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Abstract

In recent years, the consumption of high proteimebgges has increased due to the

consciousness among consumers about their bodyivdigis study investigated the

rheological, tribological and visual propertiespafre proteins solutions with variable

protein concentrations and with/without hydrocal®i(gelatin,x-carrageenan, low

methoxy pectin and curdlan). Although whey proteiidition did not have any

obvious influence on the appearances of proteiatisols, it increased the stability

against agglomeration and improved viscosity aldidation property (measured as a

friction coefficient) to some extent. The proteioligions became less stable with

addition of the hydrocolloids under investigatidrgwever the flow and lubrication

behaviour of the protein solutions improved asatmunt of hydrocolloids increased.

The protein solution containing 0.25g/100g of cardshowed the best lubrication

property at both 15 and 37 °C.

Keywords: Hydrocolloids; Protein; Tribology; Rheology
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1. Introduction

The macronutrient protein can give a stronger iigetif satiety and increased energy

expenditure following consumption in comparison t¢arbohydrates and fats

(Anderson & Moore, 2004; Halton & Hu, 2004; Paddlames et al., 2008). Therefore,

for body-weight control and treatment of obesitighhprotein foods are considered

potential candidates. High-protein products arereasingly being developed in

several dairy and non-dairy areas, such as chegsghurt, ice creams, fruits,

beverages, and specialized health products becdubeir unique health benefiting

properties (Uluko, Liu, Lv, & Zhang, 2015).

Milk that contains approximately 3.0g/100g protandeally thought as high protein

food. Dairy proteins such as caseins and whey jpiot@e common in high protein

liquid formulations with; and the ratio of casein whey protein in milk is 4:1

(O’Mahony & Fox, 2014). Although like most protejnghey proteins are not stable

at high protein concentrations with increased \dggoand gelation after heat

treatment resulting in undrinkable products g8m, Venema, Vries, & van Der
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Linden, 2014). However, whey is still widely useslam important ingredient in many

foods due its functionalities such as gelation, lsification, thickening, foaming and

fat & flavour binding capacity (Foegeding, 2015;wutata, Huth, & Huth, 2008).

Hydrocolloids are normally used to help maintaidesired product property when

developing high protein foods since unwanted imtisvas always occurs between the

ingredients (Nguyen, Kravchuk, Bhandari, & Prakabi 7; Sglam et al., 2014). In

this study, LM pectin, gelatin andcarrageenan that are commonly used in the dairy

industry and curdlan that is gradually being introeld in dairy products as it can

enhance the mouthfeel properties were used (Nakalo, ¢991; Phillips & Williams,

2009; Salvador & Fiszman, 1998). The concentratadrisydrocolloids recommended

to be used in dairy products is <0.39/100g (Laarg@al; Phillips & Williams, 2009),

thus we chose 0.01, 0.05 and 0.25 g/100g in thidyst

Rheological (bulk) and tribological (thin-film) pperties are essential characteristics

that provide cues of the viscosity (thickness) amalthfeel attributes (smoothness

and creaminess) of the high protein solutions it without hydrocolloids (Baier et
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al., 2009; Kokini, 1987; Malone, Appelqvist, & Nort, 2003; O’Mahony & Fox,

2014). Particularly there is limited information time oral sensations (described by

frictional forces) imparted by pure proteins andtpmn-hydrocolloid complexes that

are essential to understand for product formulation

The aim of the current study is to investigate rtheological, tribological and visual

properties of pure protein solutions containingegagand whey proteins at different

proportions with and without four different hydrdloads, including gelatin,

k-carrageenan, low methoxy pectin and in particaladlan to explore the possibility

of their use in dairy high protein beverage. Besidine effect of whey protein

addition on the protein solution was also inveséda

2. Materialsand methods

2.1. Materials

Three hydrocolloids (gelatin, carrageenan and peased in this study were obtained

from Melbourne Food Depot (Melbourne, AustraliapeTgelatin was a light colored
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edible bovine skin (type B) powder with bloom 2Zbe Kappa type carrageenan and

low methoxyl (LM) pectin were also commonly used the food industry. The

curdlan (Molecular weight is 74000) was bought fr8imanxi Orient Industrial Co.,

Ltd (Shaanxi province, China). The milk protein edients, whey protein isolate

(WPI, protein 94.49/100g, moisture 4.59/100g, f&g0L00g, lactose 0.19g/100g and

ash 1.99/100g) was obtained from Fonterra Co-oper&roup Ltd (Auckland, New

Zealand) and micellar casein (protein 82.09/100gisture 7.3g/100g, fat 1.39/100g,

lactose 4.6g9/100g and ash 4.89/100g) was purcHasedBulk Nutrients (Sydney,

Australia). All the reagents were of food grade asdd without further purification.

