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Abstract 20 

The aim was to optimize the yield of co-precipitation of whey protein isolate (WPI) and pea protein isolate 21 

(PPI) and compare co-precipitates and protein blends with respect to solubility. The yield of co-precipitates 22 

was tested with different protein ratios of WPI and PPI in combination with different temperatures and acid 23 

precipitation (pH 4.6). The highest precipitation yield was obtained at protein ratios WPI < PPI, high temper-24 

ature, and alkaline protein solvation. The solubility was measured by an instability index and absorption 25 

spectroscopy of re-suspended precipitated proteins at pH 3, 7 and 11.5. Co-precipitates had significantly 26 

lower solubility than protein blends. Protein ratios WPI > PPI, low precipitation temperature, and high pH 27 

showed the highest solubility. Differences in protein composition between co-precipitates and protein blends 28 

were observed with SDS-PAGE and matrix-assisted laser desorption ionization time of flight, and indicated 29 

different protein-protein interaction in samples, which needs further investigations. 30 

Abbreviations  31 

WPI: Whey protein isolate, PPI: Pea protein isolate, SD: Standard deviation, MALDI tof: Matrix-assisted 32 

laser desorption ionization time of flight, α-La: α-lactalbumin, β-Lg: β-lactoglobulin 33 

  34 
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1 Introduction 35 

Increasing demand for high quality food-grade protein, which possess both good nutritional and functional 36 

properties, is challenging. Animal proteins are considered to be high quality protein (de Gavelle, Huneau et 37 

al. 2017), but are expensive in production costs with an energy input to protein ratio 14:1 (Pimentel and 38 

Pimentel 2003). Plant protein may be an economical option for meeting this arising protein scarcity (Sharif, 39 

Williams et al. 2018). However, a direct use of plant-derived protein in a nutritional perspective is not opti-40 

mal as essential amino acids requirements are not met. Furthermore, anti-nutritional factors compromise the 41 

protein bioavailability (Gilani, Cockell et al. 2005). Nonetheless, in combination with animal protein, all nu-42 

tritive requirements can be met in a sustainable way (Henchion, Hayes et al. 2017).   43 

Animal and plant proteins have been combined by heat-induced co-aggregation, which shows the potential of 44 

new functional ingredients (Roesch and Corredig 2005, Chihi, Mession et al. 2016) or co-precipitation, 45 

where interactions are induced by the combination of isoelectric focusing and heat (Thompson 1977, 46 

Thompson 1978, Kebary 1993, Alu'datt, Alli et al. 2012). Co-precipitation has been performed with whey 47 

protein and several plant proteins, including rapeseed (Thompson 1977), cottonseed (Thompson 1978, 48 

Thompson, Siu et al. 1979) and soybean (Thompson 1978, Kebary 1993, Alu'datt, Alli et al. 2012).  49 

Products of co-precipitation have shown interesting improvements of functional properties compared to the 50 

single protein; especially the solubility of plant protein is positively affected (Thompson 1977, Kebary 1993, 51 

Alu'datt, Alli et al. 2012). Soybean flour and cottage cheese whey have been co-precipitated by the combina-52 

tion of isoelectric (pH 4.7) and heat treatments (98°C for 30 min.) and the process resulted in high protein 53 

recovery (92%) and superior nutritional value compared to the extracted soybean protein (Loewnstein and 54 

Paulraj 1971, Thompson 1977). However, the yield of co-precipitation has not been satisfactory, especially 55 

in more recent publications, e.g. Alu'datt, Alli et al. (2012) obtain a yield of maximum 35% at 98°C. Thomp-56 

son (1977) shows that isoelectric co-precipitation between whey and rapeseed concentrate improves the pro-57 

tein yield by 8-14% compared to the single products indicating synergistic effects. Along with different func-58 

tionalities of co-precipitates compared to the whey or plant proteins alone, this suggests interactions between 59 

the proteins in the co-precipitates. Whether it is the effect of co-precipitation or the effect of simple blending 60 

of proteins is not clear. Thompson, Siu et al. (1979) report no difference of functional properties between 61 

cottonseed and cheese whey co-precipitates compared to mixtures of the two protein sources when prepared 62 
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using sodium hexametaphosphate as a co-precipitating agent. Co-precipitation of cottonseed-cheese whey 63 

improves the solubility (31.9%) compared to cottonseed (28.7%), but is far from the solubility of whey alone 64 

(88.6%). Also blends of cottonseed and cheese whey shows higher solubility (34.4%) than its co-precipitates. 65 

This suggests that the overall reported improvement of the co-precipitates is not a result of the co-precipita-66 

tion itself, but the result of protein interactions occurring by blending of proteins (Thompson, Siu et al. 67 

1979).  68 

Overall, the literature of co-precipitates of mixed sources is limited, especially recent literature, and literature 69 

on the relation between co-precipitates and protein mixtures is even scarcer. In addition, pea protein has 70 

never been described in co-precipitates with whey protein, but serve as a protein rich, anti-allergenic alterna-71 

tive to soybean protein in food applications (De Graaf, Harmsen et al. 2001).  The aim of this study was to 72 

optimize the precipitation yield as well as studying the effect of the precipitation process in terms of protein 73 

nativity, protein solubility and composition. Whey protein isolate (WPI) and pea protein isolate (PPI) was 74 

isoelectrically co-precipitated. A comparison between co-precipitates of whey and pea proteins and blends of 75 

the same proteins precipitated separately in the same ratios was made to investigate the effect of co-precipi-76 

tation. 77 

2 Materials and methods 78 

2.1 Materials 79 

Pea protein isolate Pisane® F9 (~90% protein, <6% ash) was kindly donated by Procudan A/S (Kolding, 80 

