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The rennet-induced gelation of milk proteins was evaluated as a potential method for the formation of 3D printed
food structures. The effects of pH, [Ca%*], and temperature on the rennet gelation properties of milk protein
dispersion with 15% (w/w) protein content were assessed using low amplitude strain oscillation rheometry. A
cycled-temperature ramp (heating-holding-cooling) during rheological measurements was suitable to evaluate
gel firmness development, as an imitation of the temperature profile in the 3D printing process. A factorial design
considering two levels of pH (6.0 and 6.4), [Ca2+] (1.5 and 5.7 mM), and temperature (31 and 40 °C), showed
that the pH, temperature, and its interaction were the main factors enhancing gel formation and the strength of
the resultant gel. At pH 6.0 and temperature ramped to 40 °C followed by cooling to 15 °C, a very high gel
strength (~8-9 kPa) was obtained. These results showed that rennet-induced gelation could be manipulated for

developing printable dairy formulations.

1. Introduction

Additive manufacturing (AM), or commonly known as three-
dimensional (3D) printing, is a technology where computer designed
3D objects are built by deposition of material(s) in consecutive layers in
a single process. The utilisation of food as the printing material is
referred to as food layered manufacture or 3D food printing (3DFP)
(Godoi, Prakash, & Bhandari, 2016; Liu, Zhang, Bhandari, & Wang,
2017; Wegrzyn, Golding, & Archer, 2012). This technology enables the
design of food products with customised nutritional profiles and textures
(Godoi et al., 2016; Lipton, Cutler, Nigl, Cohen, & Lipson, 2015; Liu
et al., 2017; Wegrzyn et al., 2012). Different 3D printing methods have
been tested using food materials. These can be classified into three main
groups: (1) extrusion, (2) powder liquid/hot air/laser binding, and (3)
inkjet printing (Godoi et al., 2016; Liu et al., 2017). The extrusion
method is the most common used for 3DFP. This technique extrudes a
viscoelastic food formulation from the printer nozzle, which solidifies
immediately on deposition and fuses to the previous layer (Sun, Zhou,
Yan, Huang, & Lin, 2018). Food materials that have been successfully
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printed using this technique include dough, mashed potatoes, cheese,
and meat paste (Godoi et al., 2016; Le Tohic et al., 2018; Lipton et al.,
2010).

Milk proteins are potentially viable ingredients for 3DFP using the
extrusion method, due to the structure-forming capabilities of the pro-
teins upon gelation, which is then appropriate for building 3D objects
(Liu et al., 2018; Ross, Kelly, & Crowley, 2019; Schutyser, Houlder, de
Wit, Buijsse, & Alting, 2018). Recent studies have reported on 3DFP
using skimmed milk powder (Derossi, Caporizzi, Azzollini, & Severini,
2018), semi-skimmed milk powder (Lille, Nurmela, Nordlund,
Metsa-Kortelainen, & Sozer, 2018), sodium caseinate (Schutyser et al.,
2018), processed cheese (Le Tohic et al., 2018), blends of milk protein
concentrate (MPC) and whey protein isolate (WPI) (Liu et al., 2018), and
sodium caseinate and MPC (Liu et al., 2019). The gelation of the milk
proteins produced the 3D structure formation in these studies, triggered
by heating, increasing protein concentration, synergy with hydrocol-
loids, or combinations of these. Interestingly, none of these studies used
rennet-induced gelation.

Both types of milk proteins, casein and whey, can form a gel but
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using different mechanisms. Casein gelation is a very well-studied topic
as it is an essential step in the cheese-making process. Casein gels can be
formed by selective hydrolysis of the micelle-stabilising protein,
k-casein, from the surface of the casein micelles by aspartyl proteinases
(rennets), acidification to the isoelectric pH (~4.6) of casein, or a
combination of both (Lucey, 2002; Van Vliet, Lakemond, & Visschers,
2004). Rennet-induced gelation can be divided into two phases, a pri-
mary stage involving the hydrolysis of k-casein, and a secondary stage
involving the aggregation and gelation of the rennet-altered micelles
(Corredig & Salvatore, 2016; Fox, Guinee, Cogan, & McSweeney, 2017;
Lucey, 2002). Several factors (i.e., protein and fat content, heat treat-
ment applied to milk, ionic strength, temperature, pH, and rennet con-
centration) can affect one or both phases, altering the rennet-induced
gelation time and strength of the resulting gel (Fox et al., 2017).