2.2. Protein solution preparation

Protein solutions were formulated by adding micetlasein and WPI to ultra-pure

water. The weight of micellar casein was 2.4g/1@®@ll samples while varying

amount of WPI was added to achieve the final pnoteincentration of 3.0, 4.0, 6.0,

8.0 and 10.09/100g, respectively. The followingpamration procedure was used for

all protein solutions. To ensure that no clumpirmguwred, the protein powder was
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added slowly to the water in a beaker placed orsleF Thermix 310T stirring plate

(American Instruments Exchange, Inc., Haverhill, Makd kept for 2 hours at 25 °C

under moderate agitation at 400 rpm. A second digpe and hydration step

consisted of using an UltraTurrax Model T25 fittedh an S25N-18G dispersion tool

(IKA Works Inc., Wilmington, NC) for 5 min at 10,00rpm and then sonicated in an

ultrasonic bath for 20 min at 300 W. The solutiovexre kept in 4 °C overnight for

further hydration. The next day the stock proteiluson was mixed with the selected

hydrocolloids before heating (95 °C for 10 min),dathe final concentration of

hydrocolloids in the system was 0.01, 0.05 and @X®g. A sample with no

hydrocolloids was treated as control. After heatihg samples were cooled with

running water immediately and stored at 4 °C forhd8rs for instrumental analysis

and appearance evaluation.

2.3. Zeta-potential & particle size measurement

The zeta-potential and particle size of proteimnsoh was measured by dynamic light

scattering using the Zetasizer Nano ZS (Malvertrimsents Ltd., United Kingdom).
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For the measurement, samples were diluted 500 timitasdeionised water before

measurement. The zeta-potential and particle sae mported as the average and

standard deviation of measurements made on thesklyrprepared samples.

2.4. Rheological measurement

Viscosities of protein samples were measured ustdady state shear conditions by

stress-controlled rheometer (Discovery Hybrid Rhetmm TA Instrument, USA)

using 40 mm aluminium parallel plates at 1300 gap, with shear rate ranging from

0.1 to 100 s*. At the beginning of each test, the samples weudlibrated again for

120 s at 15 or 37 °C between the plates at the unmagnt gap and subjected to a

pre-shear for 60 s at a shear rate of 0*14l tests were performed at 15 and 37 °C.

2.5. Tribological measurement

Lubrication properties of protein samples were mess on a Discovery Hybrid

Rheometer, using ring on plate tribo-rheometry (Matrument, USA) on a rough

plastic surface of 3M Transpore Surgical Tape 18238M Health Care, USA). A
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3-ball spherical geometry was used to measureldgjyan this work.

The tribology measurement was performed at 15 &ntC3 Since the in-mouth force

was reported to be between 0.01 and 10 N (MilleM&tkin, 1996), we used a

constant normal force of 2 N to represent the nmetdenormal force applied on

samples during oral processing. The samples werssiprared at the speed of 0.01

rad/s for 1 min, and then equilibrated for anothenin before each measurement. The

results were recorded for rotational speeds frddd @ 100 mm/s with 10 points per

decade.

2.6. Appearance evaluation

After 48 hours of storage at 4 °C the protein sohg were equilibrated at room

temperature (22-25 °C) for 1 h followed by evalmatof appearance.

2.7. Statistical analysis

All the experiments were performed in triplicatesl dhe results are expressed as the
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mean of independent experimetitstandard deviation. Experimental data were

subjected to one-way ANOVA (pairwise comparisonnoeéans with Tukey HSD

post-hoc test) in order to find differences in sapData was analyzed using SPSS

software 22.0 (SPSS, Chicago, IL).pAralue of <0.05 was considered statistically

significant.

3. Results and discussion

3.1. Zeta-potential, particle size and appearance of protein solution

Tables 1 and 2 show the zeta potential and pasizéeof different protein solution with

and without hydrocolloids. With the exception of.d@y100g protein, the addition of

WPI increased the absolute zeta-potential (Tablant) decreased the particle size

(Table 2) of the protein solution, suggesting inyaa stability of the solution. Casein

and WPI interact during heating and WPI will absorbthe surface of casein to form

a casein-WPI complex (Donato & Guyomarc'H, 20085 may prevent congregation

and help the protein to be well dispersed in thkitem. Additionally, disulfide

bridges formed between milk proteins due to heafitmkseresht, Mazaheri Tehrani,

10
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& Razavi, 2017), binds the proteins together himdgprotein precipitation, thereby

improving the stability.

Table1

The particle size of protein solution increasedhwite addition of hydrocolloids,

while the zeta potential value was the same wifii @nd 0.059/100g hydrocolloids

(Table 1 and 2), suggesting hydrocolloid additiesréased the protein stability in the

system. Moreover, for protein solution (<4.0g/100gth 0.25g/100g gelatin, the zeta

potential value changed from -22.37+1.10 mV to 70%0.87 mV (Table 1), the

absolute zeta potential value decreasing signifigaih has been reported that gelatin

has some interaction with milk protein (Pang, De&bpade, Sharma, & Bansal,

2014), that causes aggregation of protein in tistegy thereby making the protein

less stable. The non-ionic hydrocolloid, curdlaraynhave segregative interaction

with milk protein since it absorbs water and exmaad the beginning of heating

(Funami & Nishinari, 2007), which is not ideal fire stability of protein solution.