Denmark), representing the manufacturer of pea protein Cosucra (Warcoing, Belgium). Whey protein isolate 81 

Lacprodan® DI-9224 (~92% protein, <0.2% fat, <0.2%) was kindly donated by Arla Foods Ingredients (Viby 82 

J, Denmark). Protein isolates were stored at 4°C. Other chemicals were of analytical grade and all solutions 83 

were prepared using deionised (18.2 MΩ) filtered water (0.22 μm) (Millipore SAS, Molsheim, France). 84 

2.2 Preparation of protein dispersions for precipitation 85 

Protein isolates were dissolved to a protein concentration of 10 g/L in deionised water based on the protein 86 

content of the two isolates declared by the manufacturer. Dissolved protein isolates had pH 6.5 and 6.0 for 87 

WPI and PPI, respectively, where the proteins are supposed to be in their native form. Solutions were stirred 88 
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for 30 min. and was adjusted to pH 11 with 6 M NaOH. Solutions were then stirred for 2 h to ensure com-89 

plete hydration. 90 

2.3 Co-precipitation of whey protein isolate and pea protein isolate 91 

Co-precipitates were made from protein dispersions and mixed as follows: WPI:PPI 20:80, 50:50, 80:20 92 

(v/v). Samples were co-precipitated by isoelectric focusing or a combination of isoelectric focusing and heat. 93 

Samples were adjusted to pH 4.6 with 3 M HCl and either left overnight at 4 °C to fix the precipitation or 94 

subsequently heat-treated. Samples (13 mL) were heat-treated in heat cabinets at 60 °C, 80 °C or 98 °C for 95 

30 min., and left at 4 °C overnight. After precipitation, samples were centrifuged at 4400 g for 30 min. The 96 

resulting pellet was freeze-dried (freezedryer CoolSafeTM, Scanvac, LaboGene A/S, Allerød, Denmark cou-97 

pled to a vacuumpump, Vacuubrand MV 2NT, Wertheim, Germany) and stored at -20 °C. These samples 98 

will be referred to as co-precipitates, Co. The precipitation was performed in four replicates.  99 

In order to elucidate any effects of the co-precipitation, WPI and PPI were precipitated separately (as con-100 

trols), centrifuged and freeze-dried as described. Hereafter, precipitated WPI and PPI were mixed in the 101 

same ratios as the co-precipitates, hence, WPI:PPI 80:20, 50:50, 20:80 (w/w) in order to obtain protein 102 

blends (hereafter referred to as blends, Bl.) for comparison. 103 

2.4 Yield of co-precipitation 104 

The precipitation yield was evaluated as a measure of efficiency of the co-precipitation process. The yield 105 

(%) is calculated as the weight of the precipitate (g) over weight of sample (g) ×100%. The weight of the 106 

precipitate was weighed on an analytical balance (Mettler Toledo, Switzerland) after freeze-drying and the 107 

weight of the sample was calculated based on the protein concentration and the sample volume as 10 g pro-108 

tein/L × 0.013 L.  109 

The effect of alkaline dissolving of protein isolates on precipitation yield was evaluated by precipitation of 110 

dissolved WPI in water (pH 6.5), and PPI in water (pH 11). High pH was needed to dissolve PPI. Protein iso-111 

lates were dissolved in water to a concentration of 10 mg protein/mL. Protein dispersions were stirred for 30 112 

min and pH of the PPI solution was adjusted to pH 11 with 6 M NaOH. No pH adjustment for WPI was per-113 

formed. Solutions were then stirred for 2 h. WPI was precipitated alone and together with PPI in a 50:50 ra-114 

tio and the mixing gave pH 10. Samples were heat-treated at either 4 °C or 80 °C for 30 min and left at 4 °C 115 
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overnight. After precipitation, samples were handled as described in the previous section. The precipitation 116 

was performed in triplicates.  117 

2.5 Protein structure 118 

Changes in tertiary structure upon pH changes were measured by fluorescence spectroscopy. Tryptophan ex-119 

citation was performed at 298 nm and emission spectra were obtained from 305 to 450 nm with a resolution 120 

of 0.5 nm (Dalsgaard, Nielsen et al. 2007) in a 1×0.1 cm quartz cell using a LS 50B spectrofluorometer from 121 

Perkin-Elmer (Beaconsfield, England). WPI and PPI were dissolved in water to a concentration of 0.05 g/L, 122 

as described above, and continuously stirred during pH changes. pH was increased to pH 11 and after 5 123 

minutes, emission spectra were acquired. Finally, pH was adjusted to pH 6.8 to reach neutral pH for both 124 

samples, and samples were measured at 0 h, 1 h, 2 h, and 24 h. Background spectrum of water was sub-125 

tracted from the sample spectra. The experiment was performed in triplicates.  126 

