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A B S T R A C T 24 

This study presents the design and characterisation of casein−whey protein suspensions 25 

(8.0/10.0% (w/w) casein and 2.0/2.5% (w/w) whey protein) mixed with dairy fat (1.0, 2.5 and 26 

5.0% (w/w) total fat) processed via the pH−temperature-route in preparation for 3D-printing. 27 

Mechanical treatment was applied to significantly decrease the particle size of the milk fat 28 

globules and increase surface area, creating small fat globules (< 1 µm) covered with proteins, 29 

which could act as pseudo protein particles during gelation. Different proteins covered the fat 30 

globule surface after mechanical treatment, as a result of differences in the pH adjusted just 31 

prior to heating (6.55, 6.9 or 7.1). The protein-fat suspensions appeared similar by transmis-32 

sion electron cryogenic microscopy and the zeta-potential of all particles was unchanged by 33 

the heating pH, with a similar charge to the solution (~ −20 mV) occurring after acidification 34 

(pH 4.8/5.0) at low temperatures (2°C). A low heating pH (6.55) resulted in increased sol−gel 35 

transition temperatures (G՛ = 1 Pa) and a decreased rate of aggregation for protein−fat suspen-36 

sions. A higher heating pH (6.9 and 7.1) caused an increased rate of aggregation (aggregation 37 

rate ≥ 250 Pa/ 10 K), resulting in materials more promising for application in extrusion-based 38 

printing. 3D-printing of formulations into small rectangles, inclusive of a sol−gel transition in 39 

a heated nozzle, was conducted to relate the aggregation rate towards printability. 40 Jo
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1 Introduction 41 

3D-printing, or additive manufacturing (AM), is a robotic construction technology that depos-42 

its materials layer-by-layer to build a three-dimensional object and that gains more and more 43 

interest in the area of foods (Wegrzyn, Golding, & Archer, 2012). 3D-printing of food, or 44 

food layered manufacturing (FLM), has been recently used to print a different range of food 45 

grade materials, including chocolate (Lanaro et al., 2017), hydrocolloid-based materials 46 

(Gholamipour-Shirazi et al., 2019) or processed cheese (Le Tohic et al., 2017), although the 47 

first food being printed was already in 2006 (Malone & Lipson, 2006). This printing technol-48 

ogy offers advantages such as individualised products, flexibility with respect to nutritional 49 

content, and also the potential to reduce waste and storage or distribution costs of the final 50 

product compared to conventional mass production of food (Godoi, Prakash, & Bhandari, 51 

2016; Ross, Kelly, & Crowley, 2019). 52 

While the actual printing of food and post-characterisation following printing has received 53 

considerable attention, few experiments have considered defining the desirable material prop-54 

erties for optimal printing (Derossi, Caporizzi, Azzollini, & Severini, 2018). Food grade ma-55 

terials have complex nano- and microstructure, as well as altered properties associated with 56 

solid to liquid phase transition, complicating their use in printing. A greater understanding of 57 

the material properties will enable the design of useful formulations and is perhaps of one the 58 

most important steps in the printing of a range of edible foods. Edible and printable formula-59 

tions need to match several requirements. For example, they should ideally be of homogenous 60 

composition, have suitable flow properties and enable printability in a layer-by-layer manner 61 

(Godoi et al., 2016; Kim, Bae, & Park, 2017). 62 

There is a high demand for fermented concentrated dairy products, rich in protein and fat, 63 

such as Greek yogurt or fresh cheese (Jørgensen et al., 2019), and FLM has the potential to 64 

produce dairy-based products for tailored nutrition. Nöbel, Seifert, Schäfer, Daffner and Hin-65 
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richs (2018) were the first to implement a pH−temperature (T)-route, including cold acidifica-66 

tion followed by heating, for printing of milk concentrates inclusive of a sol−gel transition, 67 

which resulted in small printed spheres. For the pH−T-route, direct acidification at cold tem-68 

peratures (≤ 10°C) to pH values approaching the isoelectric point (IEP) of casein (4.6) helped 69 

to maintain solution (sol)−characteristics due to a reduction of hydrophobic interaction forces 70 

(Horne, 1998). Increased temperatures then resulted in increasing hydrophobic interaction 71 

forces and particle aggregation (Hammelehle, 1994; Roefs, 1986; Schäfer et al., 2018). Pre-72 

chilled acidified concentrates from milk microfiltration differing in pH (4.8 – 5.4) and casein 73 

content (8.0 – 12.0% (w/w)) have also been investigated and characterised for their suitability 74 

for 3D-printing (Nöbel et al., 2018; Nöbel, Seifert, Schäfer, Daffner, & Hinrichs, 2020). For-75 

mulations at pH 4.8 formed firm and homogeneous milk gels when printed. In contrast, the 76 

milk gels at pH 5.0 were not mechanically stable after printing, illustrating the importance of 77 

pH as a process variable to alter printed food properties. 78 

Recently, casein−whey protein suspensions differing in their protein content, acidification - 79 

and the pH at which heating was conducted were also characterised via the pH−T-route 80 

(Daffner et al., 2020a). It would be of high interest to see whether dairy fat could be added to 81 

such formulations and how this would change the microstructure and suitability of the dairy-82 

based feedstock regarding printing. It is established that the rheological behaviour of dairy 83 

products like cheese, yoghurt or mayonnaise is influenced by the presence of emulsified fat 84 

(Dickinson, 2012). Mechanical input causes oil droplets being covered and stabilised by a thin 85 

layer of proteins adsorbed at the oil−water interface (Dickinson, 1994). During high pressure 86 

homogenisation, CM and casein molecules also adsorb at the surface of the newly created 87 

milk fat globule membrane (MFGM), sterically and electrostatically stabilising the droplets 88 

against recoalescence (McClements, 2004). Homogenisation has also been shown to cause 89 

milk fat globules (MFG) to behave to some extent like CM (Buchheim, 1986). 90 
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The surface properties are a further characteristic of the MFG that can influence printability. 91 

The zeta (ζ)-potential of MFG is reported to be around −13.5 mV (Michalski, Michel, Sain-92 

mont, & Briard, 2002a), with the MFGM phospholipids having a similar potential of −13 mV 93 

(Liu, Ye, Liu, Liu, & Singh, 2013). This ζ-potential increases to around −20 mV for homoge-94 

nised MFG due to CM covering the newly created surface, approaching the ζ-potential of the 95 

protein casein. These results led to the assumption that the electrophoretic mobility of casein 96 

in the serum and casein adsorbed on the surface of the MFG were the same (Michalski et al., 97 

2002a). When included in dairy gels, the MFG with a surface covered by casein and whey 98 

protein causes an increase in firmness, essentially increasing the apparent protein concentra-99 

tion (Aguilera & Kessler, 1988; Hammelehle, 1994; Ji et al. 2016; Van Vliet & Dentener-100 

