance of p < 0.05 was cho-

sen.

3 Resaultsand discussion

3.1 Physico-chemical characterization of the sol-state

3.11 Particlesize

The rheological characteristics of colloidal gelaied from milk proteins depend on intrinsic
- (e.g. size, shape, availability, protein conteamil extrinsic parameters (e.g. temperature,
ionic strength, pH) (Dickinson, 2016). The sizeled CM was considered to be a crucial pa-
rameter influencing the printing characteristicghaf starting material, due to the requirement
of a fast and irreversible sol-gel transition freol to gel during the printing process (Nobel
et al., 2018). Smaller particles move faster du@itmwnian motion, which can result in a
faster aggregation process and be expected toderalénser and hence, firmer gels during
printing. The volume-based distribution of the ¢asghey protein suspensions is shown in

Fig. 2, with protein particles ranging between B-&im. After a homogenization step, per-
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formed to avoid any aggregates that may have fomneitig hydration overnight, the average
intensity weighted diameter (z-average) of thegiroparticles in all formulations, independ-
ent of the heating pH, was around 230-240 nm. Anetma. (2004b) measured the size of
CM in reconstituted skim milk and found a similaiwe of around 215 nm for unheated milk
at pH 6.5. Heating at the same pH for 30 min at@090 °C and 100 °C resulted in an in-
crease of the size of 15-, 30- and 40 nm respdgtiidis small increase in the size of the
CM was explained by the interaction of the denatuwmehey proteins, especiall-
lactoglobulin, withk-casein on the surface of the CM via thiol-diswdfiolond exchange reac-
tions as well as hydrophobic and ionic interactiddse to higher temperatures and a longer
heating time, it is proposed that Anema et al. &)Qvere able to show a significant decrease
in the size of the CM at higher heating pH compdceesults in this study. The range of siz-
es of particles was confirmed with SEM - (showihg taspberry structure of the CM) and
cryo-EM images (see Supplementary Fig 1).

3.1.2 Zeta-Potential

The (-potential as a function of the pH of pure, nonthdanicellar casein - and heated (pH
6.55, 6.9, 7.1) casein-whey protein suspensiorshasvn in Fig. 3. Thé&-potential of each
formulation was averaged for all the protein pé&sccaptured within this sample. Independ-
ent of the type of formulation, an almost lineacrd@se of thé&-potential with decreasing
acidification pH was found. A significant downshoft up to 5 mV of thé&-potential of heated
casein-whey protein suspensions over the wholeerahgH values was evident compared to
the non-heated sample. Heating resulted in physiedlchemical changes, e.g. precipitation
of calcium phosphate and desposohorylation of nase&vhich altered thé-potential of the
CM (Fox, 1981; Singh & Creamer, 1992). No signifitahanges in thé-potential over all
acidification pH values were found for any of thd pdjusted conditions performed before
the heating step (6.55, 6.9, 7.1). Anema & Klostyen (1996) found that CM heated at pH

6.6 showed a higher (more negativepotential than CM heated at pH 7.1, although only
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very small differences were found below pH 6.0 andneasure of variation was provided in

their publication.

Darling and Dickinson (1979) reported the same alntioear decrease in tliepotential of
CM when the pH was reduced, although significatdlyer values were found. At pH 4.75,
Anema & Klostermeyer (1996) foundigpotential of -13.5 mV (30 °C) for heated milk sam-
ples (120 °C, 6 min) which was very similar compias£3.1 mV + 1.3 mV at pH 4.8 for non-
heated, pure casein suspensions in our study.Wdmssnot in accordance with the results of
Darling & Dickson (1979) who found a value of 0 na¥the IEP of casein (4.6). It has been
suggested that an increasiggotential was caused by a dissociation of collomicium
phosphate, which increased with decreasing pH wpdomplete solubilisation at around pH
5.3 (Dalgleish & Law, 1988). As a result, ionica@am binds to the surface of the CM, there-
by reducing the electrophoretic mobility and desneg the(-potential of CM (Dalgleish,
1984). Anema & Klostermeyer (1996) proposed that binding of the calcium to the CM

shields their negative charges, resulting in aehs® of thé-potential.