2.6 Instability index by LUMiFuge 127 

Instability index was measured by a LUMiFuge (LUM GmbH, Berlin, Germany). Protein (1 g/L) was dis-128 

solved in 100 mM sodium phosphate buffer at pH 3, 7 or 11.5 and shaken for 4 h. Prior to analysis, the sam-129 

ples were gently mixed by turning the tube several times and 400 µL was transferred to LUMiFuge sample 130 

cells. The samples were centrifuged at 36 g and 2325 g until stability was reached at room temperature. 131 

Transmission was measured at 865 nm. Instability index was calculated using the LUMiFuge software 132 

SEPView. The experiments were performed in minimum triplicates.  133 

2.7 Solubility 134 

The solubility of freeze-dried protein was measured as remaining protein in the supernatant after centrifuga-135 

tion at 2346 g in a table centrifuge (Eppendorf centrifuge 54I7R, Hamburg, Germany). Protein (1 g/L) was 136 

dissolved in 100 mM phosphate buffer at pH 3, 7 or 11.5 and shaken for 4 h. Protein content in the superna-137 

tant was determined by absorbance measurements on a plate reader (Syngery2, BioTek, Winooski, USA) at 138 

λ = 280 nm. Results were calculated using an external calibration curve (0.025-1 g/L) for each protein ratio 139 

(WPI:PPI 80:20, 50:50 and 20:80 (v/v)) and controls (WPI and PPI). Two dispersions were made per sample 140 

and these were measured in duplicates. 141 

2.8 Turbidity measurement 142 
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Solubility was also estimated by turbidity measurements. Freeze-dried co-precipitates, protein blends and 143 

controls were dispersed at a concentration of 1 g/L for 4 h in 100 mM sodium phosphate buffer at pH 3, 7 144 

and 11.5. Turbidity of unsettled dispersions was measured spectrophotometrically as absorbance units (AU) 145 

on a plate reader (Syngery2, BioTek, Winooski, USA) at λ = 600 nm in microtiter plates with a sample vol-146 

ume of 200 µL. Two dispersions were made per sample and these were measured in duplicates. 147 

2.9 Sodium dodecyl sulfate polyacrylamide gel electrophoresis 148 

Protein composition was visualized by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-149 

PAGE), which was performed as described by Laemmli (1970) using Bio-Rad Criterion™ TGX™ 4-15% 150 

precast gels. Freeze-dried protein of co-precipitates, blends and isolates were dispersed at pH 3, 7 and 11.5 151 

and studied with no removal of insoluble particles or removal by centrifugation at 2346 g. The samples were 152 

mixed 1:1 with sample buffer (20 mM Tris, 2% SDS, 20% glycerol, bromophenol blue), reduced with 1/10 153 

vol. 0.2 M dithioerythritol (DTE), and heated at 95°C for 2 min. Samples was loaded onto the gel with no 154 

adjustment in relation to protein content, as gels should reflect the changed solubility. Gels were stained with 155 

Coomassie Brilliant blue G-250. A pre-stained broad range molecular weight marker (ThermoScientific, 156 

Massachusetts, USA) was added in one lane to visualize the band position of known molecular masses. 157 

2.10 Peptide mass fingerprinting by matrix-assisted laser desorption/ionization time-of-flight and MS/MS 158 

Proteins in (co-)precipitates were identified by MALDI-TOF (Bruker Daltonics, Bremen, Germany) through 159 

an in-gel digest peptide mass fingerprinting and MS/MS. Selected protein bands from a SDS-PAGE gel were 160 

destained in 50% acetonitrile (ACN) until the gel was transparent. Gel pieces were shrunken with 100% 161 

ACN before reduced by 10 mM DTE (in 0.1 M NH4HCO3) at 56 °C for 45 min. Alkylation was introduced 162 

by addition of 55 mM iodazidamid (in 0.1 M NH4HCO3) and incubated for 30 min. in darkness. Solution was 163 

removed followed by addition of first 50% ACN, then 100% ACN, before addition of NH4HCO3. Gel pieces 164 

were once again shrunken by 100% ACN and dried at 56 °C before trypsin (procine, Promega, 12.5 ng/µL, 165 

50 mM NH4HCO3) was added. The trypsin digest was incubated on ice for 45 min. Reaction was stopped 166 

with 50 mM NH4HCO3 and the digest was incubated overnight at 37 °C. Peptides were micropurified by re-167 

verse-phase chromatography using Poros® R2 material (2000 Å poly (Styrene-Divinylbenzene) particle) in a 168 

gel-loader tip. Digest (20 µL) was loaded onto the tip and peptides were extracted on a steel MALDI target 169 

plate using α-Cyano-4-Hydroxycinnamic acid as matrix. The MALDI spectrometer used reflector positive 170 
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mode and the calibration were performed on a standard pepmix (Bruker Daltonics, Bremen, Germany): An-171 

giotensin II (1046.5418 Da), Angiotensin (1296.6848 Da), Substance P (1347.7354 Da), Bombesin 172 

(1619.8223 Da), ACTH clip 1-17 (2093.0862 Da), ACTH clip 18-39 (2465.1983 Da), Somatostatin 173 