Kikkert, 1982). 101 

MFG with protein on the surface were shown to act as pseudo-protein particles during gela-102 

tion and increase gel firmness (Ji, Lee, & Anema, 2016). The aim of this study was to develop 103 

novel printable formulations for tailored nutrition by adding dairy fat to casein−whey protein 104 

suspensions for application in extrusion-based FLM via the pH−T-route. Adjusting the pH 105 

before heating was expected to cause a change in the types of protein covering the surface of 106 

the MFG after mechanical input. We hypothesise that this change in the surface properties of 107 

the MFG influences the overall formulation characteristics, tailoring the sol−gel transition 108 

temperature and manipulating the aggregation rate, with the latter property recently related 109 

towards printability (Daffner et al., 2020a). Several parameters including the protein and the 110 

fat content, as well as the pH during heating and cold acidification, were adjusted to design 111 

and characterise novel formulations towards printing applications.  112 
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2 Material and Methods 113 

2.1 Material 114 

Micellar casein concentrate (MCC 85) and German Prot 9000 - Whey protein isolate (WPI) 115 

were provided by Sachsenmilch Milk & Whey Ingredients (Sachsenmilch Leppersdorf 116 

GmbH, Wachau, Germany). The manufacturer specifications are provided in Daffner et al. 117 

(2020a). Cream (dairy fat) was bought from a local supermarket (Sainsbury’s, Birmingham, 118 

UK) and 100 mL contained 47.5% (w/w) fat, 1.5% (w/w) lactose, 1.5% (w/w) protein and 119 

0.05% (w/w) salt. For pH adjustment, citric acid (1M) (Sigma Aldrich, UK) was prepared in 120 

Milli-Q water (Elix® 5 distillation apparatus, Millipore®, USA) and sodium hydroxide (1M) 121 

was bought from Sigma Aldrich (UK). 122 

2.2 Sample preparation 123 

Casein−whey protein suspensions (4:1 ratio, casein to whey protein) were prepared following 124 

the procedure of Daffner et al. (2020a). After a full hydration of the proteins overnight, fat 125 

was added to the protein suspensions (with a starting pH of 6.7 ± 0.1) to obtain final fat con-126 

centrations of 1.0, 2.5 or 5.0% (w/w). Before the heat treatment, the pH was adjusted to 6.55 127 

(with 1 M citric acid) or either 6.9 or 7.1 (with 1 M NaOH). The protein−fat suspensions were 128 

indirectly heated in a water bath on a stirring plate at 80°C for 10 min to ensure denaturation 129 

of the whey proteins (degree of denaturation β-LG ≥ 80%; estimated from Kessler, 2002). After 130 

heating, the protein−fat suspensions were subjected to pre-homogenisation at 50.0 ± 2.0°C 131 

using a high intensity ultrasonic vibracell processor (Vibra Cell 750, Sonics, USA) operating 132 

in a continuous mode, at 750 W and 20 kHz. The power output was set at 95% of the nominal 133 

power and sonication was conducted for 2 min, with 4 seconds on and 2 seconds off (3 min in 134 

total). Directly after pre-homogenisation, each sample was passed through a high-pressure 135 

valve homogeniser (Panda NS1001L-2K, Gea Niro Soavi, Parma, Italy) at 500 bars and 50.0 136 

± 2.0°C. All formulations were cold acidified at 2°C to pH values of 4.8 or 5.0, as described 137 

in Daffner et al. (2020a). 138 
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2.3 Rheology 139 

Rheological measurements were conducted by a Kinexus Pro rheometer (Malvern Instru-140 

ments, UK) with a cup (D = 27.17 mm, depth = 63.5) and vane (d = 61 mm, height = 25 mm)-141 

geometry. For dynamic oscillatory measurements, temperature sweeps were performed from 142 

2 – 60°C with a heating rate of 1 K/min, following the procedure of Daffner et al. (2020a). 143 

The sol−gel transition temperature was determined when G՛ reached a value of 1 Pa (Daffner 144 

et al., 2020a; Nöbel et al., 2018; Nöbel et al., 2020; Schäfer et al., 2018). 145 

2.4 Zeta-potential and particle size measurements 146 

The particle size and the zeta (ζ)-potential were determined using a Mastersizer 2000 (Mal-147 

vern Instruments, UK) and a Zetasizer (Malvern Instruments, UK). A drop of the untreated 148 

dairy fat was placed into the circulating cell which contained deionised water and the particles 149 

in the micro range were measured at 20°C. Refraction indices of 1.46 and 1.33 were set for 150 

milk fat and water respectively. After homogenisation, the Zetasizer was used to characterise 151 

the formulations to give particle size distribution in the nanometre range. Samples were dilut-152 

ed 100 times with deionised water before experiments and ζ-potential measurements were 153 

performed over a range of pH values (6.8 to 4.8), as described in Daffner et al. (2020a). 154 

2.5 Microscopy 155 

2.5.1 CLSM 156 

2.5.1.1 Preparation of samples 157 

Thermally and mechanically treated protein−fat suspensions were prepared for CLSM, mainly 158 

following the procedure of Ong, Dagastine, Kentish, & Gras (2010a). A volume of 10 µl of 159 

each of fast green FCF solution (1 mg/ml in MilliQ water, Sigma-Aldrich, St. Louis, U.S.A.) 160 

and Nile red solution (1 mg/ml in 100% dimethyl sulfoxide, Sigma-Aldrich, St. Louis, 161 

U.S.A.) was added to 480 µl of the sample that included protein and fat particles. The stained 162 

sample was diluted 1:5 with agarose solution (40°C, 0.25g/50 ml Milli Q water) to reduce 163 
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particle movement due to Brownian motion, as shown in previous literature (Lopez, Madec, 164 

& Jimenez-Flores, 2010; Devnani, Ong., Kentish, & Gras, 2020). The fat specific stain Nile 165 

red only stained the fat core of the MFG and did not provide any information about the 166 

MFGM (Ong et al., 2010a). According to the procedure of Ong et al. (2010a), a 10 µl aliquot 167 

of the stained sample was transferred to a cavity slide (0.7 mm in depth) (ProSciTech, Thu-168 

ringowa, Australia), covered with a glass coverslip (0.17 mm thick) and secured with nail 169 

polish (Maybelline LLC, U.S.A.). The sample was then inverted for analysis by CLSM. 170 

2.5.1.2 CLSM 171 

The microstructure of the samples was observed using an inverted confocal scanning laser 172 

microscope (Leica SP8; Leica Microsystems, Heidelberg, Germany) powered by Ar/Kr and 173 

He/Ne lasers. All samples were viewed using an oil immersion 63 x lens (1.32 Numerical 174 

Aperture) and the pinhole diameter was maintained at 1 Airy Unit. All the wavelengths were 175 

adjusted according to Ong et al. (2010a). 176 

2.5.1.3 Image analysis of CLSM micrographs 177 

Image analysis of CLSM micrographs was performed with LAS X software (LAS X Core 178 

Offline version for Life Science, Leica Microsystems). Images were restored by a deconvolu-179 

tion process conducted with Huygens Essential 3.7 software (Scientific Volume Imaging, 180 