Milk protein concentrates (MPCs) have the same casein-to-whey
protein ratio as milk and, therefore, can be used for total or partial
milk replacement of milk in dairy-based foods, or as a protein fortifi-
cation ingredient in food formulation (Agarwal, Beausire, Patel, & Patel,
2015). As an ingredient, MPC is a high-value ingredient due to its
nutritional content (high protein and low lactose content) and func-
tional properties (viscosity, gelling, and emulsification) (Agarwal et al.,
2015). Increasing the protein content of milk with MPC, while main-
taining the rennet-to-total protein ratio constant, reduces the rennet
gelation time and increases the gel strength (Guinee, O’Kennedy, &
Kelly, 2006).

The rheological properties of milk rennet-induced gels can be
determined by dynamic low amplitude oscillation using a controlled
strain or stress rheometer (Fox et al., 2017). The main gelation param-
eters determined in the rennet coagulation are storage modulus (G’),
loss modulus (G’’), and tan delta, which is the ratio of the G’ to G’
(Lucey & Singh, 1997). In cheese making, G’ is considered as an index of
the gel firmness at a specific time after rennet addition. Rheology is an
essential tool for extrusion of 3DFP as it enables the evaluation of pa-
rameters (i.e., printability, applicability, and post-processing stability)
which are critical to the design of the final 3D food structure formed
(Godoi et al., 2016; Zhu, Stieger, van der Goot, & Schutyser, 2019). For
example, Kern, Weiss, and Hinrichs (2018) reported 60 °C as the melting
temperature of semi-hard model cheese at different pH and calcium/-
protein ratios using small amplitude oscillatory temperature sweep
measurements, to simulate the holt-melt extrusion 3D printing in a
capillary rheometer.

The objective of the current study is to assess a milk protein isolate-
fortified-milk dispersion (15%, w/w protein) as a printable formulation
by the adoption of the rennet induced gelation process to 3DFP using
low amplitude strain oscillation rheometry. The following conditions
were varied to alter gelation kinetics and the strength of the resultant
rennet-induced gel: calcium ion concentration ([Ca2+]), pH, and tem-
perature profile during measurement. A cycled-temperature ramp
(involving heating/ramping, holding, and cooling) was used to simulate
the typical changes in temperature during 3D printing and the resulting
impact on the rheological properties of the gel formed. The identified
formulation and conditions will be used as a starting point for devel-
oping a 3D food grade printer.

2. Materials and methods
2.1. Milk powder ingredients

Low heat skim milk powder (LHSMP) and milk protein isolate (MPI)
(Ultranor™9075) were obtained from Ornua (Dublin, Ireland) and Kerry
Group (Tralee, Co. Kerry, Ireland), respectively.

2.2. Compositional analysis of milk powder ingredients

LHSMP and MPI powder were analysed for fat by Rose-Gottlieb (ISO,
2008) in duplicate and total protein by Kjeldahl (ISO, 2014) in triplicate.
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For lactose, individual casein and whey proteins determination, LHSMP
and MPI were reconstituted by dispersing to 10% (w/w) and 4% (w/w)
respectively, in distilled water at 50 °C while stirring at 800 rpm for 1 h
(IKA RT10 magnetic stirrer, IKA-Werke GmbH & Co. KG, Staufen,
Baden-Wiirttemberg, Germany). Post reconstitution, the samples were
stored in a refrigerator at 4 °C overnight.

The individual proteins were analysed by reversed-phase high-
pressure liquid chromatography (RP-HPLC; Agilent 1200 series, Agilent
Technologies, Santa Clara, CA, USA) using a 300 SB-C18 RP Poroshell
column (Agilent Technologies), as described by Lin, Kelly, O’Mahony,
and Guinee (2016). The protein calibration standards used for RP-HPLC
analysis included og-casein, p-casein, k-casein, a-La, and p-Lg. Briefly,
the samples were diluted in a dissociating buffer containing 7 M urea,
0.02 M Bis-Tris propane, and 0.5% (v/v) 2-mercaptoethanol before in-
jection onto the column. The volume ratio of the reconstituted milk
protein ingredient to the dissociating buffer was 1:20, and the sample
volume injected onto the column was 10 pL. Samples were analysed in
duplicate.

Lactose was separated and quantified using an Aminex HPX 87C
Carbohydrate column (300 x 7.8 mm; fixed ion resin column) (Bio-Rad
laboratories, Deeside, UK) as described by Morrin et al. (2019). Briefly,
the column was set at 60 °C, and the eluent 0.009 N H,SO4 was run at
0.5 mL/min, and lactose was detected using a refractive index detector
(Waters Corporation, Milford, Massachusetts, USA). Calibration curves
were prepared using lactose solutions with concentrations of 10, 20, 50,
and 100 pg/mL, prepared from a lactose standard (Merck, Darmstadt,
Germany). Samples were analysed in duplicate.