(3147.4710 Da). 174 

2.11 Statistical analysis 175 

Results were presented as means of experimental replicates with standard deviations (SD). The statistical 176 

analysis of variance was performed by one or two-way ANOVA analysis with significance level of 95% 177 

(P<0.05) using the statistical freeware program R (version 3.4.0) (R Development Core Team 2016). Nor-178 

mality of data was checked with QQ-plots. No outliers were removed. The model of analysis for yield of co-179 

precipitation was:  180 

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑎𝑎𝑖𝑖 + 𝑏𝑏𝑖𝑖 + 𝑐𝑐𝑖𝑖𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖  181 

where Y is the yield, a is the main effect of temperature i (4°C, 60°C, 80°C, 98°C), b is the main effect of 182 

protein ratio j (WPI, Co: WPI:PPI 80:20, 50:50, 20:80, Bl: WPI:PPI 80:20, 50:50, 20:80, PPI), cij is the inter-183 

action between ai and bj , and εijl is the residual error (1,...,4). For comparison studies, a was the main effect 184 

of temperature i (4°C, 80°C) or pH (3, 7, 11.5), b remained the main effect of protein ratio j (WPI, Co: 185 

WPI:PPI 80:20, 50:50, 20:80, Bl: WPI:PPI 80:20, 50:50, 20:80, PPI) and ε was a result of replicates (1,...,x). 186 

If interactions were non-significant, the full model was reduced and cij was excluded. Then the main effects 187 

were tested for significance. For multiple significant differences tests, a Duncan’s Multiple Range test (R 188 

package agricolae, version 1.2-4) was used with significance level of 95% (P<0.05). 189 

3 Results 190 

3.1 Optimization of co-precipitation yield 191 

Both the ratio between WPI and PPI (100:0, 80:20, 50:50, 20:80, 0:100) and the temperature (4 °C, 60 °C, 80 192 

°C, 98 °C) affected the yield of the co-precipitates. Overall, both factors were significant as well as their in-193 

teraction (P<0.05) (Figure 1). The temperature did not significantly affect the precipitation yield of PPI 194 

alone whereas the protein yield of WPI precipitation was highly affected by increasing temperature. The pro-195 
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tein yield of co-precipitates increased linearly with increasing PPI content and the overall yield was also af-196 

fected significantly when the temperature was increased from 4 °C to 80 °C (4 °C = 60 °C < 80 °C = 98 °C). 197 

Hence, 4 °C and 80 °C were chosen for further studies.  198 

The effect of alkaline protein isolate solvation on the precipitation yield was studied in a pre-experiment for 199 

co-precipitate WPI:PPI 50:50 (v/v), where WPI was dissolved at pH 11 and 6.5 (native pH). PPI was always 200 

dissolved at alkaline conditions due to low solubility. Alkaline pretreatment gave a higher precipitation yield 201 

for WPI and co-precipitate WPI:PPI 50:50 (v/v). The effect was most pronounced at 4 °C (Figure 2), where 202 

the alkaline pretreatment of WPI increased the yield significantly (390%) compared to precipitation with no 203 

pre-treatment. Combined with heat-treatment (80 °C), the alkaline pH of WPI increased the yield 27%. Fur-204 

thermore, the precipitation yield of WPI:PPI 50:50 (v/v) increased with 17% with alkaline pretreatment prior 205 

to precipitation at 4 °C and 4% at 80 °C, respectively. Again, the PPI precipitated with high yields independ-206 

ent of temperature.  207 

Structural changes was followed by fluorescence spectroscopy (Figure 3). When increasing the pH from 6.5 208 

to 11, the emission intensity clearly decreased at the maximum wavelength for WPI (from 681 to 412 AU) 209 

and a red shift (from 337 to 345 nm) in the emission maximum wavelength of the peak was observed (Figure 210 

3A). Subsequently adjusting to pH 6.8 (t=0h) resulted in a blue shift with a slight increase in intensity. After 211 

2 h the emission maximum wavelength reached the initial one and no significant changes was observed here-212 

after (P<0.05). However, the emission intensity for the WPI solution did not reach the initial one, not even 213 

after 24 h at RT. Instead, the intensity decreased over time, indicating incomplete refolding. Despite low wa-214 

ter solubility, PPI was dispersed at low concentration and became measurable. PPI (at pH 6.6) showed an 215 

appreciable lower maximum emission intensity than WPI and an emission maximum wavelength at 340 nm, 216 

probably due to the lower solubility (Figure 3B). After adjusting to pH 11, solubility increased and the PPI 217 

solution became more homogenous. Nonetheless, the emission intensity did not change significantly. How-218 

ever, by subsequent lowering to pH 6.8, the emission intensity increased significantly compared to the initial 219 

one with no pH adjustment, but was comparable to the intensity at alkaline conditions. Storage at RT did not 220 

change the emission spectra of PPI solutions any further. A blue shift was observed when increasing to pH 221 

11, which was restored by lowering to pH 6.8 and no significant changes occurred over time for the emission 222 

maximum wavelength. Overall, the PPI seemed unaffected by the pH changes and showed high standard de-223 

viations (data not shown).     224 
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3.2 Solubility and instability index of co-precipitates and blends 225 