Netherlands). 181 

2.5.2 Cryogenic transmission electron microscopy and image analysis 182 

Thermally (80°C, 10 min; adjusted pH 6.55/ 6.9/ 7.1) and mechanically (sonication and ho-183 

mogenisation) treated protein−fat suspensions were prepared for cryo-EM, following the pro-184 

tocol of Daffner et al. (2020b). Samples were diluted 1:10 with deionised water to ensure an 185 

optimal number of particles for imaging. Next, a Formvar lacey carbon film mounted on a 186 

300 mesh copper grids (ProSciTech, Australia) was glow discharged to have a hydrophilic 187 

support on which the samples (3 μl) were adsorbed. To freeze the sample the grids were then 188 
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plunged in liquid ethane using a Vitrobot (FEI Company, Eindhoven, Netherlands). The grids 189 

were observed on a Tecnai G2 F30 (FEI Company, Eindhoven, Netherlands) operating at 190 

200 kV with no objective aperture, equipped with a CETA CMOS 4kx4k detector (FEI com-191 

pany, Eindhoven, Netherlands). A series of micrographs of increasing dose was recorded for 192 

all samples with a defocus value of −6.66 μm. High pass filtering and differentiation of the fat 193 

and protein particles was performed as described in Daffner et al. (2020b). 194 

2.6 SDS-PAGE 195 

2.6.1 Separation and washing of the MFG surface proteins 196 

The proteins on the surface of the MFG after thermal and mechanical treatment were analysed 197 

via SDS-PAGE following the isolation procedure of Sharma, Singh, & Taylor (1996a/ 1996b) 198 

and Ye, Singh, Taylor, & Anema (2002), with a few changes. This procedure involved cen-199 

trifugation (Thermo Sorvall RC-6-Plus; Thermo Scientific, Asheville, USA) of the samples to 200 

recover the cream layer first, followed by a washing step to remove serum proteins, and de-201 

termination of the different types of casein and whey protein covering the fat globule surface 202 

layer (Sharma & Dalgleish, 1993). To increase the difference in the density between fat and 203 

serum phase, 8.6 g of sucrose was added per 30 g of sample, followed by centrifugation at 204 

18.000 g for 20 min at 20°C to separate the cream. After decanting the supernatant containing 205 

excess proteins in solution, not bound to the fat globule membrane, the cream layer at the top 206 

of the sample was washed with deionised water and centrifuged at 18.000 g for 20 min at 207 

20°C to remove any further unbound proteins. The washing step was repeated two times, as 208 

no further changes in protein content were found when monitoring the supernatant with SDS-209 

PAGE. 210 

2.6.2 Isolation and analysis of the fat globule surface protein components 211 

The identity of the proteins covering the MFG was determined with SDS-PAGE, using pre-212 

cast Bis-Tris 4 – 12/ 12% polyacrylamide gels (Invitrogen, Mulgrave, Victoria, Australia). 213 
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The washed cream layers were dispersed (1:25) in a buffer (0.5 M Tris, 2% SDS, 0.5% β-214 

mercaptoethanol, pH adjusted to 6.8) to displace the protein from the FGM (Sharma et al., 215 

1996a). Samples were heated at 90°C for 5 min and centrifuged (2500 g, 20 min, 20°C) to 216 

remove the fat from the sample. Subnatants (10 µl) were mixed with 5 µl NUPAGE 4x LDS 217 

sample buffer, 2 µl NUPAGE 10x reducing agent containing 0.5 M DTT and 5 µl β-218 

mercaptoethanol. Samples were heated (100°C, 3 min) and 10 µl of each sample was loaded 219 

into the gels. The gels were run, stained, de-stained and visualised as described in Daffner et 220 

al. (2020a). 221 

2.7 Set-up of a customised 3D-printer 222 

The retrofitted set-up described in Daffner et al. (2020a) was used for extrusion-based 3D-223 

printing of small rectangles (25 x 25 x 3 mm; 3 layers above each other). A commercially 224 

available plastic printer (Creality Ender 3 Printer; Creality, Shenzhen, China) was customised 225 

and used. Before the printing process, the syringe was loaded with 60 ml of the cold acidified 226 

protein−fat suspension. To maintain sol−characteristics, a temperature of 2°C was maintained 227 

within the syringe cooling jacket. For the formulations to be printed, we followed the temper-228 

ature-time profiles from another of our previous papers (Nöbel et al., 2020). The temperature 229 

of the feedstock before the nozzle was adjusted as follows: Tsol−gel −5K to avoid pre−gelation 230 

of the formulations and to ensure a heat-triggered sol−gel transition within the length of the 231 

nozzle. Materials were transported via a pipe to the copper nozzle (plastic dye at the end, 1.15 232 

mm in diameter), heated with the heating element and a sol−gel transition was induced. The 233 

printing bed was not heated or cooled in this set-up. Printing was performed on a hydrophobic 234 

printing paper (10 x 10 cm; Legamaster International B.V., The Netherlands) to prevent 235 

spreading of the first layer.  236 

2.8 Statistics 237 
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The data plotted in the publication includes the average of at least three measurements ac-238 

companied by error bars that consist of the standard deviation of the mean. In the case where 239 

mean values of an observation are compared between samples the data have been subjected to 240 

analysis of variance (ANOVA) in order to determine significant differences. Data analysis 241 

was conducted with Sigma Plot 12.5 (Systat Software Inc., San Jose, CA, USA). Individual 242 

samples were compared with Student’s t-test and a level of significance of p < 0.05 was cho-243 

sen. 244 

3 Results 245 

3.1 Physico-chemical characterisation of the sol-state 246 

The pH−T-route was selected for the creation of promising protein-based formulations with 247 

added dairy fat for extrusion-based 3D-printing. Mechanical damage of the MFG in the prepa-248 

ration is necessary to decrease the size and to cover the increased surface area of the MFG 249 

with proteins. Previous studies have shown casein and whey proteins to cover more than 40% 250 

of the newly created secondary milk fat globule membrane (SFGM), resulting in a significant 251 

increase in the storage modulus G՛, shown for acid- and rennet-induced milk gels (Michalski, 252 

Cariou, Michel, & Garnier, 2002b). Better gel properties were achieved, if the heating step, 253 

which denatures whey proteins, was conducted before the homogenisation step (Hammelehle, 254 

1994), allowing the denatured whey proteins to interact with the MFG, as well as with CM, 255 

increasing the number of particles contributing to the overall gelation process. 256 

The goal of this study was to identify if those smaller MFG could behave like CM and active-257 

ly contribute to the protein-based gelation process as structure promoters (Buchheim, 1986; Ji 258 

et al., 2016; Michalski, Michel, & Geneste, 2002c), thereby enhancing printability. The parti-259 

cle size, zeta-potential and surface coverage of the newly created secondary milk fat globule 260 

membrane (SDS-PAGE, microscopy), sol−gel transition temperature and aggregation kinetics 261 

were investigated, building on a prior study of protein-based systems (Daffner et al., 2020a). 262 
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3.1.1 Zeta-potential and surface characteristics 263 