11
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While in this study, although the particle sizereased, the zeta potential of protein

solutions with curdlan was almost the same compueiitid control, even with 0.25g

of curdlan (Table 1). Curdlan has thermal irrevdesiinteractions between itself

during heating at high temperature (80 °C) (Nakaal.¢1991) that may help with the

stability of protein. Therefore, for the application high protein dairy drinks curdlan

may have an advantage over gelatin because itesasirifluence on the stability of

milk protein system, even at high concentratioraddition, when the protein solution

reached 10.0g/100g protein, it showed large absateta potential value even the

particle size in the solution was also big, esglcafter hydrocolloids were added.

Since the WPI has heat-gelling property, at higmceatration (10.09/100g) the

protein solution becomes semi-solid and very viscafter heating, hindering the

conglomeration and moving of particles in the systthat may be responsible for the

high absolute zeta potential value although thégharsize were large.

Table 2

12
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The visual appearance of the protein solutions/without the hydrocolloids (gelatin,

K-carrageenan, LM pectin and curdlan) after 48 hetosage are shown in Fig. 1. As

can be seen, higher concentration of WPI (8.0g/1dtiy10.09/100g w/w) made the

protein solution more transparent. It is well knotinat the white color of milk is

largely due to the scattering of light by the casmicelles and pure whey protein is

transparent (O’Mahony & Fox, 2014), thus adding endfPI reduced the whiteness

to some extent. The addition of gelatin/curdlan midd change the visual aspect at all

concentrations of proteins, suggesting a possilalitcurdlan being used in place of

gelatin in high protein drinks. However, with théd#&ion of x-carrageenan and LM

pectin all the protein solutions formed gel whea toncentration reached 0.05 and

0.259/100gq, respectively (Fig. 1). This suggestt kiacarrageenan and LM pectin

easily interact with milk proteink¢casein) and form gel, as previously observed by

Pang, Deeth and Bansal (2015). Overall, the gelahility of the four hydrocolloids

was in the order gelatin/curdlan < LM pectirk<carrageenan, and for the utilization

of hydrocolloids in high-protein dairy drinks, thieage amount of-carrageenan and

LM pectin should be below 0.05 and 0.259g/100g, &vitilcould be up to 0.25g/100g

13
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for gelatin and curdlan.

Fig.1.

3.2. Viscosity of protein solution

In order to discuss the effect of the addition dPMénd four different hydrocolloids

on the viscosity of protein solutions, the viscpsialues at the shear rate 50 &s0)

was chosen since the viscosity at shear rate af 58as been suggested to relate to

perceived thickness, stickiness and sliminess forde range of food products from

Newtonian fluid to thick emulsion (Shama & Sherma&8@y73). Besides, in order to

show the property during consumption, the measuné&negere done at 15 and 37 °C,

which are the two temperatures at the start ancdbéndnsumption. Thesg for all the

protein solution are showed in Table 3 and 4.

Table3

14
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The viscosity of 3.0g/100g protein solution was44£@02 mPa-s under 15 °C, and

increased to 13.91+0.10 mPa-s when the concemtregimched 8.09/100g, and got

even significantly higher at 10.0g/100g (212.5026mPa-s), suggesting viscosity of

protein solution is concentration dependent. WitRI\&@dded, more protein denatured

during heating and they tended to interact wittheatber that network more closely

(Zhao, Wang, Tian, & Mao, 2016), which increased thiscosity. In addition, the

addition of hydrocolloids increased the viscosifypmtein solution. For example, as

for 8.0g/100g protein solution, the viscosity irsed from 13.91+0.10 mPa-s to

37.58+0.60 mPa:s, 26.69+0.98 mPa-s, 18.46+0.59#pa- 27.82+0.47 mPa- s with

addition of 0.25g/100g gelatin, 0.01g/1008garrageenan, 0.05g/100g LM pectin, and

0.259/100g curdlan (Table 3). It was reported tpahtin, k-carrageenan and LM

pectin had associative interaction with milk progi(Pang et al., 2015), which

increased the viscosity. For curdlan, the swelbbighe molecules occurs as heating

begins followed by interaction with each other tonfi network (Funami, Funami,

Yada, & Nakao, 2000), increasing the viscosity It protein solution. In addition,

depletion flocculation of the casein micelles oscat pH 6.7 when the exclusion of

15
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the polymer hydrocolloids chains from the spacevben colloidal particles (casein

micelles), inducing an effective attractive intaraic between the colloidal particles

(Maroziene & de Kruif, 2000), raising the viscositBesides, all the four

hydrocolloids have cold-gelling property that ie thscosity increases when stored at

4 °C. When the total protein concentration reach@dg/100g (w/w), the solution

transforms to a semi-solid state after heatingsat® for 10min due to the denaturing

and gelling property of WPI, thus the viscositylas concentration is quite high.