2.3. Preparation of milk protein dispersions

Firstly, a skim milk (SM) base was prepared by dispersing LHSMP
(10% w/w) in distilled water at 50 °C while stirring at 6000 rpm for 5
min using a high shear mixer (Silverson model L4RT, Silverson, Che-
sham, UK). The appropriate quantity of MPI was added to the SM base,
to give the desired final protein content of 15% (w/w). The blend of MPI
and SM base was manually mixed for at least 15 min until all powder
was wetted. Then the mixture was placed in a water bath set to 50 °C and
stirred for 20 min at 500 rpm using an overhead stirrer (Model RW16;
IKA-Werke GmbH, Staufen im Breisgau, Germany). Next, the suspension
was high shear mixed at 7000 rpm for 6 min until a uniform dispersion
free of visual powder agglomerates was formed. After high shear mixing,
the milk protein dispersion was stirred for a further 2 h at 500 rpm using
an overhead stirrer at room temperature. After stirring, a foam layer that
had formed was discarded by decantation. A milk preservative (Broad
Spectrum Micro Tabs, D & F Control Systems Inc., California, U.S.A.)
was added at a level of one tablet per 40 ml of the sample before storing
overnight at 4 °C. For all assays, samples of milk protein dispersions
were warmed at 40 °C for 30 min before assaying, to reverse cold-ageing
effects (Dalgleish & Law, 1988).

2.4. Compositional analysis of milk protein dispersions

Milk protein dispersions were diluted 4-fold in distilled water for
protein determination using the Fourier transform infrared Bentley FTS
(Bentley Instruments Inc., Chaska, USA). The concentration of ionic
calcium, [Ca?*], was measured after equilibrating the samples at 25 °C,
using the sensION+ 9660C calcium combination ion-selective electrode
(Hach Lange, Barcelona, Spain). Potassium chloride (3 M) was added to
the samples at a level of 1% (v/v) and the [Ca2+] was measured while
stirring. The electrode calibration was performed using CaCl, solutions
(0.0, 0.5, 2.5, 5.0, and 10.0 mM) as described by Lin et al. (2016).

2.5. Solubility of milk protein dispersions

The solubility of the milk protein dispersions after storage at 4 °C,
was determined as the percentage solubility using a modification of the
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method described by Gazi and Huppertz (2015). Briefly, the milk protein
dispersions were diluted in distilled water to a protein concentration of
~3.5% (w/w), centrifuged at 700xg for 10 min at 25 °C. The percentage
of solubility was calculated as the percentage of total solids (TS) in the
supernatant divided by the percentage of TS in the original dispersion.
The TS were measured using the CEM SMART Trac II (CEM Corp.,
Charlotte, NC).

2.6. Rennet gelation

A two-level full factorial design with three factors (23) was used to
evaluate the effect of pH (6.0 and 6.4), [Ca%'] (1.5 and 5.7 mM), and
temperature (31 and 40 °C) on the rennet gelation properties. Three
replicates were carried out at each setting, and a letter was assigned per
treatment, as shown in Table 1. The high pH value (6.4) corresponded to
the milk protein dispersion (with no pH adjustment), and the low value
(6.0) was obtained on adjusting the dispersion with 1 N HCI at 25 °C.
The pH value of 6.0 was chosen as it is known to enhance both the
enzymic and coagulation phases of rennet gelation (Fox et al., 2017).
The lowest level of [Ca®t] corresponds to the initial concentration of the
milk protein dispersion and the higher level was obtained after the
addition of CaCl, (Sigma-Aldrich, Saint Louis, US) to adjust the [Ca®™]:
casein ratio to that of the reconstituted LHSMP. CaCl, was added
directly to the samples before rheological measurement, and any drop in
the pH was reversed by the addition of 0.1 N NaOH.

The rennet gelation properties of milk protein dispersion samples
prepared as per Table 1 (i.e., pH, temperature, and [Ca®*]) were
measured using a controlled strain rheometer (MCR 302, Anton Paar,
Austria), equipped with a cup and bob geometry (CC27) with radius
28.92 and 26.66 mm, respectively, as described by Guinee et al. (2006).
Chymosin (Chy-Max® Extra, 600 IMCU mL~!; Chr. Hansen, Hgrsholm,
Denmark), diluted 20-fold with distilled water, was added at a level of
500 pL per 100 g of milk protein dispersion. The storage modulus (G")
and loss modulus (G’*) were measured dynamically as a function of time
over 1 h at a strain of 0.025 and a frequency of 1 Hz (Lin et al., 2016).
The strain applied is within the linear viscoelastic region for measuring
rennet gelation properties (Fox et al., 2017; Zoon, Van Vliet, & Walstra,
1988a). To prevent evaporation from the samples, the surface was
covered with vegetable oil.