Casein−whey protein suspensions were mixed with fat and heated at different pH, treated by 264 

mechanical input and then cooled to 2°C, followed by acidification. The ζ-potential of the 265 

resulting samples is shown in Fig. 1, where the data represents an average of all protein and 266 

fat particles captured within the sample. An almost linear increase of the ζ-potential was 267 

found with decreasing pH during acidification and this trend was independent of the pH value 268 

before heating. A non-heated micellar casein suspension without any whey protein and fat 269 

was also included for comparison (Daffner et al., 2020a). 270 

At an acidification pH of 4.8 and 5.0, the ζ-potential of casein−whey protein suspensions with 271 

fat was around −20 mV. This demonstrated that sol-characteristics of all formulations, inde-272 

pendent of the heating pH, were maintained at an acidification temperature of 2°C and elec-273 

trostatic repulsion forces between particles were dominant. 274 

A slight trend to lower ζ-potential values with increasing heating pH was found. Compared to 275 

the pure micellar casein suspensions (non-heated), the addition of fat caused a significant in-276 

crease in the magnitude of the ζ-potential, similar to previous observations (Daffner et al., 277 

2020a). This could be explained by the coverage of the MFG surface with a more complex 278 

range of proteins, including CM, κ-casein−whey protein complexes or denatured whey pro-279 

tein (-aggregates) as a result of the pre-processing treatments applied here. 280 

A lower ζ-potential between −17 mV to −13 mV was found for MFG in whole milk after ho-281 

mogenisation, dependent on the Ca2+ concentration (Dalgleish, 1984). For MFG covered with 282 

CM after homogenisation at 500 bar, Michalski et al. (2002a) found a similar ζ-potential of 283 

−20 mV, compared to −13.5 mV for the native MFG. The ζ-potential of MFG increased with 284 

increasing homogenisation pressure, due to the production of smaller MFG and an increase in 285 

surface area covered with more CM. Within their research, they concluded that the ζ-potential 286 

of a free protein and that of protein adsorbed on a fat globule surface were the same. It was 287 
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assumed that the protein charged molecular protuberances on the surface of the carrier were 288 

responsible for the mobility of the particles rather than the carrier size (Rajagopalan & Hie-289 

menz, 1997). 290 

3.1.2 Particle size distribution 291 

The influence of a mechanical input on the particle size distribution of casein−whey protein 292 

suspensions with three different fat contents (1.0% (w/w), 2.5% (w/w) and 5.0% (w/w)) after 293 

heating at different pH (6.55, 6.9 and 7.1) is illustrated in Fig. 2. The sonication step, fol-294 

lowed by high pressure homogenisation caused a significant decrease in the particle size and 295 

resulted in a monomodal particle size distribution, with no changes found dependent on the 296 

pH at which heating was conducted. The addition of different amounts of fat to protein sus-297 

pensions had no significant effect on the particle size distribution, although there was a slight 298 

tendency to bigger particles with increasing fat content. The z-average of all the particles cap-299 

tured within the protein−fat suspensions was 275 nm (Fig. 2 inset), demonstrating a signifi-300 

cant increase of 40 – 50 nm in the particle size compared to casein−whey protein suspensions 301 

with the same heating pH but without any addition of fat (Daffner et al., 2020a). This larger 302 

size results from the fat particles being larger than the protein particles, even after homogeni-303 

sation. 304 

To intentionally induce a fast, local and irreversible sol−gel transition during printing, the 305 

particles need to be within a certain size range; this ensures they will move sufficiently fast to 306 

successfully collide and aggregate via the pH−T-route (Daffner et al., 2020a; Nöbel et al., 307 

2018; Nöbel et al., 2020). Formulations with no heat- and mechanical treatment contained 308 

large, native and emulsified MFG in the protein suspensions (see Supplementary Fig. 1), 309 

which slowed down the aggregation and gelation of proteins (data not shown). It is expected 310 

that as the size of the MFG approaches the size of the CM, there will be a higher chance that 311 

these particles will behave in a similar way (Hammelehle, 1994). It is well known that the 312 
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rheology of the overall formulations depends on the behaviour of the continuous phase, if the 313 

dispersed particles are well separated from each other and do not aggregate (Dickinson, 314 

1998). In this case, the protein suspension will behave as desired if the MFG are sufficiently 315 

small and do not associate. 316 

3.1.3 Micrographs from microscopy 317 

3.1.3.1 CLSM 318 

CLSM was used to investigate the microstructure of casein−whey protein suspensions mixed 319 

with dairy fat after a thermal and mechanical treatment (Fig. 3, after heating at pH 7.1) using 320 

an intermediate final fat content of 2.5% (w/w). A homogenous distribution of the MFG could 321 

be observed in all samples, regardless of the pH adjustment made prior to heating and a repre-322 

sentative CLSM image at pH 7.1 is presented in Fig. 3. The MFG, stained red in these imag-323 

es, were distributed relatively evenly between the proteins, which were stained green, with the 324 

unstained serum phase appearing black in these images. The size of the MFG, which ranges 325 

from 50 nm – 1000 nm was consistent with the size of ~275 nm observed by light scattering 326 

(Figure 2). Protein particles were also found to be adsorbed on the surface of MFG, where 327 

they appear as green particles. 328 

Independent of the heating pH, the MFG featured proteins interacting with the membrane 329 

surface. After image deconvolution and digital magnification, the proteins covering the sur-330 

face of the MFG could be better observed (Fig. 3, right). Nevertheless, no detailed infor-331 

mation of the specific type of protein, protein subunits or aggregates covering the MFG sur-332 

face could be obtained with this standard confocal microscopy due to the resolution limit of 333 

this technique. 334 

3.1.3.2 Cryogenic-EM 335 

A novel technique was recently described for the more detailed visualisation of interac-336 

tions between the MFG and the proteins in the hydrated state without chemical fixatives or 337 
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embedding (Daffner et al., 2020b). This method of different time-dependent radiation damage 338 

allows differentiation between protein (visible damage > 150 e-/Å2) and fat (visible dam-339 

age < 25 e-/Å2) particles (Daffner et al., 2020b). Previous studies have observed that the mass 340 

of casein and whey protein on the surface of MFG after mechanical and thermal input strong-341 

ly depended on several parameters including homogenisation pressure, heat treatment and 342 

casein-fat ratio (Walstra & Jenness, 1984; Sharma & Dalgleish, 1993; Cano-Ruiz & Richter, 343 

1997). The new cryo technique was therefore applied to assess the presence of proteins on the 344 

surface of MFG after the processing techniques applied here. 345 

Proteins were observed on MFG after a heating step applied at different pH (pH 6.55, 6.9 or 346 

7.1) and homogenisation. The images in Fig. 4 show small spherical MFG (~ 100 nm) cov-347 

ered with larger CM and smaller proteins. The proteins were distinguished by increasing the 348 

beam exposure. Whilst the proteins were clearly present, no differences were observed in the 349 

appearance of these structures for the samples with different heating pH (6.55, 6.9 or 7.1). 350 

This observation is consistent with the finding of intact CM covering the MFG surface under 351 

similar conditions (heating at 79°C and a homogenisation pressure of 70 bar), Ye, Anema, & 352 