Table 4

The viscosity of the protein solutions at 37 °C Wwaser compared to that at 15 °C

(Table 3 and 4). This was markedly obvious for gyeladded protein solution. For

instance, the viscosity of 8.0g/100g protein solutvith 0.25g/100g gelatin added

decreased from 37.58+0.60 mPa-s to 9.18+0.27 mRaen the temperature

increased from 15 to 37 °C. As the temperaturecasxs, the weak bonds (hydrogen

bonds) that is sensitive to temperature break, hvim@ay cause the decrease in

16
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samples' viscosity. However, it should be noted tha viscosity of protein solution

with k-carrageenan and curdlan was still nearly twice gamed to pure protein

solution (Table 4). Previous studies showed tkatarrageenan presents strong

interaction withk-casein (Pang et al., 2015) and curdlan has a thereversible

interaction with itself at high temperature (Funahal., 2000; Funami & Nishinari,

2007), thus although the viscosity decreased duentperature it is still significantly

higher than control (Table 4). Through viscositysulés, we can say that

k-carrageenan and curdlan could be an ideal choickigh-protein drinks since they

could even raise the viscosity of solutions undat temperature conditions (37 °C).

3.3. Tribological properties of protein solution

Lubrication properties of the protein solution vutithout hydrocolloids, measured

using the tribo-rheometer at 2N set at 15 or 37is@resented in Fig. 2-3 and

Supplementary Fig.1.

(a) Effect of the addition of WPI and hydrocolloids

17
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From Fig. 2, it can be seen that all protein solushowed a “stick and slide” pattern

(traditional Stribeck curve) that is the frictionefficient was constant at low sliding

speed (0.01~0.5 mm/s) and decreased with increa8uligg speed (Prakash, Tan, &

Chen, 2013). The reason for this pattern is atdpeeds, the protein solution acts as a

thin lubricating film and the friction depends dretasperity interaction between the

two surfaces while at higher speeds more fluid@w into the contact zone to partly

separate the two surfaces in the mixed regime t¢oedse the friction coefficient. At

low sliding speeds (0.01~0.5 mm/s), the frictioreffigient of protein solutions is

almost the same for all concentration. And during medium speed range (0.5~10

mm/s), the coefficient of friction reduced with taddition of WPI (<10.0g/100g9),

meaning the additional WPI in the protein solutioantributes towards better

lubrication property. As mentioned in section 3tRe WPI denature at high

temperature and easily form intramolecular and rintdecular interactions

(O’Mahony & Fox, 2014), which strengthens the abability of the protein solution

promoting the formation of thin layer separating tburfaces as the sliding speed

increases. Combined with the results in section\8e2can infer that higher viscosity

18
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292
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299

may lead to better lubrication property. Similasuks were obtained previously by

Nguyen et al. (2017), who found the dairy sampléth \Wwigher viscosity showed

better lubrication property (lower friction coefgnt). However, when the

concentration of protein solution reached 10.0g41@% solution became semi-solid

and hindered the movement between the two surfdbas, increasing the friction

coefficient.

Fig.2.

Besides, at high sliding speeds (> 10mm/s), thaidn coefficient was almost the

same for protein solutions 6.0g9/100g (w/w) protein and increased with further

increase in the protein concentration (Fig. 2).d8lasn the Stribeck curve, at the end

of mixed regime the friction coefficient decreasdswly that gradually increases

when the sliding speed reaches the hydrodynamicneedNguyen, Bhandari, &

Prakash, 2016). Since the surface adsorption &g increase with WPI addition,

the protein solutions were faster to form thickrloéting film, thus entering the

19
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hydrodynamic regime earlier. This may explain theréasing friction coefficient as

the protein concentration increased.

For the protein solution with added hydrocolloidglatin,k-carrageenan, LM pectin

and curdlan), the friction coefficients were lowtban the pure protein solution at

37 °C (Supplementary Fig. 1). Considering the ifsict coefficient of 3.0g/100g

protein (casein/WPI=2.4/0.6) solution at 37°C aseaample, we can discuss the

friction coefficient at sliding speed of 0.1, 1 ah@l mm/s that are presented in Table 5.

At the beginning (0.1 mm/s), all the samples haweilar coefficient of friction,

however at sliding speed 1 and 10 mm/s, the prai@umtion with hydrocolloids have

lower friction coefficient compared to control sdmplhis means the protein solution

containing hydrocolloids have better lubricatiorogerty. This is in agreement with

the results that adding hydrocolloidg-darrageenan and gelatin) improves the

lubrication properties of yoghurt (Nguyen et aD18). The interaction between dairy

protein and hydrocolloids possibly improves thefawe adhesion of the resulting

solution, allowing formation of a thin film betweé¢he two surfaces with ease and

20
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lowering the friction coefficient.