The following rennet gelation properties were obtained from the
resultant G’/time curves: gelation onset time (GOT), gel point (GP),
maximum gelation rate (MGR), time to MGR (tyggr), and the final G’
value of the gel formed (G’r). GOT was calculated as the time when G* =
1 Pa, GP as the time when G’ = G’’, MGR as the maximum slope of the
G’/time in kPa min~!, and tygg as the time to reach the MGR.

Two different temperature control methodologies were used in this
study. The first method is referred to as constant-temperature mode; in
this approach, all samples were equilibrated to the test temperature
prior to rennet addition and maintained during the rheological mea-
surement. With this method, the GOT and GP parameters at 40 °C and
pH = 6.0 (treatments E and F) occurred before the first reading on the
rheometer. The second method, referred to as cycled-temperature ramp,
involves the application of a temperature cycle, whereby rennet was
mixed with the milk protein dispersion at 25 °C for 30 s before loading

Table 1
Values of factor variables of each coded treatment of the experimental design.
Treatment Temperature (°C) pH [Ca%*] (mM)
A 31 6.0 1.5
B 31 6.0 5.7
C 31 6.4 1.5
D 31 6.4 5.7
E 40 6.0 1.5
F 40 6.0 5.7
G 40 6.4 1.5
H 40 6.4 5.7
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onto the rheometer. Once loaded, the temperature was held at 25 °C for
2 min, it was then increased to the gelation temperature (31 or 40 °C) at
arate of 5°C min’!, held at 31 or 40 °C for 30 min, and reduced at a rate
of 1.8 °C min™! to 15 °C (Figure S1). This method enabled the detection
of gelation transition under all the experimental conditions (Table 1). It
is envisaged that the cycled-temperature ramp approach will also
simulate the temperature cycle likely to be used during 3D printing. For
measurements performed using the cycled-temperature ramp, the MGR
was determined during the holding stage of the cycle.

2.7. Statistical analysis

Shapiro-Wilk and Levene tests were used to check the normality and
homoscedasticity assumptions, respectively. The data were analysed
using a one-way analysis of variance (ANOVA) with a pairwise multiple
comparison procedure (Tukey-Test) for testing differences of the gela-
tion properties between all treatment means. The effect of the factors on
each response variable for the measurements made using the cycled-
temperature ramp was determined using a three-way ANOVA. Statisti-
cal analysis was performed using the software RStudio Version 1.1.463
(RStudio, Inc). Differences were identified as significant at p < 0.05.

3. Results and discussion
3.1. Composition of dairy ingredients and milk protein dispersion

The protein content for the LHSM and MPI was 32.8 &+ 0.3 and 85.0
+ 0.1% (w/w), respectively. The proportions of individual caseins and
whey proteins were typical of those previously reported for bovine milk
(Gulati et al., 2019; Lin et al., 2016). Similarly, the fat and lactose
content (Table S1) were also typical of that found in literature (Augustin
& Clarke, 2011; Singh, 2009). The mean protein content of the control
milk protein dispersion was 15.70 + 0.39% (w/w), slightly higher than
the target value (15%). This higher protein content could be related to
partial evaporation of the dispersion during mixing at 50 °C.

It is well known that dairy powders with high casein content are
difficult to hydrate. However, skim milk has been reported to improve
MPC solubility compared to water (Udabage, Puvanenthiran, Yoo,
Versteeg, & Augustin, 2012). Therefore, reconstituted LHSM was used as
the solvent to hydrate MPI. The solubility of the control dispersion was
94.7 + 1.1%. To the best of the authors’ knowledge, no studies have
reported on the solubility of milk dispersions with protein content >10%
(w/w). Using a similar method of preparation and solubility measure-
ment as that in the current study, Bot, Crowley, O’Mahony (2020), re-
ported solubility of 90.1-92.3% of milk protein dispersions with 8.5%
protein content prepared by mixing dispersions of reconstituted MPI and
sodium caseinate (NaCas). An examination of the literature indicates a
slight variation in protein solubility in milk protein dispersions prepared
from MPI, probably due to differences in the method of MPI manufac-
ture (e.g., milk heat treatment, the extent of diafiltration, lactose con-
tent, ionic strength), the solvent used for reconstitution (e.g., LSHM,
NaCas) and the conditions used to reconstitute MPI, i.e., temperature,
shear and time. The solubility data from the current study indicate that
the use of skim milk as a solvent and the method of reconstitution, i.e.,
high and low-shear mixing combination followed by 4 °C overnight
storage, was an appropriate method to achieve a high protein (~15%)
dispersion with acceptable solubility (~95%).