Turbidity of precipitated proteins solutions was measured to indicate the solubility. The turbidity was signifi-226 

cantly affected by two factors: pH (pH 3, 7 and 11.5) and precipitation temperature (4 °C and 80 °C). High-227 

est solubility was seen with low precipitation temperature and high pH (data not shown).  228 

The solubility of precipitated proteins was also measured at pH 3, 7 and 11.5 (Figure 4) for samples precipi-229 

tated at 4 °C. Overall, WPI displayed high solubility (100%), while PPI had the lowest (<30%). Solubility of 230 

the rest of the samples was dependent on the WPI:PPI ratio, where samples with high WPI content were 231 

more soluble than samples with increasing PPI. At pH 11.5, differences between co-precipitates and blends 232 

were observed for all WPI:PPI ratios; Co>Bl for 80:20 and 50:50, while Bl>Co for 20:80. At pH 7, Co>Bl 233 

for 80:20, Co=Bl for 50:50, and Bl>Co for 20:80. At pH 3, only 50:50 samples were significantly different 234 

with Bl>Co.   235 

The instability index was also measured as an indication of how well the protein stayed in solution (Figure 236 

5). WPI:PPI ratio, pH, and centrifugation speed were all significant different as well as the pairwise interac-237 

tions. The overall main effect of pH showed lowest instability index at high pH (0.46, 0.35 and 0.24 for pH 238 

3, 7 and 11.5, respectively). The main effect of centrifugation speed showed significant difference (P<0.05) 239 

between 36 g and 2325 g, where higher centrifugation speed caused higher instability indexes and lowers the 240 

amount of protein in solution. WPI remained stable throughout the full pH and centrifugation speed ranges 241 

with instability indexes ≥0.043, and was the only sample always significantly different from the rest where 242 

PPI was included.  243 

At pH 3, samples with WPI:PPI 50:50 and 20:80 (w/w) showed significant differences the in instability in-244 

dex between co-precipitates and blends. At pH 7, differences between co-precipitates and blends were seen 245 

for samples with more whey protein (WPI:PPI 80:20 and 50:50 (w/w)). No difference between co-precipi-246 

tates and blends were observed at pH 11.5. At 2325 g, samples dissolved at pH 3 and 7 showed an increase 247 

reaching a plateau, while samples at pH 11.5 showed a linear tendency. Only the WPI:PPI 80:20 (w/w) ratio 248 

showed significant differences between co-precipitate and blend at pH 3 and 7, while no differences were 249 

seen at pH 11.5. Overall, the blends always showed significant higher stability than co-precipitates.      250 

3.3 Protein composition 251 
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The protein composition of dispersed co-precipitates, blends and isolates at pH 3, 7 and 11.5 was studied by 252 

SDS-PAGE (Figure 6). Differences in protein composition were observed between co-precipitates and 253 

blends. With no centrifugation (Figure 6A), the 20:80 samples showed differences in the intensity of the β-254 

lactoglobulin (β-Lg) band across all pH values. For the pea proteins, bands included the two globulins, legu-255 

min and vicilin, and albumin as confirmed by MALDI ToF-ToF. The overall lower intensity for the pea pro-256 

tein bands was only seen for 80:20 and 50:50 samples. Fewer differences was observed between co-precipi-257 

tates and blends for the pea protein than whey proteins, except for 80:20 samples at pH 3 and 7. Co:20:80 258 

(v/v) at pH 7 had a band at around 100 kDa, which was also seen in the PPI sample at pH 11.5 but not in the 259 

other samples. In fact, these two lanes repeatedly showed similar pattern. At pH 3, β-Lg was seen as a dimer 260 

at 36 kDa, which was confirmed by MALDI ToF-ToF. A vicilin fraction was identified at the same migra-261 

tion length in PPI as the β-Lg in WPI. The pH effect for the dispersed samples were not visible, as insoluble 262 

particles was forced to solubility by means of the SDS-PAGE protocol. However, β-Lg seemed to migrate 263 

further in the gel at pH 3, and the β-Lg dimer was present in the lanes containing WPI, which was confirmed 264 

by MALDI ToF-ToF. Convicilin and vicilin at 70 kDa and 50 kDa, respectively, showed higher intensity for 265 

co-precipitates at 80:20 and 50:50 samples than blends. Vicilin was seen as multiple bands caused by poten-266 

tial cleavage at two sites: α:β, β:γ sites accounting for smaller fragments at 33 kDa (αβ), 30 kDa (βγ), 19 kDa 267 

(α), 13.5 kDa (β), 16 and 12.5 kDa (γ) (Gatehouse, Lycett et al. 1982, O'Kane, Happe et al. 2004). At pH 7, 268 

major differences were observed between the 80:20 co-precipitate and the blend, where pea proteins are pre-269 

sent to a larger extent in the former and barely visible in the latter. Also the 20:80 samples differentiate from 270 

the co-precipitate to the protein blend where the former show a band at around 100 kDa, which was not pre-271 

sent in the PPI lane (lane 8 at pH 7), but present in the PPI at high pH. Furthermore, the pH 7 lane for the 272 