3.1.3 SDS-PAGE
Fig 4 shows the SDS-PAGE analysis of the supertatibtained from non-heated (6.55, 6.9,

7.1) - and heated (6.55, 6.9, 7.1) casein-wheyeprauspensions following centrifugation,
with a main focus on the disintegration of the caseicelle. Heat treatment at pH 6.55 re-
sulted in a significantly lower amount of whey m@ioss in the supernatant, confirming other
results with whey protein (mainl§-lactoglobulin) covering the surface and being btm
the CM at this pH (Anema et al., 2004a; Anema, 20Di¢reasing the heating pH to 6.9 and
7.1 caused increasing amountscafasein dissociating from the CM into the serursuiting

in additional freec-casein-whey protein complexes in the serum andedsed levels of CM
covered with whey proteins, evidenced by the sameuat of whey proteins in the superna-

tant. Our results are consistent with Anema (200840 demonstrated the pH dependent
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dissociation ok-casein on heating. It is estimated that a legsfgignt difference inc-casein

dissociation between the lower and the higher hgghH values compared to other results
(Anema, 2007; Anema, 2008a; Anema, 2008b) wasaaddwer heating temperature during
our denaturation process, but could also be exgidaith a lower protein concentration used
in the studies of Anema (2008a). Singh & Cream®&®{) found that the dissociation of

casein from the CM depended on two parametersplthand the total solids content of the
sample before a heating process. Both parametgtserhheating pH values (6.5-7.1) and

higher proteins concentration, caused an increateiextent of dissociation out of the CM.

3.2 Rheological characterization of the sol-gel transition

The gelation behaviour of casein-based milk correéed at different acidification pH-protein
combinations showed promising results for extrudsiased 3D-Printing (Nobel et al., 2018).
The sol-gel transition temperatures were obtainettimperature sweeps from the point when
the Storage Modulus G’ equalled 1 Pa (Schéfer.e@ll8, Nobel et al., 2018). This value
could be further used to adjust the temperaturhénnozzle during the printing process to
intentionally induce a sol-gel transition. In Fig(B-D) the sol-gel transition temperatures of
cold acidified casein-whey protein suspensionsr atdeating step at different pH values
(6.55, 6.9, 7.1) are illustrated. For comparisbe, result of a pure micellar casein sample (no
addition of whey protein, no heating step) is pded in each subfigure and discussed first.
Fig 5 (A) depicts the sol-gel transition temperataf micellar casein suspensions differing in
the protein content as function of the acidificatgH, which was chosen according to previ-

ous results (Nobel et al., 2018).

For casein suspensions a linear relationship betwhezacidification pH and the sol-gel tran-
sition temperature (G’ = 1 Pa) was found. As shawhig 5 (A), the CM stayed in colloidal
solution below the coagulation line and direct dwdtion followed by heating resulted in

gelation of the CM. Above the coagulation line, sf@meous coagulation occurred during
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acidification and the casein precipitated (HammleleBchkoda, & Kessler, 1997; Schéfer et
al., 2018). The coagulation line depends on thepomition (pH, protein content) and the pre-
treatment (e.g. heating time, -temperature and)- pHall protein contents, sol-gel transition
temperatures decreased significantly with decrgaaaidification pH, as observed elsewhere
for microfiltrated skim milk retentates (Schéafer at, 2018), rehydrated phosphocaseinate
powders (Thomar & Nicolai, 2016), reconstituted tpagsed skim milk (Vasbinder & De
Kruif, 2003b) and micellar casein suspensions &idlded whey protein isolate (Kharlamova

et al., 2019).

The sol-gel transition temperatures for heated §@%) casein-whey protein suspensions also
decreased with decreasing acidification pH (Fid)5,Suspensions at the highest protein con-
tent showed significantly lower sol-gel transitimmperatures at pH 5.0, 5.2 and 5.4 com-
pared to lower protein concentrations, while priayen was found at pH 4.8 (G’ > 1 Pa).
This significant decrease of the sol-gel transitiemperature at higher protein contents was
proposed to appear with an increased amount oiclegrtper unit volume, actively contrib-
uting to the gelation process. The mixed caseib0®- (w/w)) - whey protein (2-2.5% (w/w))
suspension that was heated at pH 6.55 showed kisitpagulation line during acidification

when compared to the non-heated casein sample.