The control milk protein dispersion had a pH of 6.4 + 0.1 and [Ca
of 1.5 + 0.3 mM. The latter parameter was similar to that of the SM base
(1.4 mM). This minimum difference on the [Ca?'] can be explained
based on the fact that in the MPI process most soluble salts are removed,
and a small number of counter-ions are bounded to the negatively-
charged proteins (Crowley, Boudin, et al., 2015). Besides, the recon-
stituted LHSM contains salts (e.g., cit-rate) that can complex ionic cal-
cium ions, which might be contributing to reduce the [Ca%'] in the
serum phase (Crowley, Desautel, et al., 2015). Furthermore, on lowering

2+]
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the pH to 6.0, the [Ca®'] increase to 2.9 + 0.2 mM. This increase is
consistent with the higher degree of solubilisation of colloidal calcium
phosphate (CCP) by the pH drop, consequentially increasing the [Ca2*]
in the serum phase (Crowley, Boudin, et al., 2015; Dalgleish & Law,
1989).

3.2. Rheological properties of rennet-treated milk protein dispersions

Ideally, printable food formulations for extrusion-based 3DFP should
have relatively low viscosity to be extrudable through a narrow nozzle,
and sufficient mechanical strength to support a load of consecutive
deposited layers without buckling/collapsing (Liu, Bhandari, Prakash,
Mantihal, & Zhang, 2019). From previous experiments, it was estab-
lished that a 15% protein (w/w) milk dispersion with a chymosin:
protein ratio similar to that used in cheese manufacture (1000 IMCU kg
protein™) had suitable viscoelastic properties for potential use as a
printable dairy formulation. Therefore, the rennet gelation properties of
the milk protein dispersion under different conditions of temperature,
pH, and [Ca®*] were investigated to determine which combination of
factors promote gelation properties for potential use in 3DFP.

On developing printable dairy formulations, rheological
a
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measurements collected during a temperature sweep (heating or cool-
ing) are used to characterise the sol-gel transition of the edible material
and establish the 3D printing process’s temperature parameters (Kern
et al., 2018; Le Tohic et al., 2018; Schutyser et al., 2018). Hence, a
cycled-temperature ramp, involving heating, holding and cooling, was
applied in the current study to compare the effects of varying the tem-
perature during gelation as opposed to holding the temperature con-
stant, as it is typical in most studies, which investigate the rennet
gelation characteristics of milk.

The effects of changing the temperature, pH, and [Ca?*] of the milk
protein dispersions on the development of G’ over time performed at
constant- and cycled-temperature experiments are shown in Fig. 1. For
the constant-temperature measurements, illustrated in Fig. la & b, all
profiles showed three phases, namely: a lag phase representing the
enzymatic hydrolysis of k-casein from the micelles; an exponential phase
in which the micelles have most of their x-casein removed (i.e.,> 97%),
i.e., para-casein micelles, undergo rapid fusion/aggregation, resulting in
gel formation; and finally, a stationary (plateau) stage coinciding with
the hydrolysis of the remaining k-casein from the micelle surfaces, and
further fusion between the surfaces of aggregated para-casein micelles
(Dalgleish, 1983; Walstra & Van Vliet, 1986). A notable difference with

G' (kPa)

G' (kPa)

_ 48520 25 30 35 40 45 50 55
Time after rennet addition (min)

Fig. 1. Development of storage modulus (G’) of rennet-treated milk protein dispersions as a function of time when using constant-temperature mode (a and b) and
cycled-temperature ramp (c and d) measurement. For the cycled-temperature ramp measurements, the temperature was increased from 25 °C to the test temperature

(31 or 40 °C) at a rate of 5 °C min™}, held at 31 or 40 °C for 30 min, and cooled to 15 °C at a rate of —1.8 °C min™’

. For both assays, measurements at pH of 6.0 and 6.4

are on the left (a and ¢) and right (b and d) side, respectively. Temperatures of 31 and 40 °C are denoted by open and closed symbols, respectively. [Ca®*] of 1.5 mM
is de-noted by squares and down-point-ing tri-an-gles, and 5.7 mM by circles and up-pointing triangles. The treatment dispersions (A-H) are identified as follows: A
(@, B (0), C(V), D (A), E (H), F (@), G (v), H (a). Presented data for each treatment are the means of triplicate samples.