20:80 co-precipitate samples appeared more dark, which had been repeated several times. No obvious differ-273 

ences in protein composition were seen for the 50:50 samples at pH 7, as no major differences were seen be-274 

tween samples at pH 11.5.  275 

The protein composition of dissolved protein shows that proteins were lost by centrifugation (Figure 6B), 276 

especially pea protein bands lost intensity and some even vanish. The pH difference was clear for the pea 277 

proteins, especially samples at pH 3 showed almost no soluble pea protein. The protein blends showed more 278 

whey protein than co-precipitates for 50:50 and 20:80 samples and BSA was only seen in the WPI lanes. At 279 

pH 7, differences were observed between samples with protein ratios 80:20 and 50:50 (Figure 6C) showing 280 
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more pea proteins in the co-precipitates than in the blends. Convicilin (70 kDa) was present in the co-precipi-281 

tates for 80:20 and 50:50, but not in the protein blends. On the other hand blends contain BSA (67 kDa) that 282 

was not present in the co-precipitates. For the samples 20:80 convicilin was present. At pH 11.5, the same 283 

patterns were seen; more whey proteins in the protein blends, and more pea protein in the co-precipitates.   284 

4 Discussion  285 

Fortunately, the overall pI of WPI and PPI are comparable (Swaisgood 2008, Barac, Pesic et al. 2015), facili-286 

tating high protein yield in the present study ranging from >60% for WPI:PPI 80:20 to >80% for WPI:PPI 287 

20:80. Other studies combining whey and rapeseed report yields of <54% at 95 °C (Thompson 1977), or 288 

whey and soy proteins; <35% at 98 °C (Alu'datt, Alli et al. 2012). The difference in used plant protein might 289 

be one reason for the higher yield in our study, but the fact that other studies used extracted proteins from 290 

flour, supposedly in a more native form than processed isolates (Lusas and Riaz 1995) might also play a sig-291 

nificant role. The fluorescence spectroscopy indicating an unfolded state of PPI used in our studies supported 292 

the latter suggestion.  293 

Alkaline protein solvation prior to acid precipitation was done according to Alu'datt, Alli et al. (2012), who 294 

used soy protein instead of pea. This alkaline pre-treatment kept the PPI in dispersion but induced unfolding 295 

of WPI that facilitated the co-precipitation without heat-treatment, although the yield increased when com-296 

bined with heat-treatment. Dissolving WPI at neutral pH affected the yield of the co-precipitate WPI:PPI 297 

50:50 (v/v) less than the precipitation of WPI alone. Because pH increased to 10 upon mixing WPI with the 298 

alkaline PPI solution, whey protein loses tertiary structure (Vivian and Callis 2001). The native structure of 299 

WPI was not restored after re-adjusting to neutral pH. Unfolding of β-Lg can be nearly reversible 300 

(Bhattacharjee and Das 2000), whereas α-lactalbumin (α-La) reaches a molten globular state upon decreasing 301 

pH and does not refold (Arai and Kuwajima 2000). So even less in quantity, α-La and its interaction with β-302 

Lg may have a significant role in our system. The loss of emission intensity could be caused by aggregation 303 

or precipitation of the proteins, the latter causing loss of protein. However, precipitation was not observed, 304 

but aggregation might explain the lower emission intensity seen for PPI but more surface exposed Trp-resi-305 

dues causing solvent relaxation and red shift (Lakowicz 2006) is more likely to be the cause.  306 

With isoelectric co-precipitation, repulsion is reduced facilitating hydrophobic protein-protein interactions. 307 

In addition, whey proteins have a more hydrophobic nature than for example casein (Papiz, Sawyer et al. 308 
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1986, Farrell Jr, Jimenez-Flores et al. 2004), thus inducing interactions between PPI and WPI. Plant proteins 309 

in general exhibit more hydrophobic surfaces than animal proteins, making the primary expected interaction 310 

of the hydrophobic nature. This was supported by emission spectra of PPI with lower intensity and longer 311 

wavelength compared to WPI indicated more exposed Trp-residues. However, the lack of response to pH 312 

changes indicated a high degree of unfolding, which may compromise the solubility. Furthermore, the results 313 

of PPI showed large standard deviations and no trend in the intensities, making the results less reliable.  314 

Alu'datt, Alli et al. (2012) and Thompson (1977) have shown that the precipitation yield increases linearly 315 

with increasing precipitation temperature when combining whey with soybean or rapeseed protein, respec-316 

tively. The same temperature dependency was not seen in this study, probably due to processed and unfolded 317 

pea proteins. As a general tendency, the precipitation yield  increased from 4 °C to 80 °C, after which the 318 

precipitation was temperature independent. Thompson (1977) finds a higher yield for the co-precipitates of 319 

whey and rapeseed protein than for the initial proteins, which Alu’datt et al. (2012) also reports for whey-320 

soy-co-precipitates. This was partly seen for the present results as addition of pea protein increased the yield 321 

compared to WPI. Interactions between whey and pea protein in the co-precipitates was expected to cause 322 

synergistic or antagonistic effects, but the observed yield linearity indicated additive effects. Hence, no indi-323 

cation of possible protein-protein interactions between whey and pea proteins could be deduced from these 324 

results. Contradictive, the solubility showed differences between blends and co-precipitates indicating inter-325 

actions, which will be discussed below. 326 

In this study, the solubility of the precipitated products decreased with increasing precipitation temperature, 327 

perhaps caused by denaturation of the proteins by heat-induced breakage of hydrogen bonds. Although high 328 

temperatures gave a higher yield, reduced solubility affects the later applicable value of functional properties 329 

to foods (Buxbaum 2011). This was studied by Thompson (1977), who show that the heat-induced denatura-330 

tion of protein causes loss of foaming and emulsifying properties for co-precipitates of whey and rapeseed. 331 