Table5

In addition, the addition of curdlan has the bafiience on the tribological property

of protein solution (Supplementary Fig.1). Addin@%p/100g curdlan to the protein

solution improved the lubrication property, showithge lowest friction coefficient.

Although curdlan is partly soluble or insoluble meutral condition, it swells and

forms thermo-irreversible and thermo-reversible dsowuring heating and cooling

(Funami et al., 2000), which may be the reasonferimproved lubrication property.

Thus, curdlan may be the ideal choice for develpmmooth and creamy foods.

However, the protein solutions with added gelatid dot show any significant

difference in friction curves compared with puretein solution that was contrary to

our previous hypothesis. To investigate whetherpenature affects the tribological

property, the protein solution with added gelatindtan was also studied at 15 °C

that is discussed below.

21
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(b) Effect of temperature

Fig.3.

Fig. 3 shows the friction curves of 3.09/100g piroteolution (casein/WPI1=2.4/0.6)

with the addition of gelatin and curdlan at 15 &7d°C. The friction curves showed a

classical “stick and slide” pattern (tradition8tribeck curve) at both 15 and 37 °C.

For friction curves at 15 °C, the friction coefBot decreased as the gelatin

concentration increased in the protein solutiopeemlly at low sliding speed range

(0.01~0.5 mm/s) and the initial part of medium spé@5~6 mm/s). Although the

friction coefficient was lower than the pure protesolution at the later part of

medium speed (6~10 mm/s), it was almost the samgelatin added protein solution.

In addition, when the speed reached high (> 10 mrtie friction curves overlapped

for all solutions (Fig. 3A). Gelatin has a good toghilic property and can form

hydrogen bonds with milk protein or itself (Fiszm&rSalvador, 1999), thus adding

gelatin improved the surface adhesion of protelatsm, forming a thick lubrication

22
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film between the two surfaces. Therefore, the ibittcoefficient decreased. And for

protein solution with curdlan, the coefficient afction was lower than the control

during the sliding speed measured in this studyg.(8C), especially for 0.259/1009g

curdlan added. It means the curdlan addition hanlasi influence on the lubrication

property of protein solution as gelatin additioriat°C.

However, Fig. 3B shows that there was almost nierdihce between pure 3.09/100g

protein solution and gelatin added protein solugr37 °C. This may be due to the

weak hydrogen bonds formed between gelatin andeiprahat easily break. As

temperature increases from 15 to 37 °C, the intierss in the protein solution

decreases, thus the friction curves show lessrdiffees between pure protein solution

and protein solution with gelatin. While the protsiolutions with curdlan added still

showed better lubrication property compared to puotein solution (Fig. 3D). Thus,

curdlan addition had better influence on the ludian property of protein solution

than gelatin added at 37 °C. Besides, during tidengl speed from 0.01~6 mm/s, the

friction coefficient of 3.09/100g protein soluti@at 37 °C was 0.8~1.0, which was
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higher than the friction coefficient (0.6~0.8) &t IC (Fig. 3).

4. Conclusion

According to the results of this study, adding Wraise the protein concentration

did not have obvious effect on the visual appeaaigrotein solution, but increased

the protein stability against agglomeration and wiezosity of protein solution to

some extent. Besides, within a certain range ddl tptotein (< 8.0g/100g), the

addition of WPI led to better lubrication property.

The addition of hydrocolloids had no influence ba visual aspect of protein solution,

while the protein solution formed gel after addid@5g/100gk-carrageenan and

0.25¢/100g LM pectin for all protein concentrationsestigated in this research.

Although adding hydrocolloids decreased the stytili protein solution, it increased

the viscosity of protein solution, and the viscpsit k-carrageenan and curdlan added

protein solution was still nearly twice more thammtol under 37 °C. The effect of

gelatin on the tribological property of proteinsidn showed obviously under 15 °C,
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395

while almost had no influence when the temperateeased to 37 °C. Interestingly,

curdlan addition improved the lubrication propebtyth at 15 and 37 °C. Therefore,

curdlan might be an ideal choice for high-proteaarygl drinks since it could increase

the viscosity and lubrication property of protesiugion without effecting the visual

of solution. In the future, we will investigate theplication of curdlan in real dairy

products. Since the addition of WPI alters the icas® WPI ratio, the influence of

fractions of casein to WPI at fixed protein concation will also be studied in the

future.
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Fig. 1. The appearance of protein solution with/vthout different concentration (0.01, 0.05 and
0.25g/100g) of gelatink-carrageenan, LM pectin and curdlan. (A) 3.0g/100¢Protein solution

(casein/WPI=2.4/0.6); (B) 4.0g/100g Protein solutio(casein/WPI=2.4/1.6); (C) 6.09/100g Protein
solution (casein/WPI=2.4/3.6); (D) 8.0g9/100g Protei solution (casein/WPI=2.4/5.6); (E)
10.0g/100g Protein solution (casein/WPI=2.4/7.6). Means gel formed and the other samples

without mark kept solution after 4 °C storage 48 hars.