R. Uribe-Alvarez et al.

the temperature cycling ramp measurements, illustrated in Fig. 1c & d,
was the occurrence of a fourth phase, i.e., an increase in G’ on cooling
from 31 or 40 °C to 15 °C at a rate of —1.8 °C min"}, with the effect being
more pronounced for 40 °C. Measurements at 31 and 40 °C reach 15 °C
at 45 and 53 min after rennet addition, respectively. The increase of the
G’ during the cooling stage agrees with previous studies on the rheo-
logical effect on lowering the temperature of rennet gels (Sinaga, Bansal,
& Bhandari, 2017; Zoon, Van Vliet, & Walstra, 1988b). Zoon et al.
(1988b) attributed this effect to the swelling of the casein micelles, as a
response to the decrease of hydrophobic interaction within the micelles
due to a temperature decrease. Moreover, the swelling of micelles in-
creases the contact area between them, increasing the inter-micelles
interactions (i.e., hydrogen bonding) that contribute to a higher G’
(Lucey, Teo, Munro, & Singh, 1997; Zoon et al., 1988b).

With the constant-temperature mode of measurement, samples at
low pH (6.0) and a high temperature (40 °C) (treatments E and F), had
already gelled at the beginning of the measurement, as evidenced by the
fact that G* exceeded G’ in the first reading (data not shown). This
observation is consistent with the strong effect of temperature on the
aggregation rate of para-casein micelles (Dalgleish, 1983), well known
of the high Q¢ factor (~16) above 18 °C in rennet coagulation (Fox
et al., 2017); therefore the dramatic effect of temperature (40 °C) on the
gel properties is not surprising. Hence, the application of the
cycled-temperature ramp was used to characterise the sol-gel transition
using the previous conditions mentioned.

A notable feature on the development of G’ over time for both modes
of temperature was the interaction effect of pH, temperature and [Ca®*].
It appears that increasing the [Ca"] from 1.5 mM to 5.7 mM affects the
G’ profile for treatments with high pH (6.4). However, at the low pH
(6.0) the G* development seems not to be influenced by increasing the
[Ca2+]. Also, the low pH (6.0) and high temperature (40 °C) appear to
increase G’ values compared to the high pH (6.4) and low temperature
(31 °0).

The values of GOT (data not shown) and GP were similar for all
treatments within each temperature mode, apart from the values with a
high pH (6.4) and a low temperature (31 °C) (treatments C and D),
where the difference was greater than 1 min. This similarity may be
explained by the high protein content of the dispersions, and hence, the
high volume fraction of casein micelles, which led to a large number of
binding sites for network formation (Horne & Lucey, 2017). Therefore,
once the gel onset started (G* = 1 Pa), the time to reach the stage of
gelation where G’ = G’* was short, as a network could be created shortly
after rennet addition. Samples with a high pH (6.4) and a low temper-
ature (31 °C) (treatments C and D) did not follow this trend as a higher
temperature, or a lower pH is needed to enhance the enzymatic hy-
drolysis and the coagulation rate of k-casein and para-casein micelles, to
induce a rapid gel network. As the starting temperature and heating rate
are the same for treatments with the cycled-temperature ramp, the GOT
for this method was not significantly affected by temperature, whereas it
was significantly reduced by lowering pH from 6.4 to 6.0 and increasing
[Ca®"] from 1.5 to 5.7 mM (Table 2).

It is observed in Fig. 2a that all the GP values occurred earlier when
operating in constant-temperature compared to the cycled-temperature
ramp, this delay is expected as the former mode has a longer lag phase,
and it is more visible when transforming G’ values to a logarithmic form
(Figure S2). This tendency is attributed to the higher starting tempera-
ture of the former, i.e., 31 or 40 °C versus 25 °C, as higher temperatures
promote more rapid rennet activity and acceleration in the rate of col-
lisions between para-casein micelles reducing the time of gelation
significantly (Mishra, Govindasamy-Lucey, & Lucey, 2005). The com-
bination of high pH (6.4), low temperature (31 °C), and low [Ca%t] (1.5
mM) (treatment C) showed to have a significant longer GP in both
temperature modes compared to most of the other treatments. This
observation is consistent with the literature, showing that a lower pH or
higher [Ca?*], enhanced aggregation and gelation of para-casein mi-
celles (Corredig & Salvatore, 2016; Fox et al., 2017).
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Table 2
Significance levels of the three-way ANOVA for the effects of the pH, [Ca**] and
temperature of the cycled-temperature ramp measurements.”