Singh (2008)  using the more traditional approach with fixed samples and TEM. The new 353 

cryo method is useful for the determination of protein in the hydrated state but does not pro-354 

vide information of the specific type of protein covering the MFG surface. The samples were 355 

therefore assessed next by SDS-PAGE analysis.356 
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3.1.4 Analysis of the surface coverage of the MFG via SDS-PAGE 357 

The thermal and mechanical treatment applied in this study reduced the MFG size (see Fig. 2 358 

and Fig. 4) and conversely increased the surface area, allowing proteins to absorb onto the 359 

surface of the smaller MFG. An increase in the pH before heating from 6.55 to 7.1 potentially 360 

altered proteins in the samples, without changing the MFG surface area, which may be ex-361 

pected to alter protein composition on the MFG. 362 

An increase in the pH at heating caused an increase in the proportions of α- and β-casein on 363 

the surface of the MFG and only very faint bands of κ-casein and β-LG were detected ad-364 

sorbed to the surface under these conditions, as shown in Fig. 5, where the SDS-PAGE gel 365 

shows the protein extracted from the MFG surface and the variation in proteins present for 366 

replicate extract samples. Both αs1- and β-casein have a strong tendency to adsorb at hydro-367 

phobic surfaces, due to accessible non-polar residues (Dickinson, 1999) and were expected to 368 

preferentially cover the surface of the MFG compared to other proteins, as occurred for all 369 

conditions examined here. The increase in casein absorption as a function of pH at heating 370 

also lead to an increase in the casein−whey protein ratio on the MFG surface from 6.6 to 14.7 371 

as the heating pH was increased, as shown in Table 1. 372 

The dissociation of κ-casein from the CM at higher heating pH (6.9, 7.1) has been reported 373 

previously (Anema & Klostermeyer, 1997; Daffner et al., 2020a), changing the characteristics 374 

of the CM, as well as the aggregates found in the milk serum. This could explain for the pref-375 

erential adsorption of CM depleted of κ-casein and high in α- and β-casein observed in this 376 

study. This dissociation was also confirmed at higher solids (up to 25%), with increasing 377 

pH (6.5 – 7.1) and increasing concentrations causing an increase in the extent of κ-casein dis-378 

sociation (Singh & Creamer, 1991). For the same pure protein-based system, increasing the 379 

heating pH to 6.9 or 7.1 caused increasing amounts of κ-casein dissociating from the CM into 380 

the serum, resulting in κ-casein−whey protein complexes in the serum and decreased levels of 381 
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CM covered with whey proteins (Daffner et al., 2020a). For concentrated milk systems after a 382 

heating step (120°C, 10 min), Singh & Creamer (1991) found that the dissociated protein was 383 

composed of 70% κ-casein, 20% β-casein and 10% α-casein. 384 

Other studies have not observed whey proteins on the surface of MFG, as occurred here, due 385 

to the difference in processing conditions, highlighting the potential for protein composition 386 

to be systematically altered. Only casein (α, β and κ) and no whey or native membrane pro-387 

teins (e.g. xanthinoxidase) were found on the surface of the MFG after homogenisation (Ong 388 

et al., 2010a), potentially due to low heating temperatures and a lack of denaturation of the 389 

whey proteins. Similarly, whey proteins were absent on the surface of the MFG after micro-390 

fluidization, if the temperature was less than 70°C (Sharma & Dalgleish (1993). 391 

Other processing variables appear to have less effect on the composition of proteins adsorbed 392 

to the MFG. Homogenisation pressure was found to have no effect on the composition of the 393 

proteins on the surface of the MFG, with 70% of the material characterised as casein and the 394 

rest being whey and native membrane proteins for all conditions examined (Cano-Ruiz & 395 

Richter, 1997). Sharma et al. (1996b) found the amount of κ-casein covering the surface of 396 

the MFG independent of the heat treatment performed and the order of the heating and ho-397 

mogenisation steps. They concluded that the deposition of κ-casein depended only on the ho-398 

mogenisation step. The κ-casein−whey protein complexes in the serum and on the MFG sur-399 

face were proposed to be similar after heating and homogenisation (Sharma et al., 1996a). 400 

Similar to the results of our work (compare Table 1), Sharma et al. (1996a) found increasing 401 

amounts of αs- and β-casein, but decreasing amounts of κ-casein and β-LG covering the sur-402 

face of MFG after mechanical input, if the pH before a heating step was adjusted from 6.3 to 403 

7.3, which also resulted in an increase in the casein to whey protein ratio from 4.62 (pH 6.3) 404 

to 8.01 (pH 7.3) on the surface of the MFG.  405 
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3.2 Rheological characterisation of sol−gel transition 406 

The sol−gel transition temperatures (Tsol−gel) of all formulations were determined with tem-407 

perature sweeps at a heating rate of 1 K/min. The goal was to investigate the effect of addi-408 

tional dairy fat on the rheological behaviour of the protein-based systems (Daffner et al., 409 

2020a). Tsol−gel of cold acidified casein−whey protein suspensions (8.0% (w/w) CS, 2.0% 410 

(w/w) WP) with added fat (to final fat contents of 1.0-, 2.5- and 5.0% (w/w)) after heating 411 

(pH 6.55, 6.9, 7.1) and mechanical input are shown in Figure 6. It was proposed that homog-412 

enised MFG can mimic the behaviour of CM and potentially coagulate in a manner similar to 413 

CM (Ji et al., 2016; Walstra & Jenness, 1984). 414 

To enable comparison the behaviour of casein−whey protein suspensions without fat (Daffner 415 

et al., 2020a) was added as a baseline to all figures. The sol area lies below this line and the 416 

gel area above the line. The two most promising formulations using acidifications pH of 4.8 417 

and 5.0, were chosen in the current study, based on previous studies (Daffner et al., 2020a; 418 

Nöbel et al., 2018), which reported more promising characteristics, including higher aggrega-419 

tion rates for these formulations, consistent with the desired application of 3D printing via the 420 

pH−T-route. 421 

Tsol−gel of casein−whey protein suspensions with fat after heating at pH 6.55 are illustrated in 422 

Fig. 6 (A). Independent of the amount of fat, formulations showed lower values for the Tsol−gel 423 

with decreasing pH value (4.8 compared to 5.0), which was in accordance with results for 424 

casein−whey protein suspensions (Daffner et al., 2020) and casein-based systems (Nöbel et 425 

al., 2020). Apart from one sample (pH 5.0, 5.0% (w/w) fat content), higher Tsol−gel (2 – 5°C) 426 

were found. The more fat added, the closer the Tsol−gel were to those of formulations without 427 

any additional fat (Fig. 6 (A)). Increasing the heating pH (6.9) for formulations with fat re-428 

sulted in lower Tsol−gel compared to results after a heating pH of 6.55 (Fig. 6 (B)). While 1.0- 429 

and 2.5% (w/w) of fat caused a slight increase in the Tsol−gel, a tendency to decreased values 430 
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with 5.0% (w/w) fat was found, independent of the acidification pH, which could potentially 431 

be explained with an increasing amount of particles per unit area capable to aggregate and 432 

form a gel. 433 

The tendency to lower Tsol−gel with increased heating pH for casein−whey protein formula-434 

tions with fat was further confirmed by results at a heating pH of 7.1. A decrease (2°C after 435 

addition of 1.0- and 2.5% (w/w) fat and more than 4°C after addition of 5.0% (w/w) fat) of 436 