Fig. 2. The tribology curve of different pure protin solution at 37 °C. X3.0g/100g Protein
solution (casein/WPI=2.4/0.6); (04.0g9/100g Protein solution (casein/WPI=2.4/1.6)$>6.0g/100g Protein
solution (casein/WPI1=2.4/3.6); 0 8.0g9/100g Protein solution (casein/WPI=2.4/5.6)/A10.0g/100g Protein

solution (casein/WPI1=2.4/7.6)

Fig. 3. The tribology curves of 3.0g9/100g proteirsolution (casein/WPI1=2.4/0.6) with/without
added gelatin or curdlan (0.01, 0.05 and 0.25g/100gnder (A and C) 15 °C and (B and D) 37 °C.
X Control; <>0.01g/100g Gelatin; ¢0.059/100g Gelatin; % 0.25g/100g Gelatin; ©0.01g/100g Curdlan; @

0.059/100g Curdlan;€0.25g/100g Curdlan

Supplementary Fig. 1. The tribology curve of diffeent protein solution with/without gelatin,
k-carrageenan, LM pectin and curdlan (0.01, 0.05 an6.25g/100g) at 37 °C. (A) 3.0g/100g Protein
solution (casein/WPI1=2.4/0.6); (B) 4.09/100g Proteisolution (casein/WPI=2.4/1.6); (C) 6.0g/100g
Protein solution (casein/WPI=2.4/3.6); (D) 8.0g/1@0Protein solution (casein/WPI=2.4/5.6); (E)
10.0g/100g Protein solution (casein/WPI=2.4/7.6). X Control; <0.01g/100g Gelatin; 40.05g/100g
Gelatin; %0.259/100g Gelatin; A0.01g/100g Carrageenan;10.01g/100g Pectin;l0.059/100g Pectin;O

0.01g/100g Curdlan; @0.05g/100g Curdlan;® 0.25g/100g Curdlan



Table 1 The zeta potential of different protein stlution with/without various concentrations (0.01, 005 and 0.25g/100g) of gelatin,

K-carrageenan, LM pectin and curdlan.

Samples 3.0g/100g protein 4.0g/100g protein 6.0g/100g protein 8.0g/100g protein 10.09/100g protein
(g/1009) (casein/WPI=2.4/0.6)| (casein/WPI=2.4/1.6) (casein/WPI=2.4/3.6) (casein/WPI=2.4/5.6)| (casein/WPI1=2.4/7.6)
Control -22.37 (1.10) **° -22.87 (0.97) "B¢ -23.53 (0.73) *&° -24.30 (0.65) B¢ -25.80 (0.31) €
0.01 Gelatin -20.37 (0.93) *° -21.00 (0.61) *° -21.57 (0.49) *® -23.33(0.36) B¢ -26.83 (0.48) <°
0.05 Gelatin -20.33 (0.74) *° -20.83(0.35) *° -21.47 (0.90) *@ -23.47 (0.36) B¢ -24.53 (0.41) ©*
0.25 Gelatin -15.70 (0.87) *@ -17.63 (0.71) B2 -21.10(0.85) “? -23.50 (0.74) P*° -24.83 (0.76) P2
0.01 Carrageenan -21.13 (0.49) ~*° -21.57 (0.30) AB¢ -22.00 (0.17) B2 -22.87 (0.18) ©*° -27.57 (0.18) ®°
0.05 Carrageenan - - - - -

0.25 Carrageenan - - - - -

0.01 Pectin -20.73 (0.35) *° -21.27 (0.59) ABbe -21.90 (0.68) B@ -24.57 (0.41) -24.93 (0.66) 2
0.05 Pectin -21.73 (0.36) *° -22.33(0.65) ° -22.33(0.66) A° -23.97 (0.33) B¢ -25.30 (0.43) ©@
0.25 Pectin - - - - -

0.01 Curdlan -20.93 (0.66) *° -21.10 (0.57) ° -21.33(0.58) AP -21.80 (0.40) *® -26.37 (0.72) ®°
0.05 Curdlan -20.13 (0.41) *° -20.83 (0.93) ABbe -21.87 (0.13) B2 -22.60 (0.30) <P -25.77 (0.97) P2
0.25 Curdlan -20.17 (0.48) *° -20.23 (0.59) *° -20.80 (0.40) "2 -22.17 (0.30) B -26.17 (0.20) <P

Mean value (n=9) in mV and standard deviation showim parenthesis. Different superscript capital leters in the same line indicate significant differenes between different protein concentrations (P < 05).

Different superscript lower-case letters in the sam column indicate significant differences betweendalitions of hydrocolloids (P < 0.05).



Table 2 The particle size of different protein saltion with/without various concentrations (0.01, 05 and 0.25g/100g) of gelatin,

K-carrageenan, LM pectin and curdlan.