For all casein-whey protein suspensions after &rigepH of 6.55, independent of the acidifi-
cation pH, no sol-gel transition temperatures wastained at the highest protein concentra-
tion (12.0% (w/w) CS and 3.0% (w/w) WPI). At an ditication pH of 5.3, CM started to
collide and aggregate, resulting in bigger parsicihich caused unintended pre-gelation.
This was evidenced by an increase of the StoragguMe (G’ > 1 Pa) prior to heating, pre-
venting any sol-gel transition. For the highesttimgapH (7.1), all sol-gel transition tempera-
tures of the formulations with the medium proteamtent were found below the coagulation

line of pure micellar casein, indicating the depamay of the gelation point on the protein
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content during acidification. Fig. 5 (C) and (Deatly showed that heating at a higher pH
(6.9, 7.1) caused a shift of the coagulation lim@ards higher acidification pH values, ex-
plained with earlier acid induced coagulation of Surface-modified protein particles, con-

firming results of Hammelehle (1994).

3.3 Influence of the aggregation rate on printability

The aggregation rate (Pa/ 10 K), represented bgvbkition of the Storage Moduli G’ during
linear temperature ramps, was chosen to be an targgrarameter to characterize the formu-
lations differing in product - (pH and protein cent) and pre-process parameters (heating
pH) regarding their printability (three layers gad). The aggregation rate was the parameter
which was analysed when comparing the increaskeeoStorage Modulus G’ from the sol-gel
transition temperature (G’ =1 Pa) until the nextK,0as demonstrated with a casein-whey
protein suspension in Fig. 6. This specific vallidem degrees above the sol-gel transition
temperature was chosen to compare how fast andstrmng a three-dimensional network
was built after the sol-gel transition temperatwaes reached. A fast aggregation rate of the
CM was considered as a prerequisite for a solygelsttion from sol to gel to obtain a firm
gel network, supporting its own weight during arresion-based layer by layer printing pro-

cess.

In a previous study (No6bel et al., 2018), pure itabased suspensions were found to be
printable at an acidification pH of 4.8, showingrfiand homogeneous characteristics, while
milk gels at pH 5.0 were not mechanically stabkerathe extrusion-based printing process.
Within our study, only the aggregation rate of aiheated, pure micellar casein-based sus-
pensions (Fig. 7) was shown for comparison witheras/hey protein suspensions, but no
printing was performed for these samples. An inseeia the casein content from lowest -
(8.0% (w/w)) to highest values (12.0% (w/w)) reedlin significantly firmer gels, regardless

of the acidification pH value.



360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

The aggregation rate of casein-whey protein suspesnsfter a heating step (at pH 6.55, 6.9,
7.1) is illustrated in Fig. 8-10 and related to prentability by means of inset pictures. The
aggregation rate of the casein-whey protein suspesisthat significantly depended on the
protein content, the acidification - and the hegaf values, was compared to the 3D-printed
images (25 x 25 x 3 mm, 3 layers). At the lowesitimg pH (6.55), the aggregation rate in-
creased with decreasing pH and increasing proteiteat, apart from the highest protein con-
tent where the aggregation rate was not deternbeeduse of pre-gelation behaviour (Fig. 8).
All casein-whey protein suspensions at an acidificepH value of 4.8 showed firm and sta-
ble gels after the printing process, while higheidification pH values X 5.0) resulted in

spreading of the material over the printing bed andtable three-layered printing process.