The authors suggests to exclude the heating step despite higher yield. In addition, higher temperature treat-332 

ment might induce unwanted oxidation of the proteins (Zhang, Lu et al. 2017). However, studies of co-ag-333 

gregation have shown heat-induced interactions of whey and soy proteins (Roesch and Corredig 2005) and 334 

whey and pea proteins (Chihi, Mession et al. 2016). Loss of tertiary structure, expose sulfhydryl groups 335 

prone for disulfide bond formation, which is valid for both whey and pea proteins. α-La contains eight Cys-336 

residues all bound in disulphide bridges (Vanaman, Brew et al. 1970), while β-Lg contains two disulphide 337 
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bonds and one free Cys-residue, which allows β-Lg to exist in dimers (McKenzie, Ralston et al. 1972, 338 

Hoffmann and van Mil 1997). In addition, pea legumin exists as an acidic and a basic chain linked by a di-339 

sulphide bond. Furthermore, the acidic chain contains one disulphide bond and one free thiol group. Chihi, 340 

Mession et al. (2016) show that the heat-induced expose of the thiol groups are responsible for the covalent 341 

interactions in co-aggregates in the form of disulphide bridge exchanges between β-Lg monomers and/or le-342 

gumin subunits, dissociated by heat. These considerations underline the possibility of S-S reactions between 343 

proteins in the co-precipitates and/or protein blends. On the contrary, the isoelectric precipitation reduced the 344 

electrostatic repulsion, which allowed a rapid protein aggregation via non-covalent interactions prior to the 345 

heat-induced denaturation of the proteins. Clearly, more studies are needed to resolve the specific interaction 346 

mechanism in co-precipitates and protein blends of precipitated origin.   347 

Several researchers have reported improved solubility of co-precipitates (Thompson 1977, Thompson, Siu et 348 

al. 1979, Alu'datt, Alli et al. 2012). The lowest solubility of the co-precipitates and blends in our study was 349 

observed at pH 3 probably due to its closeness to pI (pH 4.6) of both isolates. However, some solubility is-350 

sues were also observed at pH 7. High pH gave high solubility, which is also reported by Jackman and Yada 351 

(1989), who studied blends of whey and pea proteins. The low solubility at acidic to neutral pH might cause 352 

application problem for the co-precipitation product as most foods have pH values around or below pH 6 353 

(MacLeod, Fedio et al. 1995). Whey protein display high solubility over the entire pH range (Morr 1979, 354 

Guimarães and Gasparetto 2005), comparable with this study whereas the solubility of pea protein is highly 355 

depend on the origin of the pea protein and range from high to low (Barac, Cabrilo et al. 2010, Barac, Pesic 356 

et al. 2015). In order to circumvent issues with anti-nutritional factors, legume proteins have often been 357 

heated or otherwise processed, and chemical solvents for extraction and/or spray drying temperature has 358 

been reported to affect plant protein solubility (Knuckles and Kohler 1982, Hojilla-Evangelista, Selling et al. 359 

2017). Furthermore, Habiba (2002) show that heat reduces the solubility of pea proteins, which corresponds 360 

with the decreased solubility of the co-precipitates with increasing pea protein content reported in this study.  361 

Most research on co-precipitates have been focusing on reporting the improvement of the co-precipitated 362 

products in relation to the initial protein isolates or protein extracts. Therefore, previously it has not been 363 

possible to elucidate whether improved functionalities of the co-precipitates arises from the effect of co-pre-364 

cipitation or the blending of the two protein products. Thompson, Siu et al. (1979) provide a small compari-365 
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son between co-precipitates of whey and cottonseed protein with one blend of the two for chemical composi-366 

tion and functionality studies, where the latter shows no advantage of co-precipitation. However, this study 367 

used sodium hexametaphosphate as a co-precipitation agent and precipitation at pH 2.5, in order to avoid 368 

heat-induced denaturation of proteins (Thompson, Siu et al. 1979), which weakens the basis for comparison. 369 