Tsol−gel at an acidification pH of 5.0 compared to the formulation without any fat added is il-437 

lustrated in Fig. 6 (C). If these formulations (heating pH 7.1) were acidified to pH 4.8, pre-438 

gelation characteristics (G՛ > 1 Pa, where particles already started to aggregate before any 439 

heat-induced gelation) occurred, making them unsuitable for printing. 440 

The decrease in Tsol−gel at higher heating pH is likely due to changes of the protein composi-441 

tion of the MFG membrane, shown via gel electrophoresis (compare Fig. 5). For acid gela-442 

tion, 40% of the membrane had to be coated by serum proteins to significantly increase the 443 

storage modulus (Michalski et al., 2002b). In contrast to the finding of Hammelehle (1994) 444 

who did not find a shift in the coagulation after heating the formulations, our study showed 445 

significant changes in the Tsol−gel for protein-fat suspensions (8.0% (w/w) casein and 2.0% 446 

(w/w) whey protein), strongly dependent on the heating pH. 447 

The results for Tsol−gel of formulations with 10.0% (w/w) casein and 2.5% (w/w) whey protein 448 

with additional fat are shown in Fig. 6 (D). Due to the increased amount of protein plus addi-449 

tional fat, the overall total solid content increased. As a result, fewer formulations could be 450 

analysed and the results of formulations after a heating pH of 6.55 and 6.9 were summed up 451 

in one figure, which resulted in two coagulation lines. Pre-gelation (G՛ > 1 Pa) was found for 452 

all formulations with a heating pH of 7.1 and no further analysis was conducted. A slight ten-453 

dency to lower Tsol−gel at both heating pH values (6.55 and 6.9) was found for all formulations. 454 
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At this higher protein content and the lower acidification pH values of 4.8 and 5.0, the influ-455 

ence of additional fat on Tsol−gel was less distinct compared to results with the lower protein 456 

content. Pre-gelation characteristics (G՛ > 1 Pa) were found for several formulations after the 457 

addition of fat (e.g. pH 4.8, 5.0% (w/w) fat, heated pH 6.55 or pH 5.0, ≥ 2.5% (w/w) fat, heat-458 

ed pH 6.9), explained with the increase in the total solid content and a higher amount of parti-459 

cles per unit volume. 460 

3.3 Aggregation rate of casein−whey protein suspensions mixed with milk fat 461 

As described in Daffner et al. (2020a), the aggregation rate (represented by the evolution of 462 

the G՛ after reaching the sol−gel transition temperature) of the formulations was used to ana-463 

lyse the aggregations kinetics of casein−whey protein suspensions mixed with fat. For a sim-464 

plified comparison, a solid line was added in all images which represented the aggregation 465 

rate of pure protein-based suspensions. The horizontal dashed line for the aggregation rate 466 

was used as a positive indicator from printing tests towards future printing applications of 467 

casein−whey protein suspensions, if values of 250 Pa/ 10 K were exceeded (Daffner et al., 468 

2020a). 469 

The influence of three different amounts of fat on formulations with 8.0% (w/w) casein and 470 

2.0% (w/w) whey protein followed by thermal (pH 6.55, 6.9 and 7.1) and mechanical energy 471 

input is shown in Fig. 7 (A-C). Increased values for the aggregation rate (storage modulus G՛) 472 

with decreasing acidification pH (5.0 to 4.8) were found for formulations after a heating step 473 

at pH 6.55. If 1.0% (w/w) fat was added, independent of the acidification pH, the aggregation 474 

rate significantly decreased (47.7% at pH 5.0 and 29.0% at pH 4.8) compared to formulations 475 

without fat. While no change in G՛ was found after the addition of 2.5% (w/w) fat at acidifica-476 

tion pH 4.8 and 5.0, the 5.0% (w/w) additional fat increased the values for the storage modu-477 

lus G՛, with maximum values of around 300 Pa at pH 4.8. The formulations with 2.5 and 478 

5.0% (w/w) fat reached around 250 Pa/ 10 K for the aggregation rate and simple printing tests 479 
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were conducted. As shown in Fig. 7 (A), a stable and firm 3D-printed gel was only found for 480 

the formulation with 5.0% (w/w) fat at an acidification pH of 4.8, while the one at pH 5.0 (not 481 

shown) could not maintain the rectangular shape. 482 

The results for the aggregation rate of the formulations after an increased heating pH of 6.9 483 

and different amounts of fat added are illustrated in Fig. 7 (B). The values for the storage 484 

modulus G՛ increased with decreasing acidification pH and increasingly amount of additional 485 

fat (one exception at pH 5.0 and 1.0% (w/w) fat content, with the highest increase in G՛ of 486 

22.5% at pH 5.0 and 5.0% (w/w) fat. A significant increase of G՛ (heating pH 6.9) compared 487 

to formulations heated at lower pH (6.55) was demonstrated, evidenced by reaching or ex-488 

ceeding an aggregation rate of around 250 Pa/10 K for all formulations with milk fat addition. 489 

Although all formulations with fat addition showed promising aggregation rates after being 490 

heated at pH 6.9, only those acidified to pH 4.8 resulted in firm and very stable 3D-printed 491 

gels when heated during conveying (see printed gels related to aggregation rate in Fig. 7 (B)). 492 

At a slightly alkaline heating pH of 7.1 and after the addition of fat, fewer casein−whey  pro-493 

tein formulations could be analysed (see Fig. 7 (C)), as an acidification pH value of 4.8 re-494 

sulted in pre-gelation characteristics (G՛ > 1 Pa), preventing a temperature-triggered sol−gel 495 

transition. At an acidification pH of 5.0, a trend towards increased values of G՛ in samples 496 

with 1.0 and 2.5% (w/w) fat content was found, which became significant in the sample with 497 

5.0% (w/w) fat content.  All the formulations reached or exceeded an aggregation rate of 250 498 

Pa/ 10 K with the highest value of 325.9 Pa/ 10 K ± 18.3 Pa/ 10 K (5.0% (w/w) fat). Inde-499 

pendent of the amount of fat added, all three formulations, which were heated at pH 7.1 and 500 

cold acidified to pH 5.0, could be printed into small rectangular gels (Fig. 7 (C)). A linear 501 

increase in the gel firmness measured using penetration tests after addition of fat (2.0 –502 

 10.0% (w/w) fat) to protein gels (4.3% (w/w)), manufactured via the pH−T-route, was found 503 

previously (Hammelehle, 1994). Such high fat contents could not be used in this study due to 504 
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pre–gelation characteristics (G՛ > 1 Pa) when the fat content of the samples was higher than 505 