An almost linear increase in the aggregation ratk decreasing acidification pH and increas-
ing protein content was found after a heating stiepH 6.9 and pH 7.1 (Fig. 9 and Fig. 10).
All casein-whey protein suspensions with an aggregaate higher than a chosen threshold
of about 250 Pa/ 10 K showed firm gels after thetjmg process and maintained their shape.
For the most promising formulation (pH 4.8, 10% 2%% WP, heated pH 6.9; compare Fig.
9) regarding the fastest aggregation from oscijatneasurements (315.5 + 27.2 Pa/ 10K),
pre-gelation occurred during real printing proces3#e clogged nozzle did not allow print-

ing due to a low sol-gel transition temperatur& & + 0.6 °C (Fig 5, (C)) and high absolute

protein content of the sample. Slight fluctuatioamghe temperature during conveying may

have induced this unintended gelation.

The aggregation rate of the casein-whey proteipensons after a heating pH of 7.1 in-
creased with decreasing acidification pH, showiigmificantly lower values at the higher

acidification pH values (5.2, 5.4) and lower protebntent (Fig 10). The increase in the ag-
gregation rate at the fixed lower protein conteithwdecreasing pH was in accordance with

the results of formulations heated at pH 6.9 (Bigalthough a tendency to a faster aggrega-
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tion at heating pH 7.1 was found. Similarly to fadations after a heating pH of 6.9, unin-
tended pre-gelation occurred at an acidificationghH4.8 during printing (low sol-gel transi-
tion temperature of 8.5 °C; Fig. 5, (D)) and nonping could be conducted, independent of

the protein content.

3.4 Tailored casein micelle surface characteristicsfor printability

For the aggregation rate, a value of 250 Pa/ 10aK proposed to predict the printability the
best for formulations in the concentration and terafure range investigated in this study.
Images of printed gels are shown in Fig. 8-10. We#l that formulations with an acidifica-
tion pH of 5.0 were printable only by addition ofi@y protein and a heating step at higher pH
values ¢ 6.9). Standardisation of such formulations to aathar casein to whey protein ratio
of 4:1 with the addition of whey protein isolatedasm small change in the pH value (6.9, 7.1)
before heating resulted in depleted CM with lessistrepulsion forces and mokecasein-
whey protein complexes in the serum. This intendédring of the surface characteristics of
the CM and the increased number of particles pérwotume allowed us to print casein-
whey protein suspensions at both acidification @tues, 4.8 and 5.0, with the latter found

not to be printable for non-heated, pure caseirdagstems (Nobel et al., 2018).

The pH sensitive CM are the main particles contitguto a gelation process of dairy gels, if
they coagulate. An intended modification of thefate characteristics (depleted CM, heating
pH value> 6.9) resulted in suitable casein-whey protein sasns for extrusion-based 3D-
Printing. After a heating step, denatured whey gnst contributed to the three-dimensional
network, decreased the sol-gel transition tempegatu heating pH 6.9) and increased the
aggregation rate<(acidification pH values of 5.0) of milk gels. Ini¢ study, the aggregation

rate (Fig. 8) of casein-whey protein suspensiotar dfeating at pH 6.55 increased only for
formulations examined at an acidification pH of,4ahile the sol-gel transition temperature

(Fig. 5, B) did not change compared to pure noridtgamicellar casein-based samples. The
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results from the literature and this study suggiest the number of particles contributing to
the aggregation did not increase during a heatieyg &t pH 6.55. At this pH, Vasbinder et al.
(2003b) proposed that almost all the denatured vgneteins covered the surface of the CM
while Anema et al. (2004b) found values betweer85% of whey protein covering the sur-

face of the CM for a heating pH of 6.5, dependingle heating temperature.