Factor Gel onset Gelation MGR  tugr G’
time point

pH *k %*

[Ca*'] * * NS
Temperature NS NS il ok ok
pH x [Ca®"] NS NS NS NS
PH x Temperature NS NS HxE el HxE
[Ca®"] x Temperature NS NS NS NS NS
pH x [Ca®] x NS NS NS NS NS

Temperature

@ Abbreviations are: NS, not significant; MGR, maximum gel rate; tygg, time to
maximum gel rate; Gy, final value of storage modulus measured. Each factor
was evaluated at two levels of pH (6.0 and 6.4), [Ca%*] (1.5 mM and 5.7 mM),
and temperature (31 and 40 °C). Data correspond to 8 treatments, with 3 trip-
licates per treatment. Significance: *, p < 0.05; **, p < 0.01; ***, p < 0.001.

As mentioned before in this section, gel transition at low pH (6.0)
and high temperature (40 °C) (treatment E and F) for constant-
temperature mode measurements occurs quite fast, and it was not
possible to determine the GP with this combination. It is expected that
the GP of these samples occurred within 2 min of rennet addition, as this
was the average time required for the sample to be loaded onto the
rheometer. These conditions could be suitable for co-extrusion 3D
printing, where a concentric nozzle is used to convey and deposit two
different materials, for example, the milk protein dispersion and rennet
solution, which upon deposition, blend and undergo rapid gelation. Co-
extrusion 3D printing has been applied successfully for printing pectin-
based food structures by co-extrusion of pectin and CaCly solutions
(Vancauwenberghe, Verboven, Lammertyn, & Nicolai, 2018).

For cycled-temperature measurements, a high pH (6.4), low tem-
perature (31 °C) and low [Ca®"] (1.5 mM) (treatment C) delayed the GP
in a significant way compared to the other conditions, except at the same
pH and [Ca®"] but at 40 °C (treatment G). This trend is associated with
the same starting temperature (25 °C) for all treatments when applying
the cycled-temperature ramp. Consequently, only pH and [Ca®'],
separately or combined, had a significant effect on the GP, as shown by
the ANOVA analysis (Table 2).

At low pH, the G’/time profile of treatments at the same temperature
seems similar (Fig. 1 a and c), but at a high pH, the curves differ (Fig. 1 b
and d). Therefore, the firming rate seems to depend mainly on the levels
of pH and temperature. The MGR for both constant- and cycled-
temperature ramp measurements decreased in the following order: F
>E>B>A>H>G >D > C. This trend showed that pH had the
strongest effect on MGR, followed by the temperature and [Ca®'] in
turn. All three factors plus the interaction of pH and temperature were
found to have a significant effect on the MGR for cycled-temperature
ramp measurements (p < 0.05), as illustrated in Table 2.

The tygr for all treatments was in a range of 5-15 min, apart from
samples with a high pH (6.4) and at a low temperature (31 °C) (treat-
ments C and D), where it was higher (16-23 min) for both modes of
temperature measurement (Fig. 2c). The tygr for cycled-temperature
ramp measurements was significantly affected by pH, temperature,
and the interaction of pH and temperature (Table 2), but not by [Ca'].
Considering both MGR and tygr parameters, the differences between
treatments with pH 6.0 was due exclusively to the temperature,
whereas, for treatments with pH of 6.4, differences were due to the
temperature, [Ca2+], or their interaction. This observation is in agree-
ment with the finding of the differences in the G’/time profiles, as
mentioned before. As a parameter, tyigr can be used to decide the
appropriate time to deposit or start cooling the base layer to obtain the
firmest 3D structure.

The G’/time profile with all the high conditions (40 °C, pH 6.4, 5.7
mM Ca?") (treatment H) under constant-temperature mode reached a
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Fig. 2. Rennet gelation properties of rennet-treated milk protein dispersions, gel point (a), MGR= maximum gel rate (b), tygr= time to maximum gel rate (c), and
G’p= final value of storage modulus measured (d). Constant-temperature mode and cycled-temperature ramp measurements are denoted by black and white bars,
respectively. Conditions of each treatment are indicated in the bottom side of the figure, with temperature, pH, and [Ca®>"] values from top to bottom. Presented
values are the mean values of triplicate batches; error bars represent standard deviations of the mean. Treatments not sharing any letters (a-h) differ significantly (p

< 0.05).

plateau value (G’ ~ 1.3 kPa) after ~ 30 min, whereas the same condi-
tions but with low temperature (31 °C) (treatment D) did not reach a
similar value within the time of the measurement. Such a trend is
consistent with the findings of previous studies showing that increasing
temperature promotes a more rapid fusion of para-casein micelles
(Mishra et al., 2005). Similar, when increasing the [Ca2+] from 1.57 mM
to 5.7 mM, at 31 °C and a high pH (6.4) (treatment C to D), contributed
to more rapid coagulation. Higher [Ca®'] promotes gelation by pro-
moting cross-linking of the para-casein micelles and by charge neutral-
isation (Fox et al., 2017). However, the effect of increasing [Ca®"]
depends on the pH, as mentioned before. It appears that lowering the pH
to 6.0 contributes more to enhance the coagulation of casein micelles
than restoring [Ca2+] in the serum of milk protein dispersion in this
study.