In addition, the only major study of co-precipitation from Alu'datt, Alli et al. (2012) only report the effects of 370 

the starting material of the precipitation of whey and soybean proteins.  371 

The present study shows different results for co-precipitates and protein blends regarding solubility. Co-pre-372 

cipitation improved the solubility compared to the plant protein alone. However, the simple blending of the 373 

whey and pea protein showed overall better results than the co-precipitates. Heat-induced interactions be-374 

tween whey and pea proteins have been shown in aggregates (Chihi, Mession et al. 2016). However, the dif-375 

ference reported here between co-precipitates and protein blends is speculated to arise by means of the co-376 

precipitation. The combination of isoelectric and heat-treatment might cause different protein-protein inter-377 

actions, but further studies are needed on this subject. Although results from SDS-PAGE found no major dif-378 

ferences in protein composition between co-precipitates and blends, minor composition differences were ob-379 

served, which correlate with results from instability measurements. This suggests different underlying mech-380 

anisms of protein-protein interactions of the two samples.  381 

In the perspective of meeting the arising protein scarcity, these results show that replacing 20% of animal 382 

protein with plant protein in a co-precipitation approach keeps the protein solubility at acceptable level, 383 

which is important for food applications where protein contributes to food functional properties, i.e. gelling, 384 

foaming, and emulsifying. Furthermore, a relative ratio of 20% WPI increased the solubility of plant protein 385 

significantly and showed synergistic effects. Although co-precipitation improved the solubility compared to 386 

the plant protein alone, the simple blending of the animal and plant protein showed even higher solubility 387 

than the co-precipitates. This difference is speculated to arise by means of the co-precipitation causing differ-388 

ent protein-protein interactions, but further studies are needed on this subject. The use of either co-precipi-389 

tated or blended proteins of animal and plant origin as ingredient for the food industry relies on its solubility 390 

at the specific conditions of pH, ionic strength and processing. Here, our present study showed the blending 391 

of the studied whey and pea proteins to be a more likely way to increase the usage of plant protein than 392 

through co-precipitation. However, it is essential for the food industry that these results are related to specific 393 
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food processing conditions and the protein properties are analyzed in the light hereof. As the market for pro-394 

cessed foods is foreseen to grow hand-in-hand with the increased need for food-grade protein, the food in-395 

dustry needs further knowledge on processing’s impact on the properties of any replacing protein in food ap-396 

plications.     397 

5 Conclusion 398 

WPI and PPI were co-precipitated at pH 4.6 with high protein yields. The yield was significantly affected by 399 

temperature, pH and WPI:PPI ratio. The solubility of the co-precipitates and the blends was significantly af-400 

fected by high precipitation temperature. High pH facilitated high solubility of the proteins. Differences in 401 

solubility were seen between co-precipitates and protein blends indicating different protein-protein interac-402 

tions but further studies are needed to resolve the specific interaction mechanisms.   403 
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Figures 521 

 522 

Figure 1 - Effect of temperature (4 °C, 60 °C, 80 °C, 98 °C) and protein ratio (WPI:PPI 100:0, 80:20, 50:50, 523 

20:80, 0:100 (v/v)) on the precipitation yield (%). Both factors and the interaction hereof affected the yield 524 

significantly. R2 > 0.99 for all temperatures. Data points represent means and vertical bars represent ± SD, n 525 

= 4.  526 
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 527 

Figure 2 – Comparison of precipitation yield (%) between precipitation with PPI dissolved in water at pH 528 

11, and WPI dissolved in water at either pH 6.5 (no pH adjustment) or pH 11. Bars represent means of tripli-529 

cates ±SD.     530 

 531 

Figure 3 – Trp measurements by fluorescence spectroscopy of WPI (A) and PPI (B) in water (c=0.05 g/L). 532 

Exclusive Trp-excitation was performed at 298 nm. Curves are average of triplicates.  533 
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 534 

Figure 4 – Relative solubility of re-suspended precipitates after centrifugation at 2,346 xg, measured by UV 535 

at 280 nm. Protein was dissolved at pH 3, pH 7 or pH 11.5 (100 mM sodium phosphate buffer, c = 1 g/L). 536 

Bars represent means of duplicates ±SD. Co: Co-precipitates. Bl: Protein blends. *Indicate significant differ-537 

ences between co-precipitate and blend at the same WPI:PPI ratio.  538 
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 539 

Figure 5 – Instability index measured by LUMiFuge (c = 1 g/L, 100 mM sodium phosphate buffer, pH 3, pH 540 

7 and pH 11.5) of co-precipitates (WPI:PPI 80:20, 50:50, 20:80 (v/v)), blends (WPI:PPI 80:20, 50:50, 20:80 541 

(w/w))), WPI and PPI. Points represent replicate means with vertical bars as ±SD. ● Co-precipitates.▼ 542 

Blends. Precipitated isolates are a part of both curves at the endpoints at 0% PPI (100% WPI) and 100% PPI. 543 

*Indicate significant differences at P<0.05.    544 
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 545 

Figure 6 – SDS-PAGE gel (any kD) of protein precipitates dissolved (c = 1 mg/mL) at pH 3, 7 or 11.5 and 546 

applied directly (A) or centrifuged at 2,346 xg for 15 min. (B). Differences are indicated with arrows and an 547 

enlargement of the interesting area is presented (C). Molecular weight markers (MW) are located in the first 548 

and last lane with protein masses in kDa to the left or the right of the gel, respectively. #1: WPI. #2: Co-pre-549 

cipitate WPI:PPI 80:20 (w/w). #3: Blend WPI:PPI 80:20 (v/v). #4: Co-precipitate WPI:PPI 50:50 (w/w). #5: 550 

Blend WPI:PPI 50:50 (v/v). #6: Co-precipitate WPI:PPI 20:80 (w/w). #7: Blend WPI:PPI 20:80 (v/v). #8: 551 

PPI. The proteins were identified by MALDI-Tof-Tof. 552 
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