As the heating pH was increased (6.9, 7.1), Anema @003b) and Anema (2007) found a
decreased amount of denatured whey protein onuttiace of the CM, changing the compo-
sition and the surface characteristics of the CMsus of SDS-PAGE in our study con-
firmed a dissociation ok-casein from the CM into the serum at higher hgaphil values
(Fig. 4). At higher heating pH, denaturpdactoglobulin andc-casein formed complexes in
the serum, apart from covering the CM, reducingdbhecentration of free-casein in the se-
rum phase. The dissociation iocasein into the serum suggests that the densitiyeohairy
layer covering the surface of the CM was reducdtichvfacilitated the collapse of the re-
maining k-casein, if the acidification pH was lowered. THere, aggregation of the CM at
lower temperatures may occur due to less steriglsgm forces provided by a weaker hairy
layer ofk-casein, while electrostatic repulsion forces did change after heating at different
pH values (Fig. 3). A similar explanation was pdwd by Lakemond & Van Vliet (2008),
who heated skim milk at different pH values andpoaseed that CM heated at higher pH (6.9)
collided and aggregated faster than CM heatedveripH (6.2), due to a higher steric hin-
drance occurring at a lower heating pH. These teshlowed the effect of small changes in
the pH before the heat treatment on the type cficaghey protein complexes amrecasein
dissociation out of the CM and how these changssltexl in more promising material char-
acteristics for a 3D-Printing process of caseinyvpmtein suspensions. A simple schematic
model is proposed in Fig. dased on microstructural observations of proteintis study,

which illustrates the differences of gel structuséier the 3D-Printing process.
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4 Conclusion

Casein-whey protein suspensions differing in produgnd pre-process parameters were in-
vestigated regarding their potential use for extmibased 3D-Printing for tailored nutrition.
This study demonstrated the influence of diffengHt values during heat treatment and the
use of the acidification pH to manipulate the selgansition temperature and the aggrega-
tion rate of casein-whey protein suspensions, ldtga was applied via the pH-T-route. Sol
characteristics at cold temperatures were confirwétl rheological - and zeta-potential
measurements, providing a liquid feed materialaféayer by layer printing process inclusive

a full sol-gel transition from sol to gel.

Depending on the location &fcasein, denatured whey protein was either maiolynd to
the surface of the CM (pH 6.55) or mostly foundcasplexes withk-casein in the serum
phase (pH 6.9, 7.1) which significantly modifiee thurface characteristics of the CM. These
higher heating pH values, causing depleted CM,ae#=ad the sol-gel transition temperature
and increased the aggregation rate. The latterepiypgvas proposed as a good indicator for
the printability of the formulations used withinigrstudy, if values of 250 Pa/ 10 K for the
aggregation rate (represented by the Storage Msduluwere recorded during a linear tem-
perature ramp. The aggregation rate will be a gwodpective indicator, but has to be inves-
tigated for each material and related to printilh@racteristics, as currently no quantitative

and analytical method is available to objectivalgdict printability.

Lower acidification pH values and higher proteimcentrations of the cold acidified casein-
whey protein suspensions resulted in an increafigeilmggregation rate. Extrusion-based 3D-
Printing showed firm and stable gels at acidificatpH values of 4.8 and 5.0, with more suit-
able formulations found after higher heating pHueal Future studies focused on more com-

plex systems including different calcium/proteimcentrations, cream or lactose will provide
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more options for tailored and individualized nudnit via printing and will allow to design and

understand more formulations.
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Figure captions

Fig. 1. a) Set-up of the customized 3D-Food Priafar the retrofitting process including 1)
syringe in double walled cooling jacket, 2) insathtpipe for transport of feed material to
nozzle, 3) thermometer, thermocouples (TC) andwvso#t, 4) firmware of Ender 3 printer, 5)
nozzle with die at the end, 6) heating elemeninfmzle and 7) stepper motor. b) Heating el-
ement in contact with the copper pipe. c) Nozzlthwlye and thermocouples at the end. The
small inset image in (a) shows a simplified schémaitthe set-up with the flow direction of

the feed material in red.
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Fig. 2. Particle size distribution for non-heated C#gfeen), heated (pH 6.55) CS + WP
(e/blue), heated (pH 6.9) CS + WH (/orange) and heated (pH 7.1) CS + WPy¢éllow)

casein-whey protein suspensions.

Fig. 3. Changes in thépotential with decreasing pH of non-heated micell® (©), heated
(pH 6.55) CS + WP4), heated (pH 7.1) CS + WR)(and heated (pH 6.9) CS + WR )
suspensions (casein to whey protein ratio of 4lgasurements were performed at a tem-

perature of 3 °C for the sample, the diluent (deied water) and within the Zetasizer.