For 3DFP based on rennet gelation, G’g is a critical parameter. It
indicates the strength of the printed gel structure to withstand additional
successively deposited layers without fracturing or bulging. For all
treatments, G’r was higher when measurements were performed using
the cycled-temperature ramp than a constant-temperature mode. The
higher values with the cycled-temperature ramp were due to the in-
crease in the gel firming rate during cooling. However, the gel firming
rate during cooling was different between treatments within the cycled-
temperature ramp measurements; for that reason, G’y was significantly
affected by pH, temperature, [Ca®'], and the interaction of pH and
temperature (Table 2). At a low pH (6.0) and high temperature (40 °C)

(treatments E and F), G’r had the highest values. Therefore, these con-
ditions appear to be optimal to obtain self-supporting structures.

When using the cycled-temperature ramp, pH was the most critical
factor affecting the rennet gelation of the milk protein dispersions as it
influenced all the rennet gelation parameters. The significant influence
of pH can be explained on the basis that lowering pH (from 6.4 to 6.0)
enhances chymosin activity, reduces electrostatic repulsion of micelles,
increases [Ca?*], and thereby reduces gelation time and promotes the
aggregation of the para-casein micelles (Fox et al., 2017; Horne & Lucey,
2017). The temperature was also a critical factor, but only for parame-
ters post GP, i.e., MGR, tygr, G'r, as dispersions had the same starting
temperature (25 °C) for all treatments. [ca®f) only affected the rennet
gelation parameters of treatments with pH 6.4 and a gelation tempera-
ture of 31 °C. This is in agreement with the [Ca?"] effect, depending on
the temperature and pH, as mentioned previously.

Based on these findings, the rennet gelation of the control milk
protein dispersion, pH (6.4) and [Ca%t] (1.5 mM), at 31 °C is unlikely to
be suitable for 3D printing, as structure formation time and the firmness
rate of the formed structure are relatively slow. Nevertheless, a lower pH
(6.0) and higher temperature (40 °C) led to a more rapid gelation rate
with higher strength; therefore, a gel created using these conditions is
potentially suitable for extrusion 3D printing. In Fig. 3, a cylinder of the
gel formed using the milk protein dispersion prepared at pH 6.0, [Ca®*]
= 1.5 mM, and 40 °C using the cycled-temperature ramp can be
observed. The gel was formed on the rheometer following the same
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Fig. 3. Side (a) and top (b) view of the gel prepared from the milk protein dispersion using the conditions pH 6.0, [Ca®*] = 1.5 mM, and 40 °C after decreasing the
temperature to 15 °C us-ing the cy-cled-tem-per-a-ture ramp method. The gel was elaborated in the rheometer’s bob and cut with a 20 mL syringe with the

tip removed.

methodology as mentioned in section 2.6 but without using the bob
geometry. After cooling to 15C, a 20 mL syringe with the tip removed
was used to take a sample of the core gel out of the cup. This gel shows
the potential of milk protein dispersions to form 3D self-supporting gels.
However, further studies on the viscosity of the dispersion and me-
chanical strength of gelled dispersion, syneresis post gelation and
printing will be undertaken. These parameters need to be understood
and considered for the design and development of a printer, to suc-
cessfully print a dairy formulation using rennet-induced gelation.

4. Conclusions

A distinguishing feature of the cycled-temperature ramp measure-
ments was the significant increase in G’ during cooling, and conse-
quently, the significantly higher G’ for all treatments compared to the
constant-temperature mode of measurement. All three factors affected
rennet gelation parameters, with the effect of pH being the most pro-
nounced and that of [Ca®*] being the least significant and dependent on
pH and temperature. Overall, dispersions with pH 6.0 at a temperature
of 40 °C, subjected to a cycled-temperature ramp, had the highest gel
firming rates and acquired a firm gel strength (~8-9 kPa) by the end of
the process. Consequently, they are potentially suited to the formation of
rennet-induced 3D food-based structures. However, further studies on
viscosity, characteristics of the dispersions and texture properties of the
structures are required for the optimisation of the 3D printing process.
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