Samples
(g/1009)

3.0g/100g protein
(casein/WPI=2.4/0.6)

4.0g/100g protein
(casein/WPI=2.4/1.6)

6.0g/100g protein
(casein/WPI=2.4/3.6)

8.0g/100g protein
(casein/WPI=2.4/5.6)

10.0g/100g protein
(casein/WPI=2.4/7.6)

Control

0.01 Gelatin

0.05 Gelatin

0.25 Gelatin

0.01 Carrageenan
0.05 Carrageenan
0.25 Carrageenan
0.01 Pectin

0.05 Pectin

0.25 Pectin

0.01 Curdlan

0.05 Curdlan

0.25 Curdlan

184.1 (2.46) A
197.4 (1.69) A
201.8 (0.23) *°
260.8 (5.34) *@
208.9 (0.79) B°

186.9 (0.66) &'
186.0 (1.44) B
181.5 (2.25) B9
184.0 (2.12) B9

188.6 (1.01) B°

175.9 (1.91) &
179.1 (2.47) B
186.6 (0.58) B¢
225.7 (0.60) 2
199.0 (1.85) <°

184.4 (0.71) ©¢
184.8 (1.08) B
181.6 (0.53) B®
182.9 (1.51) Bde

186.5 (0.55) ©°

150.6 (0.33) P9
171.3 (2.17) ©°
175.3 (2.75) P
178.3 (1.52) °°
194.8 (0.95) P2

166.6 (1.88) P°

163.4 (2.47) ©

178.8 (0.39) ©°
180.0 (2.50) BCre

184.4 (2.46) PP

134.3 (1.31)
141.0 (1.87) *°
152.5 (0.56)
164.4 (1.39) &°
184.1 (6.99) &2

165.2 (1.85) °°
158.4 (0.61) °°
178.6 (2.13) B2
178.1 (2.47) ©@

182.2 (1.01) P2

168.9 (0.99)
183.0 (1.60) B°
182.4 (1.05) ©©
246.1 (0.69) &P
325.1(6.78) *®

201.2 (2.46) *°
202.0 (5.25)"¢
206.5 (3.75) A«
201.7 (4.20) @
215.7 (6.72) A°

Mean value (n=9) in nm and standard deviation showin parenthesis. Different superscript capital leters in the same line indicate significant differenes between different protein concentrations (P < 05).

Different superscript lower-case letters in the sam column indicate significant differences betweendalitions of hydrocolloids (P < 0.05).



Table 3 The viscosity §sg) of different protein solutions with/without various concentrations (0.01, 0.05 and 0.25g/100g) oflajim,

Kk-carrageenan, LM pectin and curdlan under 15 °C.

Samples 3.0g/100g protein 4.0g/100g protein 6.0g/100g protein 8.09/100g protein 10.0g/100g protein
(g/1009) (casein/WPI=2.4/0.6)| (casein/WPI=2.4/1.6)| (casein/WPI1=2.4/3.6)| (casein/WPI=2.4/5.6)| (casein/WPI=2.4/7.6)
Control 4.84(0.02) ¥ 5.27 (0.09) ©f 7.07 (0.27) ©° 13.91 (0.10) ®° 212.50 (6.12) ¥
0.01 Gelatin 4.95 (0.03) 5.35 (0.05) ™' 6.86 (0.36) ©° 14.69 (0.50) B 290.25 (11.80) A
0.05 Gelatin 5.06 (0.05) E° 5.55 (0.13) °° 7.14 (0.13) ©® 14.52 (0.53) Bde 361.33(10.05) A"
0.25 Gelatin 7.69 (0.08) F° 8.22(0.13) P2 12.20 (0.28) ©® 37.58 (0.60) 22 1249.68 (11.76) *°
0.01 Carrageenan 5.80 (0.06) ¢ 7.65 (0.08) PP 11.62 (0.45) ©® 26.69 (0.98) B° 457.85 (4.59) "9
0.05 Carrageenan - - - - -

0.25 Carrageenan - - - - -

0.01 Pectin 5.02 (0.04) 5.45 (0.05) P 7.48 (0.27) ©© 14.62 (0.99) Bd® 498.70 (10.81) A
0.05 Pectin 6.17 (0.11) 7.25(0.03) °° 9.21 (0.26) ©° 18.46 (0.59) B¢ 891.45 (11.30) “°
0.25 Pectin - - - - -

0.01 Curdlan 4.85 (0.04) F9 5.53 (0.09) P° 7.14 (0.22) ©® 14.82 (0.35) B 642.14 (7.73) A
0.05 Curdlan 5.10 (0.04) F° 6.38 (0.08) ™ 8.25 (0.32) 15.45 (0.49) B 569.22 (6.69) "
0.25 Curdlan 8.03 (0.08) F2 8.30 (0.06) 2 11.7 (0.16) ©° 27.82 (0.47) ®° 1799.34 (12.56) *2

Mean value (n=3) in mPa-s and standard deviation skwn in parenthesis. Different superscript capital étters in the same line indicate significant diffeences between different protein concentrations (P <

0.05). Different superscript lower-case letters ithe same column indicate significant differences Ibween additions of hydrocolloids (P < 0.05).