Fig. 4. SDS-PAGE analysis of serum phase proteitisvand without thermal treatment (80
°C, 10 min). Lane I-lll: non-heated, pH 6.55, 6rél&.1 (from left to right). Lane IV-V:

heated, pH 6.55; Lane VI-VII, heated, pH 6.9 andd.¥IlI-IX, heated, pH 7.1.

Fig. 5. Sol-gel transition temperatures of coldldmd micellar casein - (9:1 ratio of CS to
WP, (A)) and casein-whey protein suspensions @b of CS to WP, B-D) at a heating rate
of 1 K min. With no heating step (A) and a heating step &t@€br 10 min at pH 6.55 (B),
pH 6.9 (C) and pH 7.1 (D). The dashed line inrathges represents the coagulation line for

pure micellar casein from (A) and is shown for camigon.

Fig. 6. Example of a temperature sweep to illusthadw the aggregation rate (Pa/ 10 K) was
defined. A casein-whey protein suspension (4:Jor&i0% (w/w) CS and 2.0% (w/w) WP)
was heated at pH 6.9, cold acidifed at 2 °C to pHald heated in a rheometer (heating rate
of 1 K min%). A sol-gel transition temperature (G’ = 1 Pa) vedtained at 11.92 °C. The

aggregation rate was calculated from the moduteiase between 11.92 °C to 21.92 °C.

Fig. 7. Aggregation rate (Pa/10K) for non-heatetettar casein suspensions at different pH
values (4.8-5.4) and casein contents (8.0-12.0%)wdt 10 °C after/higher than sol-gel tran-
sition temperature obtained by temperature swewgting rate of 1 K mif). The dotted line

indicates the threshold where above 250 Pa/ 10eKgtis produced were stable after the

printing process.
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Fig. 8. Aggregation rate (Pa/10K) at different pblues (4.8-5.4) for casein-whey protein
suspensions after a heating step (80 °C, 10 mipHa4.55 at 10 °C after/higher than the sol-
gel transition temperatures obtained by temperatweeps (heating rate of 1 K ritjn Print-

ed images are shown to relate the aggregationiagtentability. The dotted line indicates the

threshold where above 250 Pa/ 10 K the gels pratwese stable after the printing process.

Fig. 9. Aggregation rate (Pa/10K) at different pdues (4.8-5.4) for casein-whey protein
suspensions after a heating step (80 °C, 10 miphia.9 at 10 °C after/higher than the sol-
gel transition temperatures obtained by temperaweeps (heating rate of 1 K ritjn Print-

ed images are shown to relate the aggregatioriagentability. The dotted line indicates the

threshold where above 250 Pa/ 10 K the gels pratwese stable after the printing process.

Fig. 10. Aggregation rate (Pa/10K) at different p&lues (4.8-5.4) for casein-whey protein
suspensions after a heating step (80 °C, 10 mipHatf.1 at 10 °C after/higher than the sol-
gel transition temperatures obtained by temperatweeps (heating rate of 1 K ritjn Print-

ed images are shown to relate the aggregationiagtentability. The dotted line indicates the

threshold where above 250 Pa/ 10 K the gels pratwese stable after the printing process.

Fig. 11. Schematic representation depicting theradtions of casein-whey protein formula-
tions depending on the pH value during the heairpg and explaining the differences of gels

after a printing process.

Supplementary Fig. 1. Electron micrograph of ordgain micelles in pure micellar casein -
(top, left) and casein-whey protein suspensiontdtepH 6.9, 10 min, 80°C; top right), made
using scanning electron microscopy and microgrdmasein micelles in casein-whey protein
suspension (heated pH 6.55, 10 min, 80°C) on tltoo(left and right), made using cryo-

EM.
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Highlights

- Casein-whey protein suspensions were tested for 3D-Printing via the pH-T-route
- Size, zeta-potential, microscopy, el ectrophoresis and rheology were characterised
- Phase transition temperature decreased with increasing heating pH

- Printability was related to aggregation rate
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