5.0% (w/w). 506 

The influence of the addition of 1.0 and 2.5% (w/w) fat on the aggregation rate of formula-507 

tions with an increased overall protein content of 12.5% (w/w), consisting of 10.0% (w/w) 508 

casein and 2.5% (w/w) whey protein, followed by thermal (pH 6.55, 6.9) and mechanical in-509 

put is shown in Fig. 7 (D). Due to pre-gelation (G՛ > 1 Pa) after the addition of fat at the high-510 

er protein content (total solid content increased), several samples could not be produced and 511 

no formulations with a heating pH of 7.1 was further investigated. This included the formula-512 

tion with a heating pH of 6.55 and 5.0% (w/w) fat) which could not be further processed. The 513 

results of the aggregation rate of formulations after both heating pH values were combined in 514 

one figure (Fig. 7 (D)). At higher protein contents, a significant decrease in the storage modu-515 

lus was demonstrated for all formulations after the addition of fat, independent of the heating 516 

pH and the acidification pH. This was proposed to be the result of the increased amount of 517 

total solids (fat and protein) in the same unit volume compared to formulations without any 518 

additional fat, therefore slowing down the aggregation kinetics of the protein particles, if an 519 

increase in the temperature (pH–T-route) triggered collision and gelation of the particles. All 520 

three formulations at this higher protein content were tested for printing and resulted in firm 521 

gels. 522 

3.4 Tailored casein micelle and MFG surface characteristics towards printing applica-523 

tions 524 

Having applied the same thermal treatment (80°C, 10 min), CM with different composition 525 

and surface characteristics occurred, depending on the pH adjusted before heating to denature 526 

the whey proteins (Daffner et al., 2020a). The CM and protein subunits/ aggregates, which 527 

covered the MFG after thermal and mechanical treatment in this study, provided electrostatic 528 

and steric repulsion forces hindering coalescence of the fat particles. The small changes in the 529 

pH adjusted before heating allowed tailoring of the surface characteristics of the MFG, chang-530 
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ing the sol−gel transition temperature (Fig. 6) as well as the aggregation rate (Fig. 7) of the 531 

protein suspensions mixed with fat compared to pure casein-whey protein based suspensions 532 

of our previous study (Daffner et al., 2020a). Therefore, the pH sensitive CM as well as the 533 

MFG covered with proteins reacted to changes in the acidification pH and contributed to the 534 

gelation process via the pH−T-route. A schematic illustration (Fig. 8) shows the effect of 535 

heating (80°C, 10 min) at the three adjusted pH values (6.55, 6.9, 7.1) and a mechanical input 536 

(sonication and homogenisation at 500 bar) on the casein−whey protein suspensions mixed 537 

with dairy fat, as well as the proposed interactions between proteins and fat globules. Walstra 538 

& Jenness (1984) found that MFG after homogenisation could behave like CM and could be 539 

coagulated in the same way as pure proteins, although their experiment was conducted under 540 

resting conditions. In this study, the MFG, which were coated with different types of dairy 541 

proteins on the surface after mechanical input, showed a similar behaviour. 542 

During high pressure homogenisation, CM adsorb faster to droplet surfaces than individual 543 

casein molecules (McClements, 2004). Results of the SDS-PAGE (Fig. 5) showed that κ-544 

depleted CM (heating pH 7.1) covered the surface of MFG, which resulted in MFG more 545 

prone to aggregation compared to MFG covered with protein (CM with whey protein on the 546 

surface) after heating at pH 6.55, evidenced by lower Tsol−gel (compare Fig. 6 (C) to (A)). This 547 

was proposed to occur due to a decrease of the steric repulsion forces on the surface of the 548 

MFG covered with depleted CM, as parts of κ-casein dissociated into the serum which result-549 

ed in a less dense hairy layer protruding into the serum phase. 550 

The different surface characteristics of the MFG after mechanical treatment changed the mi-551 

crostructure of protein-fat formulations. As the aggregation rate was used as a positive indica-552 

tor towards printability with simple printing tests, not all formulations exceeding 553 

250 Pa/ 10 K were found to result in firm and stable gels. We assume that MFG, which were 554 

heated at pH 6.55, were covered with CM, CM with whey protein on their surface as well as 555 
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denatured whey protein aggregates, as shown from SDS-PAGE (Fig. 5). Those MFG were 556 

proposed to have stronger steric repulsion forces due to κ-casein on the outside of the CM, 557 

protruding into the serum. On the other hand, increased heating pH values (6.9, 7.1) resulted 558 

in κ-depleted CM which covered the MFG, demonstrated by a decrease of κ-casein found 559 

during SDS-PAGE (Fig. 5). It is assumed that this decrease in the amount of κ-casein on the 560 

outside of the casein micelles and on the surface of the MFG caused lower steric repulsion 561 

forces, shown by higher aggregation rates of those formulations. 562 

At a total protein content of 10.0% (w/w), consisting of 8.0% (w/w) casein and 2.0% (w/w) 563 

whey protein, only one formulation with additional fat after a heating pH of 6.55 was found to 564 

be printable. On the other hand, three formulations at each heating pH (6.9 and 7.1) could be 565 

printed, although a lower acidification pH 4.8 was necessary at heating pH 6.9. As CM were 566 

most depleted in κ-casein after being heated at pH 7.1 and therefore, steric repulsion forces of 567 

CM on their own and on the surface of MFG decreased, those formulations were the only 568 

ones being able to be printed at pH 5.0. The proposed interactions between protein and fat 569 

particles depending on the heating pH were schematically illustrated in Fig. 8. A similar in-570 

crease of adsorbed caseins (αs and β) with increasing heating pH value, but decreasing 571 

amounts of κ-casein and β-lactoglobulin were found elsewhere (Sharma et al., 1996a). 572 

4 Conclusion 573 

The effect of dairy fat on casein−whey protein suspensions was characterised regarding the 574 

potential use for extrusion-based 3D-printing applications via the pH–T-route. Small fat parti-575 

cles in the nano metre range were mechanically produced and covered with different protein 576 

particles to mimic protein behavior during gelation. For promising formulations, sol–577 

characteristics after cold acidification (pH 4.8/5.0), independent of the heating pH but de-578 

pendent on the protein content, were evidenced by ζ-potential (~ –20 mV) and rheology 579 

(G՛ = 0.1 Pa) and a steep increase of G՛ above 1 Pa (sol−gel transition temperature) was found. 580 

Jo
urn

al 
Pre-

pro
of



- 25 - 
 

For protein-fat formulations heated at a lower pH (6.55) followed by mechanical input, an 581 

increase in the sol−gel transition temperature and a decrease in the aggregation rate, inde-582 

pendent of the amount of fat added, was found. In contrast, a higher heating pH caused simi-583 

lar (pH 6.9) respectively lower (pH 7.1) sol−gel transition temperatures. For those higher 584 

heating pH values, increased aggregation kinetics compared to casein−whey protein based 585 

suspensions without fat were found, resulting in more promising material characteristics 586 