Table 4 The viscosity §sg) of different protein solutions with/without various concentrations (0.01, 0.05 and 0.25g/100g) oflajim,

Kk-carrageenan, LM pectin and curdlan under 37 °C.

Samples
(9/1009)

3.0g/100g protein

(casein/WPI=2.4/0.6)

4.0g/100g protein

(casein/WPI=2.4/1.6)

6.09/100g protein

(casein/WPI=2.4/3.6)

8.09/100g protein

(casein/WPI=2.4/5.6)

10.0g/100g protein
(casein/WPI=2.4/7.6)

Control

0.01 Gelatin

0.05 Gelatin

0.25 Gelatin

0.01 Carrageenan
0.05 Carrageenan
0.25 Carrageenan
0.01 Pectin

0.05 Pectin

0.25 Pectin

0.01 Curdlan

0.05 Curdlan

0.25 Curdlan

3.98 (0.09) P
3.96 (0.12) P
3.90 (0.03) &¢
3.98(0.02) E¢
4.47 (0.03) &°

4.01 (0.16) P
4.20 (0.03) ¢
3.97 (0.05) P
4.10 (0.15) °°
6.38 (0.11) °?

4.09 (0.04) P°
4.02 (0.10) °¢
4.14 (0.12) P
4.16 (0.10) Pde
5.12 (0.08) ®°

4.12 (0.05) P¢
452 (0.08) °°
4.06 (0.09) P°
4.32 (0.11) ™
5.98 (0.09) F2

4.67 (0.17) €™
4.49 (0.11) <¢
4.83(0.10)
5.03 (0.09) ©®
6.36 (0.18) ©°

5.04 (0.01) ©®
5.26 (0.11) <
4.94 (0.21) ©%
5.69 (0.12) ©°
7.34(0.17) <2

7.79 (0.18) B®
7.40 (0.08) &
7.60 (0.09) B¢
9.18 (0.27) B¢
13.17 (0.31) ®°

8.10 (0.31) B
9.41 (0.16) B¢
7.97 (0.50) B
8.36 (0.27) B¢
14.93 (0.27) B2

88.71 (4.07) "9
103.29 (6.29) A
170.87 (5.73) *¢
363.65 (6.70) *°
176.62 (16.47) "

218.19 (7.81) A
361.60 (11.09) A°
251.34 (15.00) *°

268.12 (6.65) “°
1067.05 (14.15) *

Mean value (n=3) in mPa-s and standard deviation skwn in parenthesis. Different superscript capital étters in the same line indicate significant diffeences between different protein concentrations (P <

0.05). Different superscript lower-case letters ithe same column indicate significant differences Ibween additions of hydrocolloids (P < 0.05).



Table 5 The friction coefficient of 3.0g/100g prain (casein/WPI1=2.4/0.6)

solution at 37 °C under sliding speed of 0.1, 1 artD mm/s.

Samples 0.1 mm/s 1 mm/s 10 mm/s
(9/1009)

Control 0.96 (0.004) ** | 0.89 (0.005) ® | 0.69 (0.001) “®
0.01 Gelatin 0.96 (0.016) “* | 0.88(0.009) % | 0.68 (0.005) “°
0.05 Gelatin 0.97 (0.024) ** | 0.87(0.005) ®* | 0.67 (0.001) “°
0.25 Gelatin 0.95 (0.034) *® | 0.87 (0.003) ®* | 0.67 (0.005) <**
0.01 Carrageenan 0.98 (0.057) ** | 0.84(0.015) ®° | 0.66 (0.002) <
0.05 Carrageenan - - -

0.25 Carrageenan - - -

0.01 Pectin 0.96 (0.015) ** | 0.86(0.011) ®* | 0.66 (0.002) “
0.05 Pectin 0.95 (0.020) ** | 0.84(0.015) ¢ | 0.66 (0.001) <
0.25 Pectin - - -

0.01 Curdlan 0.92(0.012) ** | 0.81(0.019) ¢ | 0.64 (0.002) ©°
0.05 Curdlan 0.92 (0.023) “* | 0.83(0.005) 8¢ | 0.63(0.004) '
0.25 Curdlan 0.86 (0.044) ** | 0.78(0.023) B¢ | 0.61 (0.004) ¢

Mean value (n=3) and standard deviation shown in panthesis. Different superscript capital letters inthe same line
indicate significant differences between differensliding speed (P < 0.05). Different superscript loer-case letters in the

same column indicate significant differences betweeadditions of hydrocolloids (P < 0.05).



Fig.1. Control Gelatin Carrageenan Pectin Curdlan
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Fig.3.
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Fig.4.
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Highlight

e Addition of WPI improves rheologica and tribological property of protein
solution

*  Hydrocolloids addition improves rheo-tribological property of protein solution

*  Protein solution has better [ubrication property at low temperature

e Curdlan might be an ideal choice for dairy high protein drinks