(G՛ ≥ 250 Pa/ 10 K) for printing purposes. Dairy fat could thus be added to casein−whey pro-587 

tein suspensions which were considered to be printable via the pH−T-route, if the thermal and 588 

mechanical treatments tailored the material properties accordingly. Extrusion-based 3D-589 

printing of protein-fat formulations inclusive a sol−gel transition was found to be more fa-590 

vourable at higher heating pH values. 591 
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Table Caption 731 

Table 1. Proportions of individual proteins covering the milk fat globule surface after thermal 732 

(80°C, 10 min; pH adjusted to 6.55, 6.9 and 7.1) and mechanical treatment (sonication and 733 

homogenisation). 734 

 735 

 736 

Figure Captions 737 

Fig. 1. Changes in the zeta-potential as a function of the pH of a micellar casein−whey protein 738 

suspensions (8.0% (w/w) CS, 2.0% (w/w) WP) mixed with dairy fat (to 1.0% (w/w) total fat), 739 

heated at pH 6.55 (●), at pH 6.9 (▲) and at pH 7.1 (∆). For comparison, the zeta-potential of 740 

non-heated micellar casein (○) without any fat is shown. The casein to whey protein ratio was 741 

4:1. 742 

 743 

Fig. 2. Particle size distribution of casein−whey protein suspensions mixed with different 744 

amounts of fat to a total fat concentration of 1.0% (w/w), 2.5% (w/w) or 5.0% (w/w) after a 745 

heating step at pH 6.55 (a), 6.9 (b) or 7.1 (c) with either no mechanical input (●/red) or soni-746 

cation/homogenisation at 500 bar (1.0% (w/w) fat = ○/blue hollow circle; 2.5% (w/w) fat = 747 

▲/yellow triangle; 5.0% (w/w) fat = ■/green square). The inset graphs in all images focus on 748 

the particle size distribution of each formulation between 1 – 1000 nm to better see differ-749 

ences as a result of the addition of fat.  750 
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Fig. 3. CLSM micrographs of casein−whey protein suspensions mixed with milk fat (to a total 751 

fat of 2.5% (w/w)) and then thermally (80°C, 10 min, pH 7.1) and mechanically (sonication + 752 

homogenisation) treated. Samples were stained with FCF fast green and Nile red fluorescent 753 

dyes (fat appears as red and protein as green) as seen on the left. The image after deconvolu-754 

tion with Huygens software is shown on the right. The scale bars are each 5 μm in length. 755 

 756 

Fig. 4 Cryo-EM images of casein−whey protein (8.0% (w/w) CS and 2.0% (w/w) WP) sus-757 

pensions with 2.5 % (w/w) milk fat that have been thermally (80°C, 10 min; adjusted pH 758 

6.55/6/9/7.1) and mechanically (sonication and homogenisation at 500 bar) treated. Samples 759 

received a constant dose (5.72 e− /Å s) but an increasing dose time (moving left to right across 760 

the Figure, with the sample after the highest dosage appearing on the far right). A dilution of 761 

1:10 with deionised water was used prior to analysis. The scale bar is 500 nm in length in all 762 

images. The increasing contrast between protein and fat particles as a function of exposure 763 

was used to differentiate between these two types of particles. 764 

 765 

Fig. 5. SDS-PAGE analysis of proteins covering the milk fat globule surface membrane after 766 

thermal (80°C, 10 min) and mechanical treatment. A total fat content of 2.5% (w/w) was ana-767 

lysed for each sample.  The molecular weight ladder (kDa) is shown on the left; Lane I-II: 768 

heated, pH 6.55; Lane III-IV: heated, pH 6.9; Lane  V-VI: heated, pH 7.1.  769 
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Fig. 6. Sol−gel transition temperatures of cold acidified casein−whey protein suspensions 770 

(8.0% (w/w) CS and 2.0% (w/w) WP) with different amounts of milk fat added (to final fat 771 

contents of 1.0% (●), 2.5% (∆), 5.0% (▲) and 0% (w/w) as comparison (○)) after heating at 772 

pH 6.55 (A), 6.9 (B) and 7.1 (C) and cold acidified casein−whey protein suspensions (10.0% 773 

(w/w) CS and 2.5% (w/w) WP) with different amounts of fat added after heating at pH 6.55 774 

and 6.9 (D). A heating rate of 1 K min/min was applied. 775 

 776 

Fig. 7. Aggregation rate (Pa/ 10K) of heated samples (80°C, 10 min, pH 6.55 (A), 6.9 (B) and 777 

7.1 (C)) with constant protein content (8.0% (w/w) CS and 2.0% (w/w) WP) and with higher 778 

protein content (10.0% (w/w) CS and 2.5% (w/w) WP, (D)) at different pH values (4.8 – 5.2) 779 

with different amounts of fat added (to final fat contents of 1.0, 2.5 and 5.0% (w/w)) at 10°C 780 

after/higher than sol−gel transition temperature obtained by temperature sweeps with a heat-781 

ing rate of 1 K/min. The solid line in all images represents the aggregation rate of pure pro-782 

tein-based formulations and is added to simplify comparisons to protein−fat suspensions. The 783 

dotted line indicates the threshold where above 250 Pa/10 K the aggregation rate was used as 784 

a positive indicator towards printability in a simple printing tests as shown by images of the 785 

printed samples. 786 

 787 

Fig. 8. Schematic presentation depicting the preparation of casein−whey protein suspensions 788 

mixed with milk fat for extrusion-based 3D-printing via the pH−T-route. After a thermal 789 

(80°C, 10 min, pH 6.55/ 6.9/ 7.1) and mechanical energy input, the newly created MFG 790 

membrane surface is covered by different types of proteins or protein subunits/ aggregates. 791 
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Supplementary Fig. 1. Optical microscopy of a casein−whey protein suspension inclusive 792 

added fat with native milk fat globules without any mechanical treatment (100x magnifica-793 

tion). Big particles all represent milk fat globules. Scale bar = 5 μm and 10 μm. 794 
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Table 

 

pH at 

heating 

Individual protein (%, w/w of total fat) Casein-WP 

ratio αs-CN β-CN κ-CN β-LG α-LA 

6.55 39.8 ± 2.0 
a
 29.4 ± 2.9

 a
 18.4 ± 1.2

 a
 9.3 ± 1.0 

a
 3.1 ± 1.0 

a
 6.6 

6.9 39.6 ± 0.7 
a
 37.9 ± 1.6

 b
 13.7 ± 0.3

 b
 7.7 ± 1.3

 a
 1.2 ± 0.2 

b
 10.1 

7.1 49.7 ± 0.8 
b
 44.0 ± 0.8

 c
 

n.d.
 

n.d
 6.3 ± 0.1

 c
 14.7 
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Figure 8
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Highlights  

- Casein−whey protein suspensions with fat were tested for printing via pH−T-route 

- Surface properties of fat globules changed the overall formulation characteristics 

- Sol−gel transition temperature increased after addition of fat and heating at pH 6.55 

- Aggregation rate increased after addition of fat and a heating step at pH 7.1 

- Formulations with high aggregation rates could be used for 3D-printing 
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